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ABSTRACT In the treatment of prostate cancer patients, surgery of radioactive seed implantation with
the puncture robots is an effective treatment method. However, when the puncture needle enters the lesion
tissue, there are complicated forces between the needle body and the soft tissue, which leads to the drift of
the prostate and the deflection of the puncture needle, thereby affecting the puncture accuracy. In order to
improve the positioning accuracy and ensure the best treatment effect, a sine rotation continuous puncture
control method was proposed in this paper. First, by analyzing the interaction between the puncture needle
and the soft tissue, the force balance equation and the deflection equation were established, according to
the equations, it could be known that puncture friction is the main factor affecting the deflection of the
puncture needle. Second, combined with the influence of puncture friction and the research on the theory of
rotation puncture, the sine rotation puncture method was compared with the direct puncture method and the
existing rotation puncture method; Observed with a 4D Color Doppler Ultrasound to verify the feasibility of
the rotating puncture theory and the effectiveness of the sine rotation puncture method. Third, through the
establishment of Euler Beam model, rotation angle analysis and puncture velocity test analysis, the influence
of dynamic parameters of this method on the puncture accuracy was discussed, the optimization range of
each factor was obtained; The experiment was designed by the quadratic regression orthogonal combination
theory, the experiment process was observed and recorded by a 3D X-ray scanner, the regression equations
were established between experiment factors and experiment indicators with the Design-Expert, and the
best parameter combinations were acquired through optimization. Last, comparison tests and verification
test were carried out to verify the rationality and reliability of the optimized sine rotation puncture control
method.

INDEX TERMS Control, deflection angle, optimization experiment, prostate soft tissue, puncture accuracy,

puncture needle, sine rotation puncture theory, regression equation.

I. INTRODUCTION

Among the diseases of the urinary system, prostate cancer
is one of the most common malignant tumors in male crowd,
and its incidence is increasing year by year [1], [2]. According
to statistics, prostate cancer is second only to lung cancer
among male patients [3]-[6], and the incidence in China
and other Asian countries are also increasing and tending to
be younger [7]-[13]. At present, the treatment of prostate
cancer mainly uses the minimally invasive surgical method
of radioactive seed implantation, and the traditional surgery
is mainly performed by doctors manually or using robots
to complete related operations [14]. However, due to the
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uncertainty of the doctor’s operation, it is not only difficult
to guarantee the positioning accuracy, but also causes severe
trauma to the soft tissues, thereby affecting the treatment
effect [15], [16].

With the continuous development of modern robotics tech-
nology, since the end of last century, robotics had been
applied to clinical surgery for the first time, and a large
number of scholars had been devoted to the research of
medical robot [17]-[19]. Among them, minimally invasive
surgical robot has the most promising development in the
field of medical robots in the future. It not only has high
positioning accuracy, good stability of motion, flexible and
continuous working ability, but also it causes little trauma
to patients and conducive to postoperative recovery [20].
So, regarding the operation of urological puncture surgery,
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Da Vinci Xi, a minimally invasive surgical robot developed
by the American ISRG company in 2014 is mainly used in
most countries and regions [21]. It has four operating arms
attached to a rotating bracket that can move towards any part
of the patient’s body, and an endoscope that can be attached
to any operating arm. In addition, it has a small robotic arm
that can reduce collisions between them and offers a wider
range of motion, mainly used to assist doctors in precise and
complex minimally invasive surgery [14].

Although the use of minimally invasive surgical robots
can accurately implant radioactive particles such as 1235 and
1125 at the planned target, and it can effectively reduce the
number of repeated punctures and seed implants, improve the
uniform distribution of dosimetry in the target region, and
reduce postoperative complications [22]. However, if a direct
puncture method is used during surgery, the puncture needle
will easily deflect in the soft tissue [23], [24]. Therefore,
many related scholars have conducted a lot of research in the
field of prostate cancer puncture control technology.

Minhas et al. [25] studied a puncture control method of
the needle rotation duty ratio, which could effectively reduce
the deflection of the puncture path by precisely controlling
the ratio of needle rotation and needle puncture time. Majew-
icz et al. [26] further studied the needle body alternate rota-
tion puncture control method to improve the positioning accu-
racy of the puncture needle. Mahvash et al. [27] conducted a
bovine heart puncture test and believed that when the needle
punctures the epidermis of soft tissue, increasing the puncture
velocity can reduce the propagation and deformation of the
needle tip torn soft tissue, and reduce needle body deviation
and soft tissue damage; Yinshan et al. [28], [29] proposed a
fuzzy control puncture method based on force/position feed-
back; When the puncture needle enters the pig liver tissue,
the robot stops the needle until the soft tissue returns to a
relaxed state, and then performs puncture at a half velocity,
thereby improving its puncture accuracy. Zhang et al. [30]
designed a high accuracy puncture strategy based on vibration
and rotation to reduce the friction of the soft tissue of the
robot during the puncture process, and improve the defor-
mation of the soft tissue of the prostate during the puncture
process.

In addition, Reed et al. [31] designed a robot-assisted
needle steering system that uses three integrated controllers:
a motion planner concerned with guiding the needle around
obstacles to a target for a desired plane, a planar controller
that maintains the needle in the desired plane, and a torsion
compensator that controls the needle tip orientation about the
axis of the needle shaft; The system can effectively improve
puncture accuracy. Li et al. [32] proposed a real-time model
updating method of needle steering in non-uniform tissue
for reducing the puncture error of soft tissue; This method
designs a puncture needle integrated with FBG sensor and
reconstructs its tip according to the fourth-order polynomial
method; Meanwhile, it also controls the puncture trajectory
according to the bicycle model and combines with MRI for
navigation.
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In summary, they mainly used intermittent control to
change the motion state of the puncture needle in the soft
tissue, thereby reducing the deflection of the puncture needle
and reducing the damage to the soft tissue. However, during
the actual operation of the above puncture method, it is dif-
ficult for the doctor to control the nodes that need to stop or
change the motion state, or the larger puncture error may be
caused due to operation error.

In order to reduce the deflection problem caused by the
robot during the puncture of prostate soft tissue, improve
the puncture accuracy, and ensure the treatment effect and
reduce the difficulty of the doctor’s operation; Therefore,
it was necessary to further research and optimize the control
method of the puncture of the prostate soft tissue. So, this
paper was organized as follows: In Section 2, analyzed the
interaction between the puncture needle and the soft tissue,
understood the main reason for the deflection of the puncture
needle when puncturing the soft tissue, and built a test plat-
form to ensure subsequent theoretical research. In Section 3,
The existing puncture control theory and method were intro-
duced and analyzed in detail, and a sine rotation continuous
puncture control method was proposed in this paper, which
was proved to be feasible and effective by performance test.
In Section 4, The control parameters that affect puncture
deflection were deeply analyzed and studied, and the optimal
range of control parameters was obtained. In Section 5, com-
bined with the optimization ranges and indices of the control
parameters, the optimal control parameters were obtained
through experimental research. In Section 6, used perfor-
mance comparative verification tests, the rationality of the
control method of the sine rotation puncture soft tissue and
the reliability of the optimal parameters were verified. The
paper was concluded in the last section.

Il. PRINCIPLE ANALYSIS AND TEST PLATFORM
When doctors use robots to implant radioactive seed through
perineum to treat prostate cancer, the interaction between
puncture needle and soft tissue can cause problems that drift
and deformation of soft tissue and needle body deflection,
so that radioactive particles cannot be accurately implanted
into the target point, which will affect treatment effect.
In order to improve positioning accuracy of prostate radioac-
tive seed implantation, it was necessary to analyze the process
of soft tissue puncture by needle.

In addition, in order to ensure the follow-up theoretical
research, a test platform was built according to the design
requirements of the prostate soft tissue puncture robot.

A. PUNCTURE PROCESS ANALYSIS

1) FORCE ANALYSIS

In the process of prostatic soft tissue puncture, the body and
tip of the puncture needle (It belongs to medical surgical
semi-flexible seed implantation needle) will be subjected to
the force of the soft tissue, which is the main reasons for
the deflection of the puncture needle in the soft tissue of
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FIGURE 1. The force analysis diagram of acupuncture soft tissue.

the prostate and gland drift; The process of soft tissue being
compressed by the puncture needle can be approximately
regarded as the linear elastic deformation. So, the radial force
received by the puncture needle gradually increases with the
increase in puncture depth. Thus, the radial pressure on the
part of the puncture needle penetrating the soft tissue can be
approximated as a triangular distributed load. The puncture
needle is always in a state of force balance during the uniform
puncture process, and its overall forces analysis is shown
in Figure 1.

In the z-x plane, o point in the bottom of the needle is the
moment point, the puncture direction of the puncture needle
is along the z axis, and the deflection direction is along the x
axis. 4 is the tip angle, F is the puncture force of the needle in
the z axis, Fy is puncture friction, F_ is the shear force of the
tip bevel, F; is the friction of the tip bevel, g is the triangular
load of the soft tissue acting on the needle body, L is the total
length of the needle, Ly is the length of the needle outside the
soft tissue, M, is the puncture torque.

By analyzing the bending trend of the part of the puncture
needle into the soft tissue, it can be known that the larger
of the needle body deflection part, the larger of the soft
tissue deformation it contacts. However, at any time during
the puncture process, the axial force and radial force of the
puncture needle will be balance. Therefore, as the puncture
depth increases, the deflection of the puncture needle in the
soft tissue will increase, and the force balance equation as:

X:FZ =F,—F.sind — F;cos88 — Fr =0

ZF = —F;sind — g(L — Lp)/2 + Fecos§ =0

ZM = My + q(2L* — 3LoL* + L3)/6(L — Lo)
—F.Lcosé =0

2) DEFLECTION EQUATION AND MOMENT

Through the force analysis when acupuncture soft tissues,
it can be known that the puncture needle is deflected due
to its interaction force inside the soft tissue. The deflection
model of acupuncture soft tissue is shown in Figure 2. Where,
I represents the ideal position of the needle, II represents
the deflection position of the needle. In the z-x plane, z; is
the theoretical needle axis, z; is the deflection needle axis,
N is the border line of soft tissue, N, is the vertical line
perpendicular to the bevel of the needle tip during the needle
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FIGURE 2. Deflection model diagram of acupuncture soft tissue.

is deflected, X is the length of the puncture needle into the
soft tissue, ¥ is the deflection of the puncture needle, y is the
offset angle.

In the z-x plane, the bottom of the puncture needle is
set to the origin of the coordinates, define the relationship
between the deflection v of this point and the coordinate in
the z direction as (1), and combined with Figure 1 to get:
A = L — Lo; Where, L is the total length of the needle,
Ly is the length of the needle outside the soft tissue. Then,
the relationship between the deflection and moment of this
origin point and the deflection curvature of the needle is
shown in formula (2):

1 d>y)dz? M

p [+ @y/d)?P?  El

@)

The puncture needle used in the interventional surgical
treatment of soft tissue puncture of the prostate belongs to
a semi-flexible alloy material. When the deflection of the
needle shaft is too large, the material will fail and cannot
be restored. At this time, the flexible needle have undergone
plastic deformation. That is, the elastic modulus of the needle
has changed. The equation (2) is the curvature equation of
the flexible needle in the range of linear elasticity and pure
bending. Where, p is the curvature of the needle, M is the
total moment of the needle, E is the elastic modulus of the
needle, / is the moment of inertia of the needle. According
to equation (2), the deflection equation v(z) of the puncture
needle in the soft tissue of the prostate can be obtained,
as shown in equation (3).

1
Vo= / ( / Mdz)dz 3)

Due to the friction force F; received at the needle tip bevel
is smaller than the shear force F, received at the needle tip
bevel and the friction force Fy received by the needle body,
the influence of F; on the trajectory of the needle can be
ignored. Therefore, through equation (1), the total bending
moment when the puncture needle into soft tissue can be
calculated as follows:

M = Mbas + Mbar (4)

where, Mj,; is the bending moment at the end of the needle,
Mpgr is the bending moment of the body of the puncture
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needle; meanwhile, Mp,; and My, are represented by equa-
tion (5) and equation (6) as:

q(2L? — 3LoL* + LJ)

Mpays = —F.Lcos8 + 6L — Lo) )
_ gL —Lo), q(z—Lo)’
Mpar = [Fecosd — 2 lz + 6(L — Lo) (6)

3) NEEDLE DEFLECTION AND AFFECT FACTORS

It can be seen from equation (4) that the bending moment
of the needle body when entering the soft tissue is affected
by the shear force F. of the needle tip bevel, the triangular
load distribution force g received by the needle body and
the puncture distance z. So, the equation (4) is inserted into
the equation (3) to obtain the expression of the needle body
deflection equation v/ (z) when the puncture needle penetrates
into the soft tissue, and the offset angle y(z) = ¥'(z). Then
the deflection Angle of needle tip of puncture needle should
be:

¢(2) =y (@) —n/4 )

During the puncture operation, the trajectory of the boy of
puncture needle is actually the trajectory that the needle tip
passes through. When z = L, the deflection angle value of the
puncture needle is determined by the variables F, and g. Due
to the small size of the bevel angle of the needle tip, the cutting
and extrusion between it and the tissue is mainly the shear
force perpendicular to the bevel, and the friction force parallel
to the bevel is extremely small. Therefore, the influence of
the friction F; of the tip bevel on its deflection angle can be
ignored in the puncture analysis.

Because the friction Fy on the needle body is relatively
large, according to the force analysis when the puncture
needle into the soft tissue, the friction Fy on the needle body
can be approximately expressed as: Fy = ugq(L — Lo)/2;
Where, w is the friction coefficient between the needle and the
soft tissue, and from equation (1), F,. and q can be expressed
as:

F¢Lcosd — My, sin$

= 8
9 wL—Lo)Lcoss | (2L2—3LoL2+L3)sin$ ®)
2

6(L—Lo)
F, = 2F; M?(L Lo) ©)
2siné

Incorporating equations (8) and (9) into equation (7),
the relationship between the deflection angle ¢ of the punc-
ture needle, the puncture force F,, and the puncture moment
M, can be obtained when z = L. Because the puncture nee-
dle is fixed on the base at the end of the robot, the influence
of the puncture torque M, can be ignored.

When the puncture needle enters the soft tissue at a con-
stant speed, its puncture force F, is approximately equal to the
sum of the friction force Fy received by the needle body and
the shear force F, received by the needle tip bevel. Among
them, the value of F, is related to the geometric parameters
of the puncture needle and the stiffness of soft tissue, and for
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FIGURE 3. The test platform. (a) System structure, (b) Executive
mechanism. Where, 1. Servo motor A; 2. Support base; 3. Pull wire
displacement sensor; 4. Linear sliding table; 5. Servo motor B; 6. 6D force
sensor; 7. Pressure Sensor; 8. Torque sensor; 9. Medical surgical seed
implantation puncture needle; 10. Soft tissue placement bracket.

the same puncture needle and soft tissue, the cutting force can
also be expressed as a constant (F. < Fy).

Therefore, during the prostate seed implantation puncture
operation, there is a relatively large frictional Fy between
the needle body and the soft tissue to increase the puncture
force F,, which in turn leads to a large deflection of the
puncture needle during puncture, which seriously affects the
accuracy of puncture positioning.

B. TEST PLATFORM

Combined with the above analysis, in order to overcome the
problem of poor positioning accuracy caused by the puncture
friction when acupuncture soft tissues, it was necessary to
study a puncture control method for prostate soft tissue to
reduce puncture friction, which was a key factor to effectively
reduce the deflection angle of puncture needle and ensure the
puncture accuracy.

Therefore, for the follow-up theoretical research and exper-
imental analysis of prostate soft tissue puncture control meth-
ods, it was necessary to design and build a prostate soft tissue
puncture test platform that meets its performance require-
ments. This section will introduce the test platform in detail
according to its structure, function and working principle.

1) STRUCTURE AND FUNCTION

As shown in Figure 3(a), the overall system of acupuncture
prostate soft tissue test platform consists of the following
three parts: @ Computer, @ Acupuncture prostate soft tissue
control system, ® Executive mechanism and @ Amplifier.
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The laptop as the upper computer, its control operation
interface and monitoring interface was written by Matlab-
2016a/Simulink, and it was mainly responsible for sending
control commands, logic algorithm, data processing, data
transmission, data storage and data monitoring.

Acupuncture prostate soft tissue control system was used
as the lower computer, used the Advantech PC104 indus-
trial control board as the core controller. Its computing sys-
tem adopted XPC system, which can be well compatible
with computers and be embedded in Matlab/Simulink and
related modules, and its computing speed is fast, and it is
used to control the puncture movement of puncture needle,
collect the position and the signal collected by force sen-
sor, and communicate with the upper computer. The periph-
eral hardware components of the control system include:
(1) HIT-PC104-HXL-P515 acquisition card, which is used
for the acquisition of displacement sensor and force sen-
sors information and A/D conversion; (2) HIT-PC104-HXL-
P520 is used for D/A conversion to generate the drive
control signal of the servo motor and transmit it to the
servo drive; Among them, each board driver program adopts
Matlab-2016a to write S-Function module through embedded
C+—+.

The executive mechanism is mainly used to complete the
puncture operation of the soft tissue, and its composition
structure is shown in Figure 3(b). Servo motor A is respon-
sible for the drive of needle insertion and withdrawal, servo
motor B is responsible for the rotation drive of the puncture
needle (Considering the winding situation, the circumfer-
ential rotation of the needle needs to be equipped with a
dual-axis DC rotating reduction motor in front of the torque
sensor); The pull wire displacement sensor is fixed on the side
end of the sliding block on the linear sliding table, which is
used for closed-loop control of the linear position and transfer
of needle position data; The 6D force sensor is fixed on the
axis of the servo motor B, which is mainly used for force
closed-loop control (It realizes force/position fusion control
together with the displacement sensor, which can ensure the
positioning accuracy of the puncture needle), and it is com-
pared and analyzed with the data returned by the pressure
sensor and torque sensor; The soft tissue placement bracket
is installed on both sides of the supporting base through its
bottom two rods and can slide, so as to realize free adjustment
of puncture test samples. After the adjustment, the bracket is
locked and fixed through its side end lock.

2) WORKING PRINCIPLE

The working principle diagram of the acupuncture prostate
soft tissue test platform is shown in Figure 4. Meanwhile,
the pink background part represents the upper computer soft-
ware operating system, and the gray background part repre-
sents the lower computer hardware and execution system; At
the same time, with the green dotted line as the boundary,
the upper part is the rotation drive system of the puncture nee-
dle, and the lower part is the needle insertion and withdrawal
system of the puncture needle.
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In the upper computer software operating system, a is the
input signal of the puncture needle rotation drive, b is the
input signal of the puncture needle drive, c/d are the tracking
expectation (In Figure. 4, the force controllers respectively
represent the needle advancement driving force controller
and the rotation driving force controller; So the definition
c is the desired needle advancement driving force and d
is the desired rotation driving force), e is the rotary drive
position ring, f is the rotating drive speed ring, g is the needle
drive speed loop, 4 is the needle drive position ring, i are
the direction component of the forward/retract needle in the
six-dimensional force sensor, j is the torsional moment in the
six-dimensional force sensor (In Figure 4, the torsion torque
is transmitted from the send_T to the receive_T).

In the lower computer and executive mechanism sys-
tem, @ means servo motor driver B, @ means servo motor
driver A, @ means the displacement sensor acquisition chan-
nel, @ means the acquisition channel of the torque sensor,
® means the acquisition channel of the pressure sensor,
® means the acquisition channel of the 6D force sensor.
Meanwhile, the two modules “HXL-520 Analog Output”
and “HXL-515 DIO Input” shown in Figure 4 represent the
hardware part and the S-Function driver module written by
Matlab-2016a.

In the soft tissue puncture test, the puncture needle drive
signal is input from the b channel (Ramp response signal),
and then reaches the HIT-PC104-HXL-P520 drive through
the position loop # and the velocity loop g, which can
realize variable speed movement and accurately track the
position input curve; At the same time, its corresponding
hardware outputs a voltage analog signal of OV~10V to
servo driver A, and drives the executive mechanism to com-
plete the puncture task. The working principle of the rotary
puncture drive is the same as that of the puncture drive.
In order to ensure the positioning accuracy during the punc-
ture test, both the needle insertion drive and the rotation
drive adopt the force and position fusion control as shown
in Figure 4, which meets the performance requirements of
the test platform in the follow-up test research. During the
test, the displacement and force data collected by the actua-
tor are observed and recorded by Target Scopel and Target
Scope2.

Ill. PUNCTURE METHOD BASED ON SINE ROTATION
When the robot is performing soft tissue puncture, the soft
tissue has a great friction force on the puncture needle,
so that the puncture robot needs to provide a large punc-
ture force. The conclusions from the theoretical analysis
in Section 2 showed that if the direct needle insertion
method was used to puncture the soft tissues, the punc-
ture needle would have the larger deflection. Therefore,
it was necessary to conduct in-depth research on its puncture
method to reduce the deflection angle of the puncture needle
when it entered the soft tissue and improved its puncture
accuracy.
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FIGURE 4. Working principle diagram of acupuncture prostate soft tissue test platform.
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FIGURE 5. Rotating puncture model diagram.

A. ROTATING PUNCTURE METHOD

In the process of prostate soft tissue puncture, the main
purpose of rotating puncture was to improve the accuracy of
puncture positioning [15], [24], [30]. In addition, when the
doctor manually punctures the patient, since the skin and flesh
tissue of the human body will generate greater friction on
the puncture needle, the rotation of the needle can reduce the
work intensity of the doctor’s operation. Therefore, in various
methods of soft tissue puncture, it was necessary to conduct a
systematic analysis of the puncture method of rotating needle.
So, according to the analysis in Section 2, the mechanical
model of rotating soft tissue puncture was established as
shown in Figure 5:

In the coordinate system oxyz, Al is a micro element on
the axis of the puncture needle, p is a point within A/, Fy is
the friction component of point p along the z axis, F}, is the
circumferential friction component of point p (its direction
is constantly changing in the xoy plane), Fy is the resultant
force of friction at point p, d is the diameter of the needle
shaft.

It can be seen from Figure 5 that the puncture needle
performs needle insertion and rotation along the z axis in the
coordinate system oxyz. In the case of ignoring the tangential
force and hardness force generated by the needle tip and the
soft tissue, set a micro-element on the shaft surface of the
puncture needle as A/, and a point p in Al represents the force
of the entire micro-element. When the puncture needle enters
the soft tissue at a constant speed (Under the condition of
constant power), the friction on the needle entering the tissue
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can be expressed as:

l
> F :nd[o VF2+F2AL (10)

where, X Fy is the total friction force of the needle enter-
ing the soft tissue part; Its value could be approximated
to a constant value at a fixed depth of the same soft
tissue [24].

So, according to equation (10), if the soft tissue puncture
is performed by the direct needle insertion method, F}, is 0,
the total friction of the needle entering the soft tissue part is
expressed as:

> Fr =f(Fy) (11)

Therefore, through the analysis of equation (10) and equa-
tion (11), it can be known that the method of rotating
the needle can effectively reduce the axial friction (Punc-
ture resistance) of the puncture needle when it penetrates
into the soft tissue and improve the accuracy of puncture
positioning.

1) CIRCUMFERENTIAL ROTATION PUNCTURE

In order to solve the problem of needle tip deflection caused
by the large friction generated by the doctor when punc-
turing the soft tissue, according to the literature [24], some
researchers mainly used the circumferential rotation punctur-
ing method for soft tissue puncture, and its specific rotating
puncture model as shown in Figure 6.

It can be seen from Figure 6 that the circumferential
rotation puncture method uses the puncture needle to make
continuous circumferential rotation around its central axis A.
The rotation direction does not change with time, but the
rotation angle changes continuously with time (The rota-
tion angle is continuously superimposed with the continuous
changes of #1, 2, ...1,_1, t,), so the rotation angle of the
needle tip changes linearly with time. Therefore, combined
with the analysis of formula (10), it can be seen that the
circumferential rotation puncture soft tissue is to increase
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FIGURE 7. Alternate rotation puncture model. (a) Vertical view, (b) B-B
section drawing, (c) Rotation angle change graph.

the circumferential friction of the puncture needle through
uniform circumferential rotation, thereby reducing its axial
friction and achieving the purpose of reducing the deflection
angle of puncture needle into soft tissue, so as to complete the
precise positioning of soft tissue puncture surgery.

2) ALTERNATE ROTATING PUNCTURE

Alternate rotation puncture was a new type of rotation needle
insertion method proposed by Majewicz A et al. [26] in 2014.
This puncture method is more in line with the manual rotation
needle insertion operation. The specific rotation model is
shown in Figure 7.

It can be seen from Figure 7(a) that the alternately rotat-
ing puncture method uses the puncture needle to recipro-
cate and rotate around its axis A, and its rotation direction
changes with time (¢1, 12, 13,14 . . . t,—1, t,,) continuous change.
As shown in Figure 7(b), observe the cross-section B-B’ of
the needle, with the needle tip as the marking point and
indicated by the red dot (Temporarily recorded as a;, i =
1~4; initial position is recorded as 0); The rotation time t of
the puncture needle is from O to #1, and the rotation angle of
the puncture needle changes 0 as a;. When the rotation time
t of the puncture needle is from f; to #4, the rotation angle
of the puncture needle a; ~ a4 alternately changes from 6
to 0 (Where, 0 < 6 < 2m, tentatively designated as ),
and follow the rotation method shown in the cross-sectional
view of Figure 7(b) and so on; Therefore, the rotation angle
of the needle tip changes periodically with time, so the
change in the speed of alternate rotation can be expressed by
frequency.

As shown in Figure 7(c), the angle change of two cycles is
shown, and the rotational torque of the puncture needle in the
tissue is consistent with the angle change.
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FIGURE 8. Test device. (a) Circumferential rotational puncture,
(b) Alternate rotating puncture.

3) THEORY TEST 1

Through the analysis of equation (10), it could be seen that the
friction force generated by the puncture needle entering the
soft tissue increases with the increase of the puncture depth,
and due to the large damping inside the human soft tissue;
Therefore, it was assumed that its circumferential friction
force was puncture depth and rotation speed were related.
So, in order to verify the effectiveness of the rotary puncture
method in reducing puncture friction, it was necessary to
conduct theoretical tests on its circumferential and alternate
rotary needle insertion methods.

a: TEST DEVICE

As shown in Figure 8(a), it is a test device for circumferential
rotation of the needle. It is based on the test equipment of
Figure 3(b), and a dual-axis DC rotating geared motor
is installed on the torsion sensor; The test device shown
in Figure 8(b) is consistent with Figure 3(b).

b: TEST OBJECT

In the human urinary system, different tissues and organs
have different elastic differences; when these tissues become
cancerous, the change of internal composition of soft tissue
will also cause the change of elastic modulus. Since prostate
soft tissue puncture is a minimally invasive surgery of the
urinary system, according to the design requirements of the
puncture machine for radioactive seed implantation treatment
of prostate cancer, in order to ensure the accuracy of the test,
it is necessary to select representative test objects (Such as
the kidney and other urinary organs in large mammals [30]).
First, according to the shear wave elastography technol-
ogy [33], real-time tissue elastography ultrasound diagnos-
tic equipment was used to determine the elastic modulus
of the kidney organs of different types of large mammals
(Such as pigs, cattle, sheep, etc.). The results are shown
in Table 1.

Then, the measured data obtained from Table I was com-
pared with the elastic modulus of prostate tissue with cancer
measured according to the document [33] (First, subtract
the value of H-L with other samples, and then compare its
values). The elastic modulus (Emax, Emean) of pig kidney at
room temperature was similar to that of the prostate elastic
modulus of the prostate cancer patients, so pig kidneys were
selected for testing samples.

Since the prostate soft tissue is in a free state in the human
body, it cannot be fixed during the actual puncture operation.
So the test sample was not fixed during the test;
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TABLE 1. Elastic modulus value of the sample to be tested.

category Number Emax (kPa) Emean (kPa)
P-k 30 82.92+19.32 72.82+16.74
B-k 20 73.43+26.04 64.97+26.03
S-k 16 58.35+11.83 40.36+13.54
H-k 6 70.20+17.65 40.36+13.54
D-k 4 61.57+20.21 40.36+13.54
H-L — 88.76+25.15 79.59425.86

Elastic modulus can well reflect the mechanical properties of material
deformation, and is often used in the detection of prostate cancer [33], [34].

P-k = Pig kidney, B-k = Bovine kidney, S-k = Sheep kidney, H-k = Horse
kidney, D-k = Deer kidney, H-L is the prostate elastic modulus of the
prostate cancer patients described in literature [33].

c: TESTING METHOD

Including circumferential friction test and puncture resistance
test (Where, the puncture resistance is equal to the puncture
force F). In addition, The three sets of parameter values in the
circumferential friction test and the axial puncture resistance
test were all selected in combination with the reference data
range provided by surgeons with rich clinical minimally inva-
sive puncture surgery experience in Hailun People’s Hospital,
Heilongjiang Province, China.

d: CIRCUMFERENTIAL FRICTION TEST

Circumferential and alternating rotation puncture both
adopted a needle insertion speed of 11.25mm/s for pig kidney
puncture, and the puncture depth was Omm~80mm; Where,
according to the performance of the geared motor, the torque
output of the puncture needle in the soft tissue was guaran-
teed to be good, so the rotation speed of the circumferential
rotation needle was selected as [0, 30, 60, 90, 120]rad/min.
At the same time, the rotation frequency of alternately rotat-
ing puncture should correspond to the circumferential rotat-
ing puncture speed. Therefore, when the rotation angle was
6 = m, the rotation frequency of alternately rotating should
be [0,0.5,1.0,1.5,2]Hz. When the alternate rotation speed or
circumferential rotation speed was 0, it means direct punc-
ture.

e: AXIAL PUNCTURE RESISTANCE TEST

The puncture speed of circumferential and alternate rotation
was 11.25mm/s; Where, in the test of the same rotation
speed/frequency and different puncture depths, and the cir-
cumferential rotation speed was 90rad/min, the alternate rota-
tion frequency was 1.5Hz, and the needle penetration depth
was Omm~70mm; In the same puncture depth and different
speed (Frequency) tests, the puncture depth was 70mm, the
circumferential rotation speed was Orad/min~105rad/min,
the alternating rotation frequency was Orad/min~1.75Hz, the
rotation angle is 6 = 7.

f: TEST RESULTS

g: CIRCUMFERENTIAL FRICTION TEST

In order to ensure that the test results obtained were
universal and general, a total of 40 groups of experiments
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FIGURE 9. The test drawing of circumferential friction. (a) Circumferential
rotation, (b) Alternate rotating.

were performed by rotating and alternating puncture, each
group was repeated for 3 times, took the maximum value
of the data in each test process and calculated the average
value of the maximum value of three repeated tests. In addi-
tion, the test results of alternate rotation puncture would be
combined with Figure 7(c), the values of rotation moments
corresponding to the angles (a; and a3, etc.) at #; and 3
were selected. Meanwhile, according to the average value
of the rotation torque, and the circumferential friction was
calculated approximately by equation (12). The test result is
shown in Figure 9.

Fp=Ty/r 12)

where, T, is the torque of rotation; r is the cross sectional
radius of the puncture needle.

h: AXIAL PUNCTURE RESISTANCE TEST

In order to ensure that the test results obtained were universal
and general, a total of 25 tests were conducted with direct
puncture, circumferential puncture and alternately rotating
puncture. Each group was performed for 3 times, took the
maximum value of the data in each test process and calculated
the average value of the maximum value of three repeated
tests. The test results of the axial puncture resistance were
shown in Figure 11.

i RESULT ANALYSIS

1) It can be seen from Figure 9 that the puncture needle is
in the soft tissue, both the puncture depth and the rotation
speed affect the size of the circumferential friction, and the
circumferential friction increases with the increase of the
puncture depth and rotation speed; It means that the deeper
the puncture needle enters the soft tissue, the faster the rota-
tion speed, and the greater the pressure and damping force of
the soft tissue on the needle body.

According to Figure 9(a), it can be seen that in the cir-
cumferential rotation puncture method, the circumferential
friction force increases linearly with the puncture depth and
rotation speed, but as the rotation speed of the puncture
needle increases to 60rad/min, the circumferential friction
become stable after reaching 17.5N (Not increasing); The
reason was: As shown in the figure 10, as the rotation speed
increases (Over 60rad/min), the rotational kinetic energy of
the puncture needle loaded into the soft tissue increases,
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( Schematic diagram of circumferentiﬂ
rotation puncture part

Initial phase

Puncture needle
Soft tissue

Force boundary
of soft tissue

Won speed < 60rad/min  Rotation speed = 60rad/|y

Schematic diagram of alternate \
rotation puncture part

Note:

W, is the positive rotation direction;

W, is the reverse rotation direction;

S,; is the undeformed soft tissue;

S, is the direction of soft tissue deformation
when the rotation direction is ;;

S, is the direction of soft tissue deformation
when the rotation direction is W>;

Sim 1s the maximum deformation of soft tissue;

F,, is the driving force of the puncture needle;

F), is the damping force ;

Fjis the static friction;

F, is the extra damping force of S, to the needle;)

O is the deformation stratification of soft tissue.

Start of rotation in
opposite direction,

Start of rotation in
ositive direction

FIGURE 10. Schematic diagram of rotating puncture analysis.

FIGURE 10. Schematic diagram of rotating puncture analysis.

but, due to the viscous properties and strain limit of the
soft tissue itself, the deformation (S; to Sy,) of the soft
tissue driven by the needle body in the rotation direction
reaches the maximum value (The circumferential rotational
friction is equal to the damping force F;), which makes
the puncture the needle overcomes the maximum damp-
ing force of the soft tissue on it and gradually maintains
stable.

Meanwhile, it could be seen from Figure 9(b) that the
performance of the alternating rotation puncture method and
the circumferential rotation puncture method are basically
the same. When the rotation frequency was less than 0.3Hz,
the circumferential friction increased quickly, and the rotation
frequency was 0.3Hz~1.2Hz, and the circumferential friction
increased steadily, but as the alternating rotation frequency
increases to 1.2Hz, the trend of its circumferential friction
begins to increase slowly after 1.2Hz; The reason was: As
shown in the figure 10, as the rotation frequency increases,
the kinetic energy of the puncture needle also gradually
increases, but as the direction of rotation changes (W; to
W>), the rotation of the puncture needle was temporarily
stopped and gradually accelerated, resulting in a deformation
stratification (Oy) of the soft tissue (When the puncture needle
changed the direction of rotation, the soft tissue near the
needle body deforms firstly (Sy), the soft tissue away from the
needle body remains unchanged (Sy,) and there is a damping
force, so there is stratification between Sy, and S;), which
made the puncture needle need to overcome its extra reverse
damping force (F,). When the rotation frequency is less
than 0.3Hz, the circumferential friction is the static friction
(Fj); When the rotation frequency is 0.3Hz~1.2Hz, the static
friction (F}) gradually increases, but it does not reach the
maximum value; When the rotation frequency exceeds 1.2Hz,
in the initial stage of movement, the puncture needle has a
large rotational inertia due to the increase in frequency, and
the existence time of static friction can be ignored, so the cir-
cumferential friction directly transitions to dynamic friction
force (Equal to Fy).
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FIGURE 11. Axial puncture resistance test. (a) Different puncture depth,
(b) Different rotation speed or frequency. Where, Curve-1 is the curve of

direct puncture; Curve-2 is the curve of circumferential rotation puncture;
Curve-3 is the curve of alternate rotation puncture.

Therefore, the effect of alternate rotation puncture is bet-
ter than that of circumferential rotation puncture; When the
alternating rotation frequency reaches 2Hz (corresponding
to 120rad/min shown in Figure 9(a)), the peak value of its
circumferential friction reaches 18.6N (It is slightly more
than 17.6N, indicating that its rotation angle has not reached
the maximum deformation of soft tissue, so the choice of
rotation angle cannot be too small).

2) In Figure 11 (a), A is the point of maximum deviation
in the direct puncture curve (Where, the three values of the
point are 7.05N, 6.87N, 6.03N, the average value is 6.65N,
and the deviation between the maximum and the minimum
value is 1.02N); A; is the point of maximum deviation in
the circumferential rotation puncture curve (Where, the three
values of the point are 12.93N, 12.47N, 11.85N, the average
value is 12.75N, and the deviation between the maximum and
the minimum value is 1.08N); A3 is the point of maximum
deviation in the alternate rotation puncture curve (Where,
the three values of the point are 16.77N, 16.62N, 16.11N,
the average value is 16.50N, and the deviation between the
maximum and the minimum value is 0.66N). In Figure 11
(b), B is the point of maximum deviation in the direct punc-
ture curve (Where, the three values of the point are 16.74N,
16.48N, 16.22N, the average value is 16.48N, and the devia-
tion between the maximum and the minimum value is 0.52N);
B> is the point of maximum deviation in the circumferential
rotation puncture curve (Where, the three values of the point
are 6.37N, 6.24N, 5.60N, the average value is 6.07N, and the
deviation between the maximum and the minimum value is
0.77N); B3 is the point of maximum deviation in the alternate
rotation puncture curve (Where, the three values of the point
are 2.66N, 2.15N, 1.58N, the average value is 2.13N, and the
deviation between the maximum and the minimum value is
1.08N).

Therefore, the data shown in Figure 11 can express the
universality and generality of the test results.

From the test results shown in Figure 11, it can be seen that
in the initial stage of puncture and rotation, the alternate rota-
tion puncture method cannot effectively reduce the puncture
resistance.

The fundamental reason is: Combined with the analy-
sis of Figure 9(b), when the puncture needle begins to
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perform puncture or rotation, the circumferential friction
quickly increases, causing the soft tissue to deform, this will
cause friction adhesion, entanglement and wrapping between
the soft tissue and the puncture needle. The puncture effect is
similar to the direct puncture method. From the test results
shown in Figure 11(a), it can be seen that as the depth of
needle insertion increases, although both circumferential and
alternating rotation puncture methods can reduce puncture
resistance, the effect of alternating rotation needle insertion
is more obvious. Meanwhile, the analysis of the test results
in Figure 11(b) and Figure 9 shows that when the puncture
depth is the same, with the increase of the circumferential
rotation speed and the alternating rotation frequency, their
puncture resistance value is significantly reduced compared
to the direct puncture method; But, between A; and As,
the puncture resistance values of the two rotation methods
are approximately the same. Between A3 and As, the effect
of alternate rotation puncture is more obvious than that
of circumferential rotation puncture. Between As and A7,
the effect of alternately rotating the needle is similar to that of
rotating the needle in the circumferential direction (The axial
puncture resistance of alternating rotation puncture is slightly
lower than that of circumferential rotation puncture). There-
fore, the puncture resistance test verifies the circumferential
friction test results.

Through the above test analysis, it can be known that if the
puncture operation requires deep puncture, circumferential
and alternate rotation puncture methods cannot effectively
guarantee the puncture effect.

Jj: EXISTING PROBLEMS

When the circumferential and alternating rotation puncture
methods are used for puncture operations, although theo-
retical analysis has proved its feasibility and is superior to
direct puncture methods; But, in the actual test operation
process, both puncture methods have problems. As shown
in Figure 12(a), the circumferential rotation punctures the
soft tissue. During the puncture process, the puncture needle
and the soft tissue are likely to cause entanglement, which
affects the puncture accuracy; Therefore, during the test,
the test object needs to be fixed by hand or other clamping
mechanism, as shown in Figure 12(b).

Figure 12(c) shows the side view of alternately rotat-
ing puncture. When the positive direction of the needle tip
bevel is upward as the initial rotating puncture position,
according to the test methods for puncture test, and punc-
ture needle and yellow line (Horizontal line) approximately
parallel. It shows that the alternate rotation needle inser-
tion method can effectively improve the deflection problem
caused by direct puncture. However, it can be seen from the
top view that this method of puncturing soft tissues is easy
to cause lateral drift and compression deformation, as shown
in Figure 12(d).

So, the circumferential and alternating rotation puncture
methods are only suitable for the fixed visceral tissues of the
human body or the minimally invasive puncture operations
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FIGURE 12. Problems in circumferential and alternating rotation puncture
methods. (a) The entanglement between the needle and the soft tissue
during circumferential rotation puncture (Where,The red area indicates
entanglement between the needle and the soft tissue), (b) Need to hold
the target soft tissue during circumferential rotation puncture, (c) Side
view of alternate rotation puncture (The yellow line is the horizontal line),
(d) Vertical view of alternate rotation puncture.
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FIGURE 13. Sine rotation puncture model. (a) Vertical view, (b) B-B’
section drawing, (c) Rotation angle change graph.

that are easy to perform external fixation, and the puncture
movement needs to adopt an intermittent control method.
Since the prostate is a suspended organ tissue in the human
body, it is necessary to design a continuous needle control
method suitable for prostate soft tissue puncture for mini-
mally invasive surgery of prostate seed implantation.

B. SINE ROTATION PUNCTURE METHOD

According to the above analysis, it can be seen that when
performing prostate soft tissue puncture surgery, the use of
rotary puncture compared with direct puncture, these two
puncture methods can effectively reduce the puncture friction
and increase the puncture deflection angle. The two puncture
methods can effectively reduce the puncture friction and
reduce the puncture deflection angle. However, by analyzing
and comparing the two existing rotary puncture methods, due
to many shortcomings, they cannot guarantee the puncture
accuracy. So, this paper proposed a sine rotation puncture
control method.

1) SINE ROTATION PUNCTURE THEORY

The theory of sine rotation puncture is based on the prin-
ciple of rotation puncture, and its rotation model is shown
in Figure 13(a). The sine rotation puncture method is to rotate
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the puncture needle in a reciprocating sine swing around
its axis A, and its rotation direction changes with time (71,
t,...1h—1, ;). As shown in Figure 13(b), observe the nee-
dle’s cross-section B-B’, use the needle tip as the marking
point and indicate it with a red dot (Temporarily recorded as
a;, i = 1~4;initial position is recorded as 0), the rotation time
t of the puncture needle is from 0~ ¢#1, and the rotation angle
0 of the puncture needle is recorded as a;. When the rotation
time ¢ of the puncture needle is from #; to #4, the rotation angle
ay ~ ay of the puncture needle changes from 6 to O in a sine
cycle (Where 0 < 6 < 2m, tentatively set as ), and the
rotation mode of each cycle as shown in the cross sectional
view of Figure 13(b), and so on.

Therefore, the rotation angle of the needle tip changes
in a sine cycle with time, and its rotation rate can also be
expressed by frequency, as shown in Figure 13(c) for its
1-cycle angle change. So, the angle rotation equation of the
sine rotation puncture model is:

0i=a-sin(B-t)+b (13)

where, 6; is the current rotation angle, « is the amplitude of
the rotation angle, S is the sine rotation frequency, ¢ is the
running time, b is the initial angle of rotation of the puncture
needle (The position where the bevel of the needle tip facing
upward, and b is defined as 0°).

According to equation (13), it can be seen that when sine
rotation is used to puncture the soft tissue of the prostate,
the angular velocity and angular acceleration and the direc-
tion can change continuously with time, and the rotation
angle, angular velocity and angular acceleration of the punc-
ture needle are rotated to near the extreme value, it can ensure
its excessive smoothness and stability.

Compared with the circumferential and alternating rotation
puncture, the output power and output torque of the servo
motor are reduced while satisfying the reduction of puncture
friction, and the oscillation can be effectively relieved during
the high-frequency sine rotation puncture, thereby reducing
the impact damage to local soft tissues to improve puncture
accuracy.

At the same time, under the same rotation frequency,
the change angle of sine rotation is greater than the change
angle of alternate rotation, which can effectively increase the
circumferential friction of the puncture needle and reduce the
axial puncture resistance.

2) SINE ROTATION THEORY TEST

In order to verify the validity and rationality of the sine
rotation puncture theory, the circumferential friction force
and axial puncture resistance of puncture needle should be
tested. The test device, test object and test method during the
test are consistent with the previous part. In order to keep
the speed of sine rotation correspond to that of circumferen-
tial and alternating rotation the same, the frequency of sine
rotation as [0,0.25,0.5,0.75,1]Hz, and the puncture speed for
circumferential friction and axial puncture resistance tests as
11.25mm/s. The axial puncture resistance test used the sine
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FIGURE 14. Sine rotation puncture theory test. (a) Circumferential friction
test, (b) Axial puncture resistance test (Curve-1 is the curve of direct
puncture; Curve-2 is the curve of circumferential rotation puncture;
Curve-3 is the curve of alternate rotation puncture; Curve-4 is the curve of
sine rotation puncture).

rotation puncture method and the circumferential rotation
puncture, the alternate rotation puncture, the direct puncture
methods for comparative analysis. The tests results is shown
in Figure 14.

It can be seen from Figure 14(a) that the circumferential
friction force is significantly greater than the circumferential
rotation puncture and the alternate rotation puncture when the
sine rotation is used to puncture the soft tissue, but as the
rotation frequency increases, its circumferential friction grad-
ually increases; When the puncture depth and rotation fre-
quency reach the maximum, the circumferential friction force
reaches 31.2N, and there is a tendency to continue to increase.
The reason was the same as the alternate rotation puncture
method, but within one rotation cycle, the soft tissue defor-
mation was approximately twice that of the alternate rota-
tion, so the circumferential friction (damping force) received
by the puncture needle was also much larger than greater
than the alternate rotation method; In addition, when the
rotation direction is changed at the extreme point, the speed
change (deceleration/acceleration) near the extreme point is
continuously and smoothly, which can effectively suppress
the rotational inertia of the puncture needle when the rotation
frequency is too fast, this can slow down its premature arrival
of dynamic friction. So, combined with equation (10), it can
be seen that the axial puncture resistance can be effectively
reduced; Which shows that the sine rotation needle insertion
method is better than the other two needle insertion methods.

Figure 14(b) shown the complete data results of the axial
puncture resistance test were completed by the four puncture
methods; among them, each puncture method only performs
the puncture soft tissue test process once. Meanwhile, the line
segment m is the initial stage when the puncture needle con-
tacts the soft tissue, the line segment m; is the stage when the
puncture needle just pierced the soft tissue, the line segment
m3 is the buffer stage after the puncture needle pierces the soft
tissue, the line segment my4 is the stop stage of the puncture
needle, and the puncture time is 8s.

According to the puncture results shown in Figure 14(b),
it can be seen that the use of sine rotation to puncture soft
tissue can effectively alleviate its axial puncture resistance.
At the same time, combining Figure 15 and Figure 12 shows
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FIGURE 15. The effect of sine rotation puncture (The yellow line is the
horizontal line. §; is the lateral deflection angle, 5, is the longitudinal
deflection angle); (a) Vertical view, (b) Side view.

B Partial image of
4D color Doppler
: ultrasound

FIGURE 16. Performance comparison test process.

that the puncture effect of sine rotation is significantly better
than the other three puncture methods, and it can effectively
inhibiting the axial puncture resistance, thereby reduce the
extrusion and deformation between the puncture needle and
the soft tissue in the puncture direction, and ensure the con-
tinuity of puncture control. Howeyver, it can be seen from the
vertical view and the side view that there are still deflection
angles 81 and 8§, between the puncture needle and the marked
yellow line.

The test results of the sine rotation puncture theory show
that the sine rotation puncture can ensure the continuous deep
puncture and the need for puncturing the suspended organs
and tissues in the human body.

C. PERFORMANCE COMPARISON TEST

In order to further verified the validity of the above analysis
theory and the feasibility of the sine rotation puncture method
when the puncture needle entered the soft tissue, it was
necessary to conduct a performance comparison tests. The
test site was in the Department of Imaging, Hailun People’s
Hospital, Suihua City, Heilongjiang Province, China. The
test instrument used the Philips ECIQ7-4D color Doppler
ultrasound, as shown in Figure 16.

The test device as shown in Figure 3; Test sample as the
pig kidney; The test parameters were selected as follows:
puncture speed as 11.25mm/s, rotation speed (Frequency) as
circumferential rotation was 90rad/min, alternating rotation
was 1.75Hz and sine rotation was 0.75Hz, rotation angle as
180°; The test principle: Compared the sine rotation puncture
method with direct puncture method, circumferential rotation
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FIGURE 17. Performance comparison analysis test. (a;) Vertical view of
direct puncture, (a,) Side view of direct puncture, (b;) Vertical view of
circumferential rotation puncture, (b,) Side view of circumferential
rotation puncture, (c;) Vertical view of alternate rotation puncture,

(c,) Side view of alternate rotation puncture, (d;) Vertical view of sine
rotation puncture, (d,) Side view of sine rotation puncture. Where, the
blue arrow is the puncture direction, The yellow area is the inner position
of the puncture needle in the soft tissue (Recognition area after image
processing), The red line is the horizontal line, The blue dotted line is the
position of the needle axis.

puncture method and alternate rotation puncture method, and
each puncture method was only performed once.

As shown in Figure 16, the internal image of the punc-
ture needle in the tested soft tissue was observed, and
the detected ultrasound image was processed by the med-
ical image analysis method based on convolution neu-
ral network (CNN) [35]-[37]. The test results are shown
in Figure 17.

During the test, the bevel of the needle tip of the puncture
needle was facing upward (Its purpose is: in order to ensure
the consistency of the image display process during the test,
and facilitate the comparative analysis of its test results),
the puncture time of of each method as 7s.

As can be seen from Figure 17(a;) and 17(ap), when the
direct puncture method was used in the test, the puncture
needle showed slight deflection in the lateral direction and
large deflection in the longitudinal direction. It can be seen
from Figure 17(b;1) and 17(b;) that when the circumferential
rotation puncture method was used in the test, the tissue in
the area of the puncture needle is raised. This is because the
circumferential rotation puncture method makes the puncture
needle and the soft tissue to cause entanglement, and large
deflection of the puncture needle in both the lateral and
longitudinal directions. When the alternate rotation puncture
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method was used in the experiment, it can be clearly seen
from Figure 17(cy) that the puncture needle is deflected in
the tissue due to lateral drift and causes serious trauma to
the soft tissue; However, it can be seen from Figure 17(c;)
that the deflection of puncture needle in the longitudinal
direction has been significantly improved. It can be seen from
Figure 17(dy) and Figure 17(d;) that when the sine rotation
puncture method was used in the test, the deflection of the
puncture needle in the soft tissue was better than the other
three puncture methods, and the deflection problem had been
greatly improved; But, there are still deflection angles §; and
8 during the puncture process.

The performance comparison test verified the feasibility of
the rotation puncture theory and the effectiveness of the sine
rotation puncture method, and the test results were basically
consistent with the theoretical analysis. However, to better
apply the sine rotation puncture method to the radiotherapy
of prostate cancer, it is necessary to analyze and optimize the
variable parameters that affect the deflection of the puncture
needle.

IV. PARAMETRIC ANALYSIS

According to the puncture requirements of prostate seed
implantation, it was necessary to design a puncture control
method that meets high precision, deep puncture and does
not require fixation. Therefore, in the studied in the previous
section, a control method based on sine rotation for soft tissue
puncture was proposed, and the feasibility and effectiveness
of this method for soft tissue puncture for prostate cancer had
been verified through tests analysis. However, if this method
is used for soft tissue puncture, there are still deflection angles
of lateral and longitudinal between the needle and the soft
tissue; Meanwhile, in the third section of the theoretical test
and performance comparison test, it can be seen that it is
not easy to select the control parameters that meet the best
puncture effect according to the range of experience provided
by the clinician. Therefore, for the control method based
on sine rotation to puncture soft tissue, it was necessary
to find out the control parameters that affect the puncture
deflection, and conduct in-depth analysis and research on
it.

Among the many parameters that affect the deflection of
the puncture needle, it could be roughly divided into two
categories according to variable parameters and invariable
parameters; Among them, the invariable parameters include:
the diameter, stiffness and tip angle of the puncture needle
(The puncture needle for the implanted seed 1125), puncture
depth (Although the puncture depth can affect the deflection
angle, it is necessary to implant the particles in the designated
position during medical treatment) and soft tissue elastic
modulus (The research object is mainly prostate soft tissue
with cancer, and the elastic modulus of different patients
is similar [34]). So, when analyzing the control parameters
of the sine rotation puncture method, the analysis should
be mainly based on the variable parameters, including: sine
rotation frequency, puncture speed and rotation angle.

VOLUME 8, 2020

I
L Intemal
| N Q
o L /'/ >
/ L \\ 7z
Q
y v

FIGURE 18. Euler beam model.

A. FREQUENCY INFLUENCE

When the doctor manipulates the robot to perform prostate
soft tissue puncture by sine rotating needle control, due to the
viscous damping inside the soft tissue, the deflection angle of
the puncture needle can be effectively improved as the sine
rotation frequency increases. However, when the puncture
needle enters the internal soft tissue at a large rotation rate,
it will generate modal vibration, which is easy to cause the
deflection of the puncture needle. Therefore, an in-depth
analysis of this situation is needed.

1) EULER BEAM MODEL

In the relevant research on puncturing soft tissue with
sine rotation, the vibration of the puncture needle when it
rotates at high speed can be expressed as the Euler beam
model [38].

As shown in Figure 18, in the coordinate system OXYZ,
the length of the puncture needle is L, and the mass per unit
length is m; €2 is the angular velocity of the puncture needle
rotating around the Z axis (The magnitude and direction of
 will change according to the sine rotation frequency); The
black solid needle body is the initial position of the puncture
needle, and it is set to have a point P on its central axis Z;
The blue dotted line is the deflection position of the puncture
needle under the action of sine rotation; P’ is a point on
the central deflection axis Z’; Therefore, in the XOY plane,
the displacement of point P’ relative to point P on the X axis
and Y axis is represented by u and v respectively; The bending
stiffness of the puncture needle in the XOZ plane and the YOZ
plane can be expressed as EI.

According to the Bernoulli-Euler beam theory, the shear
deformation and moment of inertia of the beam are very small
and are ignored in the analysis. Then the total deformation of
the puncture needle can be expressed as a vector r as:

r=ui+vj (14)

where, i and j respectively represent unit vectors along the
X-axis and Y-axis.

According to equation (14), the velocity of point P can be
expressed as:

V =i+ or = (i — Q)i+ (0 + Qu)j (13)

where, V represents the vibration speed of point P in the
case of rotation; ¢ = 2k, k is the unit vector in the Z-axis
direction.
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According to equation (15), the expressions of the kinetic
energy T and the potential energy U of the Euler beam are:

TzlmfIW&——m/K—f+()
2 0 "

120 (—u+d—v)+92(u +v)]dz (16)

1 Laczlz 5
U= —FI —)dz + EI/( 5) dz
0

2

Applying Hamilton’s principle [38], it can be expressed in
the form of Lagrange operator:

t
t/z(T—U+W)dt:O (17)
1

When performing needle puncture, since the surface of
the needle body exposed to the outside is not subjected to
external force, the external force work W is set to O; the
Lagrangian coefficient t = 1. Equation (16) is substituted
into equation (17),and perform integral processing to obtain
the differential equation of vibration-deflection of the punc-
ture needle during high-speed rotation:

—m— Q 2mQY— — E[— =0
md 2 Hmidut 2m dt 8x4 18
5 du 3%y (18)

—mﬁ + mQ v—ZmQE Elﬂ 0

2) LINE ART FIGURES
In the analysis of the sine rotation frequency, the Euler beam
model is used to study the vibration-deflection problem of
the puncture needle rotating and puncturing the soft tissue at
high speed, and establish its vibration-deflection difference
equation. According to equation (18) that since the fourth
term had a fourth-order partial derivative, it is necessary to
establish a difference equation to solve it [39]. According
to the finite difference discretization method, the number of
nodes of the puncture needle is set to N, then the length of
each node is & = L/N, the boundary condition of the model
is:
u0=u6=v0=v6=0
19)

”N = ;\/// = VN = XI/ =0
where, 1o and v are the initial positions of the needle, and uy
and vy are the end positions of the needle; Meanwhile, ¢, ¢
and " are the first, second, and third partial derivatives of u
and v with respect to the X and Y directions, respectively.

First, the fourth derivative in the X and Y directions is
difference processing. Since the boundary conditions in the
X and Y directions are the same, the fourth derivative in the
X direction is taken as an example for study. Then, according
to the expanded form of Taylor’s formula, after using the
second-order central difference, the general difference form
of each derivative in the X direction can be obtained. Mean-
while, according to the difference equation [40] and boundary
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conditions, it can be obtained as follows:

ul” = (Tuy — 4uy + uz)/h*

’”’ = (—4uy + 6us — 4uz + ug)/h*

u,” = (up—2 — 4up—1 + 6u, — 4un+l + un+2)/h (20)
;/v” 1 = (Tuy—3 — 2Tuy— + 33uy—1 — 13uy)/7h*

N =120y — 2uy_y + uy)/Th

Meanwhile, the quality of each node can be expressed
as m - h after difference, and according to equation (18),
equation (19) and equation (20) the difference equation of the
model is:

M+ Cg+Kqg=0 Q1)

where, M is the mass matrix of (2N*2N), C is the structural
damping matrix of (2N*2N), K is the stiffness matrix of
(2N*2N), q = [u1, up, uz ....... U, VI, V2, V3o, Val-

3) SOLVE THE DIFFERENCE EQUATION

When the puncture robot uses high-frequency swing rotary
puncture, combined with equation (21), and its the total dis-
placement from point P to Point P’ on the puncture needle in
the X direction and the Y direction can be calculated:

q(t) = Ae " sin(wgt)

e=C/2Mw, 22)
wg =+1—&w,
K/M

where, A(Amplitude) is a constant (It is related to the material
properties of the puncture needle itself), g(¢) is the displace-
ment of point P on axis Z, ¢ is the viscous damping ratio
between the needle and the tissue (¢ < 1), wy is the damped
natural frequency, w, represents the undamped natural fre-
quency.

When the puncture needle adopts sine rotation puncture,
since equation (22) and equation (13) are basically the same,
and the undetermined coefficient method can be used to
correspond each of its coefficients one by one, its vibration
deflection is proportional to the sine rotation frequency and
amplitude. So, the higher the sine rotation frequency and the
greater the rotation angle, the greater the vibration-deflection
generated by the puncture, which seriously affects the punc-
ture accuracy.

Combined with Figure 14(a), in order to avoid the puncture
needle being friction adhered, entangled and wrapped by
the soft tissue caused by the sine rotation frequency is too
low (OHz~0.12Hz). By continuing to test the circumferential
friction force of the sine rotation puncture method (After the
frequency is greater than 1 Hz), it can be known that when
the rotation frequency exceeds 2.45 Hz, the circumferential
friction force of the puncture needle in the soft tissue tends to
be stable.

Therefore, the sine rotation frequency should be selected
and optimized between 0.12Hz and 2.45 Hz.
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FIGURE 19. Rotation angle analysis. (a) Initial position, (b)ax < 90°,
(c)a =90°, (d)a > 90°.

B. ROTATION ANGLE EFFECT

Through the analysis of the sine rotation frequency, it can be
seen that when the sine rotation puncture soft tissue control
method is used for puncture, the rotation angle of the punc-
ture needle is too large, and the vibration deflection will be
severe. However, if the rotation angle of the puncture needle
is too small, it is easy to cause drift and deflect. The specific
research analysis is shown in Figure 19. Where, w is the
direction of rotation, and the puncture needle is inserted along
the z-axis.

As the Figure 19 (a) shows that in addition to the puncture
friction Fy, the shear force F. of the puncture needle tip slope
in the axial puncture resistance and the friction force F; of the
puncture needle tip slope can also affect the deflection of the
puncture needle in the x-axis direction; At this time, the force
of the puncture needle in the x-axis direction is the maximum,
and the force in the y-axis direction is ON.

As the Figure 19(b) shows the force analysis diagram
(F, and F;) when the rotation angle « of the puncture needle
is less than 90°. The force of the puncture needle in the
x-axis direction will decrease, but the force component will
start to produce the y-axis direction; So, when the rotation
angle o of the puncture needle is less than 90°, it is easy
to cause the needle tip to drift and deflect in the y-axis
direction. As the Figure 19(c) is the forces analysis diagram
when the puncture needle is rotated to 90°. The force of the
puncture needle in the x-axis direction is 0, and the force
in the y-axis direction reaches the maximum; So, when the
puncture needle is rotated to 90°, it is easier to cause drift
and deflect in the y-axis direction. As the Figure 19 (d) shows
the force analysis diagram when the rotation angle « of the
puncture needle is greater than 90°. The force direction of the
puncture needle on the x-axis starts to increase in the oppo-
site direction, which can compensate the deflection displace-
ment of the puncture needle when the rotation angle is less
than 90°.

‘When the w rotates in the reverse direction, the force in the
x-axis direction is consistent with Figure 19, but the force in
the y-axis direction is opposite.

According to the analysis of the circumferential friction
test, when the rotation angle « is gradually increased to about
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(a)

FIGURE 20. Puncture speed test. (@) Puncture speed is 1.1mm/s,
(b) Puncture speed is 2.8mm/s.

390° under the condition of a sine rotation frequency of
0.12 Hz, the puncture needle body will slightly shake due to
the rotation inertia of the servo motor B. So, considering the
effect of the experiment, the sine rotation angle o should be
optimized between 100°and 360°.

C. PUNCTURE SPEED EFFECT

When the puncture needle enters the soft tissue, due to its
viscous damping effect, according to literature [24], [30],
it could be known that the greater the puncture speed of the
needle in the soft tissue, the greater the puncture friction
between the needle and the soft tissue, thereby the easier it
is to cause deflection. According to the analysis of the speed
puncture test shows that if the puncture speed of the needle
in the soft tissue is too low, it will cause the puncture needle
to squeeze the surface of the soft tissue and cause the needle
shaft to bend. The test result is shown in Figure 20. Where,
x1 and xo are the highest point of the bend of the needle
body; The yellow dotted line is the horizontal position of the
puncture needle; H; and H, as the bending displacement of
the puncture needle body.

According to Figure 20(a), when the puncture depth as
Smm and the needle puncture speed as 1.1mm/s, the total
kinetic energy of the puncture mechanism is small, so that
the needle body does not have enough inertial force to break
through the elastic tension on the surface of the soft group;
This will cause the puncture needle to bend, and the needle tip
will not be able to penetrate the soft tissue surface. By observ-
ing the result in Figure 20(b), when the puncture depth as
Smm and the puncture speed as 2.8mm/s, the puncture needle
just penetrate the soft tissue due to the increase of the total
kinetic energy of the puncture mechanism; But, its internal
tissue still forms a large resistance to the puncture needle and
bends, and the corresponding H; at point xo on the needle
shaft is smaller than the corresponding H; at point xj, the
puncture performance is significantly improved. Under the
conditions of the above two puncture speeds, if you continue
to increase the puncture depth, the soft tissue will drift and
deflect.

In the experiment, it is necessary to consider the inevitable
transmission and debugging errors of the entire puncture test
system. In order to ensure the test effect, the puncture speed
is selected to be optimized between Smm/s and 45 mm/s.
Where, Smm/s is the minimum puncture speed of the soft
tissue without drift measured in the experiment, and 45mm/s
is the maximum puncture speed of the robot itself.
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FIGURE 21. Optimal experiment system of sine rotation puncture
parameters.

V. PARAMETER OPTIMIZATION EXPERIMENT

Through the analysis of the variable parameters of the sine
rotation puncture method, their optimal area is determined.
Therefore, in order to ensure the accuracy of the sine rotation
soft tissue puncture control method and improve the therapeu-
tic effect of the prostate puncture seed implantation surgery,
in the follow-up research, it is necessary to further optimize
its three variable parameters.

In addition, among all kinds of parameters optimiza-
tion methods, Particle Swarm Optimization (PSO) algo-
rithm [41]-[43], Genetic Algorithm (GA) [44]-[46], and
in recent years, Cheng et al. [47], [48] newly proposed
methods such as Global/local Linked Driven Optimization
Strategy (GLDOS) and Improved Decomposed-Coordinated
Kriging Modeling Strategy (IDCKMS) are representative.
The above optimization methods can efficiently and accu-
rately optimize and solve specific objective function mod-
els; However, for problems that need to first construct an
optimized objective function model through experiments, and
then optimize its parameters (Such as this paper will opti-
mize the control parameters of sine rotating puncture, which
belongs to this kind of optimization problem), the experimen-
tal statistical analysis method is generally used for optimiza-
tion analysis.

A. EXPERIMENT PREPARATION AND METHOD

1) TEST PREPARATION

a: EXPERIMENT SITE

The experiment site of the sine rotation puncture parameter
optimization experiment as Department of Imaging, The Peo-
ple’s Hospital of Hailun, Suihua City, Heilongjiang Province,
China.

b: EXPERIMENT EQUIPMENT

Figure 21 shows the experiment system with optimized
parameters. Where, the icon a is the test platform of acupunc-
ture prostate soft tissue, the icon b is a 3D X-ray scanner
manufactured by SHIMADZU, Japan (It is mainly used to
scan and observe the deflection angle of the puncture nee-
dle in the soft tissue under test), the icon ¢ is an X-ray
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TABLE 2. Experimental factors level coding table.

Experimental factors

. Rotation Rotation Puncture
Coding value
frequency angle speed
xi(Hz) (%) x3(mm/s)
High asterisk arm
(+1.682) 2.45 360.0 45
High level (+1) 0.60 152.7 37
Zero level (0) 1.30 230.0 25
Low level (-1) 2.00 307.3 13
Low asterisk arm
(-1.682) 0.12 100.0 5
Level spacing 0.70 773 12

display used to observe and collect internal images of soft
tissues.

2) TEST METHOD

@ The optimization test of the parameters of the sine rotation
puncture is a multi-objective optimization test, it is generally
optimized using a full factor test method, but this will lead
to too large number of trials and large errors in data results.
So, this article is based on the optimization range of the sine
rotation puncture parameters, the experiment was designed
by the quadratic regression orthogonal rotation combination
theory of three factors and five levels [49]-[51].

This method combines the advantages of orthogonal
analysis and regression analysis, it has the characteristics of
flexible testing, simple calculation, and avoiding correlation
interference between various parameters [52]. Meanwhile,
this method not only guarantees to provide abundant infor-
mation for the test, but also reduces the number of tests, and it
can replace full experiment [52]. In addition, this method can
also help the tester to directly compare the good and bad of the
predicted value during the experiment, from which it is easy
to find the relatively good experimental parameter area [53].

Therefore, combine the experimental tasks to draw a factor
level coding table of three factors and five levels, and select
the level values of each factor and level spacing according to
literature [52]-[54], the level coding table of the experimental
factors is shown in Table 2.

@ For soft tissue experiments, pig kidney was still selected
and placed freely on the soft tissue placement stent. The punc-
ture depth as 80mm. The puncture needle was a medical sur-
gical semi-flexible seed implant needle (The starting position
of the bevel of the needle tip was upward in the positive direc-
tion). The selection of the experimental indexes could reflect
the deflection angles of puncture accuracy (lateral deflec-
tion angle, and longitudinal deflection angle). As shown
in Figure 22, it was an X-ray scan image (image obtained
by precise processing through an image recognition method
based on literatures [55]-[59]). Where, The yellow-green
border represents the image recognition area, and the red line
represents the horizontal line.

As the Figure 22 clearly shows the deflection Angle of the
puncture needle inside the soft tissue for easy observation.
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FIGURE 22. The X-ray scan image after algorithm processing. (a) The
vertical view of the X-ray through perspective (Observe the lateral
deflection angle), (b) The side view of the X-ray through radiography
(Observe the longitudinal deflection angle).

TABLE 3. Experimental scheme and results.

Rotation Rotation ~ Puncture Lateral Longitudinal
No. frequency angle speed deflection deflection
x1(Hz) x2(°) x3(mm/s)  angle Y1(°) angle Y>(°)

1 0.60 152.7 13 1.40 1.93

2 2.00 152.7 13 1.52 1.85

3 0.60 307.3 13 1.92 1.71

4 2.00 307.3 13 1.96 1.68

5 0.60 152.7 37 2.16 2.29

6 2.00 152.7 37 2.01 2.13

7 0.60 307.3 37 1.78 2.25

8 2.00 307.3 37 1.61 2.19

9 0.12 230.0 25 1.88 2.05
10 2.45 230.0 25 1.71 1.94

11 1.30 100.0 25 1.83 2.07

12 1.30 360.0 25 2.02 2.00

13 1.30 230.0 5 1.67 1.63
14 1.30 230.0 45 1.75 2.32

15 1.30 230.0 25 1.38 1.79
16 1.30 230.0 25 1.41 1.81

17 1.30 230.0 25 1.43 1.82

At the same time, during the measurement of data, the iden-
tified image data was calculated according to equation (3)
and equation (7), and its deflection angle is obtained and
recorded.

® According to the level coding table of experimental
factors, the Response Surface/Central Composite module in
the Design-Expert 8.0.6 software was used to design the
quadratic regression orthogonal combination experimental
scheme, a total of 17 groups of experiments were conducted.
To ensure the generality and universality of experimental
results, prevent excessive deviation in a single experiment,
each group of experiments was repeated 5 times, remove one
highest value and one lowest value, take the average, and the
obtained average values of the lateral deflection angle and the
longitudinal deflection angle were filled in the corresponding
to experimental groups. Where, the deflection angle in each
direction took absolute value. The experimental scheme and
results are shown in Table 3.

B. RESULTS ANALYSIS

Used the efficient hybrid method of the RSM and the
LAPO algorithm for multi-objective optimization design in
Design-Expert 8.0.6 software to perform quadratic regression
analysis on the above experimental results, and performed
multiple regression fitting to obtain regression equations for
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two experimental indexes, including lateral deflection angle
Y1 and longitudinal deflection angle Y,. At the same time,
the variance was calculated significance tests.

1) DEFLECTION ANGLE REGRESSION ANALYSIS

Through the LAPO algorithm performed multiple regression
fitting on the experimental data in Table 3, and performed
variance analysis on the fitting equation, the variance analysis
results of the lateral deflection angle Y} and the longitudinal
deflection angle Y> are obtained, as shown in Table 4. As can
be seen from Table 4, for the lateral deflection angle and
the longitudinal deflection angle, and combined with the P
value result after F' test, the primary and secondary order of
the interaction between factors and factors as: (xpx3, x%) >
2 > x32 > X3 > X1Xx3 > Xp > x| > x1xp and (x3,
xl&, x22, x32) > (X1, XpX3) > X2 > XxXjxp > x1x3. At the
same time, the models of the overall tests are extremely
significant, and the test results of the lack of fit are not
significant (When P > 0.1, it is not significant; Among
them, the lateral deflection angle: P = 0.1157 and the
longitudinal deflection angle: P = 0.2777), indicating that
the experimental results are correct and valid. Therefore, this
article took the three parameters (Rotation frequency, rotation
angle and puncture speed) of the sine rotation continuous
puncture control method as the test factors and the deflection
angles of the lateral and the longitudinal as the test indica-
tors, and combined with the quadratic regression orthogonal
rotation combination theory of three factors and five levels
to establish the experimental models, and the models have
practical analytical significance for improving its puncture
performance.

After removing the insignificant term xjx, in the lateral
deflection angle and the insignificant term x1x3 in the longi-
tudinal deflection angle, analyzed the variance again to obtain
the regression equation of the influence of each factor on the
lateral and longitudinal deflection angle:

Y1 = 1.41 — 0.036x; + 0.037x2 + 0.067x3 — 0.059xx3
—0.22x0x3 + 0.13x7 + 0.17x3 + 0.097x3 (23)
Y2 = 1.81 — 0.039x; — 0.036x2 + 0.21x3 + 0.019x1x

+0.051x2x3 4 0.063x7 + 0.078x3 + 0.057x3  (24)

where, x1, xp, and x3 represent the coding values of
rotation frequency, rotation angle and puncture speed; Y
and Y represent the coding values of the experimental
indexes (Lateral deflection angle and longitudinal deflection
angle).

Through the study of regression equations (23) and (24),
it could be seen that the influencing factors (Rotation fre-
quency xi, rotation angle x> and needle advancement speed
x3) of the sine rotation puncture method affect the lateral
deflection angle (Y1) and longitudinal deflection angle (Y>)
have a significant impact.

In addition, the optimal parameters can also be predicted
and solved according to the above regression equation.
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TABLE 4. Variance analysis of lateral deflection angle and longitudinal deflection angle.

Variation Sum of squares Degrees of freedom Mean square F value P value
Ttems source Data 1 Data 2 Data 1 Data 2 Data 1 Data 2 Data 1 Data 2 Data 1 Data 2
Model 0.93 0.93 9 8 0.1 0.12 23.83 29.38 0.0002 %% <0.0001***
X1 0.018 0.018 1 1 0.018 0.018 4.07 4.47 0.0834* 0.0674*
X2 0.019 0.018 1 1 0.019 0.018 4.28 4.64 0.0773* 0.0635*
X3 0.061 0.061 1 1 0.061 0.061 14.13 15.51 0.007 1#** 0.0043%**
X1X2 0.0012 - 1 - 0.0012 - 0.29 — 0.6076 -
Lateral X1X3 0.029 0.029 1 1 0.029 0.029 6.66 7.31 0.0365%* 0.0269**
deflection X2X3 0.38 0.038 1 1 0.38 0.038 87.48 96.01 <0.0001***  <0.0001***
angle xi? 0.19 0.19 1 1 0.19 0.19 42.79 46.96 0.0003*%** 0.0001***
& x2? 0.34 0.34 1 1 0.34 0.34 78.86 86.55 <0.0001***  <0.0001***
x3? 0.11 0.11 1 1 0.11 0.11 24.96 274 0.0016*** 0.0008***
Residual 0.03 0.032 7 8 0.004 0.004 — — — —
Lake of Fit 0.029 0.03 5 6 0.006 0.005 9.16 7.96 0.1013 0.1157
Cor Total 0.96 0.96 16 16 — — — — - _
Model 0.76 0.75 9 8 0.084 0.094 153.64 141.27 <0.0001***  <0.0001***
X1 0.021 0.021 1 1 0.021 0.021 38.76 31.74 0.0004*** 0.0005%**
X2 0.018 0.018 1 1 0.018 0.018 32.58 26.68 0.0007%** 0.0009%%**
X3 0.6 0.6 1 1 0.6 0.6 1091.31 891.92 <0.0001***  <0.0001***
X1X2 0.0028 0.0028 1 1 0.0028 0.0028 5.15 4.22 0.0576* 0.0741*
Longitudinal X1X3 0.0015 - 1 - 0.0015 - 2.77 - 0.1401 -
deflection X2X3 0.021 0.021 1 1 0.021 0.021 38.46 31.5 0.0004*** 0.0005%**
xi? 0.046 0.046 1 1 0.046 0.046 84.1 68.87 <0.0001***  <0.0001***
angle x2? 0.069 0.069 1 1 0.069 0.069 126.26 1034 <0.0001***  <0.0001%**
x3? 0.037 0.037 1 1 0.037 0.037 67.23 55.06 <0.0001***  <0.0001***
Residual 0.0038 0.0053 7 8 0.0005 0.0007 — — — —
Lake of Fit ~ 0.0033 0.0049 5 6 0.0007 0.0008 2.88 3.48 0.2777 0.2777
Cor Total 0.76 0.76 16 16 — — — — — —
Datal is the original data, Data2 is the data after removing insignificant factors; “—” means no data.

k¥ means extremely significant (P < 0.01), “**” means very significant (0.01 < P <0.05), “*” means significant (0.05 < P <0.1).

2) RESPONSE SURFACE ANALYSIS

The data of the sine rotation puncture experiments was pro-
cessed by the RSM-based response surface analysis module
in the Design-Expert 8.0.6 software to obtain the response
surface of the influencing factors x1, xp, and x3 to the experi-
mental indexes Y| and Y», as shown in Figure 23. Where, “0”
represents the factor coding value corresponding to the fac-
tor’s level value. In the analysis of response surface, the value
of 0 level is generally taken.

It can be seen from Figure 22 (a;) that when the rota-
tion frequency is constant, the lateral deflection angle first
decreases and then increases with the increase of puncture
speed. The reason is that as the puncture speed increases,
the puncture needle can better overcome the surface tension
and internal resistance of the soft tissue, and reduce the lateral
offset caused by the extrusion deformation during puncture;
When the puncture speed continues to increase, the friction
force on the puncture needle body and the shear force of
the needle tip bevel also continue to increase, which in turn
causes the lateral deviation of the puncture needle to increase.
When the puncture speed is constant, the lateral deflection
angle first decreases and then increases with the increase of
the rotation frequency. The reason for the analysis is that with
the increase of the rotation frequency, the puncture needle can
well overcome the offset caused by the adhesion and package
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of the soft tissue; When the rotation frequency continues to
increase, the offset of the puncture needle also increases,
which is consistent with the previous theoretical.

It can be seen from Figure 23 (a;) that when the rotation
angle is the smaller, the lateral deflection angle increases with
the increase of the puncture speed, which is consistent with
the previous theoretical analysis. When the rotation angle
is the larger, the lateral deflection angle decreases with the
increase of puncture speed; The reason is that as the rotation
angle increases, the puncture needle offset increases. If the
puncture speed increases, the puncture needle can quickly
reach the designated position before the offset caused by the
increase in the rotation angle is not obvious enough. When
the puncture speed is the smaller, the lateral deflection angle
increases with the increase of the rotation angle, which shows
that the lateral deflection angle is significantly affected by
the rotation angle at this time, and is consistent with the
theoretical analysis; At the same time, when the puncture
speed is the higher, the lateral deflection angle decreases with
the increase of the rotation angle, which means that when
the circumferential friction of the puncture needle gradually
increases, its axial puncture resistance will decrease, thereby
inhibiting offset of the puncture needle.

In the same way, the response surface of the longitudinal
deflection angle shown in Figure 23 (b1) and Figure 23 (b3) is
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FIGURE 23. Two-factor response surface of deflection angle of the lateral
and longitudinal. (ay) Y;(xq, 0, x3), (a3) Y7 (0, X3, X3), (by) Y, (xq, X3, 0),
(b2) Y2(0, x5, x3).

consistent with Figure 23 (a;), Figure 23 (a;) and theoretical
analysis. However, a comparative analysis of Figure 23 (b>)
and Figure 23 (a,) shows that when the initial circumferential
position of the puncture needle is the positive direction of
the needle tip bevel facing upward, as the angle of rotation
increases, the needle tip bevel receives a lateral component
force is the greater than a longitudinal component force.

Therefore, in the experiment, although the different initial
circumferential positions of the puncture needle will cause
the deviation angle response surface to be different, but the
overall deflection angle of the puncture needle and the influ-
ence law of various factors remain unchanged. So, the initial
circumferential position of the puncture needle has no influ-
ence on the test analysis and test results.

C. PARAMETER OPTIMIZATION

In the puncture test, the purpose of parameter optimization
of the sine rotation puncture method is to obtain the optimal
parameter combination when puncturing the target point of
the lesion, to minimize the offset and the deflection of the
puncture needle during the puncture of the soft tissue of the
prostate, thereby improve the puncture accuracy, and ensure
treatment effect. Through the analysis of the deflection angle
two-factor response surface in Figure 23, and used the opti-
mization module in Design-Expert 8.0.6 software to solve
the regression models of equation (23) and equation (24).
Meanwhile, according to the actual working conditions of the
prostate seed implantation surgery and the analysis results of
the response surface, the optimization constraint conditions
for the selected experimental factors are:

Srager = {min Y1(x1, x2, x3); min Y2(x1, x2, x3)} (25)
ap =x1 = a
b1 <x3 < by (26)

1 =<x3 =<

f Constraint =
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FIGURE 24. Soft tissue puncture comparative test.

where, fTareec is the optimization objective function, fconstraint
is the factor constraint function; a; = 0.6Hz, ap = 2Hz,
b1 = 152°, by = 307°, ¢; = 10mm/s, ¢z = 30mm/s:

Through equation (23), equation (24), equation(25), and
equation (26), the parameters were optimized and solved, and
the optimal parameters of the sine rotation puncture control
method were obtained: the rotation frequency was 1.32Hz,
and the rotation angle was 202.88°, the puncture speed was
12.25mm/s;

At this time, the optimal parameter was substituted into the
regression equation to calculate, when the puncture needle
penetrates the soft tissue, the theoretical lateral deflection
angle is 1.38°, and the theoretical longitudinal deflection
angle is 1.65°.

VI. COMPARISON VERIFICATION TESTS

In order to verify the rationality of the sine rotary puncture
soft tissue control method and the reliability of the optimal
parameters, this paper used the control method compari-
son test and the parameter performance comparison test for
analysis. Where, the rotation frequency, rotation angle and
puncture speed of the sine rotation puncture method adopts
1.32Hz, 202.88° and 12.25mm.

A. CONTROL METHOD COMPARISON TEST

In order to verify the rationality of the sine rotation puncture
soft tissue control method, sine rotating puncture method was
compared with the puncture methods such as direct puncture,
high-speed vibration-rotation [30] and alternating rotation
duty cycle [26].

1) TEST TARGET

A bionic PVA hydrogel with mechanical properties similar
to human soft tissue was prepared as the puncture test tar-
get [60], as shown in Figure 24. Where, the longitudinal
section width W of the test target is 120 mm, the height H
is 120 mm, and the longitudinal length (depth) D is 200 mm.

2) TEST DEVICE
The test device shown in Figure 24 is consistent with
the test platform shown in Figure 3. But, the high-speed
vibration-rotation puncture needle penetration test used the
test device shown in literature [30].

® Testing method: The first, marked the initial point of
puncture at the front and back of the longitudinal section
of the test target, and serve as the origin of the coordinate.
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FIGURE 25. Control method comparison test result (The red frame is the
concentrated area of the sine rotation puncture method in 25 punctures).
Where, a is the target position, b is the sine rotation puncture method, ¢
is the alternate rotation puncture method, d is the circumferential
rotation puncture method, e is the direct puncture method.

The second, puncture was conducted by using the above
four puncture methods, and coordinate paper (1mm cell) was
used to mark the position of the needle protruding from the
back of the measured soft tissue section; The finally, each
method was performed 25 times, and the data results are
recorded.

3) TEST RESULTS

The recorded data results were processed and analyzed by
Matlab2016a software, as shown in Figure 25 (The coor-
dinate system range is the yellow area M on the xy plane
in Figure 24).

According to the statistical literature [61]-[64], it can
be seen that when puncturing the bionic PVA hydrogel,
the puncture accuracy of the existing particle implantation
robot is generally (0.3mm~3mm). Therefore, it can be seen
from Figure 25 that, except for direct puncture, all other
puncture methods meet the accuracy requirements, but in
the area of the sine rotation puncture method, the lon-
gitudinal x is (—1.27mm~1.26mm) and the lateral y is
(—0.94mm~1.24mm), the puncture point is less than 0.3mm,
which accounts for about 12% of the total points. Com-
pared with other puncture control methods, it has the best
performance and simple operation. The test results ver-
ify the rationality of the sine rotation puncture control
method.

B. PARAMETET PERFORMANCE COMPARISON TEST
In order to verify the reliability of using the quadratic regres-
sion orthogonal rotation combination test method to optimize
the parameters, the optimal parameter combination of the sine
rotation puncture method was compared with other combina-
tion parameters in the range.
@ Test target: The pig kidney.
@ Test instrument: The test platform shown in Figure 3;
A 3D X-ray scanner manufactured by SHIMADZU, Japan.
® Testing method: (1). In order to ensure the effectiveness
of the control method comparison test, the level combination
of its parameters needs to be reselected. Its principles were:
First, the new level value had to be within the original
optimization interval.
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TABLE 5. New orthogonal combination and comparison test results.

Test factors Impact indicators

z
°

Xi(Hz) X(°) X(mm/s) »(®) (%)
1 0.50 120.00 5.65 1.71 1.89
2 0.50 180.00 11.25 1.63 1.81
3 0.50 240.00 16.88 1.87 2.02
4 1.25 120.00 11.25 1.59 1.82
5 1.25 180.00 16.88 1.65 1.85
6 1.25 240.00 5.62 1.62 1.91
7 2.00 120.00 16.88 1.68 2.05
8 2.00 180.00 5.62 1.57 1.83
9 2.00 240.00 11.25 1.73 1.82
10 1.32 202.88 12.25 1.36 1.61
11 1.32 202.88 12.25 1.32 1.59
12 1.32 202.88 12.25 1.33 1.63

X is the rotation frequency, Xz is the rotation angle, X; is the puncture
speed; y1 is the lateral deflection angle, y» is the longitudinal deflection angle.
Groups 1 to 9 are the reference group; Groups 10 to 12 are the verification

group.

Second, the new level interval had to contain the optimal
parameter value.

Third, the new level combination was different from the
level combination of the quadratic regression orthogonal rota-
tion combination test.

Last, the new level combination could represent the whole
combination.

(2) Based on the theoretical test parameter values in
Section 3 and the optimal parameter values in Section 5,
the Lo(3%) orthogonal test method was applied to group the
optimized ranges of its rotation frequency, rotation angle and
puncture speed [65], [66].

(3) According to the orthogonal horizontal combination,
the puncture test was shown in Table 5, and the process was
the same as that in Section 5.

@ Test Results: As shown in Table 5, through the analysis
and comparative of the reference group and the verification
group, it can be seen that the sine rotation puncture soft tissue
control method adopts the optimal control parameters, and
its puncture effect is significantly better than other control
parameters. Meanwhile, the test indicators obtained by the
verification group test are basically consistent with the the-
oretical test results calculated by the regression equation,
which proves the accuracy of the regression equations (23)
and (24) and the effectiveness of the optimal parameters.

X is the rotation frequency, X3 is the rotation angle, X3 is
the puncture speed; y; is the lateral deflection angle, y» is the
longitudinal deflection angle.

Groups 1 to 9 are the reference group; Groups 10 to 12 are
the verification group.

So, the results of the parameter performance comparison
test verify the reliability of using the quadratic regression
orthogonal rotation combined test analysis method to opti-
mize the parameters of the sine rotation puncture method.

VIi. CONCLUSION

The research object of this article is the puncture control
method of the prostate seed implantation robot. In the actual
operation, due to the complex forces between the puncture

VOLUME 8, 2020



Y. Zhang et al.: Study on the Control Method and Optimization Experiment of Prostate Soft Tissue Puncture

IEEE Access

needle and the soft tissue causes its deflection, which reduces
the puncture accuracy and affects the therapeutic effect of the
seed implantation. Therefore, this article mainly studies this
problem, through the force balance analysis of the soft tissue
acupuncture process, it was found that the large puncture
friction between the needle body and the soft tissue is the
main reason for the large deflection of the puncture needle,
which affects the accuracy of puncture positioning.

On this basis, through the theoretical analysis of rotating
puncture, it can be known that increasing the circumferential
friction of the puncture needle can reduce the axial puncture
friction. Therefore, in this paper, a sine rotation continuous
puncture control method is proposed. Combined with the
existing puncture methods for comparative analysis, theoret-
ical tests and performance tests have proved its feasibility
and effectiveness, which can effectively improve its puncture
accuracy. At the same time, combined with the theoreti-
cal research on the control parameters of the sine rotation
puncture, the rotation frequency, the rotation angle and the
puncture speed were selected as the experimental factors,
and the lateral and the longitudinal deflection angles were
selected as the experimental indicators, and the three-factor
and five-level quadratic regression orthogonal combination
design theory was adopted to optimize its control parameters.
Through the comparative verification test, the rationality of
the control method of the sine rotation continuous puncture
and the reliability of the optimal parameters were verified,
which effectively improved the puncture accuracy; At the
same time, the accuracy of the regression models is also
verified.

According to shear wave elastography technology,
real-time tissue elastography ultrasound diagnostic equip-
ment was used to measure the elastic modulus of the kidneys
of many large mammals. It was found that the elastic modulus
of pig kidney is the closest to that of human prostate with
cancer, which can be a good substitute for prostate cancer
patients for experimental research.

In the puncture test, although the sine rotating puncture
method with optimized parameters could greatly improve
the deflection of the puncture needle, the slight deflection
caused by the immutable parameters of the medical puncture
itself still exists. Therefore, in the future research work, it is
necessary to conduct in-depth research and improvement on
the material properties, structural shape and size parameters
of medical puncture needles.

The research work in this paper provides reference for the
control research on improving the positioning accuracy of
minimally invasive puncture operation (Including: design or
improvement of puncture control methods and puncture of
other soft tissue organs of the human body, etc).
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