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When treating prostate cancer, the use of puncture robots is an effective method to perform radioactive seed implantation surgery.
However, when the puncture needle enters the lesion, the soft tissue is easily deformed owing to the complex force between the
puncture needle and soft tissue, which leads to a puncture deviation between the needle tip and target point. To solve this problem
effectively, the prostate soft tissue puncture process is studied based on the analysis of the puncture needle–soft tissue interaction.
First, the puncture force is classified into contact, friction, and cutting forces by a quantitative decomposition method, and the
corresponding force model is established. Based on the theoretical analysis of the model, it is deduced that these factors can affect
the deformation created by puncturing the soft tissue. Subsequently, a puncture platform is built and many biomimetic soft tissue
models are established. Multiple puncture experiments on the influencing factors are conducted using the method of controlling a
single variable. Using the spatial puncture deviation as the test metrics, the significance of the influencing factors of the puncture
deformation is verified. Finally, it can be concluded from the experimental analysis that the main factor that affects the puncture
deviation is the puncture speed, whereas the puncture depth has no significant influence. The puncture speed was optimized and
verified by experiments, and the results showed that a stable puncture accuracy under different puncture depths can be obtained by
selecting an optimized puncture speed (12.6mm/s). This work provides a design reference to study the positioning accuracy of
minimally invasive puncture surgery.

1. Introduction

Presently, cancer is a significant life-threatening disease.
According to survey data from the International Agency
for Research on Cancer by the World Health Organization
in 2020, the number of new cancer cases in the world would
reach 19.29 million in 2021, and the male cases would reach
10.06 million [1–3]. There are 1.41 million new cases of
prostate cancer, accounting for 7.3% of the total number of
new cancer cases [4–8]. Particularly, prostate cancer has been
a threat to human’s life. Radioactive seed implantation sur-
gery is an important method for the treatment of prostate
cancer. Compared with systemic chemotherapy, immuno-
therapy, external radiotherapy, and surgical treatment, this
method offers the advantages of low soft tissue damage, high
surgical safety, and reproducibility [9]. Therefore, radioactive

seed implantation surgery has become the main method for
the treatment of prostate cancer [10].

In recent years, with the rapid development of the
robotics industry, robotic technologies have been increas-
ingly used in clinical operations, and medical robots are
gradually being accepted by patients and doctors. Therefore,
minimally invasive interventional surgical robot technology
is the most promising key technology in the field of medical
robots in the future. The Da Vinci robot developed by the
American Intuition Corporation (Intuitive Surgical (ISRG.
US)) is a representative medical robot, which not only pos-
sesses a high positioning accuracy and good motion stability
but also can continuously replace the work of doctors. This
robot causes minimal trauma to patients and facilitates
postoperative recovery [11, 12]. Minimally invasive inter-
ventional surgical robot technology is used to treat prostate
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cancer by implanting radioactive seeds such as I235 and I125.
The seed is accurately placed under the specified target
point. This reduces the number of punctures and ensures
the uniform distribution of dosimetry in the target area.
Consequently, postoperative complications are reduced,
and the effects of treatment are improved [13]. However,
when the robot controls the insertion of the puncture nee-
dle into the soft tissue, the interaction between the puncture
needle and soft tissue offsets the target in the lesion area,
which reduces the accuracy of seed implantation. Therefore,
the improvement of the puncture performance of the robot
is also a problem that needs to be addressed.

Many scholars have conducted extensive research in this
area. Minhas et al. [14] proposed a puncture control method
based on a needle body rotation duty cycle. This method
could effectively improve the puncture performance by
accurately controlling the needle body rotation and needle
insertion timed ratio. Majewicz et al. [15] improved the posi-
tioning accuracy of the puncture needle by further studying
the control method of the needle body alternately rotating
around the needle shaft. Sun et al. [16, 17] proposed a fuzzy
control method for the puncture speed based on the force/
position feedback; when the puncture needle entered a pig
liver tissue, the robot automatically stopped the needle until
the soft tissue returned to a relaxed state, and then conducted
the puncturing at half speed to improve the puncturing accu-
racy. Liangyi and Zhang et al. [18] designed a high-precision
needle insertion strategy based on vibration and rotation to
reduce the deviation of the puncture needle in the soft tissue.
Webster et al. [19] used needle tips of different angles to
penetrate a tissue model and concluded that a smaller needle
tip angle led to a greater needle deflection.

The studies by the above scholars were mainly on the
reduction of the deflection of the puncture needle by adjust-
ing or changing the different puncture methods. However,
in the puncture direction, the displacement error caused by
the soft tissue deformation is also the main factor affecting
the positioning accuracy, which is rarely reported. There-
fore, this study evaluates the main factors affecting the soft
tissue deformation and makes reasonable inferences to
reduce the positioning error caused by the soft tissue defor-
mation when puncturing prostate soft tissue. The results
presented by the above scholars can help to further improve
the puncture accuracy. First, this study established a

puncture force model between the puncture needle and
soft tissue and analyzed the main factors that affected the
puncture positioning deviation. Subsequently, multiple
puncture experiments on the influencing factors were con-
ducted using the method of controlling a single variable,
and the most significant influencing factors were selected.
Finally, based on the analysis of the experimental data and
theoretical analysis, the parameter values of the significant
factors affecting the puncture deviation were optimized, and
their feasibility was verified by experiments.

2. Analysis of Soft Tissue Puncture

2.1. Needle–Soft Tissue Interaction. During the puncture
stage of the prostate seed implantation surgery, the inner
needle should be inserted into the outer needle. The puncture
needle is regarded as a solid needle and is inserted into the
target lesion area from the pubic region of the human body
through the linkage between the inner and outer needles. In
the process of implantation, owing to the interaction
between the puncture needle and prostate soft tissue, the
target point in the lesion area is offset, which requires doctors
to adjust the posture of the needle appropriately [20]. This is
because the prostate soft tissue is interfered with the external
force of the puncture needle during the puncturing process,
which causes the deformation of the prostate soft tissue,
thereby driving the movement of the lesion area; this causes
the target point deviation phenomenon (the amount of
deviation between the needle tip and target point in space).
Figure 1 shows a schematic diagram of the soft tissue defor-
mation during needle–soft tissue interaction.

2.2. Analysis of the Puncture Process. According to the anal-
ysis in Section 2.1, the implantation accuracy of the radioac-
tive seed is affected by the target offset at the puncture stage,
and the target offset is mainly affected by the interaction
between the needle and prostate soft tissue. Therefore, the
entire puncture process should be analyzed.

Biosolids can be divided into hard tissues (such as carti-
lage and bone) and soft tissues (such as blood vessels, nerves,
muscles, and skin). Among them, the hard tissue of the
human body has good and relatively fixed mechanical prop-
erties, whereas the soft tissue is mostly a viscoelastic body.
The prostate is biologically classified as soft tissue, which
causes difficulties in the analysis of the prostate puncture
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FIGURE 1: Schematic diagram of tissue deformation during needle–soft tissue interaction: (a) ideal situation of puncture; (b) actual situation
of puncture.
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force. For better analysis, the entire puncture process can be
divided into three stages [21–23].

(1) The stage where the puncture needle is not in contact
with the prostate soft tissue. At this stage, the punc-
ture needle has no contact with the soft tissue or has
just reached the contact threshold. Here, the interac-
tion force between the puncture needle and soft tissue
is zero. Therefore, there is no change in the prostate
soft tissue at this stage as shown in Figure 2(a).

(2) The stage where the puncture needle is in contact
with the prostate soft tissue. At this time, the punc-
ture needle is in contact with the soft tissue of the
prostate and puts pressure on it, causing the defor-
mation of the prostate. As the puncture needle goes
deeper, the fracture stress that the prostate soft tis-
sue can withstand is reached and the surface tissue
of the prostate is torn. The puncture needle then
penetrates the prostate soft tissue. At this time, the
puncture force is equal to the contact force as shown
in Figure 2(b). The forces of the needle–soft tissue
interaction include the cutting and contact forces.

(3) The stage where the puncture needle enters the
prostate soft tissue. In this stage, the needle entering
the prostate soft tissue forms a complex force rela-
tionship with the soft tissue. The energy overcome
by the needle body when implanted into the soft
tissue is equal to the potential energy generated by
the soft tissue deformation and the irreversible
energy generated by the rupture of the damaged

soft tissue cells. As shown in Figure 2(c), in this
process, the sum of the cutting, friction, and contact
forces is equal to the puncture force.

3. Modeling of Prostate Soft Tissue
Puncture Force

Through the quantitative analysis of the prostate soft tissue
puncture process in the previous section, a puncture force
model can be established:

fpuncture εð Þ ¼ fcontact εð Þ þ fcut εð Þ þ ffriction εð Þ; ð1Þ

where ε is the depth of the puncture, fpuncture is the puncture
force, fcontact is the contact force, fcut is the cutting force, and
ffriction is the friction force.

3.1. Modeling of Cutting Force. When the puncture needle
enters the prostate soft tissue, the needle tip cuts the original
part of the prostate soft tissue and allows the needle body to
occupy its cut position. The acting force of the soft tissue is
distributed over the bevel of the needle tip of the puncture
needle, such that the acting force is the cutting force (fcut),
and the inclined plane is the acting surface distributed over
an ellipse; its distribution is shown in Figure 3.

The cutting force load (δcut(ξ)) is triangularly distributed
over the inclined plane, and the distributed load can be
expressed as
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FIGURE 2: Diagram of puncture process: (a) the puncture needle is not in contact with the prostate soft tissue; (b) the puncture needle begins to
contact with the prostate soft tissue; (c) the puncture needle enters the prostate soft tissue.
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FIGURE 3: Diagram of force analysis of cutting force: (a) schematic diagram of the needle tip bevel; (b) schematic diagram of the side of the
needle tip.
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δcut ξð Þ ¼ Kξtan φc: ð2Þ

The distributed load boundary conditions are expressed as

δcut 0ð Þ ¼ 0

δcut bð Þ ¼ Kbtan φc;
ð3Þ

where ξ is the contact length between the long axis of the
elliptical bevel of the needle tip and the soft tissue when the
puncture needle penetrates into the soft tissue, b is the dis-
tance from a to o, K is the stiffness of the needle–soft tissue
interaction, and φc is the cutting angle.

To facilitate the calculation, the o–ξη coordinate system
is established on the needle tip bevel. According to the stan-
dard ellipse equation, the formula can be expressed as

ξ − b=2ð Þ2
b=2ð Þ2 þ ξ2

d=2ð Þ2 ¼ 1: ð4Þ

In the above formula, d is the minor axis on the ellipse of
the needle tip (it is also the diameter of the needle). Here, b =
d/sinφ, and φ is the angle of the needle tip. Therefore, the
resultant cutting force received by the entire needle tip is

fcut ¼
ZZ

D
δcut ξð Þdξdη¼ 2

Z
b

0
dξ
Z

η ξð Þ

0
δcut ξð Þdη; ð5Þ

where D is the area of the needle tip bevel of the puncture
needle and Equations (2), (3), and (4) are inserted into
Equation (5) to solve

fcut¼ dK tan φa

Z
d=sin φ

0
ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

ξ− d=2 sin φð Þ2
d=2 sin φð Þ2

s
dξ

¼ πd3K tan φ−φcð Þ
8 sin2 φ

:

ð6Þ

According to Equation (6), the factor affecting the cutting
force is the stiffness of the needle–soft tissue interaction. This
study assumes that the density of the interactive soft tissue
along the puncture needle path is uniform. For puncturing in
the same tissue with the same puncture needle, the stiffness of
the needle-soft tissue interaction is the same [24]. Therefore,
themagnitude of the cutting force is only related to the type of
puncture needle installed by the robot. The types of puncture
needles, the angle of the needle tip, and the diameter of the
puncture needles are different, resulting in different cutting
angles, and a change in the puncture force accordingly.

3.2. Modeling of Friction Force. During the puncture process
of the seed implantation robot, the friction force between the
puncture needle and prostate soft tissue conforms to the
Coulomb friction model at low speeds [25]. At high speeds,
the generated friction force is closer to the LuGre friction
model [24].

(1) At low speed: Because the amount of deformation
of the soft tissue is the radius of the needle body, the

length-per-unit of the puncture needle body that is subject
to the pressure does not change, thus, the equation can be
expressed as

ffriction ¼ 2πdμfn

Z
ελ

0
dx; ð7Þ

where μ= 0.2 [26], ελ is the depth of the puncture needle
implantation, and fn is the pressure of the puncture needle
body unit.

According to Equation (7), at low speeds, the frictional
force is affected by the implantation depth of the puncture
needle and radius of the needle body.

(2) At high speed: Introducing the LuGre friction model,
according to ref. [27], it is known that for a larger puncture
speed (v0), the friction force is expressed as

ffriction tð Þ ¼ Fn uc þ σ2v0ð Þ
uc ¼ σ1v0 − g v0ð Þsgn v0ð Þe−σ0 v0j jt=g v0ð Þ þ g v0ð Þsgn v0ð Þ;

ð8Þ

where uc is the Coulomb friction coefficient, g v0ð Þ describes
the Stribeck effect, σ0 is the stiffness coefficient, σ1 is the damp-
ing coefficient, σ2 is the viscous damping coefficient, and Fn is
the radial force of the soft tissue received by the needle.

According to Equation (8), as the puncture speed v0
increases, the weight of the viscous friction force term σ2v0
in the friction force gradually increases.

3.3. Modeling of Contact Force. The contact force is the force
necessary to tear the boundary of the soft tissue of the
prostate, which is generated when the puncture needle con-
tacts the soft tissue of the prostate. The puncture needle
enters the prostate soft tissue, and the needle drives the
soft tissue of the prostate to move in the direction of
the needle. When the fracture stress of the soft tissue is
reached, the soft tissue is torn, and the puncture needle
enters the prostate soft tissue.

Considering that the prostate soft tissue includes cells
and intercellular substances, and the individual cells are
different, this reflects the special properties of the prostate
soft tissue materials. When the puncture needle is in contact
with the prostate soft tissue, it will appear as nonuniform,
nonlinear, and plastic. This makes it difficult to analyze the
characteristics of the soft tissue at the cellular level when
the puncture needle is in contact with the prostate soft
tissue. To better describe the biological characteristics of
human soft tissues, scholars have used a combination of
springs and dampers to build a biomechanical model to
analyze the contact force. This method regards the punc-
tured soft tissue as a biological viscoelastic body, and
this study uses an improved nonlinear Kelvin model to
calculate the contact force during the puncture process.
The improved nonlinear Kelvin model has the same struc-
ture as the standard Kelvin model; however, the improved
one can reflect the nonlinear change characteristics of the
soft tissue when the puncture needle is in contact, and can
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effectively simulate the biological characteristics of the soft
tissue [28–30]. Figure 4 shows the contact force analysis
using the improved Kelvin model.

According to Figure 4, the contact force between the
puncture needle and soft tissue in the improved Kelvin
model is

fcontact ¼ Fs εð Þ þ Fd ε; tð Þ; ð9Þ

where Fs(ε) = ks(ε)ε is the contact force component of the
spring ks of the model; ks(ε) is the nonlinear spring constant
function of the spring ks; ε is the displacement of the spring;
Fd(ε,t) is the contact force component produced by the
model spring kd(ε) and the damper δd(ε).

Because Fd is formed by the series connection of the
nonlinear spring ks and nonlinear damper δd(ε), according
to Newton’s third law, the equation can be expressed as

Fd ¼ kd εð Þεk ¼ δd εð Þε̇b: ð10Þ

The displacement relationship of the series part of the
model is then

εk þ εb ¼ ε; ð11Þ

where εk is the displacement of the spring kd and εd is the
displacement of the damper δd.

It is assumed that kd and δd have the same form in the
established model, and the rate of change of the displacement
and relaxation time of the model is

τc ¼
kd εð Þ
δd εð Þ : ð12Þ

Equations (10) and (11) are combined, and the displace-
ment of the spring can be calculated as

εk ¼
Fd

kd εð Þ ¼
δd εð Þ
kd εð Þ ε̇d εð Þ ¼ ε̇ ⋅ τc: ð13Þ

The derivative of Equation (11) with respect to time is
solved, and combined with (13) to obtain

ε̇d þ
εd
τc

¼ ε̇: ð14Þ

According to Equation (14), it can be observed that in the
improved Kelvin model, the kd spring displacement corre-
sponds to a linear differential equation. Its general solution is

εk ¼
Z

t

0
ε̇ τð Þe −

t − τ

τ

� �
dτ: ð15Þ

Therefore, the value of Fd is

Fd ¼ k εð Þ
Z

t

0
ε̇ τð Þe

−

t − τ

τs

� �
dτ: ð16Þ

Equations (9) and (16) are combined and solved to
obtain

fcontact ¼ Fs εð Þ þ k εð Þvτs 1 − e−ε=vτs
À Á

: ð17Þ

The Taylor series is used to expand (17), and afterward,
the contact force expression can be approximated as

fcontact ¼ Fs εð Þ þ δ εð Þ ε −
ε2

2vτs

� �
: ð18Þ

3.4. Analysis of Puncture Force Model. To sum up, the force
model of the puncture action between the puncture needle
and soft tissue of the prostate is

fpuncture ¼
fcontact εð Þ ¼ ks εð Þεþ δ εð Þ ε −

ε2

2vτs

� �
ε1 ≤ ε < ε2

fcut εð Þ þ ffriction εð Þ ¼ πd3K tan φ − φcð Þ
8 sin2 φ

þ
0:4πrμfnε Low speed

Fn uc þ σ2v0ð Þ High speed
ε3 ≤ ε< ε4;

(
8>>>><
>>>>:

ð19Þ

fpuncture fcontact

Fd(ε,t)
δd(ε) kd(ε)
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Fs(ε)

FIGURE 4: Diagram of contact force analysis.
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where ε1 is the position when the needle tip touches the soft
tissue, ε2 is the position of the maximum deformation of the
soft tissue, ε3 is the position when the soft tissue begins to
break, and ε4 is the maximum position of the needle when
the soft tissue breaks. There is no clear definition between the
high-speed and low-speed of the friction part, which shows
that different values of the puncture speed can have different
effects on friction, which can be verified by subsequent
experiments.

It can be observed from Equation (19) that the influenc-
ing factors of the needle–soft tissue interaction include the
geometric structure of the needle, insertion speed, and
implantation depth. The actual situation in seed implanta-
tion surgery is considered; doctors should calculate the dis-
tribution and dose of radioactive seed in advance according
to the condition of the patient. To facilitate puncture plan-
ning, doctors use the same seed for implantation as well as
the same type of puncture needle. Therefore, only the punc-
ture speed and depth are analyzed on the robot to improve
the accuracy of the same and different target points.

During the puncture process, the greater the interaction
force between the soft tissue and puncture needle, the greater
the deviation between the puncture needle and target point.
It can be observed from the above equations that increasing
the needle insertion speed can reduce the displacement and
deformation of the prostate soft tissue and improve the
puncture accuracy. However, an excessively high puncture
speed will also affect the friction properties between the
puncture needle and soft tissue, which affects the puncture
accuracy. Therefore, it is also necessary to analyze the punc-
ture speed to determine an appropriate puncture speed and
improve the puncture accuracy. According to Equation (19),
the puncture depth also needs to be considered.

4. Research on Needle–Soft Tissue
Puncture Experiment

To verify the correctness of the conclusionsmade in Section 3.4
and determine a suitable effective value of the puncture
speed, improve the puncture accuracy, ensure the puncture
performance, and meet the best therapeutic effect, this study
analyzed a puncture experiment of the needle–soft tissue.

4.1. Experiment Equipment. Presently, the study of prostate
soft tissue puncture experiments generally uses silica gel as a
bionic soft tissue model [9, 31]. Therefore, this experiment
used XB-0920 type silica gel from Xubai New Material Co.,
Ltd., as shown in Figure 5(a). To better simulate the char-
acteristics of the human prostate soft tissue and calibrate the
target point, silica gel (A) and silica gel (B) were mixed. First,
these mixed liquids were poured into half the scale of the
mold. Second, they were cooled and solidified at normal
temperature. Third, the target points were buried in it. Finally,
the mixed solution was poured continuously until the bionic
soft tissuemet the requirements of the experiment. Figure 5(b)
shows the silica gel used in the experiment as a bionic soft
tissue model.

To approximate the real prostate soft tissue, the bionic
soft tissue model used in this experiment was made accord-
ing to the requirements in ref. [9] (the elastic modulus
parameters are consistent).

The puncture platform was used in the experiment as
shown in Figure 6. The entire puncture platform includes a
measuring camera, an adjustment device, a puncture mech-
anism, and a vision-processing computer. The puncture plat-
form adjusts the puncture speed when the puncture needle
penetrates into the bionic soft tissue through an adjustment
device (the maximum value of this speed is 30mm/s; this
value meets the requirements of the experiment). By adjust-
ing the platform to make the bionic soft tissue rise and fall,
the tissue is parallel to the needle body, enabling the target
point in the bionic soft tissue to align with the axis position
of the needle at the beginning of the puncture needle.

In this experiment, the SHLC-200WS industrial camera
was used for measurement, and the information obtained by
the camera was fed back to the vision-processing computer
for processing. The spatial coordinate distance between the
tip of the puncture needle and target point was measured
and obtained.

4.2. Design of Puncture Experiment. The experiment mainly
analyzed the influence of the puncture speed factor on the
target offset point. The farthest distance from the perineum
to the prostate of Asian adult men is ∼50–80mm. This
experiment combined the actual requirements of the prostate
puncture operation to design an experimental plan. The

Silica gel (A)

Silica gel (B)

Model

ðaÞ

Bionic soft tissue

Target point

ðbÞ
FIGURE 5: Models and materials: (a) bionic soft tissue material; (b) bionic soft tissue mode.
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experiment adopted the analysis of the influence of another
factor on the test metrics under the condition that the value
of one of the factors remained constant. The test metrics
were the puncture deviation values between the puncture
needle and target point. The type of puncture needle used
was the 18G standard medical puncture needle.

First, according to the range of the farthest distance from
the perineum to the prostate and the speed performance of
the puncture platform, the range of parameter values for the
two groups of factors were selected as illustrated in Table 1.

The fixed factor method was then selected to conduct an
experimental analysis to determine the influence of the two
groups of factors on the puncture deviation value, and the
optimal value range of the relevant factors.

Finally, to reduce the error of the puncture deviation
value measured in the experiment, each group experiment
was repeated five times to measure and record the data, and
then the five-time average values of the data were obtained.

4.3. Analysis of Experimental Process and Result. Figure 7(a)
shows the experimental data for the puncture depths of 50,
55, 60, 65, 70, 75, and 80mm under puncture speeds of 2, 15,
and 30mm/s. It can be observed from the figure that when
the puncture experiments of different depths were per-
formed at the same speed, with the gradual increase of the
puncture depths, the puncture deviation between the punc-
ture needle and target point slowly increased; this is because
of the cumulative deformation of the bionic soft tissue with
the increase of the puncture depth. However, with the grad-
ual increase of the puncture residence time, the variation of

the puncture deviation between the puncture needle and
target point is not too significant; this is because of the
potential energy generated by the deformation of the bionic
soft tissue. The puncture friction force between the puncture
needle and bionic soft tissue can be overcome under the
action of this potential energy, such that the bionic soft
tissue itself can gradually recover (rebound phenomenon).

According to the experimental analysis of the different
puncture depths at the same puncture speed, it can be
deduced that the puncture depth has no significance on the
test metrics, whereas the puncture speed has the most signif-
icance. Therefore, the experiment of the different puncture
speeds was chosen at the same puncture depths in the study
(the puncture depth was chosen as 60mm).

Figure 7(b) shows the test results of the different punc-
ture speed experiments at the same puncture depth. It can be
observed from the figure that the deviation value of the target
point decreases as the puncture speed increases at the same
puncture depth (the puncture speed is 2 –10mm/s), which is
consistent with the previous theoretical analysis. However,
when the puncture speed is increased from 10 to 30mm/s,
the puncture deviation (test metrics) begins to increase grad-
ually. Because the bionic soft tissue has viscous and damping
characteristics, the weight of the viscous friction force will
gradually increase as the speed increases, which further veri-
fies the theoretical analysis.

4.4. Analysis of Parameter Optimization Experiment.Accord-
ing to the experimental analysis in Section 5.3, it can be
observed that the main factor that affects the puncture devi-
ation is the puncture speed, and according to Figure 7(b), it
can be deduced that the optimal puncture speed range is
10–15mm/s. However, this discrete interval is relatively
large, thus, it needs to be further optimized and analyzed
to determine the optimal value of the puncture speed.

Because the speed control accuracy of the puncture plat-
form is 0.1mm/s, the experiment divided the puncture speed
(10–15mm/s) into 51 groups; the test metrics were still the
puncture deviation value, and each group of experiments was

TABLE 1: Range interval of factors.

Factors
Value range of the factors

(range interval value of the seven
group factors)

Puncture distance (mm) 50 55 60 65 70 75 80
Puncture speed (mm/s) 2 5 10 15 20 25 30

Puncture
mechanism

Vision–processing
computerMeasuring

camera

Adjust the
platform

Bionic soft
tissue

Needle

Regulator

FIGURE 6: Puncture experiment platform.
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carried out five times. The test results of each group of
experiments were averaged. The experimental results are
shown in Figure 8(a).

Figure 8(a)shows the discrete points of the experimental
data. It can be observed from the previous sections
that the puncture speed is within the range of 10–15mm/s,
and the puncture deviation value shows a trend of first a
decrease and then an increase. This shows that there is an
optimal puncture speed. The minimum value of the puncture
deviation is distributed within a puncture speed from 12 to
13mm/s.

Therefore, to further optimize and determine the best
value of the puncture speed, in the first step, the scatter
points of the experimental data need to be connected (as
shown in Figure 8(b)), and the cubic spline interpolation
curve “Polynomial” function of the curve fitting tool “cftool”

in MATLAB 2017A software was used to fit the function
f(x) relation between the puncture speed and puncture
deviation value. It was established as follows:

f xð Þ ¼ p1x5 þ p2x4 þ p3x3 þ p4x2 þ p5x1 þ p6; ð20Þ

where p1= 0.003887, p2=−0.2565, p3= 7.2, p4=−96.64,
p5= 640.9, and p6=−1676.

The confidence of Equation (20) reaches 98%, R-square:
0.9879 (∼1), and as shown in Figure 8(b), the connecting line
(red line) of the data is consistent with the discrete data
points. Therefore, this study uses the improved adaptive par-
ticle swarm algorithm [11, 32] to solve the minimum value of
Equation (20), and the optimal puncture speed is obtained as
12.60mm/s.
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FIGURE 7: Results of puncture experiment: (a) the effect of the puncture depth; (b) the effect of the puncture speed.
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To verify the effectiveness of the obtained optimal punc-
ture speed (12.60mm/s) in this experiment, it (12.60mm/s)
was compared with 10, 11, 12, 13, 14, and 15mm/s, as shown
in Figure 9.

It can be observed from Figure 9(a) that with the increase
of the puncture depth, the puncture deviations with puncture
speeds of 12, 12.6, and 13mm/s are smaller than the other
speed conditions. Additionally, Figure 9(b) is a clear expres-
sion that the puncture deviation slowly increases as the
puncture depth increases, but the puncture deviation with
a puncture speed of 12.6mm/s is smaller than that with a
puncture speed of 12 and 13mm/s.

It can be observed from the experimental results that
selecting the puncture speed of 12.6mm/s for prostate soft
tissue puncture can reduce the puncture deviation caused by
soft tissue deformation. In the case of different puncturing
depths and continuous puncturing, a small puncturing posi-
tioning error and relatively stable puncturing accuracy can
be maintained.

5. Discussion

When the puncture needle enters the lesion, the soft tissue
is easily deformed owing to the complex force between the
puncture needle and soft tissue. This deformation leads to a
puncture deviation between the needle tip and target point;
this problem causes a reduction in the puncture accuracy
and affects the treatment effect. Therefore, this study first
established a force model between the puncture needle
and soft tissue. The main factors that affected the position-
ing deviation of the puncturing were analyzed, and the
appropriate influencing factor parameters were selected to
improve the puncture performance. To further illustrate the
feasibility and effectiveness of using the force model to
analyze related problems, this study listed two groups of
similar studies with the same working basis as examples
in the discussion part. Du et al. [33] obtained the predicted

trajectory of the needle tip in the process of puncturing the
soft tissue by establishing the stiffness force model (force
model of a spring-supported cantilever beam) of the needle-
tissue interaction to experimentally analyze the parameters
(the stiffness parameter of the soft tissue to the puncture
needle body) affecting the movement trajectory of the
puncture needle and improving the puncture performance.
Zhang et al. [34] determined the influencing factors affect-
ing the bending deformation of the bevel-tip flexible needle
by analyzing the bending force model between the bevel-tip
flexible needle and soft tissue, and provided a theoretical
basis for improving the puncture positioning accuracy of
the bevel-tip flexible needle. Therefore, this study analyzes
and studies the problems to be solved by establishing a
puncture force model between the puncture needle and
soft tissue. It is supported by sufficient theoretical basis
and relevant research basis.

When analyzing the procedure of puncturing the pros-
tate soft tissue, the quantitative decomposition method was
used to divide the puncture force into contact, friction, and
cutting forces, and establish the corresponding force model.
By analyzing the force model, a single variable method was
used to conduct multiple puncture experiments on the influ-
encing parameters, whereas the spatial puncture deviation
was used as the test metrics; it was deduced that the effect
of the puncture speed on the puncture deviation was signifi-
cant. Additionally, the experiment inferred that the puncture
depth has no significant influence on the puncture deviation.
Therefore, the actual situation of prostate soft tissue punc-
ture surgery is a combination of a reasonable selection of the
puncture speed to effectively reduce the soft tissue deforma-
tion during the puncture process and improvement of the
puncture accuracy and performance. The influence of the
puncture depth can be ignored.

The silicone bionic soft tissue used in the experiment was
made according to ref. [9] (it is required to approximate the
elastic modulus value of human prostate soft tissue as closely
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as possible), and a lot of this bionic soft tissue will be used in
multiple puncture experiments. Therefore, the elastic moduli
of the bionic soft tissues with each other will inevitably have
slight differences in mass fabrication. Additionally, there is
also a slight difference in the elastic modulus values between
the fabricated bionic soft tissue and actual human prostate
soft tissue. These slight differences may influence the dis-
crepancy between the theory and experiment. However, the
experimental results do not affect the theoretical analysis
results; this result can be used as a verification of the theo-
retical model derivation, which proves that the trend of the
theoretical model is consistent with that of the experimental
data. To obtain more accurate experimental data and per-
form data optimization, this study adopts the method of
taking the average value of multiple experiments to reduce
the discrepancy between the theory and experiment, thus,
the obtained experimental results are more in line with the
theoretical derivation and practical requirements.

The result (12.60mm/s) of the optimal puncture speed
was obtained by experiments under the condition of the
prepared silicone bionic soft tissue, thus, there was a certain
deviation between the result and actual values. The data
analysis combined the relevant simulation model established
by the Urology Laboratory of Harbin Medical University
using MATLAB and the puncture model in this study. It
could be observed that these data depended on the age of
the patient, and the parameters of the relevant model were
different at different ages of the patients. After multiple sim-
ulation tests, the maximum range of the optimal puncture
speed was ∼12.60Æ 0.82mm/s, as shown in Figure 10.
According to six groups of patients of different age groups
with prostate cancer in the early and middle stages, the mean
value of the elastic modulus of the prostate soft tissue was

used for comparative testing, and the model of each group of
elastic modulus values was simulated and iteratively opti-
mized using an improved adaptive particle swarm algorithm
(100 times for each group, 600 times in total). It can be
observed from the figure that the average elastic modulus
(79.82MPa) of the prostate cancer cases (25 cases) of
Chinese adult males aged from 55 to 64 years were used as
the parameters to conduct 100 simulation tests, and the opti-
mal puncture speed was obtained; the speed was between
12.60Æ 0.15mm/s, and the punctured error was far less
than 1.5mm. Therefore, the puncture speed of 12.60mm/s
was chosen to meet the requirements of the best puncture
speed, as shown in Line_4 in Figure 10.

Line_1 represents the data fluctuation line (optimal
puncture speed) of the simulation optimization test of the
model constructed for the average elastic modulus value
(89.88MPa) of the soft tissue of seven patients with prostate
cancer aged from 25 to 34 years; Line_2 represents the data
fluctuation line (optimal puncture speed) of the simulation
optimization test of the model constructed for the average
elastic modulus value (83.09MPa) of the soft tissue for
12 patients with prostate cancer aged from 35 to 45 years;
Line_3 represents the data fluctuation line (optimal puncture
speed) of the simulation optimization test of the model con-
structed for the average elastic modulus value (81.57MPa) of
the soft tissue of 10 patients with prostate cancer aged from
46 to 54 years; Line_4 represents the data fluctuation line
(optimal puncture speed) of the simulation optimization
test of the model constructed for the average elastic modulus
value (79.82MPa) of the soft tissue of 27 patients with pros-
tate cancer aged from 55 to 75 years; Line_5 represents the
data fluctuation line (optimal puncture speed) of the simula-
tion optimization test of the model constructed for the

Simulation times

O
pt

im
al

 sp
ee

d 
(m

m
/s

)

0 1 10 20 30 40 50 60 70 80 90 100

13.6

13.4

13.2

13.0

12.8

12.6

12.4

12.2

12.0

11.8

Line_2
Line_1

Line_3

Line_4
Line_5
Line_6
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average elastic modulus value (74.45MPa) of the soft tissue
of nine patients with prostate cancer aged from 76 to
84 years; Line_6 represents the data fluctuation line (optimal
puncture speed) of the simulation optimization test of the
model constructed for the average elastic modulus value
(71.83MPa) of the soft tissue of five patients with prostate
cancer aged over 85 years.

The results, discussed in previous sections, further illus-
trate the following: in the process of puncturing prostate soft
tissue, a faster puncturing speed is not the main requirement
(compared with the conclusion from refs. [24, 27] that the
faster, the better); an appropriate relative speed needs to
be selected. Prostate cancer patients of different ages have
different elastic moduli of the lesion site, and according
to refs. [35, 36], it can be deduced that the incidence of
prostate cancer is the highest for patients between the ages
of 55 and 75 years. Therefore, choosing a puncture speed of
12.60mm/s is also universal.

In the puncture experiment, although the optimized
puncture speed can effectively improve the puncture perfor-
mance, the puncture deviation still exists because of the fixed
parameters of the puncture needle. Therefore, in future
research work, it will be necessary to conduct in-depth
research on the material properties, structural shape, and
size parameters of medical puncture needles.

6. Conclusion

This study demonstrated that an appropriate puncture speed
(12.6mm/s) should be selected to ensure a good puncture
effect during the puncturing of prostate soft tissue. The
experimental results showed that this speed could reduce
the puncture deviation caused by soft tissue deformation.
In the case of different puncturing depths and continuous
puncturing, a small puncturing positioning error and rela-
tively stable puncturing accuracy can be maintained by this
speed. The study provides design reference for the study of
the positioning accuracy of minimally invasive puncture
surgery.
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