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Abstract

High repeatability of needle insertion experiments is essential to the needle-phantom interaction model validation.
However, the influential factors governing the accuracy of the phantom and needle deformations have not been
systematically studied. In this paper, the impact of influential factors, including phantom characteristic represented
by the ratio of DMSO and thawing time (TT), needle properties represented by needle external diameter (NED) and
operating factors such as needle insertion velocity (IV), insertion positions (IP) and repeated insertion times (RITs) are
analyzed by orthogonal experiment design. The range calculation shows the most sensitive parameters to phantom
deformations are RITs, IV and DMSO while the most sensitive parameters to needle deflection are DMSO, TT and NED.
By variance analysis, the significant factors on maximum tissue deformation (MTD) are IV, followed by RITs, DMSO and
IP. And NED and TT have nearly no significant impact on MTD. The significant sequence on maximum needle deflec-
tion (MND) is as follows: DMSO, TT and NED. Results show that, among all impacting factors, phantom deformation is
susceptible to both material properties and operative factors while the needle deflection is more susceptible to mate-
rial properties of the phantom, which can help researchers in related fields to conduct experiments in a more precise

manner and better understand the needle-phantom interaction mechanism.
Keywords: Needle insertion, Sensitivity analysis, Tissue deformation, Needle deflection

1 Introduction

A slender puncture needle penetrating into an organ is
widely used for extracting the pathological tissue of the
organ or delivering drugs to the target areas in surgical
operation, as shown in Figure 1. Such minimally inva-
sive surgeries in biopsy, local anesthesia and brachy-
therapy had been widely studied [1-4]. Extensive work
has been done to establish the needle-tissue interaction
model to study the internal deformation, needle deflec-
tion and their interactions. The accuracy and reliability of
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the model relies on the experimental verification which
require repeatable and accurate experiments.

In medical research, simulation experiments require
the use of tissue-like objects that mimic the properties of
human or animal tissues [5—7]. The tissue-mimic mate-
rial is also required to be stable and transparent so the
deformation information can be easily obtained. There
are many kinds of phantom mimicking materials, such
as carrageenan, gellan gum, and oil-in-gelatin disper-
sions [8—10]. The force-displacement curves, axial force
magnitude, crack shape as well as the influence of opera-
tion in both phantom were compared with real organs
[11, 12]. The tissue-mimic material is also required to be
stable and transparent so the deformation information
can be easily obtained. Among the numerous simulation

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-0235-5203
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-020-00515-6&domain=pdf

Li et al. Chin. J. Mech. Eng. (2020) 33:97
needle markers target
|
'-:——c?-;- B

Insertion Point
constraint —

[T

Figure 1 Needle insertion into the phantom in the center of one
side
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Figure 2 A schematic depiction of the influential factors that impact
the results of phantom deformations, needle deflections and the
interaction forces
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materials, PVA hydrogel have been extensively used as
a phantom material to mimic the mechanical behavior
of the soft biological tissues [6, 13—15]. Jiang et al. [14]
compared the deformation of PVA with the porcine liver
by varying the freeze/thaw (FT) cycles of PVA hydrogel
and found their similarity in both mechanical and mor-
phological characteristics. The internal properties of PVA
characterized by the interaction force were assessed with
human tissues [8], which showed the friction-displace-
ment slope would be larger with the increase of mass of
PVA and FT cycles. Mano et al. [16] found an appropri-
ate ratio of PVA and water to mimic the human soft tis-
sue properties in MRI parameters. Jong et al. [6] study
the suitability of polyvinyl alcohol (PVA) as a liver tissue
mimicking material in terms of needle-tissue interac-
tion, the studies found that the mechanical properties of
PVA hydrogels can be influenced in a controlled manner
by varying the concentration of PVA and the number of
freeze-thaw cycles, to mimic liver tissue characteristics.

Figure 2 shows a schematic depiction of the influential
factors that impact the phantom deformations, needle
deflections and the interaction force. The influential fac-
tors can be divided into three groups: phantom proper-
ties, needle properties and the operation factors.

The operation factors represent how the needle inter-
sects the soft phantoms, for instance, the insertion
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velocity, the insertion location and etc. In literature,
needle insertion force modeling can be classified into
the following categories: finite element methods [17],
energy methods [18], statistical methods [19], and ana-
lytical methods (FEM) [20]. In this paper, we focus on the
statistical methods based on the physical experimental
data. Gerwen et al. [21] reviewed the experimental data
with regards to the needle-phantom interaction forces
and showed the effect of numerous factors such as nee-
dle type, insertion speed and phantom characteristics
on the interaction force during different insertion phase.
The survey indicated the axial force as well as the fric-
tion force increase with the velocity in artificial material
and reduce with the axial rotation. Both in silicone and
human tissues, it was found that puncture force increases
with needle diameter, especially with a blunt needle tip.
Jiang et al. [22] analyzed the effect of needle geometries,
insertion methods and phantom characteristics on the
needle-phantom interaction forces by remarking the
factors based on the positive, negative or inconclusive
correlation. Yang et al. [20] presented a survey that sys-
tematically summarizes the state-of-the-art force control
technologies for robot-assisted needle insertion, such as
force modeling, measurement, the factors that influence
the interaction force, parameter identification, and force
control algorithms. In Ref. [23], six different tips includ-
ing beveled and conical versions, with or without pre-
bend or pre-curve with a constant diameter were selected
and studied. Compared to the conical tips, the beveled
tips with increased tip angels tend to have a higher force-
displacement slope. Some studies aimed to investigate
the influence of needle locations on the interaction force
by inserting needles into the different zones of the phan-
toms at different angle, but no obvious statistical signifi-
cance of the insertion axial force was found [24, 25].
Other literature, though scarce, focused on the influ-
ence factors on the phantom deformations and nee-
dle deflections [26—28]. Swaney et al. [29] proposed a
new flexure-based needle tip design that provided the
enhanced steerability of kinked bevel-tip needles which
can minimize tissue damage effectively. Alterovitz and
Goldberg [26] developed an interaction model of nee-
dle insertion during radioactive seed implantation. The
results indicated the physician-controlled parameters
play an important role in the phantom movement while
phantom properties, such as stiffness and compressibil-
ity have less effect on the seed placement. In Ref. [27],
Misra et al. generated a FE mesh to study the deforma-
tions of phantoms and concluded that, rather than the
material properties of phantom, the geometry of the tis-
sues and boundary constraints dominated the response
of phantom deformations. An analytical model used to
calculate the needle-phantom interaction forces and
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moments at a beveled tip was presented in Ref. [28], and
both experimental and analytical results verified smaller
bevel angle leads to larger transverse tip forces and larger
needle deflection. Moshen et al. [30] studied the effect
of insertion velocity on needle force, tissue deformation
and needle work during the needle insertion procedures.
The ] intergal method and a nonlinear viscoelastic Kel-
vin model were applied to predict the rupture deforma-
tion and the results indicated that most of the benefits of
using a higher needle speed can be achieved by using a
finite speed that is inversely proportional to the relaxa-
tion time of the organization.

In Ref. [31], the existing experimental evidence regard-
ing the influence of different factors was represented. A
data model was constructed that described the interrela-
tions between the different aspects of needle-tissue inter-
action experiments. The most important contribution of
this work consists of a set of tools for gathering, analyz-
ing, and disseminating experimental needle-tissue inter-
action data.

From the prior work, a substantial studies investigated
the effects of phantom characteristics, needle geometry
or the operation factors on the interaction force while
the quantification of the influential factors on both phan-
tom deformations and needle deflections were not thor-
oughly studied with experimental verification, and there
is no enough statistical conclusion available on it. In this
paper, the effects of three kinds of influential factors on
both PVA phantom deformations and needle deflections
are investigated through orthogonal experiments. The
contribution of this paper can be summarized as follows:
first, the effects of influential factors on the phantom
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deformations and needle deflections are jointly stud-
ied. Second, some other factors such as repeated inser-
tion, the thawing time for phantom hydration are first
mentioned and found to be influential on the phantom
deformations and needle deflections, respectively. The
results of the experiments can provide important data for
parameter estimation and model verification, which can
provide the guidance to researchers in related fields to
better design needle insertion experiments.

The rest of the paper is organized as follows: Section 2
introduces the basic three phases of needle insertion
experimental procedures, followed by the the orthogonal
test design in Section 3. In Section 4, the experimental
results including range calculations and variance analy-
sis are presented. Finally, the discussion, conclusion and
future work are shown in Section 5 and Section 6.

2 An Introduction of Needle Insertion Experiments
Figure 3 shows a diagram of needle insertion experi-
ments procedures, including the preparation and mainte-
nance of phantom, needle insertion procedures and data
post-processing. The experimental testbed is constructed
to drive the needle to insert into the phantom and record
the phantom deformation and needle deflection.

2.1 Testbed Configuration

Figure 4 shows the testbed, which consists of a CCD
camera, a tissue container, a needle clamper, a light
source, a needle, two linear actuators and one rotator.
The linear actuators (MLO1.8A1, ML01.4A1, the resolu-
tion is 0.25 pm) are provided by Physik Instrument (PI
Shanghai) Co. Ltd. The rotator (the resolution is 0.225 °)
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Figure 4 Experimental testbed for needle insertion procedures

is provided by HWHR Instruments Co. Ltd. A 18G-22G
PTC needle (the diameter of solid needle is 0.71-1.26
mm, and the tip is with bevel angle of 20°) with a plastic
hub (provided by Bard Peripheral Vascular, Inc.) is fixed
by the clamper. A 6 degree-of-freedom force sensor (ATI,
Nano 17SI, the revolution is 0.0625 N) is amounted on
the needle base to record the insertion force at 40 Hz.
The computer obtains force sensing data through NI
data acquisition board (PCI 6620). The sample of artifi-
cial tissue (phantom) is made of polyvinyl alcohol (PVA)
and its size is 20 mm x 100 mm x 150 mm. The CCD
camera (MV-EM510C/M, the revolution of picture is
2456 x 2058 and the pixel size is up to 3.45 x 3.45 um)
is provided to record the trajectory of needle and phan-
tom’s deformation. The frequency of image acquisition 3
pic/s.

2.2 Polyvinyl Alcohol (PVA) Hydrogel Preparation

The manufacturing of the PVA hydrogel is as follows:
Dimethyl-sulfoxide(DMSO) is added into the mixture
of PVA and de-ionized water, where DMSO is used as a
solvent to improve the transparency and maintain certain
mechanical properties of the gel. The material behav-
jor is similar to the porcine liver [14, 15]. The stiffness
of the phantom can be adjusted by changing the ratio
of DMSO to water. The DMSO/water ratio ranges from
3/7 to 5/5 by volume and the mass of PVA/solvent keep
8 g/100 g correspondingly at each experimental group.
Then the mixed solution configured is then stirred on
a magnetic stirrer while heated at 90 °C untill the solu-
tion is homogeneous and transparent, after which, the
solution is poured into an acrylic box employed with the
volume of 150 mmx100 mmx20 mm. The acrylic box
is then placed in the refrigerator at —20 °C for 12 h for
crystallization. In order to avoid wrinkles and bubbles on
the solution surface, the plastic wraps were covered on
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the box. Markers used for visualization of the phantom
deformation are made of the dyed PVA hydrogel pre-
pared in the same way and then crystallized in capillaries
with diameter of 1 mm. After 12 h of crystallization, both
of the phantom and the markers are in solid state and the
markers are then implanted in the phantom. A markers’
template is utilized to ensure the position consistence in
each phantom. The distribution of the markers is shown
in Figure 5.

To characterize the mechanical properties of PVA
hydrogel with different ratio of DMSO, the standard ten-
sile tests on PVA samples are shown in Figure 6. Three
kinds of volume ratio of DSMO to water used are 3/7,
4/6, 5/5, respectively. The dumbbell shape of the samples
is shown in Figure 6.

Nine groups of PVA gel were tested where the samples
with the same proportioning were repeated three times.
During the experiments, loading was in tensile mode and
conducted on the PVA gel sample between two fixtures of
stretching machine, the force and displacement relation-
ship was recorded by the stretching machine at a tensile
speed of 0.8 mm/s. The nine groups of experiments were
carried out and the results was shown in Table 1. From

.4
“0"

v

. »,

o o
4',) S

woe e e
.
9 (]

g.
9 (]
u 'y
o o

o«v'h@vu*n'o’s'

9 9 % N e O S o
2 o % 9 vy
9 9ilgity Ty ¥y
¢
9 9 0 e
3 v‘\ L)
9.9 9 9 9o
gitalen "y " T Ny
B Tatla¥a®o " " ™

5 Tensile test of the PVA phantom

Figure

a

Figure 6 Distribution of markers buried in the phantom using
markers'template




Li et al. Chin. J. Mech. Eng. (2020) 33:97

Table 1 Characteristic of PVA hydrogel

Ratio of DMSO to water Young’s modulus

(kPa) (min, mean,

max)
3/7 92,119,146
4/6 26.1,29.8,31.3
5/5 535,554,569

Smem

10rmen &\

Figure 7 Different insertion positions

puncture
plane

the Table 1, we can conclude that the Young’s modulus of
the PVA hydrogel increase with the ratio of DMSO. The
Young’s modulus of the PVA hydrogel ranges from 9.2
kPa to 56.9 kPa.

2.3 Needle Insertion Procedures

The test phase refers to having a needle inserted into the
phantom fixed at the bottom surface at a constant veloc-
ity. Before the insertion procedures, the CCD camera is
calibrated to establish the transform of the picture coor-
dinate system to the world coordinate system. The relative
position between the PVA phantom and needle was also
be calibrated. As shown in Figure 4, needle is driven by
the 3-DOF motion platform at a constant velocity, which
would cause the phantom’s internal deforming (charac-
terized by markers movements). The insertion depth is
80 mm. Needle would also deflect under the unbalanced
force acting on the beveled needle tip. The deformation
of the phantom and deflection of needle were recorded
by the CCD camera. The needle insertion point is in the
center of the one side of phantom as shown in Figure 1.
Needle insertion and markers recording are limited to
the 2D plane. Hence, it is necessary to study the effect of
different insertion positions (IP). Figure 7 shows a sche-
matic diagram of different insertion positions which is
defined by the distance between the insertion plane to the
phantom surface. Other operation factors investigated in
this paper include the needle insertion velocity (IV) and
repeated insertion times (RITs) into the same trajectory.
In practice, RITs may occur when the previous inser-
tion failed and adding this factor helps us to understand
if the repeated insertion would cause any difference in
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phantom deformations or needle deflections. In repeated
insertion process, the needle was inserted into the same
positions of the tissue immediately; Hence, we assumed
this time interval between each insertion has no effect on
the results of repeated insertion.

2.4 Postprocessing Phase

Needle deflection and phantom deformation together
determine whether the needle could touch the target
while avoiding the obstacles at the same time. Therefore,
the concerned output of this research mainly focused on
the results of needle deflection and phantom deforma-
tion. Phantom deformation is calculated by image pro-
cessing technology to extract the areal coordinates of
the six markers. In order to convert pixel coordinates to
world coordinates, a step of calibration is implemented
in advance [33]. As can been seen in the Figure 5, mark-
ers’ position coordinates in each picture relative to the
initial position (in the first picture) constituted the defor-
mations of corresponding positions. Similarly, the post-
process of needle deflection is to track the needle tip
position and calculate the ultimate tip’s lateral deviation
from the needle base.

3 Orthogonal Experimental Design

The orthogonal experimental design is applied to the sen-
sitivity analysis of impacting factors of needle insertion
owing to the advantages of short time, high yield and low
cost results. In order to improve the repeatability of the
experiments, the impacts of the possibly induced error
is studied by one-at-a-time (OAT) sensitivity method in
Ref. [29] and the results show there is no significance with
a small variance of stirring temperature (ranging from 70
°C to 90 °C) and frozen time (ranging from 11 h to 13 h).
However, during the interval between taking the phan-
tom out of refrigerator to carrying insertion experiments
which is termed as the thawing time (TT), the phantom is
continuously dehydrated, which would change the prop-
erties of the phantoms. To author’s knowledge, up to now
there is no other studies investigating the effect of thaw-
ing time of phantoms or tissues. As a result, the influence
of TT is added as one of the possible factors that affect
the deformation results.

In this paper, the selected six influential factors are
classified into three groups: phantom properties, needle
properties and operation factors. The phantom proper-
ties include the volume percentage of DMSO to water
(DMSO for short later) as well as the phantom hydration
during thawing time (TT). The needle external diameter
(NED) characterized by ‘G’ is the selected parameter for
needle properties. As for operation factors, insertion
velocity (IV), repeated insertion times (RITs) and inser-
tion positions (IP) are chosen. The selection of factors
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Table 2 Factors and levels

Factor Factor level
Ratios of DMSO {40%, 50%, 60%}
Thawing time (TT) {1h4h,7h}

{18G, 20G, 22G}

{1 mm/s, 3 mm/s,6 mm/s}
{1,2,3}

{5 mm, 10 mm}

Needle external diameter (NED)
Insertion velocity (IV)

Repeated insertion times (RITs)
Insertion positions (IP)

and their corresponding levels are in Table 2. In the
meantime, it is emphasized that the temperature and
humidity of the laboratory remain relatively stable during
the thawing phase.

Figure 8 shows the trajectories of the six markers
during one needle insertion experiment. In the figure,
the displacement in the needle insertion direction (y)
is much larger than the lateral direction (x). Hence, we
mainly focus on the vertical displacement (y). Figure 9
depicts the relative maximum displacement of mark-
ers in y direction. ‘pl” refers to the marker 1, which
has the maximum displacement and can be used as a
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reference standard. The figure demonstrates that the
relative displacements of markers are proportionate,
hence, selecting any one of the marker’s deformation
results as experimental output would come to the same
conclusion. For convenience, the displacement of ‘p1’ in
the needle insertion direction(y) is chosen as one of the
experimental output. As the needle deflection would
increase with the insertion depth, the maximum nee-
dle deflection(MND), namely the deflection at inser-
tion depth of 80mm is treated as the needle deflection
output.
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Table 3 Orthogonal test of input parameters and the corresponding results of MTD and MND
Cases DMSO (%) TT (h) NED (G) IV (mm/s) RITs IP MTD (mm) MND (mm)
1 40 1 18 1 1 pl 492 1.70
2 40 4 20 3 2 p1 6.64 228
3 40 7 22 6 3 pl 9.77 3.93
4 50 1 18 3 2 p1 10.06 3.27
5 50 4 20 6 3 pl 6.87 460
6 50 7 22 1 1 pl 2.76 6.60
7 60 4 18 6 1 pl 463 6.60
8 60 7 20 1 2 pl 3.16 8.00
9 60 1 22 3 3 p1 469 5.93
10 40 7 18 3 3 p2 9.33 3.60
M 40 1 20 [§ 1 p2 4.90 1.94
12 40 4 22 1 2 p2 2.77 2.84
13 50 4 18 1 3 p2 465 434
14 50 7 20 3 1 p2 2.50 5.73
15 50 1 22 6 2 p2 546 5.03
16 60 7 18 6 2 p2 534 6.94
17 60 1 20 1 3 p2 3.00 5.00
18 60 4 22 3 1 p2 2.56 8.50

4 Sensitivity Analysis Results of Needle Insertion
Experiments

This section describes the results of global sensitivity

analysis. Both range calculation and variance analysis are

applied to the experimental data to find the influential

degree of the selected factors.

4.1 Range Calculation Results

The above-mentioned parameters are placed into an
orthogonal table in Table 3. It can be seen that 18 tests
are used to arrange five factors with three levels and one
factor with two levels. The experimental output MTD
and MND are recorded in the last two column.

Average value and range calculation results of move-
ments of needle and phantom are calculated in Table 4
and Table 5, respectively. It can be seen that the three of
the most sensitive parameters to phantom deformations
are RITs, IV and DMSO, followed by the NED, IP and
the TT. The range calculation results of needle deflection
show that the sensitivity ranking successively are DMSO,
TT and NED. Other factors rarely affect the results of the
needle deflection.

Figure 10 and Figure 11 plot the main effect of the fac-
tors within the selected range. The trends of the curves
can explain the specific effect of each factor. As can be
seen in Figure 10, the phantom’s deformations increase as
the ratio of the DMSO decrease because the stiffness of
the phantom would become harder with the increase of
DMSO.

Table 4 Average value and range calculation of MTD

Factor Value MTD (mm) Range (mm) Rank

DMSO (%) 40 6.39 250 3
50 538
60 3.89

TT (h) 1 550 0.82 6
469
578

NED (G) 18 6.49 1.98 4
20 451
22 4.67

IV (mm/s) 1 3.54 262 2
3 5.96
6 6.16

RITs 1 3.71 2.68 1
2 557
3 6.39

IP pl 594 1.44 5
p2 4.50

Moreover, the phantom deforms more severely as
the insertion velocity and the diameter of the needle
increase which may induced by extra dynamic reaction.
A second or third needle insertion in the same trajectory
would cause a larger phantom deformations compared
with the first insertion results.

Different from the factors affecting the phantom
deformations, the needle deflection is more sensitive to
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Table 5 Average value and range calculation of MND

Factor Value MTD (mm) Range (mm) Rank

DMSO (%) 40 272 4.11 1
50 493
60 6.82

TT (h) 1 3.81 1.98 2
4 4.87
5.79

NED (G) 18 441 1.05 3
20 5.00
22 5.46

IV (mm/s) 1 4.75 0.41 4
3 4.89
6 484

RITs 1 518 0.62 5
2 4.74
3 4.56

IP pl 4.77 0.11 6
p2 4.88

the properties of the phantoms, as shown in Figure 11.
Increase in the ratio of DMSO and lengthening the thaw-
ing time would have the phantom become harder, thus
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increasing the interaction force and causing a larger nee-
dle deflection. Needle’s diameter would also affect the
deflection degree in the way that the thinner the needle,
the larger the needle deflection. As a result, choosing a
thick needle would reduce the ultimate deviation of the
needle tip.

4.2 Variance Analysis

The results of variance analysis are shown in Table 6 and
Table 7 where SG represents the abbreviation of signifi-
cance. Compared with F value of each parameter, the
significant levels are represented by the symbol *. More
“" represent more significant impact on MTD or MND.
From Table 6, the most significant factors on MTD are
IV, followed by RITs, DMSO and IP. And NED and TT
have nearly no significant impact on MTD. Variance
analysis on MND shows the significant sequence is as fol-
lows: DMSO, TT and NED. Other factors should be con-
sidered as inapparent factors since p > 0.1.

The pareto chart of the significant parameters is shown
in Figure 12 and Figure 13 based on the results of the
range calculation and variance analysis. It can be seen
that the ratio of DMSO impact both MTD and MND.
Apart from this, the operation factors such as RITs,
IP or IV significantly impact the results of phantom

Figure 11 Main effect plot of orthogonal factor on needle deflection
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Table 6 Variance analysis on MTD

Source DOF SS MS F SG
DMSO 2 18.908 9.454 6.07 xxx
T 2 2.582 1.291 0.83 *
NED 2 14.469 7.234 4.64 x*
v 2 25525 16.762 8.19 Hx
RITs 2 22.563 11.282 7.24 xex
1P 1 9.357 9.357 6 xxx
Other 6 9.352 1.559 - -
Total error 17 102.756 - - -

Table 7 Variance analysis on MND

Source DOF SS MS F SG
DMSO 2 50.700 25350 73.95 xR
T 2 11.796 5.898 17.2 HHHX
NED 2 3774 1.887 55 xxx
I\ 2 0.0601 0.0301 0.09 *
RITs 2 1.235 0617 18 *
IP 1 0.601 0.601 0.18 *
Other 6 2.057 0.343 - -
Total error 17 69.683 - - -
100%
8
80%
6
60%
4 o
40%
2 20%
0 0%
RITs IV DMSO IP
Figure 12 Contributions of the significant factors on MTD

deformation. Differently, the needle deflection are more
sensitive to the intrinsic properties of needle and phan-
tom. Hence, the factors related to the phantom stiffness
such as the TT should be taken care of if high precision is
required for MND.

5 Discussion

According to the comprehensive results of range cal-
culation, the main effect plot and variance analysis, we
found that: in the experimental setting range, the three
of the most sensitive parameters on maximum tissue
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deformation(MTD) in the range calculation are RITs
(2.68 mm), IV(2.62 mm) and DMSO (2.50 mm). In vari-
ance analysis, the most important factors on maximum
tissue deformation (MTD) are IV, followed by RITs,
DMSO and IP. And NED and TT have nearly no signifi-
cant impact on MTD. The RITs is firstly emphasized.
A second and third insertion into the same trajectory
of the phantom would result in larger phantom defor-
mation compared to the first insertion results. It may
due to changes in interaction force or internal micro-
structure altered by the previous insertion. Hence, it
is suggested to avoid a repeated insertion in the same
location for either the parameter estimation of high
accuracy or reduce phantom deformations. In addition,
a lower insertion velocity can also reduce the phantom
deformation.

Different from the phantom deformation, the three of
the major parameters on needle deflection are DMSO
(4.11 mm), TT (1.98 mm) and NED (1.05 mm). In vari-
ance analysis, the significant sequence on maximum
needle deflection (MND) is as follows: DMSO, TT
and NED. Other factors should not be considered as
inapparent factors. Needle deflections are more sensi-
tive to the material properties of phantom. Within the
experimental settings, the different thawing time of
PVA phantom would result in dehydration in different
degrees, which would influence the properties of phan-
tom. Although the stiffness difference originated from
the thawing time is far less than the phantom origi-
nated from proportioning changes, it is emphasized
that the thawing time of phantom or tissue is a signifi-
cant factor for needle deflection. From the aspect of
both MTD and MND, the volume percentage of DMSO
have a great effect on both MTD (rank 3) and MND
(rank 1), which means tissue’s inherent properties play
a major role on the deformation results. The harder
phantom tends to have smaller deformations and cause
larger deflections of needles.

100%
. 80%
4 60%
40%
9
20%
0 0%
DMSO 1T MNED
Figure 13 Contribution of the significant factors on MND
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6 Conclusions and Future Work

In this paper, the effects of the influential factors on
phantom deformations and needle deflections are sys-
tematically studied. A global sensitivity analysis is car-
ried out by designing the orthogonal experiments.
Six influential factors are classified into three groups:
phantom properties, needle properties and the opera-
tion parameters. Among these, the repeated insertion
times and phantom dehydration time are firstly inves-
tigated and studied compared with other conventional
factors. The conclusions are as follows:

1. Both the range calculation and variance analysis
show the three of the most sensitive parameters on
MTD are RITs, IV and DMSO. The results indicate
the phantom deformation are more sensitive to the
operation factors (RITs and IV). A second and third
insertion into the same trajectory of the phantom
would result in larger phantom deformation com-
pared to the first insertion results and a lower inser-
tion velocity can also reduce the phantom deforma-
tion.

2. The range calculation shows the three of the most
sensitive parameters on MND are DMSO, TT and
NED. By variance analysis, the significant sequence
on maximum needle deflection (MND) is as follows:
DMSO, TT and NED. The results indicate the needle
deflection is more sensitive to the phantom material
properties (DMSO and TT). Especially the thawing
time of the phantom has a major effect on the needle
deflection by changing the natural material proper-
ties of the phantom.

3. From the aspect of both MTD and MND, the vol-
ume percentage of DMSO have a great effect on both
MTD (rank 3) and MND (rank 1), which means tis-
sue’s inherent properties from different organs may
cause completely different deformation results. The
harder phantom tends to have smaller deformations
and cause larger deflections of needles.

The findings of this paper can help researchers in
related fields to understand the needle-tissue interac-
tion phenomena and better conduct the needle inser-
tion experiments.

Considering the complexity and financial burden
of the experiments, the choice of the influential fac-
tors are limited. In the future work, extension studies
including factors such as needle tip geometry, phantom
constraints would be taken into account.
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