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Abstract

Obijective: To obtain definitive cancer diagnosis for suspicious lesions, accurate needle
deployment and adequate tissue sampling in needle biopsy are essential. However, the single-bevel
needles in current biopsy devices often induce deflection during insertion, potentially causing
lesion missampling/undersampling and cancer misdiagnosis. This study aims to reveal the biopsy
needle design criteria enabling both low deflection and adequate tissue sampling.

Methods: A novel model capable of predicting needle deflection and tissue deformation was first
established to understand needle-tissue interaction with different needle tip geometries.
Experiments of needle deflection and ex-vivo tissue biopsy were conducted for model validation.

Results: The developed model showed a reasonably good prediction on the correlation of needle
tip type vs. the resultant needle deflection and tissue sampling length. A new multi-bevel needle
with the tissue separation point below the needle groove face has demonstrated to be an effective
design with an 87% reduction in deflection magnitude and equivalently long tissue sampling
length compared to the current single-bevel needle.

IEEE Personal use is permitted, but republication/redistribution requires IEEE permission.
Corresponding author: Annie D.R. Li, drli@umich.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 2

Conclusion: This study has revealed two critical design criteria for biopsy needles: 1) multiple
bevel faces at the needle tip can generate forces to balance bending moments during insertion to
enable a low needle deflection and 2) the tissue separation point should be below the needle
groove face to ensure long tissue sampling length.

Significance: The developed methodologies and findings in this study serve as proof-of-concept
and can be utilized to investigate various biopsy procedures to improve cancer diagnostic accuracy
as well as other procedures requiring accurate needle insertion.

Index Terms—

Needle deflection; tissue deformation; tissue sampling; needle insertion modeling; Lagrangian
analysis; smoothed particle Galerkin method

. Introduction

Needle biopsy is widely performed as a minimally invasive tissue sampling method for
cancer diagnosis of prostate, lymph node, lung, and liver [1]-[3]. Accurate needle
deployment and adequate tissue sampling in biopsy are essential for accurate cancer
diagnosis and individualized treatment decisions [4]-[7]. Advances in medical imaging,
particularly magnetic resonance imagining (MRI), have enabled early identification of
suspicious cancerous lesions [8]—[II]. This is followed by a targeted needle biopsy to sample
the identified lesion site for subsequent confirmatory pathological diagnosis. In a targeted
biopsy procedure, the pre-biopsy MRI and ultrasound images can be fused to display the
lesion site, allowing real-time needle guidance to the targeted sampling location [12]-[16].
An example of this is the co-registered MRI-ultrasound fusion targeted biopsies (MRF-TB)
forprostate cancer diagnosis [11], [17]-[19].

The MRF-TB procedure is illustrated in Fig. 1. This procedure is commonly performed
using a trucut needle biopsy device which is also commonly utilized in lymph node [20],
breast [21], liver [22] and other biopsy procedures. As shown in Fig. 1(a), the trucut biopsy
device has an inner solid needle and an outer hollow cannula for tissue sampling. The needle
has a sharp tip with a single-bevel face and a groove (on the same side). To perform a
biopsy, the needle and cannula are first positioned in proximity to the targeted lesion site as
Step 1 shown in Fig. 1(a). Next, the biopsy device sequentially actuates the needle and
cannula in Steps 2 and 3, respectively, advancing them through the targeted lesion site at
high speed (about 4 m/s) to cut and store the tissue sample inside the needle groove. During
MRF-TB, shown in Fig. 1(b), the MRI-ultrasound fusion software generates features on the
real-time ultrasound image to guide clinicians to deploy the needle to the pre-biopsy MRI-
identified lesion, including a blue dashed line representing the estimated needle trajectory
and the lesion outline and center (marked as the green contour and red point, respectively)
forbiopsy. [23].

Despite the advanced imagining guidance, the current single-bevel trucut biopsy needles
often induce significant deflection, with the median deflection of 1.77 mm for an 18 gauge
needle (1-mm diameter) found in prostate biopsy [24]. This causes variance between the
targeted and actual locations of the sampled tissue core. As shown in Fig. 1(c), the needle
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deflects after insertion, forming an arc rather than an ideal straight line through the targeted
lesion center. Such needle deflection could lead to lesion missampling or undersampling
[25] as well as false-negative cancer misdiagnosis [26], [27]. Moreover, biopsy sites may be
in proximity to critical vessels and nerves in the biopsy of lymph node [28], [29], pulmonary
alveolus in lung [30], [31], and gall bladder in liver [6], The deflected needle could be off
target and cause unintended damage, putting patients at a higher risk of complications[6],
[32].

Robotic needle steering has been developed for accurate needle guidance and insertion [7],
[33], [34]. Multiple degrees-of-freedom robots were coupled with an imaging system to
navigate the needle, compensate for the deflection, and achieve sub-mm targeting accuracy
[35]-[37]. However, high cost and low availability prohibit the robotic technique from most
clinical procedures [38]. Most biopsy procedures are performed using the hand-held needle
biopsy devices where needle deflection remains an issue (Fig. 1(c)). A hand-held biopsy
needle with a predictable straight insertion trajectory allows the clinician to directly aim to
the target and can improve needle sampling and cancer diagnostic accuracy.

Our preliminary study has shown that a biopsy needle with multiple bevels at the tip can
balance the bending moments to reduce needle deflection during insertion compared to
existing single-bevel needles [25]. However, the proposed multi-bevel needles altered the
tissue separation point and thus reduced tissue sampling length, potentially compromising
the cancer diagnostic accuracy in biopsy [25]. The goal of this study is to extend the
previous findings to reveal the criteria for trucut biopsy needle design enabling low
deflection and without sacrificing tissue sampling length. In this paper, the needle deflection
and tissue sampling length of the current single-bevel and new multi-bevel needle tip
geometries are quantified and compared. To understand needle-tissue interaction under
different needle tip geometries, a novel modeling approach using the Lagrangian analysis
coupled with the smoothed particle Galerkin method is established to simultaneously predict
the needle deflection and tissue deformation during insertion. The predicted needle
deflections are experimentally verified using optically transparent tissue-mimicking
phantoms. The model-predicted tissue contact with the needle groove is compared with the
length of sampled ex-vivo chicken breast tissue samples.

Materials and Methods

A. Mechanics of Needle Deflection in Biopsy

Figure 2(a) shows the needle deflection mechanics in biopsy for a single-bevel needle
(commonly used in current commercial biopsy devices). Assuming the bevel facet at the tip
faces toward the negative yaxis and the needle is inserted along the xaxis, the tissue is cut
and separated at tip point A, generating the cutting force F,, top bevel face force ~;, top
tissue load Py and friction force Fz The location of point A causes the forces to concentrate
on the top of the needle and create a downward bending moment M, bending this single-
bevel needle downward by a deflection & (along positive ) axis). Since most biopsy needles
have a high aspect ratio (commonly over 200, length >> diameter), the axial bending
moments created by F.and Frare negligibly small compared to the longitudinal bending
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moments created by F;and P; Using the Euler-Bemoulli beam bending equation, the &5 can
be modeled as:
1 X X
s = == M (x)dx + C{|dx + C; (1)
ET J, 0

L
My(x) = Fycos6,(L — x) + / Pi(x)dx(L — x) )

where £'is the Young’s modulus, /is the second moment of area of the single-bevel needle
cross-section at x, M{x) is the M;at x, C;and C»are constants, &;is the tip bevel angle, L is
the needle length, and P{Xx) is the top tissue force per unit length. Although the needle tip
and groove have varying cross-sections, the length from the tip point A to the end of the
groove is negligibly small compared to the total needle length; therefore, /of a biopsv
needle can be regarded as a constant.

To reduce &, the multi-bevel needles have demonstrated the ability to alter the bending
moments and reduce the resultant deflection [25]. Figure 2(b) shows the insertion of a multi-
bevel needle with two bevel facets (as an example) converging to the tip point A. Due to the
location of point A, the separated tissue at the bottom of the needle is slightly under
compression during insertion, generating the bottom bevel face force £, and the bottom
tissue force load Pp. The combination of F,and Pp creates an upward bending moment My
against M;to reduce downward deflection. Therefore, the deflection of a multi-bevel needle,
defined as &, can be modeled as:

S = %/x('/x(Mt(x) — My(x))dx + Cl)dx +C ®3)
0 0
L
M(x) = FicosO,(L — x) + / Py(x)dx(L — x) 4)
L
Mp(x) = FpcosO(L — x) + / Py(x)dx(L — x) (5)

where My(X) is the Mpat x, 6;is the top bevel angle, 8 is the bottom bevel angle, and P(X)
is the bottom tissue force per unit length. Comparing (1) and (3), since the only difference
between the single- and multi-bevel needles is the tip geometry, C; and Coare the same due
to the same boundary conditions, and My, opposes M;, it can be concluded that &, < &, (i.e.
the downward deflection is reduced).

Given the fact that most commercial trucut biopsy needles have the similar needle groove
geometries (similar /), needle tip geometry becomes a dominant factor altering the forces
acting on the needle. For a multi-bevel needle tip, the location of tip point A, which dictates
the magnitudes of F;, P, Fp, and Py, can be defined by the distance from the needle tip point
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A to the needle groove face d, as shown in Fig. 2. Therefore, M{x) — My(X) in (3) and the
resultant &, can be regarded as a function of di.e. §,=Hd)).

Fig. 2(c) shows the geometrical definition of @, and its relationship with each variable.
Positive and negative d; mean the tip point A (tissue separation point) is above and below
the groove face, respectively. When dj increases, the area of bottom bevel increases, which
increases Fpand Py against the downward bending moments, and thus the resultant &,, can
be reduced. However, increasing d, may cause the deflection to become significantly upward
instead. Furthermore, increasing d, may alter the tissue separation point to be above the
needle groove face, which reduces the tissue contact inside the groove and compromises the
subsequent tissue acquisition by the cannula [25]. It has been hypothesized that the tissue
separation point may need to be below the needle groove face (negative d;as shown in Fig.
2) to enable sufficient tissue sampling. This study aims to evaluate this hypothesis and
confirm the effect of @, on needle deflection and tissue sampling length.

B. Needle Tip Geometry

In this study, the existing single-bevel (SB) needle, as shown in Fig. 3(a), and three new
multi-bevel needles, as shown in Figs. 3(b)—(d), are investigated. To maintain a low tissue
separation point (decreasing dy) while ensure the forces at the bottom of the needle can still
reduce &, this study invents a new multi-bevel needle geometry with four facets, top bevel
(on the same side of the groove face), bottom bevel, and two side bevels. The side bevels are
designed to not only partially generate the upward face forces, denoted as £ in Fig. 3, to
further reduce the downward bending, but also converge the facets to form a sharp needle tip
point A, allowing effective tissue cutting during insertion [40].

To investigate the effect of d, the three multi-bevel needles, shown in Figs. 3(b)-(d), with
the negative, zero, and positive dj, are investigated and denoted as the low multi-bevel
(LMB), aligned multi-bevel (AMB), and high multi-bevel (HMB), respectively. In this study,
four needle tip geometries and the groove were fabricated using the 18-gauge (1 mm
diameter) AISI 304 stainless steel rod. In the fabrication, the steel rod was first tilted by a 6;
of 23.5° (Fig. 2) to grind a baseline bevel facet (for the SB needle). The lancets for the SB
needle was added onto this bevel face to create a single cutting point [40], as shown in Fig.
3(b). For LMB, AMB, and HMB needles, the rod was then tilted to a 8, of 12° and rotated
around the needle centerline axis by 180° and £110° from the baseline bevel facet to create
the bottom and two side bevel facets, respectively. The ground amount for each bevel facet
was determined by the d value listed in Fig. 3. Finally, the rod was tilted back to 0° to grind
a needle groove with the length and thickness of 22 and 0.43 mm, respectively. All four
needles had the same groove geometry for comparisons among the four needle tip
geometries.

C. Needle-Tissue Interaction Model Formulation

This study develops a needle-tissue interaction modeling using the Lagrangian analysis
coupled with the smoothed particle Galerkin (SPG) method, denoted as L-SPG, to
investigate the needle deflection and tissue deformation in biopsy. Prior research on needle-
tissue interaction utilized finite element analysis (FEA) to visualize the tissue deformation
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and contact with the needle during insertion. The cohesive zone (CZ) method in Lagrangian
FEA was applied to model the tissue rupture by assigning the FEA element separation
threshold level when contacting with the needle [41]-[43]. However, the CZ method requires
a pre-defined element separation path during needle insertion and has limited accuracy due
to large tissue deformation and mesh distortion at the needle tip. A coupled Eulerian-
Lagrangian FEA has demonstrated the capability to effectively simulate tissue rupture and
large tissue deformation by modeling the tissue and needle using the Eulerian and
Lagrangian analysis, respectively [25]. However, the aforementioned studies assumed a rigid
needle (no bending/deflection), and therefore have limited implication for improved needle
design to achieve higher cancer diagnostic accuracy. A model to investigate the simultaneous
needle deflection and tissue deformation, i.e., the coupled needle-tissue interaction
phenomenon, remained unexplored prior to this study.

This study establishes a novel modeling approach using L-SPG to simultaneously predict the
needle deflection and tissue deformation during insertion. SPG is a mesh-free method which
discretizes the simulated object into particles [44] and has demonstrated the capability of
modeling soft blood clot deformation in mechanical thrombectomy without mesh distortion
[45]. However, the capability of modeling the interaction between two deformable objects
(needle and tissue in this case) with a significant difference in hardness has not been
investigated using SPG. In this study, the SPG method was coupled with the Lagrangian
FEA to formulate the L-SPG, enabling the modeling of both tissue deformation and needle
deflection during insertion. The Lagrangian mesh defines the needle boundary with fine
spatial resolution to precisely represent the needle geometry (particularly the sharp needle
tip) and bending deformation during interaction. The needle was modeled by the Lagrangian
meshed elements which ensured continuity between neighboring elements (no interaction
bonds as SPG particles), allowing the representation of needle deflection while maintaining
the contact boundary when interacting with highly deformable tissue.

The three-dimensional (3D) L-SPG model was developed in LS-DYNA (v971 R11 by
LSTC, Livermore, California, USA). An example of the SB needle insertion into the soft
tissue is shown in Fig. 4. The L-SPG model comprises three regions: tissue, needle, and
cannula. Due to the symmetry of geometry, only half of tissue, needle, and cannula were
modeled. Fig. 4(a) shows an isometric view from the symmetric plane CDEF before the
needle insertion. The tissue was modeled as a cuboid CDEFGHIJ (40 mm x 8 mm x 2 mm)
and discretized into the SPG particles with the particle center equally spaced by 0.4 mm in
all three (xy2) directions, as shown in Figs. 4(b)-(d). The SPG kernel function was cubic B-
spline function with normalized dilation parameter of 1.8 in LS-DYNA [46]. The symmetric
plane CDEF was constrained in z-axis, allowing the deformation on the xy plane as shown
in Fig. 4(c). Three outer boundary surfaces CFJG, GHIJ, and HDEI were fixed in all three
(xy2) directions. Surfaces FEIJ (the entry surface of the needle insertion) and CDHG (the
back surface of the tissue model) were set as the free surfaces allowing the deformation in
all three (xy2) directions as shown in Fig. 4(d).

Four needles (SB, LMB, AMB, and HMB needles) were modeled using the Lagrangian
mesh in the L-SPG model with geometries defined in Fig. 3. The needle was meshed by the
10-node quadratic tetrahedron elements with the initial size of 0.2 mm element edge length
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using Abaqus (v6.11 by Dassault Systemes, Vélizy-Villacoublay, France). The meshes in
regions around the sharp needle tip and groove edges were automatically refined to precisely
represent the geometrical features as the close-up view shown in Fig. 4(b). The refined
meshes of four needles were imported to the L-SPG model in LS-DYNA. The needle
symmetric plane (coincident with plane CDEF) was constrained in z-axis while allowing the
needle deflection on the xy plane, as shown in Fig. 4(c). The needle base plane, the plane
through the base point B and perpendicular to the axis, as shown in Fig. 4(a), defined the
given needle motion. This base plane was accelerated from 0 to 8 m/s along the x-axis in
0.75 ms for a 30-mm travel in x-axis, which were measured experimentally using the high-
speed camera images of a needle biopsy device used in this study.

The stationary cannula, as shown in Fig. 4(a), supported the needle during the insertion to
stabilize the needle tip for the initial contact with the tissue and avoid needle buckling. This
cannula was modeled as a rigid shell with an outer diameter of 1.27 mm and a thickness of
0.05 mm (18 gauge), as shown in Fig. 4(a), and fixed in all three (x)2) directions.

D. Material and Contact Properties

In the L-SPG model, the AISI 304 stainless steel needle was modeled as a linear elastic
material with the elastic modulus £, Poisson’s ratio v, and density p of 193 GPa, 0.29, and 8
glem3, respectively. The tissue-mimicking polyvinyl chloride (PVC) material was used as a
soft tissue surrogate in the model and the needle deflection experiments for model
validation. The transparent P\/C materials, with the hardness and needle insertion properties
similar to in-vivo prostate tissues [47], [48], are commonly used as the tissue surrogates in
the needle insertion studies to act as an accessible, controllable, and consistent experimental
platform to observe and quantify needle-tissue interaction prior to ex-vivo tissue or human
studies [25], [39], [47]-[50]. In this study, the softener, PVC polymer (both by M-F
Manufacturing, Ft. Worth, Texas, USA), and mineral oil (by W.S. Dodge Oil, Maywood,
California, USA) were blended together to create the tissue surrogate material with Shore
0OO0O0-S hardness of 34, vof 0.45, and p of 0.98 g/cm3 to mimic the healthy prostate tissue
based on clinician’s haptic estimation for the hardness of prostate [25], [48].

For the SPG-modeled object, any two neighboring particles have an interaction bond [46].
This interaction bond is disconnected once the average effective strain and stretch ratio reach
a specific threshold level and then the material separation occurs. To simulate the rupture/
separation of the SPG-modeled tissue in this study, the PVC tensile and rupture properties
were obtained based on the ASTM D412 uniaxial tensile test of 16.5 mm gauge length. Five
specimens were tested to obtain the average true stress vs. true strain curve up to the rupture
point. The resultant average true stress vs. true strain curve was then fitted using a power law
plasticity equation: o= ke, where o is the true stress, kis the strength coefficient, e is the
true strain, and nis the hardening coefficient. For the PVC in this study, A= 0.35 MPa, n=
2.75, and the root mean square error for this fitting was equal to 0.002. For the tissue
separation in the L-SPG model, two adjacent SPG particles would separate when the average
effective tensile strain exceeds 1.84 based on the derived stress-strain curve. To account for
the strain rate dependency of the PVC during the high-speed needle insertion in biopsy, the
Cowper and Symonds model [51] was used to scale the true stress with a factor of
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1+ (.s’/C)(” P) where Cand p are two material constants and ¢ is the strain rate. In this study,
the Cand pwere set as 0.1 ms™1 and 0.1, respectively. The friction coefficient 4 of 0.18 was
used at the contact between the needle and tissue [25].

E. Needle Deflection Experimental Setup

The setup for the needle deflection experiment is shown in Fig. 5. The PVC tissue-
mimicking material applied in the L-SPG model was used to fabricate the transparent PVC
phantom with 100 mm in length, 80 mm in width, and 30 mm in height, as shown in Fig.
5(a). A commercial spring-loaded needle biopsy device (SelectCore Variable Throw Biopsy
Device by Inrad, Kentwood, Michigan, USA) was used to perform the needle insertion with
a 25 mm firing length for both needle and cannula (Fig. 5(b)). Both needle and cannula were
installed on the biopsy device and supported by a prostate biopsy guide (Endfire Biopsy
Guide by BK Medical, Peabody, Massachusetts, USA). The biopsy guide had a plastic semi-
cylindrical body for the ultrasound probe guide and a metal tube for the needle guide (Fig.
5(a)). The needle guide was fixed to position the needle and support it to avoid buckling
during needle insertion. In the experiment, the needle guide was used to place the needle at
the surface of the phantom for insertion. The biopsy device fired only the needle at a high
speed (about 4 m/s) to have a clear view of the needle deflection.

To quantify the needle deflection, this study adopted a method used in the clinical biopsy
procedures [24] by measuring the differences between the needle tip positions before and
after the insertion. In this study, a high-speed camera (Model 100K by Photron, San Diego,
California, USA) with 1024x1024 pixel resolution and a 5.6x magnification was used to
capture the images of needle tip before and after the insertion into the transparent tissue-
mimicking phantom. To acquire the baseline tip position without deflection, the needle was
first inserted without the phantom as the image of SB needle shown in Fig. 5(c). The needle
was then advanced by the biopsy device into the transparent phantom as shown in Fig. 5(d).
The needle deflection & was calculated as the vertical distance between the final tip locations
with and without the phantom [24], [25]. Ten insertions of each needle tip type (SB, LMB,
AMB, and HMB) were performed at different locations in the phantom. A total of 40 needle
insertion tests were performed. The images were analyzed using Matlab (R2019a by
MathWorks, Natick, Massachusetts, USA) to identify the needle tip locations and quantify
the deflections.

F. Ex-Vivo Tissue Sampling Test

The tissue sampling length, which is a parameter used clinically to quantify the sampling
amount in biopsy [25], were quantified for four needle tip types (SB, LMB, AMB, and
HMB) in the trucut needle biopsy test using the ex-vivo chicken breast tissue. The needle
and outer cannula were sequentially fired by the biopsy device via the biopsy guide (Fig.
5(b)) into the ex-vivo tissue fixed on a platform for tissue sampling. For each type of needle
tip, ten insertions were performed at different locations of the ex-vivo tissue. A total of 40
needle insertion tests were conducted. The length of each tissue sample was measured using
a digital caliper with the sample stayed on the needle groove after biopsy. The needle and
cannula were rinsed for cleaning before the next insertion.
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G. Statistical Analysis

The one-way analysis of variance (ANOVA) tests were performed using SPSS (by SPSS,
Chicago, Illinois, USA) to calculate the statistical significance among the experimental data
of needle deflection and the lengths of tissue samples for SB, LMB, AMB, and HMB
needles. Each needle has ten data points for each measured variable. A total of 40 data
points were used in each ANOVA test. The mean values in each experiment of any two of
the four needles were compared (pairwise comparisons) to calculate the pvalues with
Bonferroni correction at 95% confidence level.

ResuLts

A. Needle-Tissue Interaction Modeling Results

The needle-tissue interactions for SB, LMB, AMB, and HMB needles in the L-SPG model
are illustrated in Figs. 6 and 7. Results of the full insertion for each needle are shown in
Supplementary Video Sl. Fig. 6 presents the model-predicted displacement of the needle and
tissue in the y~axis (the direction of needle deflection) during insertion. The model-predicted
needle deflection &, was defined as the y~displacement at the needle tip point A. The SPG
particles highlighted by the pink circles delineate the shape of the separated tissue within the
needle groove. Fig. 7 shows the distribution of the minimal principle strain computed in the
L-SPG model, denoted as strain hereafter, to qualitatively study the resultant tissue
deformation. Fig. 6(a) shows the side view of symmetric plane CDEF with the undeformed
SB needle (as an example) and tissue at the start of needle insertion (L = 0 mm). The
undeformed tissue has zero strain as shown in Fig. 7(a).

Fig. 6(b) shows the distribution of displacement during the insertion of SB needle (d,;=
—0.43 mm) at insertion length L = 4.8 and 30 mm. At L = 4.8 mm, the 6, was almost 0 mm
and the needle was mostly supported by the cannula without deflection. The tissue was cut
and separated at the needle tip point A. The separated tissue on the top of the needle was
pushed upward, resulting in a high compressive strain of about —1.2 around the needle tip, as
shown in Fig. 7(b). The bottom separated tissue was almost undeformed with zero strain
because point A was at the bottom of the needle tip surface. At L = 30 mm, as shown in Fig.
6(b), the needle deflected significantly downward with the &, of =1.15 mm. This &, is
similar to the clinically measured 1.77 mm needle defection (using ultrasound images) in
prostate biopsy [24]. The tissue in front of the needle was greatly deformed with a highly
concentrated compressive strain of about —1.8 at the top of the needle tip as shown in Fig.
7(b). Such tissue deformation exerted a high reaction force on the bevel face of the needle
tip, inducing over 1 mm downward deflection of the needle tip. Once the separated tissue
reached the groove opening, it rebounded from its compression state and filled in the groove.
The SB needle has the tissue separation point below the groove face (d; < 0) which allowed
the rebounded tissue to contact the groove face as illustrated by the highlighted tissue shape
within the groove in Figs. 6(b) and 7(b). Such contact could enable the needle and outer
cannula to acquire a long tissue sample length in needle biopsy. However, the filled tissue
remained at the slight compression state with the compressive stain of about 0.6,
generating a compressive load on the groove face and further aggravating the downward
needle deflection.
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Fig. 6(c) shows the distribution of displacement during the insertion of LMB needle (dj; =
—0.23 mm). At L = 4.8 mm, similar to the SB needle, the &, was 0 mm. The multi-bevel
LMB needle, compared to the SB needle, had the bottom and side bevel faces deforming and
pushing the tissue downward (negative y~displacement) during the insertion. This led a
compressive strain of about —0.45 at the bottom of the needle tip, generating the upward face
forces to help prevent the needle tip from downward deflection, as shown in Fig. 7(c). At L
= 30 mm, the needle deflection magnitude was much reduced compared to that of SB needle
with the upward &, of 0.12 mm (Fig. 6(c)), as a result of the multi-bevel faces at the needle
tip. Since the LMB needle also has the dj; < 0, the tissue also rebounded to contact the
groove face as illustrated by the highlighted tissue shape in Figs. 6(c) and 7(c), similar to the
tissue contact observed in the SB needle insertion. The filled tissue in the needle groove was
also in a compressive state with compressive strain of about —0.6, generating tissue pressure
on the groove face as shown in Fig. 7(c). However, the upward face forces on the bottom and
side bevel faces provided the opposing bending moments to reduce the downward deflection
caused by the top bevel face force and the tissue pressure on the groove face. This enabled
the LMB needle to have low needle deflection and high tissue sampling in biopsy.

Fig. 6(d) shows the insertion of AMB needle (d; = 0 mm) with the resultant displacement.
At L = 4.8 mm, compared to the LMB needle, the AMB needle further deformed the tissue
downward during the insertion due to the larger bottom and side bevel faces, causing a
compressive strain of about —0.6 at the bottom of the needle tip. At L = 30 mm, the upward
needle deflection was increased compared to that of the LMB needle with a &, of 0.28 mm.
Compared to the LMB needle, as shown in Fig. 7(d), the compressive strain at the bottom of
the needle tip was increased to about —0.9 which caused larger upward face forces,
deflecting the needle upward. The AMB needle has a higher tissue separation point relative
to the groove face (d; = 0) compared to the SB and LMB needles, leading to almost no tissue
contact inside the groove as the highlighted tissue shape shown in Figs. 6(d) and 7(d). At
this state, tissue around the groove mostly rebounded back to the undeformed state with the
strain close to 0. This phenomenon can lead to reduced tissue sampling length compared to
the SB and LMB needles.

Fig. 6(e) show the insertion of HMB needle (d;=0.37 mm). At L = 4.8 mm, the HMB
needle mostly deformed and pushed the separated tissue downward as a result of the bottom
bevel face which was much larger than the other three faces. This led to a concentrated
compressive strain of about —0.75 at the bottom of the needle tip as shown in Fig. 7(e). At L
=30 mm, the needle was significantly deflected upward with a &, of 1.03 mm (Fig. 6(e)). At
this state, the tissue at the bottom of the needle was greatly deformed with the compressive
strain of about —1.20, as shown in Fig. 7(e). This generated a large force on the bottom bevel
face of the HMB needle, significantly deflecting the needle upward. The HMB needle had
the highest tissue separation point (d; >0) amongst the four needles. This resulted in no
tissue contact with the groove face and further increased the gap between the tissue and the
groove compared to that of AMB needle, as the tissue shape delineated by the highlighted
SPG particles shown in Figs. 6(¢) and 7(e).
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B. Needle Deflection Measurement Results

To verify the modeling results, the L-SPG predicted &, was compared with the
experimentally measured needle deflection & in the experiments using the optically
transparent PVC tissue-mimicking phantoms (with the same material properties used in the
L-SPG model). Fig. 8(a) shows the images of needle tip point A in the experiment. The top
images show the baseline needle tip location before the insertion with the yellow dashed line
marked as the insertion path without deflection. The bottom images show the needle with &
after inserting into the transparent phantom. Results of the full insertion into the phantom for
each needle are shown in the Supplementary Video SI.

Fig. 8(b) shows the average §vs. 8, for SB, LMB, AMB, and HMB needles. The error bars
of &represents one standard deviation from 10 insertion tests. Results show that the L-SPG
model yielded the same needle deflection trend as observed in the experiments. The ANOVA
analysis for & also indicates that the effect of needle tip geometry on § was statistically
significant at 0.05 significance level with a yielded Fratio of 1220.4 and three degrees of
freedom. The SB needle had the average &and &, of —1.14 and —1.15 mm (downward),
respectively. The magnitude of § was comparable to the clinically measured needle
deflection with a median value of 1.77 mm in prostate biopsy [24]. The downward forces on
the single bevel tip and thin groove significantly deflected the needle (Figs. 6(b) and 7(b)).
This resulted in the largest downward & amongst the four needles (all with pairwise p <
0.001), as shown in Fig. 8(a).

The LMB needle had a low average & and &, of 0.15 and 0.12 mm (upward), respectively.
Compared to the SB needle, the magnitude of & for the LMB needle was much lower (p <
0.001) with an 87% reduction in deflection magnitude. This indicated that the LMB needle
could potentially have better needle deployment accuracy in clinical biopsy procedures. The
bottom and side bevel faces generated upward face forces which helped balance the
downward bending moments caused by the top face force and tissue pressure on the groove
face (Figs. 6(c) and 7(c)). This resulted in a slightly upward & as shown in Fig. 8(a).

The AMB needle had the upward average & and &pof 0.24 and 0.28 mm, respectively.
Compared to the LMB needle, the AMB needle had larger bottom and side bevel faces and
generated upward forces deflecting the needle upward (Figs. 6(d) and 7(d)). This led to a
slightly larger upward but similar & compared to that of LMB needle (p = 0.457, non-
significant), as shown in Fig. 8(a). The HMB needle had the largest upward average sand &,
of 1.71 and 1.03 mm, respectively. Since the bottom bevel face was much larger than the
other three faces, the combined bottom and side face forces significantly deflected the
needle upward (Figs. 6(e) and 7(e)). This caused the largest upward & among four needles
(all with pairwise p <0.001).

The L-SPG model demonstrated a reasonably good prediction, with the §and &,
discrepancy of 0.01, 0.03, and 0.04 mm for the SB, LMB, and AMB needles, respectively.
The error for L-SPG model prediction of HMB needle was the largest amongst the four
needles. The model underpredicted the upward deflection of HMB needle by 0.68 mm. This
was possibly due to computational errors at the needle-tissue contact under large needle
deflection which caused particle penetration issues as observed in the SB (Figs. 6(b) and
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7(b)) and HMB (Fig. 6(e) and 7(e)) needle insertions. In the HMB needle, it was observed
that the particle penetration at the tip led to reduced tissue contact with the bottom and side
bevel faces at the HMB needle tip. This was reflected in the tissue at the bottom of the
needle tip which was almost undeformed (almost no contact at the region close to the needle
tip point A). Therefore, the upward face forces and the resultant needle deflection for the
HMB needle in the L-SPG model were underpredicted.

C. Tissue Sampling Length Measurement Results

To evaluate the effect of needle tip geometry on tissue sampling, the L-SPG model predicted
shape of the separated tissue within the groove was qualitatively compared to the sampling
length of ex-vivo tissue in trucut biopsy. Fig. 9 shows the experimentally measured tissue
sampling length /s for SB, LMB, AMB, and HMB needles. The error bars represent one
standard deviation of 10 insertion tests. Results show that the aj, which affects the shape of
tissue within the needle groove (as shown in the L-SPG modeling results), correlates with /;
for all four needles. The ANOVA analysis for /s also indicates that the effect of needle tip
geometry on /s was statistically significant at 0.05 significance level with a yielded Fratio of
17 and three degrees of freedom.

The SB (d;=-0.43 mm) and LMB (d,; = -0.22 mm) needles yielded longer sampling
lengths with an average /s of 12.5 and 12.9 mm, respectively. The LMB needle demonstrated
similar sampling performance with /s equivalent to that of SB needle (o = 1.000, non-
significant). For both SB and LMB needles, as shown in Figs. 7(b) and (c), respectively, the
tissue was cut and separated below the groove face (d; < 0) which allowed the rebounded
tissue to fill and contact the groove. Such tissue contact enabled the long (over 12 mm)
tissue samples in biopsy. The AMB needle (d;= 0 mm) had the /;0f 9.9 mm. The AMB
needle, compared to the SB and LMB needles, had a higher d, leading to almost no tissue
contact inside the groove as shown in Fig. 7(d). This was reflected as a shorter /;compared
to the SB and LMB needles (p <0.005 with both SB and LMB needles). The HMB needle
had the highest d;, (= 0.37 mm) among four needles and the shortest /;of 8.6 mm. This high
d,also increased the gap between the tissue and the needle groove face (as shown in Fig.
7(e)) and resulted in a short /;compared to the other three needles (p < 0.001 with both SB
and LMB needles, p=0.510 with the AMB needle).

V. Discussion

There are two major contributions from this study to potentially enable accurate needle
deployment and adequate tissue sampling to improve cancer diagnostic accuracy in needle
biopsy. First, a novel modeling approach using L-SPG has been established and
demonstrated the capability of simultaneously modeling the needle deflection and tissue
deformation during needle insertion. Unlike existing FEA models which are limited to rigid
needle insertion [25], [41]-[43], this new L-SPG methodology allows a more realistic
investigation of needle-tissue interaction with coupled needle deflection and tissue
deformation. The L-SPG modeling results in this study showed a reasonably good prediction
on the correlation of the needle tip type (SB, LMB, AMB, and HMB needles) vs. the
resultant needle deflection and tissue sampling length. However, some SPG particle
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penetrations (a few separated SPG particle lines crossed through the needle) were found
under large needle deflection, as observed in the SB (Figs. 6(b) and 7(b)) and HMB (Fig.
6(e) and 7(e)) needle insertions. These were potentially due to the relatively coarse SPG
particle density compared to the needle meshes, which caused some computational errors
under large tissue deformation when interacting with the deflected needle. Such errors led to
the non-physical phenomenon of several SPG particles still connected to and not fully
separated from the tissue during needle insertion. Future work will focus on evaluating the
numerical stability and sensitivity of the proposed L-SPG method. The L-SPG mesh density
including the needle Lagrangian elements and tissue SPG particles will be adjusted to more
accurately represent the tissue deformation at the contact with the needle and assess the
convergence in numerical analysis to avoid the particle penetration issues observed in this
study. A more accurate tissue material model will also be explored to account for the
hyperelastic behavior and inhomogeneity of real tissue, and the deformation and rupture
under high strain rate in biopsy. The L-SPG modeling developed here is aimed to provide
the insights of needle-tissue interaction, revealing the effect of needle tip geometry on
needle deflection and tissue sampling length in biopsy.

Second contribution is the criteria of trucut biopsy needle design enabling low deflection and
high tissue sampling length. The SB needle (d, < 0) in current trucut biopsy devices caused
large deflection but long tissue sample as a result of the single-bevel face at the tip. This SB
tip separated the tissue at the bottom of the needle and deformed the tissue upward,
generating large downward force to significantly deflect the needle [7], [24], [25]. Since the
tissue separation point is below the groove face with d, < 0, the SB needle allowed the tissue
to fill the groove and enabled a long (over 12 mm) tissue sample [25]. However, such tissue
contact generated the tissue pressure on the groove face which further aggravated the needle
deflection.

The LMB needle (dj; < 0) was found to enable both low deflection and long tissue sampling.
Compared to the SB needle, the LMB needle maintained a low tissue separation point while
the bottom and side bevel faces generated upward face forces to balance the downward
bending moments caused by the top face force and tissue pressure on the groove face. This
resulted in a much lower deflection with an 87% reduction in deflection magnitude
compared to that of SB needle. Since d;< 0, the LMB needle also allowed the tissue to
rebound and generate a good tissue contact with the needle groove face, similar to the SB
needle insertion, ensuring the adequate tissue sampling for a long sampling length in biopsy.

The AMB needle (d,; = 0), compared to the LMB needle, also had a low deflection but with
a shorter tissue sample length. The multiple faces at the AMB needle tip generated upward
forces against the downward needle bending. However, since d = 0, the location of the
tissue separation point was higher than that of SB and LMB needles, resulting in the shorter
tissue sampling length. The HMB needle had the highest d; among four needles, leading to a
large upward deflection and the shortest tissue sampling length.

While the findings of needle deflection are limited to the homogeneous PVC tissue-
mimicking phantoms, this study is the first step to evaluate the effectiveness of the multi-
bevel biopsy needles in improving needle deployment accuracy as a proof-of-concept.
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Further assessments via ex-vivo tissue and in-vivo human prostate studies will be needed to
confirm the clinical feasibility and safety of the developed LMB needle biopsy technology.

V. Conclusions

This study investigated the needle-tissue interaction to establish the scientific and
technological foundations for accurate needle insertion with adequate tissue sampling in
biopsy for cancer diagnosis. The L-SPG modeling methodology developed here can have
broad applications for various clinical procedures to provide the insights of the interaction
between the surgical tool and soft tissues. This L-SPG model can also serve as an evaluation
platform to guide the development of needle technology enabling minimal needle deflection
and tissue deformation.

This study has revealed two critical design criteria for an ideal needle in trucut biopsy: 1) the
tissue separation point should be below the needle groove face (d; < 0) to ensure long tissue
sampling length and 2) the multi-bevel needle tip geometry, which can have bevel faces
generating upward forces while maintaining a low tissue separation point, can be utilized to
balance bending moments during insertion enabling a low needle deflection. In this study,
the LMB needle has demonstrated to be an effective needle design with the lowest needle
deflection and the highest average tissue sampling length amongst all four needles. This
indicates that the LMB needle could potentially improve the needle deployment accuracy
while maintaining adequate tissue sampling in clinical biopsy procedures. This LMB needle
technology can be applied to various biopsy procedures as well as other procedures
requiring accurate needle insertion.
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Needle deflection mechanics in biopsy for (a) a single-bevel needle (in current commercial

biopsy devices) and (b) a multi-bevel needle with two bevel facets (as an example), and (c)
the definition of d;and its relationship with each variable.
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Fig. 3.
The needle tip geometry, tip face forces, and optical microscopy image of the (a) SB, (b)
LMB, (c) AMB, and (d) HMB needles.
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An overview of a 3D L-SPG model of needle-tissue interaction: (a) an isometric view of the
SB needle insertion into the soft tissue and the (b) isometric, (c) front (Jzplane), and (d)

side (xy plane) views of the SPG tissue particles and Lagrangian needle meshes.

Fig. 4.
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Fig. 5.
(a) An overview of the needle deflection experiment, (b) the experimental setup, and the

images with the locations of SB needle tip point A at the end of the insertion (c) without and
(d) with the PVC phantom.
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Fig. 6.

The L-SPG displacement results of the needle and tissue: (a) the undisplaced SB needle and
the tissue before the insertion and the (b) SB, (c) LMB, (d) AMB, and () HMB needles
during the insertion.
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Fig. 7.
The L-SPG stain results of the needle and tissue: (a) the undisplaced SB needle and the

tissue before the insertion and the (b) SB, (c) LMB, (d) AMB, and (e) HMB needles during
the insertion.
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Fig. 8.
Needle deflection measurement results: (a) the experimental images of needle tip point A at

the baseline locations (top) and after the insertion into the transparent PVVC phantom in the
experiment (bottom) and (b) the L-SPG predicted needle deflection &, vs. the experimental
measured needle deflection & (error bars representing one standard deviation from 10
insertions) for the SB, LMB, AMB, and HMB needles.
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Fig. 9.
The experimental results of ex-vivo tissue sampling length /; (left) and the microscopy
images (right) of tissue samples for the SB, LMB, AMB, and HMB needles (the error bar
representing one standard deviation from 10 biopsies)
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