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Abstract

This research advances knowledge in needle cutting of tissue leading to the
invention and validation of the enhanced cutting edge (ECE) biopsy needle. Biopsy
needle tip cutting edge geometry is defined using analytical models. With these
geometrical definitions a mechanistic force model is developed to predict the needle
insertion force for a given needle geometry. The force model then leads to the
development of the improved ECE needle tip geometry.

Needle biopsy is one of the most common medical procedures to cut and remove
tissue for pathological diagnosis. Currently little study has focused on hollow needle
tissue cutting. This lack of knowledge has led to the use of biopsy needles and devices
that are inefficient at cutting tissue, thereby hindering the accuracy of the diagnosis,
increasing the discomfort to the patient, and lengthening the procedure time. This
dissertation directly fills this void in hollow needle tissue cutting knowledge to improve
the yield of biopsy and advance the understanding of hollow needle tissue cutting in
biopsy.

This study is conducted in four topics that build on each other to reach the
ultimate goal of developing the novel ECE biopsy needle. First, analytical models of
needle geometry are developed for identification of inclination angle, normal rake angle,
needle tip insertion length, and needle tip area on a variety of flat plane and curved
needle tips. Second, oblique tissue cutting is studied through blade and needle tissue
cutting experiments and three analytical models are developed to describe tissue flow
angle and needle contact length. Third, a general hollow needle insertion force model is
developed to predict needle insertion force. Fourth, a novel ECE needle tip is developed
based on positive geometrical characteristics discovered by the force model for cutting
tissue. This ECE needle is validated against a regular style needle and shown to produce

longer biopsy sample lengths.

xii



This research aims to improve the procedure of needle biopsy through increasing
fundamental knowledge in needle cutting mechanics and developing the improved needle
geometry of the ECE needle. This research can lead to more accurate biopsy diagnosis,

lower patient discomfort, and shorter procedure time.
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Chapter 1 Introduction

In the mid 1850’s Rudolph Verchow developed the concept of diagnosis through
examination of cells (Race 2004). Later Ernest Besnier developed the medical term
“biopsy” in 1879 to signify a term for collecting tissue samples (Zerbino 1994). Since
this time, advances in medical knowledge and pathological equipment have lead to the
increased ability to use biopsy as a diagnostic tool.

Today biopsy is one of the most common diagnostic tools used by doctors to
detect the presence of abnormalities, such as cancer. In the procedure tissue is removed
from a specific location, usually via the assistance of imaging technology. A pathologist
takes this tissue and examines it to determine if any abnormalities are present, thereby
allowing the doctor and the patient to make a more informed medical choice of action.

There exists a wide variety of biopsy procedures and techniques including fine
needle aspiration, open surgical biopsy, and core needle biopsy. Fine needle aspiration is
for removing fluid or individual cells from the body via syringe and small diameter
needle. Open surgical biopsy is an invasive procedure where a surgeon goes into the body
and cuts out a piece of tissue for examination. Core needle biopsy is the most preferred
for removing tissue because a thin needle is used to remove tissue making it a minimally
invasive procedure.

There are two main styles of needle core biopsy: the tru-cut and end-cut needle
biopsy, as shown in Figure 1.1. Both methods use a hollow needle and stylet (solid rod)
to capture the sample. To perform the tru-cut method (Figure 1.1(A)): first step the needle
is position in front of the biopsy target, second step the stylet which has a notch cut into
the side advances forward, and third step the biopsy needle advances forward cutting the
tissue leaving a trapped specimen inside the needle. To perform the end-cut method
(Figure 1.1(B)): first step the needle is position in front of the biopsy target, and in the

second step the hollow needle advances forward cutting the tissue and a mechanism seals



the sample inside the needle. The length of the biopsy sample is usually less than the
needle insertion length due to inefficiencies in cutting by the needle tip edge geometry

and the resistance due to friction of tissue moving inside the needle.

Step 1

N Hollow
Needle

Stylet Step 1

Step 2

= Hollow
Needle

Step 2

Stylet
Step 3 Needle insertion

Mechanism .
distance

to seal needle

N Hollow
Needle

(A) (B)

Figure 1.1: (A) Tru-cut and (B) end-cut needle biopsy

The needle tip geometry is an important factor for an efficient biopsy. Needle tips
come in a wide variety of shapes and designs. Several commercialized needle tip designs

are shown in Figure 1.2.

— a0 = B
JE—
Bias Bevel Hypodermic Cournand
[ —
Back Bevel Franseen

Figure 1.2: Common needle tip styles



1.1 Research Motivation

An increase in cancer rates combined with the emergence of early detection
methods for cancer has greatly increased the frequency of needle biopsy procedures. For
example, for early detection of prostate cancer, the most common cancer in men, the
prostate specific antigen (PSA) level in the blood can be easily tested. If the PSA level is
greater than 4 ng/ml, a needle biopsy is performed to confirm the presence of cancer. The
increased frequency of mammograms for breast cancer, and advanced imagining scans
(MRI, CT, PET, ect.) for other cancers has also increased the frequency of needle biopsy
procedures, which are necessary to confirm a diagnosis of cancer.

There is a lack of cutting efficiency in current needle biopsy designs which
hinders the accuracy of the diagnosis, increases the discomfort to the patient, and
lengthens the procedure. Current prostate biopsy procedures are shown to produce false
negative results as high as 24% of the time (Lane 2008). Higher needle cutting efficiency
has been proven in the case of prostate cancer to increase the accuracy of diagnosis
because a greater volume of tissue can be captured with a single needle insertion and
examined (Iczkowski 2002). By capturing longer biopsy samples with a single needle
insertion fewer additional needle insertions are necessary. This allows for faster operation
speed and less pain to the patient. The shorter procedure time will allow for the surgeon
to operate on more patients in a given time frame thereby reducing the economic cost for
both the patient and health insurance companies.

Currently limited research has been performed on hollow biopsy needle geometry.
More efficient biopsy cutting methods can be developed with a better understanding of
how specific factors influence the biopsy outcome. This research strives to fill this gap in

knowledge.

1.2 Needle

1.2.1 Needle outside and inside diameters

The basic dimensions of the needle are given by the needle gauge size and the
wall thickness. The needle gauge size gives the outside diameter of the needle. For
example, the 18 gauge needle, which is commonly used in prostate biopsy, has 1.27 mm

outside diameter. The wall thickness of a needle typically comes in four size classes,



from largest to smallest: regular wall (RW), thin wall (TW), extra thin wall (XTW), and
ultra thin wall (UTW). For example, Figure 1.3 (B) and (C) show the UTW and RW 18
gauge bias bevel needles, which have 0.076 and 0.220 mm thickness, respectively. The
selection of wall thickness greatly affects the inside volume and efficiency in biopsy.

UTW needles are commonly used for biopsy applications.

1.2.2 Needle tip geometry

Commercial needle tips are generated by a special burr-free grinding process,
which typically creates a plane, Figure 1.3(A). By indexing the needle tip in different
orientations during grinding, various needle tip geometries can be generated. More
advanced needle geometries are made of curved surfaces which will be discussed in
detail in Chapter 2.

A multi-plane needle contains planes oriented symmetrically or non-
symmetrically around the needle, as shown in Figure 1.4. A symmetric orientation means
that the planes are tilted an equal angle relative to the needle axis and are placed in equal
intervals around the circumference of the cylindrical needle; while a non-symmetric
design means the planes are oriented in any other configuration. Defining the orientation
for non-symmetrical needles is more complex due to the added variables. Figure 1.4
shows both two and three-plane symmetric and non-symmetric needle tips. Any number
of planes can be used to form a plane needle tip.

The curved leading edge of the needle tip acts as the tool cutting edge, as marked
in Figure 1.3 and Figure 1.4. For the bias bevel needle, the cutting edge transitions from
the outer edge to the inner edge. In the case of multi-plane formed needles, the cutting
edge is usually only the inner edge. The geometry of the cutting edge has a major impact

on the cutting performance of the needle.
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(A) (B) (©)
Figure 1.3: One-plane bias bevel needle tip and cutting edge: (A) generation of needle tip
by a plane, (B) RW needle, and (C) UTW needle
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Figure 1.4: Multi-plane symmetric and non-symmetric needle tip
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1.3 Literature Review

1.3.1 Needle tip cutting geometry

In machining, the tool geometry is critical to the cutting operation (Boothroyd
2006). Two critical parameters at the cutting point are the normal rake angle, «, and
inclination angle, A (Stephenson 2006). These angles define the geometry of the cutting
edge. Experimental results have shown that inclination angle affects the forces on the

needle upon insertion and that too low of a A fails to successfully cut the tissue (Moore



2009a, Zheng 2009). Understanding the values A4 and « is important for selecting the
needle geometry for efficient cutting.

Although needles are widely used, there is limited research on needle cutting
geometry. Effects of needle geometry on insertion forces and needle deviation were
analyzed by O’Leary et al. (2003) and Podder et al. (2005) for solid needles. Needle
bending analysis due to basic bevel needle geometry has been performed in many studies
(Okamura 2004, Glozman 2004, Webster 2006, and Abolhassani 2007). Defining the
needle geometry along with « and A for any style of needle is a challenge that has yet to
be thoroughly examined; rather much work has focused on the effects of needle

geometry.

1.3.2 End-cut versus tru-cut biopsy

The tru-cut biopsy method lacks sample volume efficiency, because only a
fraction of the stylet’s volume can be used to collect tissue. The end-cut biopsy, as shown
in Figure 1.1(B), uses the tip of the needle to perform the tissue cutting and the full
volume of the hollow needle can collect the cut tissue (Haggarth 2002).

Studies have shown that end-cut needles can produce significantly longer samples
with less fragmentation than a tru-cut biopsy needle; however, the results are much less
consistent (Ubhayaker 2002, Ozden 2003). Longer biopsy lengths have been shown to
lead to significantly better cancer detection making the concept of end-cut biopsy needles
very appealing (Fink 2005, Iczkowski 2002).

End-cut needles variability in performance has led to their lack of acceptance in
prostate biopsy procedures. Historically end-cut biopsy needles have always had
performance stability problems as reported by the early work of Hopper et al. (1993a,
1993b, 1995). The BioPince needle attempts to correct this problem by having a
mechanism seal the needle tip as shown in Figure 1.1(B); however, studies have shown it
still has a 27% failure rate of successful tissue capture (Ubhayakar 2002). Such a high
failure rate currently makes the tru-cut biopsy needle the better choice even though its

shorter biopsy length provides less than ideal coverage.



1.3.3 Tissue cutting modeling

Extensive research has been conducted to investigate the needle-tissue interaction
upon solid needle insertion with the ultimate aim to build a haptic model for surgical
procedures (Brett 1997, Kataoka 2002, DiMaio 2003, Okamura 2004, Hing 2006, Podder
2006). Podder et al. (2005) investigated the effect of needle tip geometry on force and
deflection. Chanthasopeephan (2006) studied the tissue cutting force using a sharp,
computer-controlled knife with the aim to build a computational model for haptic display.
Dehghan et al. (2007) used an ultrasonic-based motion measurement tool to quantify the
accuracy of the model for brachytherapy, a medical procedure using needles to guide
radioactive seeds into position for treatment. Abolhassani et al. (2007) presents the most
recent survey of needle insertion in soft tissue, including the modeling of needle insertion
forces, tissue deformation, needle deflection, robot assisted needle insertion, and the
effect of trajectories on tissue deformation.

Unfortunately none of these studies can be directly applied to biopsy needle
cutting which uses a hollow needle. Hollow needle cutting differs from solid needle
cutting because the contact length, length that tissue is in contact with the metal needle
tip, of a hollow needle is significantly smaller. The literature survey shows that results are
lacking on the variation of forces along the cutting edge of a hollow needle. The
knowledge of tissue cutting forces is an indispensible tool in the design of effective

needle tip geometries.

1.4 Research Scope, Goals and Tasks

The scope of this research is to determine positive geometrical needle tip
characteristics that can be applied to needle tip design for the creation of a more effective
needle tip geometry. Analysis of tissue cutting forces and a better understanding of
needle geometry are keys to developing a successful biopsy method. The major goal of
this research is the development of a needle tip design that can capture a larger sample of
tissue (high cutting efficiency).

Currently there has been little analysis of hollow needle geometry and how

geometry affects cutting performance. This research fills this void by giving detailed



analysis of how the parameters of A4 and « affect biopsy cutting force. The tasks of this
research include:
e Mathematical modeling of needle geometry for identification of inclination angle,
normal rake angle, needle tip insertion length, needle tip area, and contact length
e Determination of tissue oblique cutting flow angle and contact length of a needle
e Development and validation of a hollow needle insertion force model

e Creation and validation of an improved needle geometry, the enhanced needle

edge (ECE) needle

1.5 Qutline

This report presents modeling of needle tip cutting edge geometry, tissue oblique
cutting flow angle experiments and models, hollow needle force model, and ECE needle
development and validation. Layout is described in the following paragraphs.

Chapter 2 provides mathematical models of needle tip geometry for inclination
angle, normal rake angle, needle tip insertion length, and needle tip area on a variety of
different needles. Both plane style and curved surface needles are examined.

Chapter 3 provides three mathematic models of tissue oblique cutting flow angle
and contact length of a needle. Experimental results are presented to explore tissue flow
angle on a needle.

Chapter 4 develops a needle tip insertion force model based on elementary cutting
tool edges (ECT). Blade experiments are performed to develop a specific force model of
which the needle force model is based. Needle insertion experiments are used to validate
the model.

Chapter 5 develops the concept of the enhanced cutting edge (ECE) needle tip
design. Biopsy experiments are performed that show the ECE needle is able to
outperform conventional style needles tips.

Chapter 6 summarizes conclusions and presents future work that can further

improve the procedure of needle biopsy.



Chapter 2 Needle Tip Cutting Edge Geometry

This chapter is based on Moore et al. (2010a and 2009b). The inclination angles
and normal rake angles for flat planes and curved surfaces are explored. The insertion

length and inside needle tip area is also explored for symmetric multi-plane needle tips.

2.1 Mathematical Model for Inclination Angle of Plane Needles

2.1.1  Bias bevel needle tip

The bias bevel needle is made by one-plane being ground at a specified bevel
angle, & as shown in Figure 2.1. A xyz axis with the z axis coinciding with the needle
axis and the x axis passing through the lowest point of the outside needle tip radius, 7.

The radial position of a point A along the needle is defined as .

Cutting direction v

z
A z
2
4
X
— o o
(A) (B)

Figure 2.1: Bias bevel needle model: (A) bias needle tip and (B) xz cross-section



When observing the bias bevel needle in the xz plane, as shown in Figure 2.1(B),
the needle profile forms a straight line with a slope of —cot £ and a z intercept of 7, cot
&, thereby yielding the equation of z = (7, — x) cot & Putting in terms of y, the parametric

equations of an ellipse to define the shape of the needle tip are:

X=7,C08 )
Yy=r,s8iny (2.1)

z=r,(1 —cos p) cot &

The normal vector of the xy plane v = {0, 0, 1} and the tangent vector s, shown at
point A on Figure 2.1(A), can be expressed as: s = {— r, siny, r, cos}, r, cot& siny }. The

angle between the P, plane (plane with normal vector v) and s is the inclination angle, A.

sin 1= |sov| _ |cot§sin ;/| 2.2)
Il 1+ cot? & sin”
The equation for A of one-plane bias bevel needle tip is:
2 _ |cot& siny| (0< y<2m) 23)
, )) = Sy LT .
(& 7) = aresin J1+cot2¢ sin2y 4 (

2.1.2  Symmetrical multi-plane needle tip

A symmetrical multi-plane needle tip is formed by evenly spaced planes being
positioned at identical bevel angles (&). Two-plane and three-plane needle tips are shown
in Figure 2.2. The xyz axis is defined using the same rule as in the bias bevel needle.

Commercially, the three-plane symmetric needle is called a Franseen needle.

10



(A) (B)
Figure 2.2: Multi-plane symmetrical needles: (A) two-plane and (B) three-plane

(Franseen)

The geometry of a symmetric multi-plane needle is based on the same principles

of using the parametric equations for an ellipse, Equation 2.1. The inclination angle for a
symmetrical multi-plane needle is based on Equation 2.3 with a phase shift of - (i - 1) 2?"

applied to y where the P (> 2) is an integer representing the number of planes and i (= 1,
2, ..., P) defines which segment of the plane is being examined. This leads to the general

inclination angle equation for the symmetrical multi-plane needle being:

cot‘fsin(y—(i—l)zgj
ME P, 7) = arcsin TRi-3)<y<E@i-1 (2.4)
) 2 P P
\/1 +cot’ fsmz(}/ —(i- I)P)

2.1.3  Non-symmetrical two-plane needle tip

A non-symmetric needle formed by two-planes, as shown in Figure 2.3, can be
fully defined given the offset height between two-planes (%), offset angle between planes

(), the bevel angle of the two-planes relative to the z axis (& and &), and r,. The needle
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cutting edge is formed by two ellipses, marked as Ellipses I and II. These two ellipses
intersect at two sharp tips. The non-symmetry of the planes makes determining the
position of the sharp tip of the needle, i.e., location where the two planes meet, difficult.
These two sharp points, marked as A and B in Figure 2.3, have y equals ya and 3,

respectively.

Z e Needletip
point

Figure 2.3: Non-symmetric two-plane needle

Based on Equation 2.1, the parametric equations for Ellipse I with bevel angle &; are:

xi1(y) =r,cos y
yvi(p) =r,siny (2.5)

zi(») =r, (1 —cos p) cot &

The parametric equations for Ellipse II can be formed by adding a phase shift,

v, and the change in height, /.

x2(y) =r, cos y
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ya) =rosiny (2.6)
(N =r, (1l —cos(y+ w)cot&H +h

The location of where the two-planes meet is then found by setting z;() = z2(»).
ro (I —cos pcotéy=r, (1 —cos(y+ w))cots, +h (2.7)

The Maple software ver. 12 (Waterloo Maple Inc.) is used to solve this equation
in terms of yx and s, the location where two ellipses meet. The solution of y and i3 is
long and presented in the Appendix A.

The inclination angle can be found at any y along the radius of the needle for

Ellipses I and 1II.

|c0t &, sin y|

— (0<y<y)and ()< y<2m)
\/1+cot & sin” y

AU &1, y) = arcsin

|cot g, sin(;/ + t//)
1+cot’ & sin’(y +y)

MU &, v, y) = arcsin (A <7< m) (2.8)

2.2 Mathematical Model for Normal Rake Angle of Plane Needles

The oblique cutting configuration is applied to find the normal rake angle at a
point on a bias bevel needle cutting edge. The normal rake angle, o, is defined as the
angle between two planes P, and A, measured in plane P,, as shown in Figure 2.4. P; is
the plane at cutting point and parallel to the xy plane, A, is the face plane of the needle tip
surface, and P, is a plane with a normal vector s, vector tangent to cutting edge
(Boothroyd 2005). These three planes can be found on a bias bevel needle tip as shown in
Fig. 7. The normal vector to these planes are defined using y, &, and r,. The plane P; has a
normal vector v = {0,0,1}, plane A, has a normal vector ny = {cos ¢, 0, sin &}, and plane

P, has a normal vector s = {- r, sin , r, cos y, r,cot &£ sin y}.
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xy plane

Figure 2.4: Definition of rake angle in the bias bevel needle
Vectors @ and b mark the intersection of planes P, A, and P, P,, respectively, as
illustrated in Fig. 7. Vectors a and b are defined using the cross products of the normal

vectors:

a=sXny={r,cos ysin &, r, cot £sin ycos &+

r,sin ysin &, - r, cos ycos &} (2.9)

b=sxv={r,cos y,r,sin 5 0} (2.10)

The rake angle for a bias bevel needle is the angle between vector a and b:

aeb

Q= arcos ——— = arccos\/ cos” ysin® & +sin’ y (2.11)
Ja]

Equation 2.11 can also be applied to two-plane symmetric needles because the
elliptical cutting edge of a bias bevel needle is identical to that of a two-plane symmetric

needle.
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2.3 Inclination Angle of Curved Surface Needle

The inclination angle for any style of continuously differentiable, first order
derivative of cutting edge is continuous (class C'), curved needle tip can be found once
the needle tip geometry of the cutting edge is defined. An example of this style of needle
is shown in Figure 2.5. The outside radius of the needle is r,, the inside radius is 7;, and ¥

is the radial position of a point on the needle cutting edge.

Cutting direction v

z

3]

(A) (B)

Figure 2.5: Curved surface needle: (A) outside curved profile and (B) xz cross section

Parametric Equations 2.12 and 2.13 respectively describe the inside and outside

needle edge.

Xo=17oCOS ¥
Vo =To8IN ¥ (2.12)

z, = any continuously differentiable equation

Xi=FrCOS }y
yi=risiny (2.13)

z; = any continuously differentiable equation
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For constructing a needle using traditional grinding techniques, a surface would
be cut into a needle that mathematically could be described as a two dimensional line
being extruded in a linear direction. This constant slope along the needle edge causes the
inside and outside cutting edges to be identical except for the radius that describe its
position, z,'(»)/zi'(») = ro/ri. All of the curved surface needles discussed will be of this type.

The normal vector of the xy plane is v = {0, 0, 1}. The tangent vector s, shown at
point A on Figure 2.5(A), can be expressed as: s = {7, siny, r, c0sy, z,'()}. The angle
between the P, plane (plane with normal vector v) and s is the inclination angle, A.

|s-v|

sin A= TSI (2.14)

This leads to the equations for the inclination angle of any differentially curved needle:

[zo! (D

A = arcsin ——=—
To%+2Zo! ()

(when yis on outside cutting edge) (2.15)

|zir (D

VriZ+zir (1)?

A = arcsin (when yis on inside cutting edge) (2.16)

Needles formed by 2-d lines being extruded in a linear direction contain the same
slope along the inside cutting edge as the outside cutting edge, meaning the radius
dependence will drop out of the inclination angle equations and Equation 2.15 will equal
Equation 2.16 around the entire needle (0 < y < 360°). If the needle tip is formed in
another way then special attention must be taken to determine where there is an inside
cutting edge and an outside cutting edge. On one plane bias bevel needles for instance,
for —90° < ¥< 90°, the inside needle edge acts as the cutting edge and, for 90° < < 270°,

the outside needle edge acts as the cutting edge.

2.4 Rake Angle of Curved Needle

As illustrated in Figure 2.6, the rake angle of a needle can be defined using the

planes of P,, A,, and P, as with plane needles. Unlike inclination angle, the rake angle is
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determined by two parameters, the cutting edge that defines the s direction and the

location of the needle face defined by n,, normal vector to A,.

Figure 2.6: Rake angle of a curved surface needle

If the needle surface is formed by a 2-d line drawn in the xz plane being extruded
in the y direction (a configuration that could be easily ground into a needle), vector s = {—
o SIny , ¥y c0sy, Z,'(y)} around the entire needle and n, is found based on the needle
profile in the xz plane, as shown in Figure 2.6. The derivative vector of the curve in the xz
plane is d = {1, 0, z,'(»)/(—r, siny )}, that must be perpendicular to the n, vector, d ® n, =
0. Solving this finds n,= { z,'()/(r, siny), 0, 1}.

Vectors a and b represent the intersection of planes P, A, and P, P,, respectively,

and can be found as:

! 2 .
a=sXny= {r, cosy, Zr° S(l?w + 7o siny, —z,'(p) coty} (2.17)
b=sXxv={r,cosy,r,siny, 0} (2.18)
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The rake angle is the angle between vectors a and b:

ab 102 +2o" (1)?
= arcos 2.19
[lallllbll zo' (D* ( )
702 sinZy

o = arcos

roJr02+zo’(y)2(2+cot2;a+

2.5 Cutting Length and Inside Needle Tip Area

The cutting length of the needle (L) and the inside needle tip area (4) have yet to
be explored in hollow needle research. The cutting length is defined as the length of the
needle tip in the z direction, as shown in Figure 2.7. This is an important parameter
because the tissue must travel over this length before it can be cut and captured inside the
biopsy needle. Ideally the cutting length should be as small as possible to minimize the

needle insertion depth needed to capture the tissue.

mm A of needle tip
Needle body

Figure 2.7: Insertion length (L) and inside area (4) of needle tip

The increase in inside needle tip area upon insertion is an important parameter
because it determines the amount of friction the biopsy segment will encounter as it first
begins to slide into the needle, as shown in Figure 2.7. If this initial friction force is too
great, the biopsy segment may not flow into the needle, causing the biopsy to not capture

any tissue.

18



A MatLab program was created to solve the values of 4 along insertion and L on
symmetric multi-plane needle tips. The necessary inputs were the number of planes, the

bevel angle, and the inside needle radius.

2.6 Results and Discussion of Inclination Angle for Plane Needles
2.6.1 Bias bevel needle tip

Figure 2.8 shows the inclination angle for three bias bevel needle tips with & =
15°, 30° and 45° found using Equation 2.3. At = 0° and 180°, A is equal to 0°, regardless
of & The tip of the bias bevel needle (¥ = 180°), where the needle first contacts tissue
during insertion, has A = 0°, which is the worst cutting configuration for needle insertion.
This problem can be solved using the multi-plane needle.

Smaller & creates larger inclination angles where the maximum A = 90°-¢ for a
bias bevel needle. A larger & reduces A thereby creating higher cutting forces. For other
types of plane needles the bevel angle dictates the maximum possible inclination angle

where 4<90°-&

80 - E=15°

A (deg)

0 T T T T T T T
0 60 120 180 240 300 360

7 (deg)

Figure 2.8: Inclination angle of the bias bevel needles

2.6.2  Symmetrical multi-plane needle tip
A multi-plane symmetric needle’s inclination angle can be solved using Equation
2.4. The perspective view and A of a symmetric multi-plane needle tip of P = 2, 3, and 4,

£=30° and r, = 1 mm are shown in Figure 2.9. The number of needle tip points (sharp
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points that occur where ellipses meet and equally space around the radius) on the needle
tip is equal to P.

Similar to the bias bevel needle, as shown in Figure 2.8, the minimum A is also
equal to 0° for all symmetric multi-plane needles. Unlike the bias bevel needle, the
location of A =0° is the last point and not the first point on the needle tip cutting edge
contacting the tissue. The number of points where A = 0° is equal to the number of planes
used to construct the needle, because 4 = 0° is located at the bottom of the ellipse formed

by each plane.

- ¢ Needle Tip

Point

z{mm)
z(mm)

z(mm)

A(deg)

0 20 180 270 360

Figure 2.9: Cutting edge profile and A for multi-plane needles with P =2, 3, and 4, £=

30° and 7, = 1 mm

At a tip of the multi-plane needle where the needle first contacts tissue during
insertion (= 90° for P =2, y= 66.7° for P = 3, and y= 45° for P=4), the A is maximum,
which is the best cutting configuration for needle insertion. This is opposite to the bias

bevel needle with 4 = (0° at the needle tip point. The A = 60°, 56.3°, and 50.8° for P =2, 3,
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and 4, respectively, for & = 30°. For a given &, increase the P beyond two reduces the
maximum A, thereby, making the needle less effective at cutting.

The effect of & on A of multi-plane needles with P = 3 and 4 is shown in Figure
2.10. The same trend as seen in the bias bevel needle (Figure 2.8) is observed, that the

increase in & reduces the A.

A (deg)

0 90 180 270 360

A (deg)

O T T T
0 90 180 270 360
7 (deg)

T 1

Figure 2.10: Inclination angle of a symmetrical multi-plane needle (P = 3 and 4) with =

15°, 30° and 45°

2.6.3  Non-symmetrical two-plane needle tip

The effects of w and 4 on A of non-symmetric two-plane needles are discussed in

the following two sections.

2.6.3.1 Effect of v

Figure 2.11 shows the shape of the needle cutting edge and A for & = 30°, & = 30°,
r,=1mm, h = 0 mm, and = 45° 90° and 180°. Increasing i shifts the location of the

maximum and minimum A which occur on Ellipse II. Ellipse I remains fixed in place,

21



therefore, the A from 0°< y < 90° remains the same as y varies from 45° to 180°.
Changing y can lower the high A that occurs on Ellipse II, thereby, making it more

difficult to cut the soft tissue.

w=45° w=90° w=180°
¢ Needle Tip
4 4 Point
z T, =
1 14 1
0+ 0 J Oy (mm}
-1 I 0 1 -1
x (mm)
—p=45°  —g-p=90°  —e— p=180°

70 7 Partof Ellipse I
J——t——,
60 e
50
40
30
20
10

FEE B

Aldeg)

0 50 180 270 360
7(deg)

Figure 2.11: Cutting edge profile and A when & = 30°, & =30° r, =1 mm, and 4 = 0 for
w=45°90° and 180°

2.6.3.2 Effect of h

Figure 2.12 shows the shape of the needle cutting edge and inclination angle for
£=30°% &=30°% r,=1 mm, w= 135° and 2 = 0, 1 and 2 mm. Increasing / causes
Ellipses I and II to meet at y values closer to . Again Ellipse I remains fixed in place,
therefore the A remains the same for 0° < y < 90°. Varying / can lower the maximum A

reached by Ellipse II.

A unique effect of varying 4 is observed on A, which becomes discontinuous as in
the case of # = 1.5 and 2 mm. This occurs because the A on one side of the needle tip is

different than the A on the opposite side of the needle tip. The cutting characteristics
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change greatly at this transition point. This interesting characteristic may greatly affect

the cutting performance of the needle as a whole.

* Needle Tip
Point

£ {mm)
Z(mim
zimm)

Aldeg)

0 90 180 270 360
7 (deg)

Figure 2.12: Cutting edge profile and A when & = 30° & =30° r, =1 mm, = 135° and
h=0,1.5, and 2 mm

2.6.4  Plane needle comparison of the inclination angle

A bias bevel needle contains a full elliptical cutting edge profile that forms the
base needle tip shape for all types of plane needles given they contain the same & value.
Adding more planes and varying the orientation of the planes only changes how the basic
elliptical cutting edge profile is sectioned together and does not change the range of A
that are possible for a given £ value.

The maximum A achieved by a plane needle is dictated by the plane with the
smallest &, where 4 < 90°-¢& for all plane needles. This occurs because the value 90°-¢&
marks the steepest point on the bias bevel ellipse, and therefore the point of maximum

inclination. As illustrated in Fig. 9, this high A is not reached in the case of symmetric
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multi-plane needles where P > 2. Varying the plane orientation, such as 4 and y, can also
determine if the maximum A is equal to 90°-¢&.

The minimum A for all plane needles is 0° and the number of times that this
occurs around the needle circumference is equal to P given that P > 1. In the case of the
one-plane bias bevel needle (P = 1), there are two points where 4 = 0°, at the top (y =
180°) and bottom (y = 0°) of the elliptical cutting profile. Multi-plane needles (P > 1) do
not contain top portions of the elliptical cutting edge profile, and instead contain one
lower portion of the elliptical cutting edge profile for each plane that is used to form the
needle tip. Thereby, creating the situation on mutli-plane needles where the number of

points with 4 = 0° equals the number of planes.

2.7 Results of Rake Angle and Discussion for Plane Needles

Figure 2.13 shows the results of the « for a bias bevel needle with &= 15°, 30°,
and 45°. The range of « is between 0 and 90°-¢&. For other types of plane needles, this
statement remains true because all plane needles are based on the same basic ellipse
geometry.

The maximum « values occur at y = 0° and 180° top and bottom of the ellipse,
with a value equal to 90°-&. The higher rake angle represents a sharper cutting edge and
makes it easier for tissue to pass over the needle cutting surface. All plane needles
contain at least one relative minimum point of the ellipse; therefore, the maximum « is
90°-¢ for all plane-needles.

The minimum « occurs at ¥ = 90° and 270°, midpoints of the ellipse where the
cutting edge changes from the inside to the outside of the needle, with a value of 0°. The
a does not become negative because the cutting edge changes sides at the point a = 0°.
Varying P, h, and y can potentially raise the minimum ¢ if the midpoint of the ellipse is

not revealed thereby making the cutting edge always on the inside of the needle.
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Figure 2.13: Rake angle of bias bevel needle for &= 15°, 30°, and 45°

2.8 Curved Needle Inclination Angle Results

The inclination angle of convex and concave curved surface needles are examined
and compared to the traditional flat plane bias bevel needle. The inclination angles for a
bias bevel, concave, and convex needle are found using Equations 2.15 and 2.16 along

with the z, values in Table 2.1.

Table 2.1: Bias Bevel, Concave, and Convex Values of z,

Description zo(p) Variables
Bias bevel (one-plane) 7, (1 - cos y) cot & & =bevel angle of the plane
Concave curved bevel K(ry cos y - 1,)?

K = positive scale factor

Convex curved bevel K (r, cos () +1,)% + 4K, *

The needle tip profiles created using the z, values in Table 2.1 are shown in Fig.
7. Concave and convex needles are formed by curved surfaces cutting through the needle
tip profile with a given scaling factor K. When K = 1 the insertion length is 4 while when

K = 0.5 the insertion length is 2. Therefore, a lower K value scales down the needle tip

insertion length.
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Figure 2.14: Concave and Convex needles at 7, =1 mm, K= 1, and K= 0.5

The inclination angles of concave and convex needles for K = 1 and 0.5 on a flat
plane bias bevel needle are given in Figure 2.15. It is observed that varying K scales the
maximum z value down by that amount. This leads to higher inclination angles for higher
K values. The inclination angle graphs for concave and convex needles are identical with

a phase shift of 180° applied to the data.
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Figure 2.15: Inclination angle for concave, convex, and bias bevel needles are given r, =

Il mm, K=0.5,K=1,and £=15°

The convex needles contain an extremely low inclination angle around » = 180°,
whereas the concave needle’s inclination angle quickly increases around y = 180°. The
bevel needle’s inclination angle profile is identical at the top and bottom of the cutting
edge, whereas curved surface needles allow for differing inclination angle profiles.
Therefore, the curved surface needles allow for greater flexibility in designing the

inclination angle around a needle tip.

2.9 Results and Discussion of Rake Angle for Plane Needles

The rake angles of concave and convex needles are found using Equation 2.19,
and results are shown in Figure 2.16. Concave and convex style needles have the same
rake angle profile given a phase shift of 180°. It is shown in Figure 2.16 that higher K
values create higher rake angles.

Compared to a regular bias bevel needle the curved surface needles have a

drastically different rake angle profile, as shown in Figure 2.16. The curved surface
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needles contain three relative maximums in rake angle which positions and magnitudes
differ depending on the K value and the type of needle, concave or convex. The convex
needle contains a rake angle a = 0° at the top of the cutting edge (¥ = 180°) while the
concave needle contains a maximum rake angle at y = 180°. The bias bevel needle
contains identical rake angle values at the top and the bottom of the cutting edge. This

symmetry creates a lack of flexibility in designing the needle tip rake angle.

80 - Concave
K=1

70

Bevel £=3(0°
'Y

Convex

a(deg)
a(deg)

0 90 180 270 360 0 90 180 270 360
y(deg) 7(deg)

Figure 2.16: Rake angle for concave, convex, and bias bevel needles are given K = 0.5, K

= 1,and &= 30°

2.10 Insertion Length and Needle Tip Area

Figure 2.17 shows 4 upon needle tip insertion for 18 gauge ultra thin wall (r; =
0.559 mm) multi-plane symmetric needles with a bevel angle of £=30°and P =1, 2, 3
and 4. L is shown in Figure 2.17 as the insertion depth at the point of complete needle tip
insertion.

There is a drastic change in L and 4 of the needle tip depending on the number of
planes used to form the symmetric needles. Higher P values lead to lower final 4 and L
values. Biopsy performance experimentation is necessary to determine the effect 4 and L

have on the efficiency of the needle tip cutting operation.
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Figure 2.17: Needle insertion depth and inside area of 18 gauge (1.27 mm diameter)

multi-plane symmetric needles, £=30°and P =1, 2, 3 and 4

2.11 Conclusions

The inclination angle, rake angle, cutting length of the needle (L) and the inside
needle tip area (4) were examined for both flat and curved plane needles.

The three plane needle styles examined were the bias bevel, symmetric multi-
plane, and non-symmetric two-plane needles. The rake angle was solved for the bias
bevel needle. The maximum inclination angle achievable is dictated by & (4 < 90°-¢)
and other variables such as 4, y, and the number of planes could only decrease this
maximum. For symmetric multi-plane needles, increasing the number of planes lowered
the inclination angle. For multi-plane needles, the number of points where 4 = 0° was
equal to the number of planes used to construct the needle. Varying /# and  shifted the
needle geometry, thereby changing where the ellipses met. The rake angle for plane
needles was limited by & (0° < o < 90°-&). Biopsy performance experiments show that
the needle tip geometry defined by inclination and rake angles directly affects biopsy
performance. Longer biopsy samples are obtained for two-plane needles with higher rake

and inclination angles (lower bevel angles).
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Curved surface needle tips had the ability to create more variation in inclination
and rake angle than traditional plane needles. Unlike the bias bevel needle the inclination
and rake angles were not identical at both the top and bottom of the needle tip. This
flexibility in choosing a rake and inclination angle allows for greater freedom in creating
optimized needle tip geometry. The values of 4 and L of symmetric plane needle tips
were shown to drastically vary depending on the number of planes used to create the
needle tips.

In Chapter 4 the solutions to rake and inclination angles are utilized to develop a
force model that predicts needle insertion force given a needles rake and inclination

angle.

30



Chapter 3 Tissue Oblique Cutting Flow Angle
and Needle Insertion Contact Length

This chapter is based on Moore et al. (2010b). The tissue oblique cutting flow
angle for needle tips is experimentally determined leading to the development of three

needle insertion cutting length models.

3.1 Introduction

The chip flow angle in oblique cutting has been extensively studied for metallic
work-materials (Stabler 1951, Russell 1966, Luk 1972, Wen 2003, Fang 2005). The well-
known and most commonly used Stabler’s rule (Stabler 1951) states that, as illustrated
in Figure 3.1, the chip flow angle, 7, is equal to the inclination angle, A, of the straight
cutting edge in oblique cutting of metal while the rake angle, &, does not affect 7. Studies
have shown that slight deviations from Stabler’s rule do occur; however, they are
typically smaller than the scatter in measurements (Boothroyd 2006). The chip flow angle
is an important parameter in machining because it determines the tool-chip contact

length, /, and forces in machining.

Chip Flow
Direction X
)L ,’4

Figure 3.1: The chip flow angle (7), inclination angle (1), and rake angle (), of oblique
cutting with straight cutting edge
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For the soft, easy-deformable tissue material, Stabler’s rule may not be applied
directly to determine the chip flow angle. This Chapter investigates the chip flow angle in
oblique cutting of tissue. A direct application of this knowledge is on the needle biopsy
cutting of tissue. The chip flow angle determines the trajectory of tissue on the needle tip
surface.

This Chapter first goes through experiments to observe tissue contact trajectory
on two straight edge oblique cutting blades and an 11 gauge needle. Based on the
observations, three mathematical models for determining contact length for needle

insertion are proposed and analyzed.

3.2 Experimental Setup

The tools, machine, and work-materials are discussed in the following section.

3.2.1 Tools

Experiments are performed on two blades with straight cutting edges and one 11
gauge thin wall (TW) biopsy needle with 20° bevel angle, as shown in Figure 3.2. All
three tools are made of the 316 stainless steel with no heat treatment. The thickness of the
blade is 0.51 mm. Wall thickness of the needle is 0.25 mm.

The two blades, denoted as Blades 1 and 2, have defined rake and inclination
angles and represent segments on the 20° bevel angle, & needle cutting edge. Blade 1 has
a 7° inclination angle and 70° rake angle. It represents the cutting edge parameter of the
Section 1, marked on the needle in Figure 3.2. Blade 2 has a 66° inclination angle and
27° rake angle and represents the Section 2 on the needle in Figure 3.2. Both Blades 1

and 2 represent an elementary cutting tool (ECT) of the needle cutting edge.

32



Bevel
Needle

3.05 mm

+—>

Figure 3.2: Tools used in contract length experiments: blade 1, blade 2, and bevel needle

To visually observe the trajectory of the tissue across the blades and needle and
determine the chip flow angle, a spot using ink as the dye is first placed on the cutting
edge of the blades and needle. During the insertion into the phantom gel and bovine liver

work-materials, the spread of the dye is recorded to study the chip flow angle.

3.2.2 Needle and blade insertion machine

The experimental setup to insert a needle into the bovine liver is shown in Figure
3.3(A). In the setup, the bovine liver was constrained inside a cavity and a pneumatic
cylinder exerted a constant force from the top. Work-holding is important to achieve
consistent experiment results on soft work-materials, as demonstrated in the study of
elastomer machining (Shih 2003). In this study, a static pressure of 15.5 kPa is applied to
the top of bovine liver.

As shown in Figure 3.3(B), the phantom material is cured between two sheets of
transparent acrylic plates. This allows the visual observation of the motion of the dye spot
during needle and blade insertion. The bovine liver is not transparent and the needle and
blade need to be retracted to see the trajectory of ink dye.

A linear stage (Siskiyou instruments 200cri) is utilized to insert the needle and
blade. In this study, an insertion speed of 1.5 mm/s is used. For phantom experiments, the
needle and blade travel in increments of 5 mm allowing for the dye to travel and images
to be taken during insertion. For bovine liver experiments the blade and needle travel 10
mm into the tissue and then retract allowing for images to be taken before and after

insertion.

33



. 8

Phantom
Gel

Needle

® Needle Tip

(A) (B)
Figure 3.3: (A) Overview of the setup with the bovine liver box, linear stage, and needle

and (B) Phantom gel fixture with needle and a blade

3.2.3 Work material

The phantom gel is made from a 1:1 ratio of liquid plastic to plastic softener
obtained from M—-F Manufacturing (Ft. Worth, TX). This material is made from
polyvinyl chloride (PVC) modified with plastisol to increase its softness. This material
was used by Sarvazyan et al. (1998) to resemble soft tissue and provides good visibility
to see the ink die through the material.

The bovine liver was fresh and precut to fit into the tissue holder box. Previous
testing showed bovine liver has a Young’s modulus of 3.5 kPa while the phantom gel is

stiffer with a Young’s modulus of 12.4 kPa (Moore 2009a).

3.3 Experimental Results

A total of eight experiments were performed, four on phantom gel and four on
bovine liver. As shown in Figure 3.4 -Figure 3.6, the ink dye is placed on the tip of the

blade and on two locations of the bevel needle edge. These figures show the experimental
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observations for two blades inserted into phantom, the needle and blades being inserted
into bovine liver, and needle being inserted into phantom, respectively.

The blade results, for both phantom (Figure 3.4) and bovine liver (Figure 3.5),
show that the high inclination of blade 2, which represents the steep mid section of the
needle, causes the ink to travel along the length of the cutting face of the blade. While for
blade 1, which represents the front tip of the needle, the ink travels over the blade
because of the high rake angle. This is about the same as predicted by Stabler’s rule with
low inclination angle. However, for Blade 2, the expected direction based on Stabler’s
rule is illustrated in Figure 3.4. The difference in directions show Stabler’s rule is not
applicable for soft tissue and phantom materials. The soft, compressible work-material

flows along the sharp edge, as shown in Figure 3.4(B) and Figure 3.5(B).

Blade 1 Blade 2

/ N

F
L4
| .

| ¢ i 4 J
(AR i i” @ on

¥ Ink direction® s "~ / \

p — o Direction based

on Stabler's rule

Ink dot

\

Figure 3.4: Blade insertion to phantom at depth of (A) 0 mm, (B) 5 mm, and (C) 10 mm
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Before Insertion After Insertion

Ink direction

Figure 3.5: Needle and blade results for bovine liver experiments on (A) blade 1, (B)
blade 2, (C) needle with ink at ¥ = £135°, and (D) needle with ink at y = +45°

The needle results, in both the bovine liver (Figure 3.5) and phantom (Figure 3.6),
reveal that when the ink dot is on the front half of needle with the peripheral angle y
equal to £135°, the tissue flow direction is straight across the face of the needle into the
inside of the needle. When the ink dot is on the back half of the needle with the
peripheral angle y equal to £45°, the direction is straight across the needle face and the
ink ends up on the outside of the needle. This differs from Stabler’s rule where chip flow
direction is dependent only on inclination angle. Rather, the overall needle geometry,
which includes both inclination and rake angle, dictate the tissue flow direction to be

along the needle face and in the plane of the needle direction.
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Figure 3.6: Needle phantom results when inserted to a depth of (A) 0 mm, (B) 5 mm, and
(C) 10 mm

3.4 Contact Length in Needle Insertion

Based on the experimental results, a contact length model to explain tissue flow
direction, /., is developed along with two other models, /; and /., which are illustrated
in Figure 3.7. Figure 3.8 shows that for model /.. the vector of tissue flow, v,, is at an
angle 180°—¢ away from the cutting direction (needle axis) vector v,. This is supported by
experimental observations in the preceding section. In Figure 3.7, the /, model applies to
extremely stiff tissue conditions where 77 = 0°. The /. model is based on the assumption
that if high vacuum suction force is applied inside the needle it will drive the tissue
toward the center of the hollow needle. At ¥ = 0° and y = 180°, all three models have the
same contact length, i.e., lx,= [, = L.

As shown in Figure 3.7, three models determine the tissue-needle contact length
starting from the first contact point C on the cutting edge for the one-plane bias bevel
needle. Point N is the opposite side along the contact length on the non-cutting edge.

Given C = {C, Cy, C,} and N = {N,, Ny, N,}, the contact length can be found as:

|=yC -N, P +ley -Ny P +(C, - N, ) (3.1)
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(A) (B) ©)
Figure 3.7: Bias bevel needle contact length models: (A) along the xz plane, (B) measured

along vector g, and (C) along ellipse radial line

Figure 3.8: Model /. tissue flow direction based experimental observations

3.4.1 I Contact length tissue flow model

The first step in solving for /. on a bias bevel needle is to identify Equations 3.2
and 3.3 that define both the outside and inside cutting edge, (x,, Vo, z,) and (x;, vi, z;),
respectively, given 7, is the outside needle raduis, r; is the inside needle raduis, y marks
the radial position of points along the cutting edge, and & is the bevel angle of the needle,

as illustrated in Figure 3.9.
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g inxy plane

Figure 3.9: Needle diagram

Xo="7,CO8 ¥
Vo=T,8IN ¥

Zo =74 (1 —cosy) cot & (3.2)

Xi=r;CoOS y
yi=risiny

zi =r; (1 —cosy) cot £+ (1, — 1) cot & (3.3)

To solve for I,, three different regions of the needle tip surface are examined
shown in Figure 3.10 as R1, R2, and R3. R1 marks the region where there is an inside
cutting edge, —m/2 < y< /2, R2 marks the region on the outside cutting edge where I, is
bounded by the cutting edge and the outside needle raduis, §< y<%+cos‘1rr—‘, and R3

marks the region on the outside cutting edge where /s, is bouned by the outside cutting

. . r r
edge and the inside needle raduis, % +cos' L <y< 37” —cos' -,

Mo lo
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Figure 3.10: Cutting face is divided into three regions to find cutting length (/,) from

point ¢ to point n

The next step is to determine p», which marks the location of the point on the non-

cutting edge, point N. For R1 the y-components of the parametric equations that form the

outside and inside cutting edge, Equations 3.2 and 3.3, are set equal to each other

yielding y:

r, siny =r, siny,

(L
7, =sin 1(—'smyj
rO

Similarly in region R3, 7 is found as:

r, Siny =r, siny,

(.
7, = —sin 1[—°smyJ

In region R2, 7 is on the opposite side of the y axis yielding:

n=n-—y

(3.4)

(3.5)

(3.6)



In region R1, C = {xi(p), yi(»), zi(»)} and N = {xo()2), yo(%2), Zo(2)}. In region R2
and R3, point C is found as C = {xo(), Vo(}), zo(»)}. In region R2, N = {x,(%2), yo(72),
Zo(»2)}; while in region R3, N = {xi(»), yi(»2), zi()2)}. With these positions Equation 3.1

can be used to find the contact lengths for model /..

R3
R2 R2

4.5 -
3.5 A
2.5 1

15 =30

Contact Length, [ ,, (mm)

0.5 -

E=40°

0 90 180 270 360
Postion on Needle Cutting Edge, , (deg)

Figure 3.11: Contact length model /.. for an 11 gauge thin wall needle

Figure 3.11 illustrates model /, for an 11 gauge thin wall needle (; = 1.27 mm
and r, = 1.524 mm) with bevel angles of 20°, 30°, and 40°. Smaller bevel angles create
significantly longer contact lengths. The contact length is discontinuous between each of

the regions as illustrated by the sudden change in contact length values.

3.4.2 [, Contact length tissue flow model

In the case of model /, vector g as marked in Figure 3.9 is perpendicular to the
cutting edge of the needle. The slope of g in the xy plane for both the inside and outside

cutting edges can be found as:

G_cotfsinycos§+sin;/sin§ _ tany

3.7
cosysin & sin® & 3.7)
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The y-intercept of vector g projected into the xy plane differs depending if the
cutting edge is on the outside (B,) or on the inside (B;):

B,=v,— Gx,=r,(sin y— G cos %)
Bi=yi—Gx;=r;i(sin y— G cos y) (3.8)

The point where this line (vector g projected onto the xy plane) intersects the non-
cutting needle edge is marked by 7 as point N. On the outside cutting edge, the x location
of N is found by:

, d 3.9
’ 1+ G? (3-9)
On the inside cutting edge, the x location of N is found similarly by:
ro = \/x02 + (Gxo + Bi )2
-GB, + \/”02 - Bi2 + Gzro2
X, = (3.10)

1+G?

If the cutting edge is in transition from the inside to the outside, y =n/2 or 37n/2,
then = y.

In order for this method to work, two constraints, 0 < r,-2 —Bonerr,-2 and 0 < r02—
Bi2+G2r02, have to be met. This statement holds true when the needle has a relatively
small wall thickness. From the solution to the quadratic equations, Equations 3.9 and
3.10, two solutions are found. The solution that produces the smaller /; value is the

correct one to use in measuring the contact length.
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To finish solving for j, the parametric equation for the x location is used given

point C is on the outside cutting edge:

V)= cos_l[%] O0<y<nrxm
’, :27z—cos—1(ﬁj 7<y<2xm (3.11)
]"l.

If point C is on the inside cutting edge:

7, :cosl(ﬁj 0<y<nm
ro
7, :27r—cos_1(x”] r<y<2rm (3.12)
ro

The coordinates of points N and C are found with 5 and y, respectively. Given an
outside cutting edge: N = {xi(»), ¥i(»2), zi(»)} and C = {xo(3), Vo(3), zo(»)}. Given an
inside cutting edge: N = {xo(52), Vo(12), zo(12)} and C = {xi(»), yi(»), zi(»)}. With these

positions Equation 3.1 can be used to find the contact lengths for model /..

0.8 -
—_ £=20°
£ o7
~ 06
£
2 05 -
3
5 04 £=40
[
S 03 -
&) L L
0.2 : : : :
0 90 180 270 360

Postion on Needle Cutting Edge, y, (deg)

Figure 3.12: Contact length model /; for an 11 gauge thin wall needle
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Figure 3.12 illustrates model /; for an 11 gauge thin wall needle for varying bevel
angles. This model produces significantly lower contact length results than model /..
When yis around 180° and & = 20° there is three local maximum contact lengths. This
unusual variation in contact length is caused because the tissue flow directions intersect
each other when & = 20° as shown in Figure 3.13. Because tissue is a solid these
intersecting flow directions would not be possible meaning the model is not as accurate

for smaller bevel angle needles such as &= 20°.

Intersecting Tissue
Flow Directions

Figure 3.13: Tissue flow directions intersect in model /; when &= 20° for an 11 gauge

thin wall needle

3.4.3 1. Contact length tissue flow model

Model /. is less complicated than the other two models because y = j,, meaning
the radial position of point C and point N are the same. Therefore, given an outside
cutting edge N = {xi(»), yi()), zi(»)} and C = {xo(), yo(»), zo(»)}. Given an inside cutting
edge: N = {xo(1), Vo(»), zo(»)} and C = {xi(»), yi(»), zi(»)}. With these positions Equation
3.1 can be used to find the contact lengths for model /..

Figure 3.14 illustrates model /. for an 11 gauge thin wall needle. Similar to model
l; a lower bevel angle leads to longer contact lengths. However, the models differ in that
tissue flow directions will never intersect as in model /, This model does not produce as

high of maximum contact lengths as model /..
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Figure 3.14: Contact length model /. for an 11 gauge thin wall needle

3.5 Conclusions

Experimental results showed that the oblique cutting tissue flow direction was
different from Stabler’s rule and dependent on not only the inclination angle but also the
rake angle and, for the case of needle, the bevel angle & For the needle it was observed
that the tissue flow followed the direction of the xz plane across the needle tip surface. A
contact length model based on this observation along with two other models were
proposed and analyzed.

Solving the contact length for needle geometry is a crucial step to understanding

the tissue cutting process. Future studies will utilize this information to optimize needle

geometry.
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Chapter 4 Hollow Needle Insertion Force Model

This chapter is based on Moore et al. (2010c). A mechanistic approach using
elementary cutting tool (ECT) edges of varying inclination and normal rake angles is
demonstrated to be capable to predict hollow needle insertion force. A needle force
model is developed and validated for the specific case of 11 gauge two-plane symmetric
needles. Blades of varying inclination and rake angles are inserted into bovine liver to
determine the specific force of initial tissue cutting for the given edge geometry; this
information is applied to the ECT force model which is validated against experimental

force results of hollow needles inserted into bovine liver.

4.1 Introduction

Mechanistic approaches for the prediction of cutting forces have been well
established in machining (Ehmann 1997). One of the methods used to develop cutting
force models relies on the concept of elementary cutting tool (ECT) edges (Li 2007). In
this method, the force that acts on an ECT is determined. The total force that acts on the
tool, in turn, is the sum of all ECT forces. The necessary requirements for implementing
this approach are the availability of exact tool geometry models and experimentally
determined specific cutting force values. To apply the mechanistic approach to needle
tissue cutting, analytic expressions for A and o were developed in Chapter 2 for a wide
variety of needles. Using these developments as a basis, the goal of this work is to show
that the mechanistic approach based on the ECT concept can be applied to study cutting
forces during needle insertion into tissue. To this end, a general needle force model is
proposed and then validated for the specific case of 11 gauge two-plane needles. Force
insertion experiments with 16 blades of varying geometry into bovine liver are used to

establish the relationship between the specific cutting force and the cutting edge angles 4

and .
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Section 4.2 discusses rake and inclination angle on a two-plane symmetric needle.
Section 4.3 presents the proposed mechanistic insertion force model. Section 4.4 explains

the experimental setup followed by model validation results in Section 4.5.

4.2  Hollow Needle Cutting Edge Rake and Inclination Angles

Force model validation experiments are preformed on five two-plane symmetric
needles of £ = 10°, 15°, 20°, 25°, 30°. Chapter 2 previously solved for the inclination and

rake angles of a two-plane symmetric needle as shown in Figure 4.1 and Figure 4.2.

0 90 180 270 360 0 90 180 270 360
7 (deg) 7 (deg)

Figure 4.2: Two-plane symmetric needle rake and inclination angles
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4.3  Mechanistic Approach for Cutting Force Prediction

In the context of this chapter the focus will be the determination of the initial
cutting force (Fy) upon needle insertion into the tissue. This is the force that is required to
initially fracture the tissue bonds and begin penetration. Fy, considering the geometric
entities of the needle (Figure 4.3(a)), can be considered as the sum of two components:
the cutting edge force (F¢) along the needle’s inside cutting edge and the force (F7)

acting at its leading edges, i.e.:
Fy=FctFyL 4.1)

Leading edge of
needle tip

12 - Phasel Phase 2
Tissue depth Area of needle exposed to E /—A \.H‘ \
upon cutting cutting tissue < 1 - /
@ Tissue Cutting
E 1 Top View S 0.8 -
xample o Force F',\.'
Inside needle ECT ['; 0.6
cutting edge s:lgmem s
rdy g=]
£ 04
w
= 0.2

Example 0
ECT

segment 0 5 10 15 20
rdy Needle Depth (mm)

(A) (B)
Figure 4.3: (A) Leading and cutting needle edges and (B) two phases in needle force

insertion into tissue

Heverly et al. (2005) have experimentally observed that there exist two distinct
phases in the evolution of the tissue cutting force. In the first phase (Phase 1) the tissue
deflects in the region where the cutting edge pushes on the tissue. This force increases as
the tissue deflects; however, no tissue cutting occurs. The second phase (Phase 2), during
which the tissue cuts, is characterized by a sudden decrease or leveling-off of the force.
These two phases may repeat multiple times. The first transition between the two phases
marks the force F. A typical insertion force profile depicting the phases is shown
in Figure 4.3(B).

In the following sub-sections, based on the ECT concept, analytical expressions

for the two constituent tissue cutting force components will be developed.
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4.3.1 Cutting edge force - F,

To determine F¢ based on the ECT concept, the needle’s cutting edge is divided
into a continuous series of infinitesimal segments having a cutting width equal to rdy, as
shown in Figure 4.3(A). Each dy section of the needle contributes an infinitesimal force
per cut width (specific force) that is a function of the particular segment’s A and «. In
accordance with the ECT method, the specific force, f(4,a), needs to be experimentally
determined. In the current work this will be accomplished through the use of planar
blades with varying A and «. The resultant inside cutting edge force at the moment of

initial tissue cutting is then calculated by integration as:
Fe=s jb “r(a)r dy (4.2)

where a and b denote the range or series of ranges of y where the needle is in contact with
the tissue upon initial tissue facture, » is the radius of the cutting edge, and S is a scaling
factor, to be discussed in detail in the Section 4.3.

The value of the integration limits in Equation 4.2 depends on the region of
contact between the needle tip and tissue. If the needle tip is very sharp and long the
tissue may cut before complete needle insertion takes place, making a and b not simply 0

to 2m radians, but instead, as illustrated by the two-plane symmetric needle in Figure

4.3(A), equal to a = ”Tﬂg and b = ”T_H on one half of the needle, where & denotes the

range of contact between the needle and tissue. Due to symmetry the second half of the
needle will contribute the same amount of force. Hence, for the two-plane symmetric

needle the resultant force (F¢) can be found by multiplying Equation 4.2 by 2.

4.3.2 Leading edge force - F,

The leading edge force of the needle tip (F;) must also be considered when
calculating the total force on the needle as shown in Figure 4.3(A). The A and « of the
leading edge are, A;; and oy, respectively, where i denotes the leading edge being

examined, when a constant leading edge geometry is assumed which is true of almost all
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needles. For example, the leading edge of a two-plane symmetric needle has the
following geometry: A, =0° and oy = %—5 for both of its two leading edges, i = 1 and i

= 2. The leading edge force is calculated as:
Fp= th(ﬂ'LisaLi) (4.3)
i=1

where 7 is the thickness of the needle and n(>0) is the total number of leading edges. For
a variable leading edge geometry integration should be applied across the varying
geometry of the needle thickness. If there are no specific leading edges, such as in the

case of a one-plane needle, then n = 0 and therefore F = 0.

4.3.3 Initial cutting force - F,

By combining the force components given by Equations 4.1, 4.2 and 4.3 a
complete model for the determination of the initial cutting force (Fy) for any hollow
biopsy needle is given by Equation 4.4 and by Equation 4.5 for the specific case of a two-

plane symmetric needle, i.e.:

Fy=S["f(La)rdy+1Y f () (4.4)
i=1
7+0
Fy=8|,22f(hayrdy+21f0, Z=&) (4.5)

2

Fx neglects the friction force between the tissue and the needle face. This value is
not considered because it is small due to the small surface area of the needle’s tip cutting
face. The frictional forces would become much more significant when examining needle

forces on a needle that is already inserted into the tissue.

4.3.4 The scaling factor §

The models given by Equations 4.4 and 4.5 include a scaling factor, S, to take into

account, the differences that arise when applying the flat blade model of f{1,) to the
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needle whose cutting edge is curved. When comparing a flat blade to a curved edge, it is
observed that the blade creates less tissue deflection, Figure 4.4(A), than a needle, Figure
4.4(B), and thereby utilizes less energy and more efficiently applies force to the tissue
than a needle due to its non-curved geometry. The S factor would vary depending on
needle diameter, needle thickness, and the level of vacuum applied inside the needle. In
our study the S factor is found using a least squares fit to experimental data in Equation

4.5.

Lower inside tissue
Equal tissue deflection deflection

| 4 | a4

Tissue edge Tissue edge

Blade Needle
(A) (B)
Figure 4.4: Higher tissue deviation on (A) blade than on (B) needle

4.4  Experimental Setup and Procedure

The experimental setup used to test the blades and needles, Figure 4.5, uses a
Siskiyou Instrument’s 200cri linear stage, a Kistler 9256A1 piezoelectric force
dynamometer, and a tissue holder that, via a pneumatic cylinder, applies a constant
pressure of 15.5 kPa on the tissue block to ensure consistent tissue conditions. Tissue is a
very soft work material; therefore, consistent tissue holding conditions are critical to
produce consistent results as demonstrated by Shih et al. (2004) in a study of elastomer
machining.

The blades and needles tested had an identical thickness (¢) of 0.25 mm and were
made of 316 stainless steel. The contact width of the blades upon insertion was

experimentally measured to determine the specific force.
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(A) ©)
Figure 4.5: (A) Overview of the experimental setup, (B) blade cutting of bovine liver,

and (C) needle insertion into bovine needle

Two sets of experiments, explained below, were performed to validate the
proposed force model defined by Equation 4.5. Both experiments use force data to
determine the point of initial tissue cutting, Fy.

Experiment 1: As shown in Figure 4.6, 16 flat blades were manufactured with A4
and « that cover a broad range of two-plane symmetric needle geometries, i.e., 10° < &<
30° as depicted in Figure 4.7. These blades were inserted 10 times each into bovine liver
and the cutting behavior was experimentally evaluated. These experiments allowed for
the determination of the specific force model {4, ).

Experiment 2: Five 11 gauge two-plane symmetric needles with bevel angles of
10°, 15°, 20°, 25°, and 30° were each inserted into bovine liver tissue ten times, for a
total of 50 trials. The depth of the needle at the point of tissue cutting was recorded to
determine the relationship between 6 and & along with the initial cutting force to validate

the force model, Equation 4.5.
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Figure 4.6: 16 blades of varying rake and inclination angles
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Figure 4.7: Inclination and rake angle of 16 experimental blades

45 Results and Discussion

Based on the two sets of experiments f{1,a), &&), and S were determined and

used to validate the force model.

45.1 Determination of the specific force — f(4, @)
The dots in Figure 4.8 show the average specific force calculated from the blade
results in Experiment 1 for given A and a. The surface shown in Figure 4.8 depicts f(4, @)

[N/mm] that corresponds to a 3™ order multivariable (A and ) best fit polynomial of the

data, see Equation 4.6. The coefficients were estimated using MatLab for given values of
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o and A in radians. The model fits well with an R’ value of 0.97. The estimated f4 o)
function is valid for needles with bevel angles between &= 10° to & = 30° because the

blades tested were within this range.

AAa) =—0.042+ 0.296 1+ 0.298 — 0.255 2> —0.408 1 «
—0.011 o+ 0.083 27 +0.118 2> a+ 0.0801 & — 0.059¢° (4.6)

Figure 4.9 shows the standard deviation for the specific force results compared to
A and «a with the space between the data points linearly interpolated. It is evident that
there is a high variability for low A and for a combination of low « and high A. This
information is of interest because geometries that cause high variability should be

avoided in needle tip designs to maximize needle performance consistency.
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Figure 4.8: Mechanistic model from blade results, f(4, @)
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Figure 4.9: Standard deviation in blade results

4.5.2 Determination of the specific force — &¢&)

In Experiment 2, 6 was found for each of the five needles as shown in Figure
4.10. A least squares linear curve fit relationship between fand & was found to be:

0=92¢F  £<19.6°

6-180° &> 198 @47
200 1 ® Exp. Results
P & ---=--- °
20 1
i 150 ¥
v ’,’
E -
E 100 A & R
8 . " Needle tip is fully
2 50 ] - Needletipis partially] inside tissueat
- " inside tissue at point of cutting
0 point of cutting
0 5 10 15 20 25 30 35
Bevel Angle (deg)

Figure 4.10: @value measured and least squares fit model
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4.5.3 Comparative assessment of predicted and experimental results

The experimentally measured average initial tissue cutting forces for the five
needles are given in Figure 4.11 along with the forces predicted by the needle force
model Equation 4.5 for S = 1.00 and 1.26 by utilizing the values that were derived for &
and f{4, ). S = 1.26 was found using a least squares fit and is valid for 11 gauge thin
walled needles with no vacuum applied. The model has an R* = 0.979; thereby
confirming the validity of the force model for an 11 gauge needle.

In order to use the general force model expressed by Equation 4.4, both S and &
must be experimentally determined. The specific force model, f{4,«) is valid as long as
the needle geometry remains within the range of the inclination and normal rake angles of

the tested ECT edges, shown in Figure 4.7.
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(N = N
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Figure 4.11: Force model compared to needle force results

4.6 Conclusions

A mechanistic approach, using the ECT concept, was used to develop a force

model based on A and a. The approach has demonstrated to accurately predict needle
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insertion forces. The force model was validated based on experimental force results
obtained from five 11 gauge two-plane symmetric biopsy needles thereby proving the
concept of using ECTs to develop a needle tip force model. The force model provides
insights into the distribution of the tissue cutting forces during needle insertion and can
be used to improve needle tip designs for more efficient cutting of tissue and better
biopsy outcomes.

The force model developed is shown to have an R’ value of 0.979 when compared
to the actual needle data. It was also found that cutting edges with higher A cut tissue with
lower cutting forces. Cutting edges with low A (less than 30°) or a combination of high 4
(greater than 70°) and low « (less than 10°) are demonstrated to produce a greater

variation in cutting forces.
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Chapter 5 Novel Needle Cutting Edge Geometry
for End Cut Biopsy

This chapter is based on Moore et al. (2010d). The novel concept of the enhanced
cutting edge (ECE) needle tip design is introduced, which contains high inclination
angles that allow for more efficient tissue cutting. ECE and regular two-plane symmetric
needle tip’s biopsy performance and cutting force are compared over a series of needle
insertion experiments into bovine liver under varying levels of vacuum. From these
experiments the effect of vacuum on biopsy performance and force is also studied. The
novel ECE needle tip design is determined to outperform the regular two-plane

symmetric needle by yielding longer biopsy samples.

5.1 Introduction

A predictive force model was developed for hollow needle insertion in Chapter 4,
and concluded that high A can lower both insertion force as well as force variation. A
lower insertion force represents more efficient cutting of tissue, which is essential to
improve biopsy performance. This knowledge is applied in this study to design a new
needle tip geometry, called enhanced cutting edge (ECE), to increase the A along the
cutting edge. The idea to increase A on the leading cutting edge of the needle by creating
a sharp needle tip point, known as a lancet point (Kucklick 2006), has been around since
the patent by Huber in 1946 for hypodermic needles. The lancet point contains two extra
surface planes that are ground at the one-plane bevel needle tip to increase A on the
leading needle tip point to reduce the needle insertion force. It is unlikely that Huber
(1946) understood the inclination angle effect in oblique cutting of tissue. The knowledge
in tissue cutting mechanics helped design the advanced ECE needle concept which
targets increasing A on the heel of the bevel cutting edge (last section of bevel needle tip

that enters patient).
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Some biopsy devices apply a vacuum pressure inside the hollow needle (negative
internal needle pressure) to improve biopsy sample length, a common practice in many
breast biopsy devices. It has been shown in breast biopsy that a 14 gauge vacuum assisted
end-cut biopsy device can obtain more samples faster than with a regular 14 gauge needle
device (Lehman 2004). However, quantified studies of vacuum level on end-cut biopsy
performance have not been well documented.

In this study, the ECE and regular two-plane needles are evaluated for end-cut
biopsy of tissue under various levels of internal needle pressure. Experiments of needle
insertion into bovine liver are performed using regular and ECE 11 gauge two-plane
symmetric needles. The levels of internal needle pressure tested are atmospheric 0 kPa
and the vacuum gauge pressures of —68.9 and —137.8 kPa. These insertion studies
compare both the initial cutting force and the biopsy sample length to distinguish the
performance of the ECE vs. regular needle tip designs.

In this study the rake and inclination angles of two-plane and ECE needle tips are
compared. Next a needle insertion force model is reviewed. Lastly biopsy experiments

into bovine liver are conducted and the results are discussed.

5.2 Two-Plane and ECE Needle Tip Geometry

As discussed in Chapter 2 a two-plane symmetric needle, as illustrated in Figure
5.1, contains inclination angles that vary, 0 < A < 90°—¢, and rake angles that vary, 0 < «
< 90°—¢. Results of 4 and « for a two-plane needle with & = 20° is shown in Figure 5.2.
The 4 = 0° at point B, known as the heel of the bevel, which is marked in Figure 5.1(A)
and Figure 5.2. Increasing this region’s A can improve tissue cutting efficiency and

thereby allow for longer biopsy samples to be obtained.

59



A=
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Figure 5.1: (A) CAD and (B) line drawing of a regular two-plane symmetric needle
defined by the bevel angle ¢
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Figure 5.2: Inclination and rake angle of regular two-plane symmetric needle and ECE

two-plane needle
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Figure 5.3(A) shows an ECE two-plane needle that uses a wedge with angle ¢ to
cut the angled edges into the heel of the bevel where A = 0°, thereby eliminating this poor
cutting condition found at and around B,. The wedge removes material up to point B, the
lowest point in the z-direction on the ground surfaces in the needle tip. The groove in the
ECE needle is created using electrical discharge machining (EDM) with a wedge
electrode made of graphite as shown in Figure 5.3. The cutting edge profile of the needle
can be either continuous as with the example in Figure 5.3(A) or discontinuous as

with Figure 5.3(B).

Continuous |
cutting edge \

Needle "B,

(A) (B)

Figure 5.3: (A) ECE two-plane needle with a continuous cutting edge and (B) ECE two-

plane needle with a discontinuous cutting edge

The 4 and « for an ECE two-plane needle is found by dividing the needle into
sections based on how the needle cutting edge geometry was created. The needle is found
to contain two sections shown in Figure 5.4. Section 1 is the area where the needle
cutting edge is formed by grinding two planes on the needle, Section 2 is the area where
the needle cutting edge is formed by EDM cutting. The placement of the sections
depends on the angle » where the wedge takes effect, denoted as ., as shown in Figure

5.4 (C). Section 1 occurs when y, < ¥ < 180°—y, and 180°+), < ¥ < 360°—y,.. Section 2

61



occurs when 0 < y < 5, 180°—y, < y< 180°+y,, and 360°—y, <y < 360°. The 4 and « for
the ECE needle are:

. t £ si
Section 1: A& y) = arcsin |CO ¢ sin 7|

\/1 +cot’ Esin’ y

cot g sin(y + Zj
Section 2: ﬂ(f, }/) = arcsin (5 1)
1+ cot’ ¢ sinz(y + ”j
2 2
Section I: = arccosycos’ ysin’ & +sin’ y
Section 2: a= arccos\/cosz[;f + %J sin’ g + sinz(]/ + %) (5.2)
Isometric View Side View

Section 1

Top View

Section 2

=

(A) (B) ©)
Figure 5.4: ECE two-plane needle in (A) isometric view (B) side view, and (C) top view
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Figure 5.2 illustrates the A and « for an ECE two-plane needle tip with &= 20° and ¢ =
57.5°. The ECE two-plane needle at point B, has 4 = 90°—¢/2 as compared to A = 0° of
point B, on a regular two-plane needle.

For the continuous cutting edge ECE two-plane needle configuration in Figure
5.3(A), the angles of ¢, 7., and ¢ are all related where point E at y = y, is continuous. The

distance from B, to E in the z-direction, is /,, as shown in Figure 5.4(B) and solved as:
L,=(t+q)coté (5.3)
where ¢ is the needle wall thickness and ¢ is the distance in the x-direction when y = 0

from the inside needle wall to E as shown in Figure 5.4(B) and (C). The length ¢ can be

put in terms of . and r;, the inside radius of the needle, as:

q =ri{1—cosy.) (5.4)

The width of the top of the wedge is equal to 2¢, as shown in Figure 5.3(A), Figure 5.4
(A), and Figure 5.4(C), and c is:

c = ltan(p/2) = r; siny, (5.5)
Combining Equations 5.3 to 5.5 gives the relationship among ¢, 7., and &.
coté tan(p/2) (¢t + r;—r; cosy,) = r; siny, (5.6)

Using trigonometric identities and the quadratic equation, this equation is solved in terms

2
I—Jl—tanz(gjcotz(f{t +22tr"]
I"i

tan(;pj cot(& )ﬂ

V.
’ (5.7)

of 7, as:

y,=2tan"
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If Equation 5.7 produces an imaginary solution to y, then the cutting edge must be
discontinuous. In the case that the cutting edge of Section 1 is tangent to the cutting edge
of Section 2, the square root in Equation 5.7 equals 0 with the given parameters of ¢, r;, ¢,
and &

The needle cutting edge is discontinuous when point E is discontinuous at y = y,
as in the example in Figure 5.3(B). In this situation the values of ¢, & and y are
independent of each other and Equation 5.7 does not apply. The geometry of a
discontinuous ECE two-plane needle is defined by ¢, & and c. While the geometry of a

continuous ECE two-plane needle is defined by ¢ and &.

5.3 Experimentation

5.3.1 Setup for needle insertion experiments

The overview and close-up view of the experimental setup to perform the needle
insertion experiments is shown in Figure 5.5. As in Chapter 4 the experimental setup uses
a Siskiyou Instrument’s 200cri linear stage, a Kistler 9256A1 piezoelectric force
dynamometer, and a tissue holder that, via a pneumatic cylinder, applies a static pressure
of 15.5 kPa on the top of the bovine liver tissue block to ensure consistent tissue
conditions. The needles were inserted at a rate of 1.5 mm/s through 50 mm length of
tissue. Faster insertion speed experiments were conducted and are given in Appendix B.
A vacuum pump is used to supply a constant vacuum pressure to the inside of the needle
for the experiments using the vacuum gauge pressures of —68.9 and —137.8 kPa. After
each needle insertion, the sample was then extracted using a solid rod and biopsy length

was measured.
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Figure 5.5: Experimental setup for needle insertion into bovine liver

5.3.2 Needles

A total of 10 needles were manufactured as shown in Figure 5.6; five regular two-
plane needles and five ECE two-plane needles both having bevel angles & of 10°, 15°,
20°, 25°, and 30°. All the ECE two-plane needles are machined with the angle ¢ = 57.5°.
This angle is used because for £ = 20°, the wedge cutting edge will be tangent to the
inside cutting edge. Given this angle for the ECE needles of &= 15° and &= 10°, Section
1 will be discontinuous as shown previously in Figure 5.3(B). The ¢ value for needles &=
10° and 15° are all 0.69 mm because the graphite EDM milling tool used to make the
needles has a width, 2¢, of 1.38 mm. The needles are 11 gauge thin walled 316 stainless

steel needles (OD 3.05 mm and ID 2.54 mm).
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Regular Two-Plane ECE Two-Plane (¢ = 54.5°)

£=30°

Figure 5.6: Regular two-plane symmetric and ECE needles used for experiments

5.3.3 Determination of initial tissue cutting force from the experiments

The force model previously described in Chapter 4 examines the force, F, when
the tissue is initially cut. An example force graph of an ECE needle being inserted into
bovine liver is shown in Figure 5.7. There are two phases observed; the initial Phase 1
where the tissue deflects and force increases but no physical tissue cutting occurs, and
Phase 2 where the tissue is cut and the force suddenly drops or levels off. There can be
multiple iterations of Phase 1 and Phase 2 in a needle insertion process. The first
transition between Phase 1 and Phase 2 marks the initial cutting force Fy. The
experimental force data from all the experiments are examined in this way to determine

F.
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Figure 5.7: Tissue cutting force example in ECE needle of £ = 20°

5.3.4 Summary of experimental procedure

In summary, this study uses five regular two-plane needles and five ECE two-
plane needles (both having &= 10°, 15°, 20°, 25°, and 30°). The ECE needles are tested
at the pressures of 0, —68.9, and —137.8 kPa. The regular two-plane needles are tested at
the pressures of —68.9, and —137.8 kPa. Needle insertion is performed for each needle
and pressure level 10 times upon which both insertion force and biopsy length are
measured for a total of 250 needle insertions. Results from Chapter 4 for five regular two-
plane needles with the same & = 10°, 15°, 20°, 25°, and 30° at 0 kPa pressure were

included for analysis.

5.4 Results and Analysis

Biopsy length and force results are discussed in the following two sections.

5.4.1 Biopsy length
5.4.1.1 Needle Geometry Effect

The ECE needle produces longer biopsy results than the regular needle. As
illustrated in Figure 5.8, the biopsy sample length is on average 22%, 30%, and 49%
longer for ECE needles compared to that of regular needles for the internal pressures of 0,

—68.9, and —137.8 kPa, respectively. This demonstrates that the ECE concept by

modifying the needle to increase inclination angle on cutting edge is beneficial for end-
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cut biopsy. The higher inclination angles allow for more efficient needle tip cutting of
tissue and, therefore, longer biopsy samples.

Lower bevel angles result in longer biopsy lengths for both ECE and regular two-
plane needles. The lower bevel angles contain higher average inclination angles that
allow for more efficient biopsy cutting. The effect of vacuum is not easily distinguished
in Figure 5.8; therefore, Figure 5.9 is created by rearranging the biopsy length data to

compare the three vacuum levels.

®uECE Needle © Regular Needle

451 _ 459 _ 45
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= 351 = 351 =
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Figure 5.8: Biopsy sample length comparing ECE two-plane needle to regular two-plane

needle

5.4.1.2 Vacuum Effect

For regular two-plane needles shown in Figure 5.9(A), the use of vacuum
improves biopsy length for of &= 10° and 15° but shows no effect for &= 20°, 25° and
30°. The low inclination angles in the regular needles of &= 20°, 25° and 30° make them
inefficient at cutting tissue. The vacuum is only beneficial to biopsy length if the needle
tip is efficiently cutting. If the needle tip can efficiently cut tissue then the tissue sample
that enters the needle can be pulled into the needle by the vacuum force which acts to
overcome the internal needle friction as shown in Figure 5.10. If the needle is unable to
effectively cut tissue then the tissue sample does not effectively enter the needle

preventing the vacuum force from benefitting the biopsy yield.
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Figure 5.9: Biopsy sample length comparing pressure effect for (a) Regular and (b) ECE
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Figure 5.10: Internal wall friction force repels the motion of the incoming tissue while

the vacuum force helps to pull the sample into the needle

For ECE needles the vacuum level of —137.8 kPa produces on average biopsy
lengths that are 41, 31, 29, 45, and 42% longer compared to no vacuum for &= 10°, 15°,
20°, 25°, and 30° respectively as illustrated in Figure 5.9(B). The vacuum is proven to be
beneficial for ECE needles which are efficient at cutting tissue due to their high average
inclination angle. The use of ECE needles combined with vacuum is shown to greatly

improve biopsy sample length over regular needles without vacuum.
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5.4.2 Biopsy force
5.4.2.1 Needle Geometry Effect

The ECE needle produces lower needle insertion forces than regular needles for ¢
=20°, 25°, and 30° as shown in Figure 5.11. The initial insertion force is on average 20%,
9%, and 5% higher for regular compared to ECE two-plane needles for the internal
needle pressures of 0, —68.9, and —137.8 kPa, respectively, on the needles of & = 20°, 25°,
and 30°. The needles of £ = 10° and & = 15° show little change because the ECE needle
geometry differs from the regular two-plane needle only at the far back of the needle tip
and the initial tissue cutting occurs at the front of the needle tip when ¢ = 10° and 15°.
This lower force for higher inclination angles corresponds to previous findings in Chapter
4.

For both ECE and regular two-plane needles lower bevel angles result in lower
biopsy insertion forces. Therefore, less force is required to cut tissue when using needles

containing higher inclination angles.
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Figure 5.11: Needle insertion force comparing ECE two-plane needle to regular two-

plane needle

5.4.2.2 Vacuum Effect

Vacuum lowers the average insertion force for both the regular and ECE two-
plane needles of & = 15°, 20°, 25°, and 30° as illustrated in Figure 5.12(A) and (B)
respectively. The needle applies a specific amount of force to the tissue in order to cut.

When vacuum is used the vacuum force helps to apply the force necessary to cut the
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tissue which leads to lower insertion forces. For the needles of & = 10° the vacuum level

appears to have little effect on the insertion force. This happens because the initial tissue

cutting occurs at the very front of the needle £ = 10°. In this configuration the vacuum is

unable to apply a vacuum force on the tissue because mostly air is being pulled into the

needle.
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Figure 5.12: Needle insertion force comparing pressure effect for (A) Regular and (B)

5.4.2.3 S-Factor Variation for Vacuum

ECE two-plane needles

The S factor decreases at higher vacuum levels for both ECE and regular needles

showing that vacuum improves cutting efficiency. The S factor in Equation 4.5 is

determined using a least squares fit to the force data for the regular two-plane needles,

shown in Figure 5.13, and ECE needles, shown in Figure 5.14, for all the three tested

levels of internal needle pressure. The S factors determined give a reasonable fit to the

experimental force data.
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Figure 5.13: Regular two-plane needle pressure effect on S factor
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Figure 5.14: ECE two-plane needle pressure effect on S factor

Figure 5.15 shows that the S factor for both types of needles decreases at lower

pressures. The S factors for both ECE and regular two-plane needles are close in value for
the three given pressures. This similarity occurs because the S factor is independent of A

and « of the needle. The S factor depends on the needles diameter, thickness, and level of

vacuum applied.
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Figure 5.15: S factor compared to needle pressure

5.4.3 Comparing biopsy length to biopsy force

Figure 5.16 (A), (B), and (C) shows the relationship between needle insertion
forces and biopsy length for internal needle pressures of 0 kPa, -68.9 kPa, and -137.8
kPa, respectively. Least squares fit linear lines are illustrated for both ECE and regular
needles. It is shown that for both ECE and regular needles lower needle insertion forces
coincide with longer biopsy lengths as shown with least squares fit linear lines all having
negative slopes. Lower insertion forces are an indication of more efficient tissue cutting.
More efficient tissue cutting leads to longer biopsy sample lengths.

Figure 5.17 illustrates the R* values for the linear least squares best fit lines.
Higher levels of vacuum lead to higher R’ values which indicate a more linear
relationship. This improved linearity is a direct result of the vacuum force overcoming
the internal needle friction which hinders longer biopsy lengths from being
obtained. Figure 5.16(A) shows that for the internal needle pressure of 0 kPa both ECE
and regular needles lower force corresponds to little improvement in biopsy length when
&=10° and 20°. However, for the internal needle pressure of —68.9 kPa (Figure 5.16(B))
and —137.8 kPa (Figure 5.16(C)) lower forces correspond to significantly longer biopsy
lengths even for the highest biopsy lengths found when &= 10° and 20°.
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Higher vacuum allows for a steeper slope in force to biopsy length results as
shown in Figure 5.18. This is a result of vacuum creating both lower needle insertion
forces and longer biopsy lengths. The slope of both ECE and regular needles are shown

to be very similar for the vacuum pressures of -68.9 kPa and -137.8 kPa. This can be
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explained by the fact that internal needle friction is not hindering the biopsy length
acquisition; therefore, the force of insertion is the only direct determinate of biopsy

length regardless of the needle geometry, ECE or regular.
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Figure 5.18: Force to biopsy length slope’s magnitude increases as internal needle

pressure decreases

5.5 Conclusions

The novel ECE needle tip design was proposed and experimentally determined to
outperform the regular two-plane symmetric needle by on average yielding longer biopsy
samples. Biopsy sample length is on average 22%, 30%, and 49% longer for ECE needle
compared to that of regular needle for the internal pressures of 0, —68.9, and —137.8 kPa,
respectively. The use of vacuum further improved the ECE needle tips biopsy sample
length. For ECE needles the vacuum level of —137.8 kPa produces on average biopsy
lengths that are 41, 31, 29, 45, and 42% longer compared to no vacuum for &= 10°, 15°,
20°, 25°, and 30°, respectively.

The force results showed the ECE needle could be inserted with less initial
insertion force than the two-plane needle for needles where the needle tip was fully
contacting the tissue upon insertion. Vacuum was also showed to help lower insertion
forces. The S factor of the needle force model was shown to decrease upon increasing the

vacuum, proving more efficient tissue cutting can take place with the use of vacuum.
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The performance of the ECE needle is limited by the needle tip length. Results
showed lower values of ¢ improved biopsy performance but the needle tip length, which
equals r/tand, increases greatly at lower ¢ values. Too long of a needle tip length will
cause the needle tip to become weaker which puts the needle at risk for bending or
breaking inside the patient.

Results showed that higher vacuum can allow for longer biopsy lengths. However,
too high of a vacuum may cause the tissue sample to be pulled into the vacuum hose
making it difficult to be retrieved. High vacuum levels may also cause fragmented biopsy
samples which cause less accurate diagnosis (Iczkowski 2002). Therefore, an optimal
needle tip design would be the ECE needle at the lowest ¢ and vacuum pressure that
would still be safe for patient use and not lead to damaged or difficult to retrieve biopsy

samples.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The need for biopsy needles to cut more efficiently has been well established with
false negative biopsies reported to be as high as 24% (Lane 2008). More efficient biopsy
tissue cutting leads to longer biopsy samples which allow for a more accurate diagnosis
and a shorter less painful procedure. A lack of understanding about needle geometry has
led to current needle designs which are not ideal for efficiently cutting tissue. This thesis
fulfills this gap of knowledge by specifically addressing how geometrical characteristics
of a needle tip affect a needles ability to cut tissue. The results of this thesis enhance the
understanding of needle geometry, needle forces, and a needle tips ability to acquire long
tissue samples. The major outcome of the thesis was the development of the enhanced
cutting edge (ECE) needle which increases the inclination angles of a needle to create a
better needle cutting geometry.

The major findings of this dissertation are:

e Needle geometry defined: The inclination angle, rake angle, needle tip insertion
length, and needle tip insertion area were analytically solved for a wide variety of
needle tip styles, including both flat plane and curved needle tip geometries. Based on
these definitions it was found for plane needles that the maximum inclination angle is
dictated by & (1 <90°-¢) and other variables such as 4, , and the number of planes
could only decrease this maximum. Similarly the rake angle of flat plane needles was
limited by & (a < 90°-¢&). Curved surface needle tips had the ability to create more
variation in inclination and rake angle than traditional plane needles. Unlike the bias
bevel needle the inclination and rake angles were not identical at both the top and
bottom of curved needle tips. This flexibility in choosing A and « allows for greater

freedom in creating designing needle tip geometry.
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Needle tip contact length defined: The contact length was determined through
experimentation and analytical models were made. Experimental results showed that
the oblique cutting tissue flow direction was different from Stabler’s rule and
dependent on not only the inclination angle but also the rake angle and, for the case of
needle, the bevel angle & For the needle it was observed that the tissue flow followed
the direction of the xz plane across the needle tip surface. A contact length model
based on this observation along with two other models were proposed and analyzed.
ECT based needle tip force model developed: A mechanistic approach, using the
ECT concept, was used to develop a force model based on A and «. The approach
demonstrated to accurately predict needle insertion forces. The force model was
validated based on experimental force results obtained from five 11 gauge two-plane
symmetric biopsy needles thereby proving the concept of using ECTs to develop a
needle tip force model. The force model developed is shown to have an R’ value of
0.979 when compared to the actual needle data. It was also found that cutting edges
with higher A cut tissue with lower cutting forces. Cutting edges with low A (less than
30°) or a combination of high A (greater than 70°) and low « (less than 10°) are
demonstrated to produce a greater variation in cutting forces.

Novel ECE needle tip developed: The novel ECE needle tip design was proposed and
experimentally determined to outperform the regular two-plane symmetric needle by
on average yielding longer biopsy samples. Biopsy sample length is on average 22%,
30%, and 49% longer for ECE needle compared to that of regular needle for the
internal pressures of 0, —68.9, and —137.8 kPa, respectively. The use of vacuum
further improved the ECE needle tips biopsy sample length. For ECE needles the
vacuum level of —137.8 kPa produces on average biopsy lengths that are 41, 31, 29,
45, and 42% longer compared to no vacuum for & = 10°, 15°, 20°, 25°, and 30°,
respectively. The force results showed the ECE needle could be inserted with less
initial insertion force than the two-plane needle for needles where the needle tip was
fully contacting the tissue upon insertion. Vacuum was also showed to help lower
insertion forces. The § factor of the needle force model was shown to decrease upon
increasing the vacuum, proving more efficient tissue cutting can take place with the

use of vacuum.
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6.2

The original contributions of this work are as follows:

(1) The geometrical cutting parameters of A, o, L, A were defined for specific
plane needle tip geometries.

(2) The geometrical cutting parameters of 4 and o were generally defined for
curved plane style needles.

(3) The oblique cutting tissue flow direction was experimentally determined and
found to differ from Stabler’s rule.

(4) A general needle force model was developed and validated for the specific
case of an 11 gauge two plane needle.

(5) Improved needle geometry (ECE needle tip) was created and shown to

outperform a regular needle.

Future Work

This dissertation focused on creating a better understanding of needle tip design to

improve biopsy yield. Other factors including needle insertion speed, internal needle

friction, and varying levels of internal needle vacuum can also affect biopsy yield. Biopsy

yield of a needle can be further improved through the following research:

(1) Investigation in how insertion speed affects needle insertion force, and biopsy
sample length. Determining the optimum insertion speed can allow for greater
needle cutting efficiency.

(2) Determining internal needle friction and how it affects biopsy sample length.
The internal needle friction directly hinders biopsy acquisition and through a
better friction understanding this force can be reduced.

(3) Investigation in how varying levels of vacuum during needle insertion affect
biopsy yield. The use of vacuum can be optimized to create longer biopsy
samples.

(4) Investigation in needle tip insertion length and safety to the patient. Needle
tips with lower bevel angles cut more efficiently but have much higher needle
tip insertion lengths that could potentially break off or bend inside the patient.
A study is necessary to determine how small the bevel angle can be but still be

safe for clinical use.
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Appendix A: Non-Symmetric Two-Plane Needle

Tip Point Location Equation

The solution of y and 3 are expressed below in terms of the parameter £, and E,
with 0° < iy < 180°. In E, there is a minus sign in front of the square root while in E;

there is a positive sign. If 7 = 180° then the limit as y approaches 180° can be taken in

order to find ya and 3.
y, = - ,tan g - 1r,tan &, + htan &, tan & 3 tan &, N
-E; tan g cos y tan &, cos i
p,tané - r;tan &, + htan &) tan tan
= -t (G ety Guang g
-E; tan g, cos y tan &, cos i
where

(Ey, E;) =-htan® £ tan &
+ 1, tan* £ cos y-1, tan & tan &,
+ 1, tan®* &, -1, tan & cos y tan &, + h tan®&, cos y tan &,
+ [-h?tan* & tan? &, + 27,7 tan® & tan &, — 27, tan® & cos y tan &,
— 21,7 tan® £, cos® y tang, + h* tan* £ cos® y tan® &,
+ 271, h tan* £ cos® ytan &, — 21, htan®¢, cos® y tan® &,
+21,%tan’ & cos®y tan &, — 2r,htan* & tan &,

+ 21,htan® £ tan? cfz]()'s/(tan2 &, —2tan & cos y tan &, + tan®¢))
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Appendix B: High Speed Needle Biopsy

Experiments

To measure the effect of insertion speed on both needle force and biopsy sample
length, experiments were performed using a high speed pneumatic needle insertion
device shown in Figure B.1. Figure B.2 shows the experimental setup using an earlier
built high speed pneumatic device. Both devices use a pneumatic cylinder to propel a
needle through the needle grid and into bovine liver. To record needle insertion force the
bovine liver rests on top of a Kistler 9256A1 piezoelectric force dynamometer as
illustrated in Figure B.2. A linear optical encoder, Heidenhain Lida 277 records the

speed during needle insertion.

Figure B.1: High speed pneumatic needle insertion device used for experiments
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Figure B.2: Earlier higher speed pneumatic needle insertion device with bovine liver and

force sensor

Two sets of biopsy needle experiments are performed using an 18 gauge UTW
(OD 1.27 mm and ID 1.12 mm) two-plane symmetric needle with a bevel angle of 20°.

For the first set of experiments the needle is inserted at 10 different speeds
ranging from 162 to 2120 mm/sec. Each experiment is repeated 3 times. The force is
recorded throughout each insertion and averaged when the needle depth inside the bovine
liver is between 20 and 30 mm as illustrated in Figure B.3(A), (B), (C), and (D) which
shows the three force results for being inserted at 162, 995, 1137, and 2120 mm/s
respectively. The depth range of 20 to 30 mm is chosen to ensure needle cutting is
occurring but not so deep as to experience high levels of tissue friction. This average
force is compared to the speed of insertion in Figure B.4. As shown the increased speed
creates higher levels of force for the needle insertion. This can be explained because the
tissue must accelerate faster away from the needle as it is cut at a greater speed. This

higher acceleration of tissue mass creates a greater force necessary for needle insertion.
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For the second set of experiments the same two plane symmetric needle is
inserted at 3 different speeds (465, 751, and 983 mm/s) through 80 mm of tissue and the
length of the biopsy sample is recorded. Each experiment is performed 3 times. Figure
B.5 gives the results of how the biopsy length improves upon insertion. The higher
insertion speeds allow for greater efficiency in cutting the tissue, thereby allowing for

longer biopsy sample lengths.
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Figure B.5: Biopsy sample length improves with needle insertion speed
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