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Abstract—Needle-based procedures, such as biopsy and
percutaneous tumor ablation, highly depend on the accuracy of
needle placement. The accuracy is significantly affected by the
needle-tissue interaction no matter what needles (straight or
steerable) are used. Due to the unknown tissue mechanics, it is
challenging to achieve high accuracy in practice. This paper
hence proposes a needle design with an articulated tip for
increased steerability and improved needle path consistency.
Due to the passive needle tip articulation, tissue mechanics
always plays a dominant role such that the needle creates
similar paths with approximately piece-wise constant curvature
in different tissues. Kinematics model for the proposed needle is
presented. The algorithms of path planning and needle tip pose
estimation under external imaging modality are developed.
Experimental verifications were conducted to demonstrate the
needle’s steerability as well as the target-reaching capability
with obstacles avoidance.

1. INTRODUCTION

S an effective means of diagnosis and treatment, needle is

frequently used in biopsy, brachytherapy and ablation.
However, challenges are often encountered while using a stiff
needle. For example, the needle may deviate from its straight
insertion path due to a non-uniform tissue-needle interaction.
The lack of ability to avoid obstacles also makes it difficult to
reach specific targets.

Over the past decades, varieties of approaches that achieve
controlled needle steering have been proposed [1, 2], mainly
including i) base manipulation [3-5], ii) asymmetric tip [6-9],
and iii) active cannula [10-13].

In the approach of base manipulation, the needle behaves
like a beam supported at the insertion port. The steerability
significantly decreases as the needle is inserted deeper into the
tissue [14].

The approach with asymmetric tips is probably the most
widely applied, where the needle is deflected by the
asymmetric force produced by the needle-tissue interaction.
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Quantities of works have been done to improve the needle’s
steerability, either by i) reducing the bending stiffness of the
needle, such as using notched flexible needle shafts [15], or ii)
by increasing the steering forces, including the use of
flexure-based tips [7], pre-curved or kinked tips [16, 17], and
actuated tips [8, 9, 18].

Active cannulae have been utilized as steerable needles
from a concentric telescoped configuration. It possibly shows
a higher level of steerability due to its pre-curved shapes.
However, the needle placement accuracy is further
complicated by the interaction between the pre-curved
concentric needle tubes [12, 13].

Placement accuracy of the aforementioned steerable
needles heavily depends on the tissue-needle interaction.
Besides the non-holonomic kinematics model to describe a
needle’s 6-DoFs (Degrees of Freedom) motions [6],
mechanics-based models were also developed to incorporate
the deformations of both the needle and the surrounding
tissues [18-20]. Nevertheless, uncertainty in the tissues’
mechanical parameters makes it challenging to achieve
accurate needle placement.

To improve steerability and to reduce the influence from
tissues with different mechanical properties, a novel bevel tip
flexible needle with a passively articulated tip segment and a
notched stem segment is proposed in this paper. As shown in
Fig. 1, the needle’s tip segment is composed of several rigid
links cut from a stainless steel tube. Each link can rotate freely
within a small range with respect to its adjacent links. The
needle’s stem segment possesses a notched pattern for
increased flexibility.
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Fig. 1. The proposed needle steers in tissue simulant. The multiple
articulations in the needle’s tip segment help form and maintain the needle’s
tight path curvature.

Because the articulation in the needle’s tip segment is
passive, the lateral force generated by the tip bevel can easily
deflect the needle to the joint limits to realize designed
curvature during needle insertion. In contrast to the existing
needle designs whose bending depends on the tissue-needle

2400

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on June 06,2022 at 01:31:48 UTC from IEEE Xplore. Restrictions apply.



interaction on a higher level, the realized steering curvature
may vary within different tissues. Due to the passive
articulation of the proposed needle’s tip segment, it is
expected to achieve similar and consistent path curvature in
different tissues.

To reach a target while avoiding interfering with obstacles,
path planning strategies shall be implemented on top of the
needle motion models. Adopted path planning approaches
include the uses of a potential field [3], a stochastic model [21],
a RRT (Rapidly explored Random Tree) algorithm [22], and
the inverse kinematics for piecewise constant-curvature
needle paths [23]. In this paper, an approach similar to the
latter one is put forward. The path planning and obstacle
avoidance is solved via the inverse kinematics based on
experimentally verified needle path curvature. To compensate
the un-modeled behaviors of the passive needle tip segment
and the tissue, the paths were repeatedly re-planned based on
the estimated pose of the needle tip from an external imaging
modality. Planar needle insertion experiments were
conducted.

This paper is organized as follows. The working principle
of the proposed needle is explained in Section II. Design
specifications are discussed in Section III. Then a
model-based path planning algorithm is presented in Section
IV.In Section V, experimental validations are reported and the
results are discussed. Finally, the conclusions and future
works are summarized in Section VI.

II. WORKING PRINCIPLE

The proposed needle is expected to generate and maintain a
tight curvature in different tissues, due to its passive
articulation tip design. As shown in Fig. 2, the proposed
needle is composed of two parts: the needle tip segment and
the needle stem segment.

The function of the needle tip segment is to create a steered
path. It consists of several rigid links with hinged joints cut
from a stainless steel tube. Two adjacent hinges are arranged
orthogonally so that the needle tip segment bends freely in
different directions. This feature also enables the needle’s
axial rotation while being in a curved path.

A bevel tip is added to the end of the distal link. While
inserted into a tissue, the bevel tip generates asymmetric
forces that cause the hinges to rotate to their limits. The shape
of the needle tip segment approximates an arc with constant
curvature. Since the needle tip segment is kept at its
maximally deflected shape in response to different levels of
steering forces, this helps the needle to follow paths with
similar curvature in different tissues.

The needle stem segment is designed to transmit insertion
forces and axial torsions. The needle stem should also be
flexible enough to follow the path created by the needle tip
segment. Therefore, equidistantly distributed notches in
different directions are cut on the stem. The notches reduce the
bending stiffness of the stem while maintaining a relatively
high torsional rigidity.

To reach a target while avoiding obstacles, the needle is
controlled by an axial rotation and an insertion, thus creating a

path with multiple constant curvature arcs, as referred to Fig.
2-(b). The design considerations for the needle to steer with a
prescribed curvature will be elaborated in Section III. And the
planning of such piecewise constant curvature paths with the

kinematics model is detailed in Section IV.
Needle tip segment

Needle stem segment
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Fig. 2. The working principle of the proposed needle: (a) detailed geometry
of the needle tip segment and the needle stem segment; (b) process of the
needle following a path of two constant-curvature arcs.

III. NEEDLE DESIGN

The proposed needle can be manufactured by cutting the
designed geometric patterns on the surface of a stainless steel
tube via laser cutting. The stainless-steel tube has an outer
diameter of 1.2 mm and an inner diameter of 0.7 mm, which is
close to an 18-gauge needle. The geometric parameters of
these cuts are shown in Fig. 2-(a) and listed in Table I.

TABLEI
NEEDLE DESIGN VARIABLES
Symbol  Definition Values
Do Outer and inner diameters of the needle. 1.2 mm
D, 0.7 mm
H Length of the links in the needle tip 3 mm
segment.
d Width of the clearance created by laser 0.025 mm
machining.
r Designed steering radius of the needle. 30 mm
B Cutting inclination angle of the hinge in 4.13°
o the needle tip segment. )
Allowable rotating angle contributed by °
Prot . ’ 11.46
two adjacent hinges.
E Young’s modulus of the needle’s 190 GPa

material.

A small radius of curvature improves the needle’s ability in
reaching targets and avoiding obstacles in confined spaces.
For example, the radius of curvature shall be less than 50 mm
for the radiofrequency ablation of liver tumors [17]. In this
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paper, the design goal radius of curvature is set to r = 30 mm.
As referred to Fig. 2-(a), the bending curvature radius of the
needle tip segment is calculated using Eq. (1). The goal radius
gives an allowable rotating angle of 11.46°.

r=2H/p4, €))

Since the laser machine creates a clearance in the hinges
with a width d, the allowable rotations between the links are
increased and this cannot be ignored. As a result, S, is
contributed by the rotations of both Hinge a and Hinge b, as
formulated in Eq. (2).

ﬁrot :,b)a'l'ﬂb (2)
Where /3, and Sy, are the rotation angles of Hinge a and Hinge
b.

To obtain the relationship between f,, and the cutting
inclination angle S, under a laser cutting clearance width d,
each link is virtually perturbed in the plane shown in Fig. 2-(a)
(i.e., 2-DoF translation and 1-DoF rotation). The allowable
rotating S, and Sy, values were found using the genetic method
function ga in Matlab (the MathWorks Inc.) under the contour
interference constraints with the planar perturbations.

The f, values with respect to a grid of d and S, for the
proposed needle were obtained. As shown in Fig. 3, these
values were fitted into a plane in Eq. (3) with an RMSE
(Root-Mean-Square Error) of 0.1608 degrees.

Lo =1.098., +296d —0.433 3)

The laser cutting clearance width d was found
approximately 0.025 mm by adjusting the power and focus of
the laser. The cutting inclination angle f.. was then
determined from S, that corresponded to the objective
bending radius of curvature r = 30 mm by Eq. (1) and Eq. (3).

The design point: ' f:f

d=0.025 mm 15 o "
ﬂcut:4-130 12— 12
Brot = 11.46° .

The data were
fitted to a plane.

-2,
B 9 ° 4 aemm

Fig. 3. The data of the allowable rotating angle . found via a generic method

IV. MODEL-BASED PATH PLANNING

In this section, the path planning algorithm based on the
kinematics model of the proposed needle is first introduced.
A framework of the needle tip pose estimation and path
re-planning is then presented.

A. Forward Kinematics

For the purpose of proof of concept, the needle’s insertion
and axial rotation are performed separately in the presented
study. This gives a path composed of several arcs with
constant curvature. Before developing the kinematics model,
several coordinates and the configuration parameters of the
arcs are defined, referring to Fig. 4.

o World coordinate {w} = {xw, Yw, Zw}, is a fixed and known
reference frame.

¢ Arc base coordinate {ib} = {xi, ¥ib, Zib}, is attached to the
start point of i™ (i =1, 2, 3, ..., n) arc. zj, is axially aligned
with the needle insertion direction, and yj, is pointing
outwards from the center of the (i—1)™" arc.

e Arc bending coordinate {ic} = {Xic, Yic, Zic}, is obtained by a
right-handed rotation of {ib} about z, by an angle 4.

e Arc tip coordinate {ie} = {Xie, Yie Zie}, iS Obtained by a
translation of {ic} to the end point of the i™ arc, and a
right-handed rotation about x;c by an angle 6,. {ie} coincides
with {(i+1)b}.

~ itho L
r —..: aley /I |Target areal,_l-i)'_th_el_ e

m" control point

..
. Arcl \»_-
) i)

Fig. 4. Coordinate definitions for the needle’s forward kinematics
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The shape of the entire needle is determined by the
T

wh |, where yi = [6, 6,1

is the configuration vector for the i circular arc. The steering

direction angle d; is controlled by the axial rotation input of the

needle, and the steering angle 6 is controlled by the insertion
length L.

6=L/r )

configuration vector y =[ y]

The position and orientation of {ie} with respect to {ib} are
given as follows.

P, =r[sing(1-cos@) cosd(cosf —1) sing] (5
bR, = glde) gle)” (©)
Where e, =[1 0 0]", &, =[0 1 0]" and e;= [0 0 1]" are unit
Euclidean basis, and the operator (¢)* converses an element

inR? to its corresponding element in s0(3).

The pose of the frame at the end of the path {ne} with
respect to {1b} can be calculated in a recursive way as given
by Egs. (7) and (8).

]bpne = lenb nbpne + ]bpnb (7)
lbl{ne = lenb anne (8)
The instantaneous kinematics for the i™ arc is described by

the Jacobians J,; that map from the configuration velocity to
the linear velocity of the arc tip.
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sind, sinf  cosd (1-cosé)
J,i=r|—cosd sing sind (I-cosé) Q)
cos 0

The linear velocity Jacobian for the stacked arcs J,, is
hence formulated as in Eq. (10).

Jo=[A A Al
A = "Ry (Jvi _(ibRie iePne)A Jmi) (10)
cosd 0
Jg =|sing 0
0 1

B. Path Planning

Since the needle assumes follow-the-leader motion in the
tissue, the path of the needle can be represented by its shape y,
and hence the path planning is achieved by solving the inverse
kinematics.

The flowchart of the path planning algorithm can be
referred to Fig. 5. The input of the algorithm includes the
target position “pg, the obstacle position "p, and the obstacle
radius p,, and the current pose of {1b} (“pip and "R;p) from
which the needle starts. The planning starts by assuming a
single-arc configuration (n = 1) and increases N by one if it
fails to find a path within the maximum iteration number Nie,.

Given the number of arcs N, the resolved motion rate control
method [24] is employed to find a feasible path iteratively
from an initial configuration y = 0n.q. Successful path
planning is identified if the distance from the needle tip {ne}
to the target is within a tolerance ¢ and the path does not
interfere with the obstacle. The planning exits if a feasible path
is found or the maximum arc number N, is reached.

The velocity of the needle tip {ne} towards the target is
measured by the position error between them.

o ]beg,ne = WR-1rb ng - ]bpne (1 1)

To avoid obstacles, a set of control points along the needle
path, are selected to detect the interference of the needle path
with the obstacles, as demonstrated in Fig. 4. For the i™ arc, m
control points are equidistantly distributed along the curve,
and their positions lbpaj (G=1,2,3, ..., m)is formulated as
follows.

Vne =

sin & (1—-cos(£ 8))
= PR;,r| cos & (cos(£8) 1) |+ °pyy
sin(5;6))

(12)

1b
Pa i

Assuming the obstacle is represented by a sphere with the
center position “p, and a radius p,, the velocities of the control
points are given by Eq. (13).

1b
eo‘aiij

V=) Ve +(1=000,) 200 3T e di Ve y (14)

Where J* = J'(JJ") ! is the right pseudo-inverse of J; Jajjis
the linear velocity Jacobian for the j™ control point on the i™
arc; #e and 7, jj are scaling parameters for velocities 1y, and

lea_iJ'. The use of the null space projector (I-JiJ,)

prioritizes the target-reaching task over the obstacle avoidance.
The Jacobian J, j is determined by the first 2i elements of the
configuration vector y.

Jaiij=|:/_xl 1_\k /_\i 03><2(n—i):| (15)

Where A, = "R, (JV;< —( Ry Py i )A Jmk)'

Input: “pib, "Rip,
ngs Wp05 Po,
Failure flag

| Y= 05y, iteration index ¢=1

Calculate "°ppe by Eq. (5) — (8)
Calculate J, by Eq. (9) - (10)
Calculate v, by Eq. (11)
Calculate "®v, ; by Eq. (12) — (13)

I"°eg nel < & and
% 1", 4l =0

Update y by
Eq. (14) - (15)

/ Output: y H Stop)

Fig. 5. Flowchart of the path planning algorithm.

C.Needle Tip Pose Estimation

In practice, the needle will not follow the kinematics model
perfectly. Unexpected disturbances can prevent the needle
from the tracking the path. For example, the needle will fail to
steer when traveling through cavities. Un-modeled kinematic
factors such as the backlashes in the clearances of the needle
tip hinges also decrease the tracking accuracy.

To overcome these drawbacks, the path planning is
repeatedly performed based on the current pose of the needle
tip. By measuring the tip positions from the imaging modality,
the needle tip pose is estimated using an EKF (extended
Kalman filter). Since the re-planned path of the needle starts
from the current needle tip pose, {1b} is set coincident with
the current needle tip pose as the input of the path planning
algorithm.

For clarity of the expressions, the current needle tip position
and orientation with respect to {Ww} is represented by p; and R;
respectively, where t =1, 2, 3, ..., is the discrete time index.

24l b <
by = ” be "2 " et " Po To develop the kinematics model that accounts for the
I o,a_l > N . . . . . .
! - b (13)  needle’s motion uncertainties, the needle tip’s orientation is
0 " €o.a_ij " 2o also parameterized by Euler angles @; = [px ¢y %t]T (yaw,
ey i = "Rl "Po— ""Pa pitch and roll angles respectively), and hence the propagation
The configuration update is then calculated by Eq. (14). of the tip’s position and orientation is described by Eqs. (16)
and (17).
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P =P T RPas

R, = @(?.1e3)" 0y 82)" gl g (16)
pa =r[0 cos(Al /r)—1 sin(Al /)]
Ry, =R/ (17)

Where Al is the insertion length during the time interval.
5

L Planned path \ The orientation
\\ based on the \§ of the needle

current needle tip is disturbed

N W
= X\ —> Al
P, @, P.@ 0 Next needle tip

orientation after
an insertion of Al

Fig. 6. The process of the needle deviating from its prescribed path due to
disturbances on the needle tip

The uncertain motion of the needle is modeled as a steering
process with the needle tip’s orientation being constantly
disturbed, as illustrated in Fig. 6. The needle tip orientation ¢
is then regarded as the unknown state variables and its position
p: is regarded as the output measured from the imaging
modality. The state-space representation is summarized as
follows.

=@ +[Al/r 0 0] +v, (18)

Pui = D@, p) + 1y (19)
Where h(¢y, py) is the output model described in Eq. (16); vy
and p are process and observation noises with zero-mean
Gaussian distribution with covariances Qpc and Qgps.

The extended Kalman filter is given by Eq. (20) — (24).
¢ Time update:

¢t+1|t = ‘i’tn (20)

Py = Py +Qpc 2D
¢ Measurement update

Qi = P K (pobs,t - h(‘i’tﬂ\hPt)) (22)

K, = Poy HT (H Py H +Qq)” (23)

P = (I -K.H; )Pt+1\t (24)

Where pobst 1S the observed needle tip position; K; is the
Kalman gain; H; is the gradient of h.

oh(e,p,)
Ht = a : |(P=¢:+m
[0}
el ' (25)
= _é%% )/\e(%ez )Ae((pxq ” (pA| ) A e; e(%el ”» |(P=¢l+l\(

elelne) gme)’
Once the estimation angles ¢ are obtained, the needle tip’s

pose is readily obtained from Eq. (16) — (17), and the path
re-planning is performed based on this estimation.

V. EXPERIMENT VALIDATION

To validate the needle’s steerability as well as the proposed
kinematics model, a set of experiments were conducted.

A. Experimental Setup

Referring to Fig. 7, the needle insertion system is composed
of three parts: the needle instrument carried by a linear and
rotational module, the tissue simulant set beneath a camera,
and a laptop as a central controller.

Clamp | |Screw INeedle sheathl IFlexible needlel :

Tissue simulant

i
== i

" -
IRotary module HLinear module il USB-CAN converter

Fig. 7. Setup overview: (a) components of the needle insertion system; (b) the
needle instrument, and (c) a camera view of the needle and tissue simulant.

The instrument is equipped with a needle sheath that aligns
concentrically with the needle. The sheath is a customized
stainless-steel tube fixed to the instrument, providing a
straight passage toward the target tissue. A 3-D printed clamp
connects the needle to the nut of a screw. The insertion of the
needle along the sheath is driven by the screw, and the rotation
of the needle about its axis is provided by the rotational
module. The linear module is used to introduce the needle
sheath into the tissue. The screw and the module are actuated
by three Maxon motors that are controlled by 3 Maxon EPOS2
controllers.

A frame carrying the simulant tissues is set in front of the
linear module, providing an insertion port for the needle
sheath. A digital camera (USBFHDO1M from Rervision Inc,
China) is mounted on the top of the frame and is connected to
the laptop to provide 2D image feedback of the needle in the
tissue. The laptop (with 2.60GHz Intel Core i7-4510U CPU
and 8G RAM) communicates with the EPOS through CAN
bus. The path planning, needle state estimation and the
required imaging process are all running on the laptop within
the Matlab environment.

In the following experiments, the needle was assumed to
steer in the plane normal to optical axis of the camera. The
intrinsic parameters of the camera were obtained by camera
calibration using the method in [25], and the mapping of the
pixels in the camera to the points in the steering plane was
obtained using a graph paper.

B. Steerability Test

To verify the effectiveness of the design discussed in
Section III, the actual bending curvatures were tested in the
tissue simulant.
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Gel with different stiffness was cured to simulate different
tissues. The gelatin-powder-to-water mass ratio was varied
from 10% to 19%.

Eighteen insertions were performed for each needle-tissue
pair. In each time, the needles were first introduced into the
tissue by the sheath and then were inserted for a length of 40
mm without changing the bevel direction. The insertion speed
was 1 mmy/s. The insertion locations on the simulant were set
different each time to avoid intersections of the paths of
different insertions.

The final shapes of the needles were pictured by the camera.

Pixels that didn’t belong to the needle were manually removed.

The radius of curvature was found then by fitting the pixels to
a circle. The results are shown in Fig. 8. For the 10%, 13%,
16% and 19% gel, the mean radii of curvatures are 28.34 mm,
27.71 mm, 27.36 mm and 27.13 mm (an average of 27.6 mm),
and the standard deviations are 0.247 mm, 0.237 mm, 0.459
mm and 0.473 mm, respectively. The results are considered

close to the design goal of 30 mm curvature radius.
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Fig. 8. Needle steerability test in gel solutions with different densities

C. Needle Insertion Experiment

Planar needle insertions with two known obstacles were
carried out to validate the presented path planning and needle
tip pose estimation algorithms. In the presented planar case,
the needle path is composed of a few arcs that two adjacent
ones have opposite steering directions. The path planning is
hence performed with either 6; = iz or J; = (i — 1)x. Also, the
disturbances on the needle tip’s orientation in off-plane
directions ¢, and ¢, were ignored during the needle tip pose
estimation.

The experimental process is shown in Fig. 9 and
multi-media extension. The needle was first introduced into
the tissue through the sheath, and started insertion after the
path planning is completed. During the insertion, the needle
tip was detected by matching the image from the camera to a
template using normalized cross-correlation. The tip pose was
then recursively estimated, and new paths were planned based
on the estimation, after the insertion of a fixed length (20 mm
in the experiments). Although the needle’s actual path
deviated from the planned path, the re-planning algorithm
generated currently feasible paths and the target was reached
with a 2-mm positioning accuracy over the 100-mm reach.

The experiments were repeated several times and similar
results were mostly observed. Occasional insertion failures
were due to the fact that the needle path re-planning was only
performed every 20 mm insertion. The re-planning algorithm
does not guarantee reaching success or obstacle avoidance,

especially when the needle’s tip is close to the target with a
relatively large deviation from the planned path.

VI. CONCLUSION AND FUTURE WORK

This paper proposes a novel needle design with passive tip
articulation for increased steering curvature and reduced
inter-tissue steerability variations. The working principle, the
manufacturing-oriented needle design, the kinematics-based
path planning with obstacle avoidance, the EKF-based needle
tip pose estimation for path re-planning, and the experimental
characterizations are reported in detail.

The proposed needle is shown to achieve tight and
consistent path curvature (an average radius of curvature of
27.6 mm) in different tissue simulants. It can also reach a
target deep inside the tissue simulant while avoiding obstacles.
The needle may be promising for percutaneous applications.

Future work mainly includes conducting 3D ex Vvivo
steering experiments to verify the validity of the kinematics
model and the path planning algorithm. Shape sensing
techniques (e.g., fiber Bragg grating) or other imaging
modalities shall be incorporated to identify the needle path
deviations, since the visual feedback in the 3D case will be
difficult. A further investigation of the needle path deviation
will be carried out, examining the deviations while varying the
angle between the tip bevel plane and the direction of the first
passive articulation joint, in order to improve the accuracy of
the needle kinematics model.

>

| Needle tip
l pose estimation !

(b) /

Fig. 9. Experimental process of path planning, needle insertion and tip pose
estimation. The dashed blue and gray lines represent the current planned path
and former planned paths respectively.
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