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Abstract

This paper presents a sliding-based method for steering beveled-tip needles in a 3D environment. The
controller determines the needle roll angle using the needle tip position deviation, obtained from ultrasound
images, and its first time derivative. The stability of the closed-loop system is analyzed using 3D unicycle
model for the needle, as a result of which parameter constraints are derived. In this method the needle is
steered by performing adjustments of needle orientation, which reduces the tissue trauma and injury. The
performance of this method is verified by performing experiments using phantom tissue for environments
with and without obstacles.
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1. Introduction

1.1. Related Works

Robotic structures can be employed in needle in-
sertion procedures such as brachytherapy, biopsy
and neurosurgery to improve the needle targeting
accuracy and efficiency of the procedure. In these
procedures, long flexible beveled-tip needles are in-
serted into the human body for diagnosis, drug de-
livery or sample removal. Due to the needle/tissue
interaction forces, the needle bends as it is inserted
into the tissue and deflects from the desired path.
This deflection makes the steering problem very
challenging. Some of the issues in modeling and
controlling beveled-tip needles are discussed in [1].

As the needle is inserted in tissue, it bends ac-
cording to the bevel orientation. This dependency
can be used to steer the needle to the target point
and avoid an obstacle present on the needle’s path.
The bevel orientation changes by axially rotating
the needle at its base, which is considered as the
control input. By successively changing the bevel
orientation at different depths, the needle moves in
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different directions in a 3D environment and de-
flects in different directions.

There have been different steering methods pro-
posed in the literature that can be classified as plan-
ning algorithms and control algorithms. In motion
planning methods, mathematical models are em-
ployed to determine the necessary actions at cur-
rent and future times to reach the target as ad-
justments in the desired trajectory are performed
to compensate for the modeling and implementa-
tion errors. In control algorithms, different control
strategies are implemented as a feedback loop where
the control actions are generated by the controller
at the current time. Although control methods can
also include path planning and/or re-planning to
find feasible paths, the procedure for determining
the system input is different.

In the literature, path planning methods have
been developed both in 2D and 3D environments.
In [2], a planner is presented to find the optimal
path that brings the needle tip to a desired point in
tissue. In [3] rotations are performed to move the
needle on a straight line where the rotation depths
are calculated from the force sensor and the flex-
ible beam model for the needle. A planner for a
needle in stiff tissue in a 3D environment with no
obstacles is developed in [4]. To account for envi-
ronments with obstacles, in [5], the potential field
planning technique is used for steering the needle
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tip and avoiding obstacles in 2D space. In [6] a
planning algorithm is proposed in 2D space and
[7, 8] present planners in 3D space. Extending the
planar motion to 3D, in [9] a sequence of needle
rotations are performed to compensate for the out
of plane motions. A rapidly exploring random tree-
based motion planner is employed in [10] and [11] to
perform real-time re-plannings to steer the needle
to the desired position. However, in these papers
duty cycled spinning is employed to achieve differ-
ent path curvatures. In [12], it is shown that by
duty cycled spinning, the needle can move on paths
with variable curvatures. Duty-cycled spinning has
a drilling effect on tissue, which may cause tissue
trauma.

From a control perspective, in [13], the controlla-
bility of the needle in soft tissue is studied using a
dynamic model. In [14], using an ultrasound-based
deflection predictor, a 2D semi-automated needle
steering strategy is developed. In this approach
the surgeon is in charge of needle insertion to en-
sure the safety of the operation, while the needle
tip bevel location is robotically controlled to mini-
mize the targeting error. The authors in [15] pro-
posed a mechanics-based model of needle steering
and developed a nonlinear model predictive con-
troller (MPC) for 2D needle steering using itera-
tive optimization of the predictions [16]. In [17],
planning and control methods are combined where
geometric and trigonometric relations between the
needle’s current position and the target are used
in a feedback loop. In some of these algorithms,
the exact knowledge of system parameters such as
the needle’s path curvature or its maximum value
is needed. In [18], a sliding mode controller is pre-
sented which is based on the 3D unicycle model
proposed in [19]. In this method a 5DOF mag-
netic tracking sensor is used which is combined with
a with Kalman filter to provide the full informa-
tion about the needle tip position and orientation.
Measuring the orientation requires utilizing a sen-
sor such as a needle-mounted electromagnetic track-
ing sensor, which itself suffers from sterilization and
size issues. Since suitable sensors are not accessi-
ble, state observers can be employed to estimate the
needle tip orientation using the measured needle tip
position [20, 21]. Besides, if orientation observers or
estimators are going to be used, the overall stability
of the observer/controller loop should be studied,
which is not a trivial task.

In brachytherapy procedures, the therapy is per-
formed by implanting radioactive seeds at pre-

planned locations in and around the tumor. The
seeds are loaded within the hollow needle shaft and
are deposited on the needle tip path as the needle is
retracted. In this case, not only the needle tip posi-
tion but also the needle track affects the procedure
accuracy. According to pre-operative planning, it
is desired to move the needle on a straight path
(seed dosimetry planning). In our previous work
[22], a sliding-mode controller in 2D space is devel-
oped, in which only a rough estimation of the nee-
dle path curvature suffices to ensure the stability of
the system. In this method it is desired to reach a
2D point, which is specified by a desired deflection
at a desired insertion depth. This is implemented
by performneing 180◦ shaft rotations. Assuming
the needle axial rotation to be much faster than
the needle insertion velocity, the needle motion was
considered to be planar. In practice, due to tissue
inhomogeneity the needle makes out of plane mo-
tions, which is not accounted for in this method.

1.2. Contributions

In general, it is desired to develop strategies that
provide control over the needle motion in 3D space
and, in some special cases keep the needle moving
on a straight line by making the deflection in dif-
ferent directions close to zero. This work extends
our previous work [22] by steering the needle in
3D space as the needle is inserted to the desired
depth and toward the desired position. This nee-
dle insertion system is driven with two inputs; the
insertion velocity and needle axial rotational veloc-
ity. The depth can be controlled using the insertion
velocity, by which the needle is pushed into the tis-
sue. However, the needle deflection at each depth
can be projected as the deflection in two different
planes, which should be controlled using the other
input, axial rotational velocity. From a feedback
control perspective, the system suffers from under
actuation: Using one control input, it is difficult to
control two outputs (deflection in two directions).
Besides, according to the kinematics of the system,
the orientation of the needle tip, is highly involved
in the system kinematics. However, it is not possi-
ble to measure the needle tip orientation using the
ultrasound images due to the small diameter of the
needle and the low resolution of the ultrasound im-
ages. The proposed method is based on the position
measurements obtained from ultrasound images as
no information about the needle tip orientation is
used in the calculation of the control action. This is
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beneficial as it removes the need for any orientation
measurement or estimation tools.

The present work is a simple robust sliding-based
control method, which is suitable for systems with
parametric uncertainties and disturbances [23]. In
the needle/tissue system, due to the tissue inho-
mogeneity, the needle/tissue interaction and the
needle’s path curvature encounter uncertainties, for
which it is desired to design controllers robust with
respect to uncertainties and disturbances. In the
propose method the information from the ultra-
sound images is used, and no information about
the needle or tissue properties is required to find
the control signal. This work is a sliding-based
method in which two surfaces are considered and
the required rotation angle is found using these two
sliding surfaces to compensate the tip deflection er-
ror in 3D space. The proposed method is then im-
proved by using a adaptive-structure controller. In
this scheme, the sliding surfaces are rotated. Such
variable surfaces have been used in many differ-
ent control applications for improving the perfor-
mance [24, 25], smoothing the control[26], and re-
ducing the chattering in image-guided applications
[27]. This modification relaxes some constraints im-
posed by stability conditions. Moreover, it removes
any dependence of the parameters on the needle
path’s curvature. The proposed method compen-
sates for position errors by performing the required
needle rotations, which can be very small adjust-
ments to the needle orientation. This removes any
unnecessary rotations and reduces the trauma on
tissue caused by continuous rotations.

To verify the proposed method, experiments are
performed for two different scenarios, i.e. 1-Moving
the needle on a straight line and 2-moving the nee-
dle on a desired curved path to avoid an obstacle.
In the second scenario, an offline planner is used to
find a feasible path for the needle. However, the
method does not depend on any specific planner
and is general. Experimental results show a maxi-
mum targeting error of 1.14 mm, which is compa-
rable to position errors obtained in the literature
while reducing tissue trauma and risk of injury.

The paper is organized as follows. Section 2
presents the system equations. In section 3, the
steering algorithm is introduced in which the fixed
and adaptive structures are explained and the con-
straints for stability of the closed loop system are
derived. Simulations and comparisons are provided
in this section. Section 4 presents the planning al-
gorithm used for finding a feasible path and the tra-

jectory tracking problem. In section 5, the proposed
method is validated for two different scenarios and
the results are presented.

2. Background

As the needle is inserted into tissue, the tra-
jectory traversed by the needle tip in 3D space
is affected by the bevel orientation, which can be
changed by axially rotating the needle base. Thus
needle axial rotations can be used as a control in-
put to change the bevel orientation and steer the
needle to a desired position. The system equations
can be written in the general form of

q̇ = f(q) + gu (1)

in which, (̇) represents the time derivative, u is the
control input and q =

[
x, y, z, α, β, γ

]
is

the generalized coordinates which is well defined on

U = {q ∈ R6 : α, γ ∈ R, β ∈ [−π/2, π/2]} (2)

and represent the position and orientation of the
moving frame {B} attached to the needle tip with
respect to the fixed frame {A} as shown in Fig.2.

(1) shows the kinematics of a beveled tip needle
inserted into tissue, which can mathematically be
expressed by the 3D unicycle equations using Z −
Y −X fixed angles as generalized coordinates with
[20]

f =


v sinβ

−v cosβ sinα
v cosα cosβ
kv cos γ secβ
kv sin γ

−kv cos γ tanβ

 (3a)

g =
[
0 0 0 0 0 1

]T
(3b)

Here, k denotes the curvature of the needle path
and v and is the needle insertion velocity. The po-
sition and orientation of frame {B} are represented

by vector
[
x y z

]T
and the three angles α, β

and γ, respectively. The orientation of the moving
frame {B} is found by three successive rotations of
the moving frame around the fixed axes Z-Y-X by
the values γ, β and α as shown in Fig.2

In (3), the needle insertion velocity v is used
to insert the needle into the tissue, which is the
primary motion of the needle toward the desired
depth. As the needle moves in the insertion direc-
tion, the needle bends and the needle tip moves on
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(a) (b)

Before rotation

After rotation

(c)

Figure 2: Successive rotations about the fixed axes. (a): roll angle γ about the Z axis. (b): pitch angle β about the Y axis.
(c): yaw angle α about the X axis

target point

obstacle

Figure 1: The needle in 3D space, target point and obstacle.
Frame {A} is the fixed frame and frame {B} attached to the
needle tip is the moving frame.

a curved path. In practical applications in which it
is desired to involve the surgeon in the procedure,
rather than automate the entire surgery (which
raises safety concerns), the insertion can be per-
formed by the surgeon while the axial rotations are
calculated and implemented by a robotic system
[28]. This provides the possibility of implementing
semi-autonomous control in which the insertion is
manually performed by the surgeon while the ro-
tation is done robotically. In this work, in order
to have an easy and repeatable framework for per-
forming experiments, a fully-automated system is
considered where the insertion is also performed by
the robotic system. This can later be transferred to
a semi-autonomous framework as the control algo-
rithm is independent of the the insertion velocity.
In this case the convergence and stability proof can
be performed for the worst case of the lowest inser-
tion velocity.

3. Steering method

The proposed method is based on determining
the desired value of the needle roll angle γ that
steers the needle to the desired deflection, which
depends on the application. There are different
applications for needle insertion systems such as
biopsy and brachytherapy. In biopsy it is desired
to reach a constant desired deflection, regardless of
the path. In brachytherapy, the path traveled by
the needle is important as the seeds are implanted
on the needle track during the needle retraction.
In this procedure the goal is to minimize the de-
flection at all depths, which is equivalent to have
zero deflection at all times. In both cases the de-
sired deflection values are constants. Having the
desired value γd, the needle axial rotation veloc-
ity u can be found such that γ tracks the desired
value γd, which steers the needle to the desired de-
flection. According to (3), having full control over
γ requires knowledge of needle tip orientation, i.e.,
the angles γ and β. Measuring the orientation re-
quires utilizing a needle-mounted sensor, which it-
self suffers from sterilization and size issues. Since
suitable sensors are not accessible, state observers
can be employed to estimate the needle tip orienta-
tion using the measured needle tip position [20, 21].
The estimation of the needle tip orientation is not
a trivial task, which is not the focus of this work.
In this paper the control strategy finds the desired
value of the angle γ and is considered as the desired
needle base angle. Since clinically used needles (also
used in this paper) are torsionally highly stiff and
also the curvature for these needles is very small,
we have assumed that angle γ is equal to the nee-
dle base angle γd. Besides, since the method used
here is based on sliding mode control, the method
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will be robust with respect to these errors. The con-
trol structure is shown in Fig.3. In this figure, the
control structure is implemented as a cascade loop.
The inner loop uses a PID controller to control the
needle base angle. The outer loop is a sliding mode
control which determines the desired angle as the
input of the inner loop. In other words, the sliding
mode controller determines when and how much
should the needle be rotated to have the error de-
creasing and the PID controller in the inner loop is
responsible to rotate the needle to the desired angle,
which is totally independent from the sliding mode
controller proposed in the paper and is designed to
be fast enough so its dynamics can be neglected.

3.1. Fixed structure
The main idea of a sliding mode controller is to

define a suitable error dependent sliding surface S
and the corresponding switching law to bring the
system manifolds on the sliding surface and make
it decreasing. To this end the switching law should
make the time derivative of the Lyapunov function
V = 1

2S
2 negative definite, which is equivalent to

a decreasing surface and consequently a decreas-
ing error. Here, two sliding surfaces are defined
for the x and y directions and the needle roll an-
gle is switched in four different modes. Like all
sliding based controllers, the system response con-
sists of two phases, reaching phase and the sliding
phase [23]. In reaching phase the system moves to-
wards the desired surface Si = 0, (i = x, y) and
in the sliding phase, in the ideal case, the system
states remain on the desired surface, which makes
the error go to zero. For the system considered
here, the reaching phase is when the value of Sx
and Sy are decreasing, however the sliding phase
will never happen for this system as it does not
have any equilibrium point other than the velocity
being equal to zero. As long as the needle is being
inserted, the velocities are changing and the nee-
dle bends. This will make the sliding phase involve
chattering, which can be compensated for by ac-
cepting some bounds on error and performing the
switches at some time intervals. This is equivalent
to keep the sliding surfaces close to zero. To this
end, define the following sliding surfaces

Sx = bxėx + ex (4)

Sy = by ėy + ey (5)

Having xd and yd as the desired deflection in the x
and y directions, which should be reached at a cer-
tain depth, ex = x − xd and ey = y − yd represent

the position error in the x and y directions, respec-
tively, and bx and by are the design parameters to
be chosen later.

Considering the desired position in 3D space is
a constant deflection at a certain depth, i.e. ẋd =
ẏd = 0, the time derivative of the sliding surfaces
equal:

Ṡx = bxẍ+ ẋ (6)

Ṡy = by ÿ + ẏ (7)

Taking the time derivative of, ẋ and ẏ in (3) and
substituting from (3), the above equations can be
written as

Ṡx = bxkv
2 cosβ sin γ + v sinβ (8)

Ṡy = −bykv2 cosα cos γ−bykv2 sinβ sinα sin γ+v cosβ sinα
(9)

In these equations, since −π/2 ≤ β ≤ π/2, it is
assumed that cosβ is always positive. As stated
before, since in the sliding mode control the sign of
the sliding surface and its derivative are of inter-
est, considering the x direction, (8) consists of two
terms on the right hand side, which can be positive
or negative. If the absolute value of the first term is
greater than the second term, regardless of the sign
of the second term, Ṡx will have the same sign of
the first term. Mathematically, this can be written
as

|bxkv2 cosβ sin γ| > v sinβ (10)

if (10) is satisfied, using the assumption that
cosβ > 0, k > 0, bx > 0 and v > 0, then sgn(Ṡx)
is the same as the sgn(sin γ). This inequality is
equivalent to

| sin γ| > 1

bxkv
| tanβ| (11)

Similarly for the y direction, if

| cos γ| > | sinβ tanα sin γ|+ 1

bykv
| cosβ tanα|

(12)
sgn(Ṡy) is determined by −sgn(cos γ). Assuming
(11) and (12) are satisfied, (which later will be con-
sidered as a constraint), the sign of Sx and Sy can
be used to determine in which quadrant γ should
reside. The four different possibilities are shown in
Fig. 4. For example, if Sx > 0 and Sy < 0, in or-
der to have a decreasing error it is needed to have
Ṡx < 0 and Ṡy > 0, which is equivalent to sin γ < 0
and cos γ < 0 or having γ in the 3rd quadrant.
Moreover, in order to incorporate the magnitude of

5



Path
Corrections

Sliding mode
 control

Needle

Encoder

Ultrasound 
Image Processing

+
  -

+
  -

Rotation velocity

Offline Path
Planner

Path Planner Controller System and Feedback

Online
Re-planner

+
  +

Needle
Steering RobotPID  Insertion velocity Desired 

Path

Target Position

Obstacle Position

TissueInteraction
forces

Figure 3: The closed-loop structure consisting of system, controller and path planner.

Figure 4: The four possibilities for Sx and Sy and the cor-
responding quadrant for γd.

the sliding surfaces Sx and Sy in compensating the
error, the desired angle γd is defined as

γd = atan2(−Sx, Sy) (13)

where γd ∈ [−π, π] and the function atan2 is the
tangent inverse function, which takes into account
the sign of the two inputs to return the appropri-
ate quadrant of the calculated angle. This selected
quadrant (or mode) plays the main role in decreas-
ing the error as it ensures that both sliding surfaces
Sx and Sy decrease simultaneously.

To ensure that (11) and (12) are satisfied simulta-
neously, the system parameters can be selected such
that these two inequalities are satisfied for the worst
case of α and β. Assume |α| < α∗ and |β| < β∗

where α∗ > 0 and β∗ > 0 are the bounds of angles
α and β, respectively. The above inequalities can
be written as

arcsin

(
1

bxkv
tanβ∗

)
< |γd| <

arccos

(
sinβ∗ tanα∗ +

1

bykv
cosβ∗ tanα∗

) (14)

in which α and β are substituted by α∗ and β∗,
respectively. The values of bx, by and the upper
bounds α∗ and β∗ should be selected such that the
arguments of arcsin and arccos are less than 1 and
(14) is feasible. According to the target point, the
value of α∗ and β∗ can be determined in the plan-
ning level considering that larger values of α∗ and
β∗ correspond to more needle bending leading to a
larger reachable workspace.

This condition is also affected by the value of the
sliding surface parameters, bx and by, which should
be selected in accordance with α∗, β∗ and k. Ac-
cording to (4) and (5), in order to have a faster
response, it is desired to have smaller values of of
bx and by because they determine the convergence
time of ex and ey as Sx and Sy tend to zero. How-
ever, this condition forces α∗ and β∗ to be small
to make (14) feasible. The effect of α∗, β∗ and
bi (i = x, y) on the desired value γd is shown in
Fig. 5 for k = 0.002 mm−1 and bx = by. Fig.
5(a) and 5(b) show that small values of α∗ and
β∗ lead to a larger range for γd. For example, if
α∗ = β∗ = 0, (14) simplifies to 0 < |γd| < π/2, the
maximum acceptable region. In this case, the slid-
ing surface parameters can be selected arbitrarily,
however, having α∗ = β∗ = 0 is equivalent to hav-
ing no deflection at the needle tip throughout the
insertion, which according to the physical nature of
the system is not possible. Moreover, increasing α∗

and β∗ makes the acceptable range for γd smaller
until no value for γd can be found. Fig. 5(c) shows
the effect of sliding parameter bx = by for the fixed
values of α∗ = β∗ = 0.2 rad. As it can be seen, by
increasing b, the feasible range for γd gets larger,
and smaller values of bi (i = x, y) might lead to a
non-feasible value for γd.

3.2. Adaptive Structure

As stated before, it is desired to have small slid-
ing surface parameters as they determine the con-
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Figure 5: The effect of the design parameters on the feasible range of γd for k = 0.002 mm−1 and bx = by = b. (a) shows the
effect of increasing α∗ for different values of b and β∗ = 0.2 rad. (b) shows the efect of increasing β∗ for different values of b
and α∗ = 0.2 rad. (c) shows the effect of increasing b for α∗ = β∗ = 0.2 rad.

fixed surface
rotating surface

Figure 6: Fixed and adaptive sliding surfaces in the phase
plane.

vergence time of the error in both the x and y di-
rections. From (3), it is clear that as the needle is
moving forward, there are no equilibrium points for
the system and it is not possible to make the time
derivative of the system state errors zero. Using
the sliding surface in the previous section, the sys-
tem is pushed toward the constant sliding surface
and kept as close as possible to this surface, which
moves the errors in the x and y directions and their
first derivative toward zero. Since the time deriva-
tives of the system states are changing, it is only
possible to focus on the deflection error and not its
derivative. This can be done by rotating the sliding
surface at a constant rate in such a way that as the
needle is inserted, the error signals in the x and y
directions approach zero. This is shown in Fig. 6.
The sliding surfaces defined by (4) and (5) repre-
sent a line in the phase plane whose slope equals
1
bi

(i = x, y). By changing bi, the lines rotate about
the origin. As it is shown, by increasing the slope
of the line and rotating the sliding surface toward
the vertical axis, the error in the phase plane ap-

proaches zero. In this case, the sliding surfaces are
defined as in (4) and (5) but the parameters bx and
by are variable, which leads to

Ṡi = biëi + ėi

(
ḃi + 1

)
, i = x, y (15)

Selecting ḃi = −1 leads to

Ṡx = bxkv cosβ sin γ (16)

Ṡy = −bykv cosα cos γ + bykv sinβ sinα sin γ (17)

It should be noted that the parameters bx and by
should always be positive. This can be guaranteed
by knowing the desired insertion depth, D, the con-
stant insertion velocity, v, and choosing the initial
value bi(0) ≥ D

v . With the proposed fixed and
adaptive structures, the rotating sliding surface re-
moves the constraint imposed by (11) and relaxes
the constraint imposed by (12) as

| tan γd| <
1

sinβ∗ tanα∗ (18)

in which there is no dependence on the needle path
curvature k. This condition is obtained for the
worst case representing a conservative performance.
The effect of this saturation is shown in Fig. 7 by
performing simulations for different values of the
upper bound for γd and ignoring the stability. The
results are shown for b(0) = 80, with an insertion
velocity of 2 mm/sec, a maximum insertion depth
of 140 mm, and the desired path being a straight
line. The figure shows that the effects of limiting
γd is negligible; however, having saturation on γd
ensures the stability of the system. In the fixed
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structure, the value of sliding surface parameters bi
are lower bounded due to the constraints imposed
by the stability condition, and for these fixed val-
ues, the weight of the error in the sliding surface
does not change. In the adaptive structure, as the
needle reaches the desired depth, bi gets smaller and
the position error in the sliding surface gets more
heavily weighted, leading to smaller errors.

Equations (16) and (17) obtained for the adaptive
structure, are simpler than (8) and (9), for which
(13) still ensures ṠxSx < 0 and ṠySy < 0. Assum-
ing γ = γd at each time interval, substituting γd in
(16) gives:

Ṡx < −ηxSx, Sx > 0 (19a)

Ṡx > −ηxSx, Sx < 0 (19b)

Ṡy < −ηySy, Sy > 0 (20a)

Ṡy > −ηySy, Sy < 0 (20b)

with

ηx =
bxkv cosβ∗√
S2
x0 + S2

y0

> 0 (21a)

ηy =
bykv| cosα− cosα∗|√

S2
x0 + S2

y0

> 0 (21b)

where Sx0 and Sy0 are the values of Sx and Sy,
at the beginning of the time interval, respectively.
Multiplying the sides of (19) and (20) by Sx and
Sy, respectively, gives SxṠx < −ηxS2

x and SyṠy <
−ηyS2

y , which show the finite time convergence of
the sliding surface during the reaching phase.

3.3. Stability

It should be noted that according to the physi-
cal properties of the system, it is not possible for
the three angles, representing the orientation, to go
unbounded. With its desired value being γd, which
is bounded, the roll angle will obviously remain
bounded. Unbounded β and α would be equiva-
lent to the needle tracking a full circle in the tissue,
which according to the curvature of the needle and
in the presence of tissue, is not possible. However,
In order to use the proposed method, the system
states should stay in (2) so that the equations are
valid. Since the control law is updated at the begin-
ning of the intervals, assuming γ = γd and taking

its time derivative gives

γ̇ = − ṠxSy − ṠySx
S2
x + S2

y

= − cos γ tanβ (22)

from which

tanβ =
1

cos γ

ṠxSy − ṠySx
S2
x + S2

y

(23)

Note that cos γ 6= 0 as γ is selected according to
(18). Consider the following Lyapunov function:

V =
1

2

(
tan2 β +M

(
S2
x + S2

y

))
(24)

Here, M is a large positive constant. Taking time
derivative of (24) and substituting from (23) and
using tan γ = Sx

Sy
sgn(SxSy) gives

V̇ = SxṠx

(
M + kv

sgn(SxSy)(1 + tan2 β)

S2
x + S2

y

)
+

SyṠy

(
M − kv sgn(SxSy)(1 + tan2 β)S2

x

(S2
x + S2

y)S2
y

)
(25)

Since SxṠx < 0 and SyṠy < 0, choosing

M > max(kv (1+tan2 β∗)
S2
x+S

2
y

), kv
(1+tan2 β∗)S2

x

(S2
x+S

2
y)S

2
y

) , the

above equation ensures that V̇ ≤ 0, which is equiv-
alent to V being decreasing during the reaching
phase, in which Sx 6= 0 and Sy 6= 0. During the slid-
ing (i.e. chattering) phase, if Sx = 0 then γd = 0
and still the above inequality holds. If Sy = 0,
γd should be saturated by the constraint (18), for
which γ̇ 6= 0 and Sy moves away from zero. This
shows that V remains bounded or β 6= ±π/2.

It should be noted that β∗ is selected properly
according to the application and the needle/tissue
specifications as follow. From the system equations
(3), |β̇| ≤ kv. Starting from zero initial condition
(which is true as the needle is unbent at the be-
ginning), the maximum value of β can be found by
taking integral of this inequality. Since the needle
length, L, is bounded and the variations of the nee-
dle length inside the tissue is ˙̀ = v the maximum
value of β can be found as β < kL. Using this
maximum value, β∗ can be selected accordingly. In
practice, since the needle path curvature is small
and the needle length is limited, |β| will also re-
main bounded and less than β∗. Similar discussion
can be made for the angle |α|.
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Figure 7: The effect of upper bound on γd on performance
in simulations for moving the needle on a straight line.

3.4. Simulations

In this section simulations are presented to study
the effectiveness of the proposed method and to
compare it with other methods proposed in the
literature. Here, the proposed method is com-
pared with methods based on continuous rotations
[12, 18]. In practical applications, it is desired to
limit the number of needle rotations since too many
rotations may cause tissue damage and trauma by
cutting the tissue and by heating produced by nee-
dle/tissue friction. This issue has been previously
studied in the literature [29, 30]. The tissue trauma
can be measured as the heat and energy transferred
to the tissue caused by needle rotations. The mea-
sure for tissue trauma is defined as

Trauma =

∫ t

0

u2dt (26)

where t is the insertion time and u is the rotational
velocity. The simulations are performed for the
adaptive structure proposed in the previous section
with an insertion velocity of 2 mm/sec and an in-
sertion depth of 140 mm. The constant rotational
velocity for the comparison is selected as 2π rad/sec
and the desired performance is to move the needle
on a straight line. As a needle rotates with constant
velocity, it moves on a helical path whose radius
depends on the rotational velocity, faster rotations
leading to smaller errors. However, this behavior
gives rise to the drilling effect, which causes tissue
trauma. In our proposed method, the needle is only
rotated when necessary, which is equivalent to mak-
ing small adjustments to reduce the error in both
the x and y directions. The results depicted in Fig.8
show that the proposed method yields a maximum

position error of 0.08 mm, which is still negligible,
but results in reduced trauma on tissue.

4. Steering in the presence of obstacles

4.1. Path Planner

In the presence of anatomical obstacles, the nee-
dle should be guided on a pre-planned path. This
path should be found as a feasible trajectory that
minimizes the targeting error and avoids any obsta-
cles. In this case, the steering problem turns into
a trajectory tracking problem, which is explained
in the next section. The control method proposed
in the previous section is a general controller that
does not depend on any specific planning method
as only the position error and its time derivative are
involved in the control algorithm. The feasible path
can be found using offline path planning methods.
However, the targeting accuracy can be improved
by doing online re-plannings to compensate for any
disturbances caused by tissue inhomogeneity. This
online re-planning can be updated at a slower rate
with respect to the control loop to ensure that there
will be a feasible path from the current position to
the target while maneuvering around the obstacles.

Here, an offline path planner is used to find a de-
sired path that reaches the target point and avoids
collisions with anatomical obstacles. The location
of the target point and the obstacles are determined
by pre-operation scans which are fed to the plan-
ner which uses the kinematic 3D unicycle equations
(3). In this planning method, the insertion depth
is divided into n points at which needle rotations
should occur. The values of the needle roll angle
at these n intervals are the output of the planner.
Having the closed form response [19], Algorithm 1
can be used to find the rotation values at n samples.
In this algorithm, the function costfunction cal-
culates the tip deflection at each sample n and also
at the obstacle to minimize the tip deflection error
at the target and maximize the distance from the
obstacle. However, the proposed control method is
not limited to this planner and any other offline or
online path planning methods can be used to pro-
duce the desired trajectory or make corrections to
find a feasible path from current needle’s position
to the target.

4.2. Tracking Method

The desired path generated by the planner is the
reference input to the control loop that should be
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Figure 8: Simulation results comparing the deflection and tissue trauma for different methods with the desired trajectory of a
straight line. (a): Norm of needle tip deflection. (b): Tissue trauma

Algorithm 1: Path Planner

1 Initialize : T0
2 Select T randomly
3 Cost0 = costfunction(T0)
4 while i < Max iteration do
5 Cost = costfunction(T )
6 if Cost < Cost0 then
7 T0 ← T
8 Cost0 ← Cost

9 end
10 else if

prob(Cost, Cost0, T0, T ) > random() then
11 T0 ← T
12 Cost0 ← Cost

13 end
14 update(T )
15 i = i+ 1

16 end

followed by the needle tip. The sliding mode con-
troller is then responsible for calculating the angle
γd to make this tracking happen. The difference be-
tween a desired trajectory and a straight line is that
the time derivatives of the desired trajectory are
not necessarily zero. However, in the constraints
derived in section 3, it is assumed ẋd = ẍd = ẏd =
ÿd = 0. In order to apply the same conditions and
control strategy to trajectory tracking, it is possi-
ble to discretize the desired path by sampling and
holding to break the tracking problem into several
small regulation problems. In this method, the de-
sired trajectory turns into a set of successive small
steps, each of which should be reached by the needle
during the discretization sample time. In order to

have small errors at the end of each step, a sawtooth
wave is applied to the sliding surface parameters bx
and by by resetting them at each discretization step
to their initial values such that they remain positive
all the time. This discretization is the only modi-
fication made for the tracking problem and can be
performed at the planner/re-planner level.

5. Experiments

To verify the accuracy of the proposed controller,
the experimental setup shown in Fig. 9 is used.
The system consists of a carriage actuated by a
DC motor through a belt and pulley mechanism
which performs the translational motion of the nee-
dle. Another DC motor is assembled on the trans-
lational stage to which the needle base is attached,
and performs the needle axial rotations. This mo-
tor is equipped with an encoder and its position is
controlled using a PID controller. In our experi-
ments highly flexible notched needles proposed in
[31] with experimentally identified mean deflection
radius of curvature of 400 mm are used. The phan-
tom tissue used in these experiments is plastisol,
made of 80% liquid plastic and 20% plastic softener
(M-F Manufacturing Co., Fort Worth, TX, USA)
with an estimated Young’s modulus of elasticity
of 35 kPa. To track needle tip, 2D transverse ul-
trasound images are used (SonixTouch, Ultrasonix,
BC, Canada), which provide information about the
needle position. In clinical manual insertions, the
surgeon uses the ultrasound images visually to track
the needle. Here this visual feedback is combined
with image processing and Kalman filtering tech-
nique to calculate the needle tip deflection from
partial observations of the needle [32]. Since the
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Figure 9: Experimental setup used to perform needle inser-
tion. The setup provides translational and rotational motion
of the needle. An ultrasound machine (SonixTouch, Ultra-
sonix, BC, Canada) is used to track the needle tip position.
A 6DOF force/torque sensor is attached to the needle base
which is not used in these experiments. The phnatom tissue
used in these experiments is plastisol.

ultrasound images are the only source providing us
with the needle tip position, this information should
be accepted as the true measurement value. How-
ever, in order to find the tip position, the needle
tip should be visible in the images. Issues about
the required image quality and different artifacts
affecting the needle position measurement are dis-
cussed in [32], which is out of scope of this work.
Here, the information obtained from ultrasound im-
ages is considered as the true value of the needle tip
deflection, which provides numerical measurements
to be used by the controller. The needle tip de-
flection is fed back to the controller and is updated
every 0.05 sec. The ultrasound probe is attached to
a translational platform to track the needle tip.

The position signal is then filtered to reduce noise
and the velocity is found by taking the time deriva-
tive of the position signal. Since the needle tip de-
flection changes are much slower than the noise im-
posed on the signals, the effects of the filter on the
system dynamics can be neglected.

The insertions are performed for a constant in-
sertion velocity of v = 2 mm/sec. The settling time
of the needle axial rotation with the PID controller
is about 0.2 sec, which is considered in the update
time of the desired value γd. The upper bounds α∗

and β∗ are selected as 0.15 rad. The experiments
are performed in two different scenarios, in each of
which eight trials were conducted.

In the first scenario, the needle is inserted to the
desired depth of 140 mm and aimed to move on
a straight line as in a conventional brachytherapy

procedure, i.e., xd = yd = 0. The initial value b(0)
is selected to be 80. The results indicate a mean
absolute error of 0.54±0.37 and 0.23±0.2 mm and
a maximum targeting error of 1.0 and 0.81 mm for
the x and y directions, respectively, as summarized
in Table 1. The needle tip error for different trials
as well as the needle tip track for one of the trials
are shown in Fig. 10 and Fig. 11. In the second
scenario, the needle is inserted to the target point
at a depth of 140 mm and is steered to avoid an
obstacle at the depth of a 80 mm to simulate pu-
bic arc interference (PAI) [33], which is common in
patients with a large prostate. PAI obstructs the
needle path to the anterior prostate, resulting in
poor seed placement and dose reduction [34]. Ac-
cording to [35], the average prostate size for men
between the ages of 40 and 50 is 44 mm in width,
31 mm in height and 37 mm in length. To simulate
a severe PAI, a 10 mm interference between pubic
arch and prostate is considered and modeled as an
obstacle with radius of 2 mm. Using these criteria,
a desired path is generated using the offline algo-
rithm introduced in section 4.1 for n = 5.

Here, the path is the reference to the closed-loop
system and the controller keeps the needle on the
desired path.

The path generated by the planner is then dis-
cretized by a sample time of 1 sec. The initial val-
ues of the sliding surface parameters bi are selected
as 3, which are reset to their initial values every 1
second. From Table 1, the mean absolute error of
0.48±0.55 and 0.51±0.61 mm is obtained for the x
and y directions, respectively. The maximum tar-
geting error is 1.14 mm for the x direction and 1.03
mm for the y direction. The needle tip error for
eight trials and tip position for one of the trials are
shown in Fig. 10 and Fig.11, respectively. The ex-
perimental results show a maximum position error
of 1.14 mm.

6. Concluding Remarks

In this paper, a non-model-based control struc-
ture for steering beveled-tip needles in soft tissue
is presented. In this control scheme, two sliding
surfaces are defined to account for the needle tip
deflection error in the x and y directions as the
needle is inserted to reach the desired depth. The
controller’s output is the needle’s roll angle, which
is calculated using the sliding surfaces. The pro-
posed method only uses the information about the
needle tip position obtained from the ultrasound
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Table 1: Summary of the experimental results
Results- x direction Results-y direction

Desired
Position

Mean
Absolute

Error [mm]

Standard
deviation (σ)

RMSE
[mm]

Max Targeting
Error [mm]

Mean
Absolute

Error [mm]
σ

RMSE
[mm]

Max Targeting
Error [mm]

1st scenario 0.54 0.37 7.3×10−5 1.0 0.23 0.20 6.1×10−5 0.81
2nd scenario 0.48 0.55 1.5×10−4 1.14 0.51 0.61 6.6×10−5 1.03
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Figure 10: Needle tip error for needle insertion in plastisol tissue. (a),(b): show the needle tip error for 8 trials in the x and y
directions for moving on a straight line (xd = 0 mm, yd = 0 mm). (c),(d): show the needle tip error for 8 trials in the x and y
directions for moving on a desired trajectory.
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Figure 11: Representative results for needle insertion in plastisol tissue for two scenarios: (a),(b),(c): moving on a straight
line; (d),(e),(f): moving on a desired trajectory. (a) and (b) show the needle tip position in the x and y directions and (c) is
the desired needle roll angle obtained from the sliding mode controller. (d) and (e) show the needle tip position in the x and
y directions and (f) is the desired needle roll angle obtained from the sliding mode controller.
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images and no information about the needle tip ori-
entation is involved in finding the control action.
The convergence of the deflection error is shown
using the 3D unicycle equations. The constraints
imposed by this convergence analysis are relaxed
using a adaptive-structure controller and rotating
the sliding surfaces. To evaluate the proposed con-
troller, experiments are performed on phantom tis-
sue for an environment with and without an obsta-
cle. To go around the obstacle, a path planner is
used which is based on optimization methods and
finds a feasible path as the reference input to the
control loop. From the experiments, the mean abso-
lute and maximum error are 0.5 mm and 1.14 mm,
respectively, which are comparable with the results
in the literature. In this work, the target locations
are considered to be stationary and the experiments
are performed on phantom tissue. Further develop-
ments will include the presence of moving targets
and needle insertions in biological tissue.
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