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Abstract

Bevel-tipped flexible needles can be robotically steered to reach clinical targets along curvilinear

paths in 3D. Manual needle insertion allows the clinician to control the insertion speed, ensuring

patient safety. This paper presents a control law for automatic 3D steering of manually inserted

flexible needles, enabling path-following control. A look-ahead proportional controller for

position and orientation is presented. The look-ahead distance is a linear function of insertion

speed. Simulations in a 3D brain-like environment demonstrate the performance of the proposed

controller. Experimental results also show the feasibility of this technique in 2D and 3D

environments.
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I. Introduction

Many important diagnoses and treatments are accomplished by needle insertion [1]. In the

brain, needle insertion is important as a possible delivery technique for chemotherapy [2].

Straight, quasi-rigid needles have traditionally been used for many applications. If the

needles used were flexible and could be steered, the resulting ability to follow curved

trajectories would enable the needle to avoid critical anatomical structures, greatly

increasing the set of feasible trajectories. Flexible needles with beveled tips, as is common,

curve during insertion due to the asymmetry of the tip. Webster et al. exploited in order to

steer needles by dynamically reorienting the needle shaft [3]. Our group augmented this

technique, adding proportional control of curvature by rotating needles with a duty cycle

during insertion [4], [5].

Among other possibilities, a steerable needle could be used as a guide wire for deep brain

stimulation (DBS) [6]. In some DBS cases, surgeons start near Kocher’s point (2.5 cm off
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the midline at the level of the coronal suture) and aim for the subthalamic nucleus. The

nearby corticospinal tract must be avoided. Such a DBS scenario is used in this paper to

establish the geometry for planning and experiment. Figure 2 illustrates the environment,

consisting of a simplified set of anatomical obstacles: the basal ganglia, corticospinal tracts,

and the thalamus [7].

Needle trajectories in clinical use will generally be planned preoperatively. Numerous

algorithms have been developed to plan trajectories for steerable needles [8–13]. Once a

feasible path is determined, closed-loop path-following control is needed in order to execute

the desired trajectory safely and effectively. Of the relevant literature on path planning,

some papers do not address control explicitly; some others include it; some others

accomplish control indirectly by rapid replanning. The techniques in these papers have been

developed generally for insertion at constant speed, which is most compatible with

motorized insertion. Surgeons may prefer to insert needles manually, in order to preserve

force feedback or for other reasons related to safety [14], [15]. In this paper, we present a

control technique suitable for automatic steering control of manually inserted needles,

providing appropriate path-following in the presence of time-varying insertion speed.

Okazawa et al. developed a handheld needle steering device which was an early example of

a simple concentric tube robot [16]; the presentation did not deal with path-following

control. The earliest demonstrations of needle steering via duty-cycled rotation were done

with manual insertion, but these involved open-loop execution of trajectories at various

curvatures, with no path-following control [4], [17]. Kallem and Cowan parameterized a

needle steering control algorithm in terms of insertion distance rather than time, in order to

make the system easily compatible with manual insertion [18]. However, this work did not

deal with proportional control of steering radius using duty-cycled rotation. Incorporation of

duty-cycled rotation in the control system during manual insertion creates significant

additional difficulties in handling transitions between duty cycle periods and control of

rotational speed under variation in insertion speed; this paper presents a practical control

system that specifically addresses these challenges.

II. Methods

The hardware system is shown in Figure 1. The clinician controls the insertion of the needle

by pushing the handgrip forward. The system has a single motor, which is used for axial

rotation of the needle; this motor performs the duty-cycled rotation and also reorientation of

the needle as needed in order to control the direction of bending. (A second motor for

insertion can be added when needed, in order to perform tests with motorized insertion, for

comparison, as in Section V.) A telescopic sheath is used to prevent buckling of the flexible

needle outside the tissue. An orthogonally mounted stereo pair of cameras and a PC user

interface provide the surgeon real-time visual feedback about estimated states and path-

tracking errors.

III. 3D Kinematic Model of Bevel-tipped Needle

The nonholonomic kinematics of the insertion of flexible bevel-tipped needles has been

described by Webster et al [3]. As presented in Fig. 3, a body coordinate frame Ω is rigidly
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attached to the needle tip. The body x-axis is the direction of insertion, the y-axis is the

bending direction, and the z-axis is determined by the right-hand rule. Inserting the needle

causes the tip to move along the x-axis with velocity v and rotate about the z-axis with

angular velocity v/r, where r is the radius of curvature for the needle in that particular tissue.

The maximum possible curvature is κmax=1/rmin; rmin is the minimum attainable radius,

which corresponds to insertion without axial rotation (ω = 0). Through duty-cycled rotation,

the needle can achieve any curvature between 0 and κmax.

In this work, the insertion velocity is not constant and manipulated by the human operator.

In real clinical situations, a typical range of insertion velocity is between 0.2 and 1.8 mm/s

[19]. The effect of velocity variation on the needle curvature has been shown to be

negligible [20].

IV. Control System Design

Based on the kinematic model [3], we design a control system for the manual insertion as

depicted in Fig. 4.

The main difference between the previous needle steering system [5], [21] and this

prototype for manual insertion lies in the loss of one control input: the insertion distance. To

compensate for this drawback, an added sensor (Temposonics® EP2 magnetostrictive linear

position sensor) is used to provide additional information.

The control flow (Fig. 4) is as follows: a feasible trajectory from the entry zone to the

clinical target is generated using RRT, which provides the desired position and orientation

of each point on the path. Stereo cameras and the magnetic displacement sensor keep track

of the tip position and insertion length. Based on the sensor data, state estimation is

performed using an extended Kalman filter (EKF) and a low-pass differentiator. By

comparing the estimated state with the reference point on the preplanned path, the cross-

track error and heading error are calculated for the controller to determine the appropriate

rotational duty cycle and final orientation angle for each duty-cycling period in order to

follow the path. More detailed descriptions are given in the following sections.

A. Error Calculation for Manual Insertion

For manual insertion control, the path planner is separated from the control block. The key

issue for error calculation is the selection of a reference point on the planned trajectory for

comparison. In our previous work, the nearest point to the tip is selected. This work uses a

modified version of the error calculation. As Fig. 5 indicates, a look-ahead distance is added.

The steps in the error calculation are as follows:

a. Find the nearest point (blue point in Fig. 5) on the planned path to the current tip

position.

b. Calculate a look-ahead distance, L, which is related to the current insertion velocity

by a model with saturation
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where Lmax represents a threshold.

c. Search forward on the planned path to find the point (the green one in Figure 5)

that is at a distance L forward of the closest point on the path.

The look-ahead distance is introduced to compensate for time delay. By comparing the

reference point with the current tip, we can calculate the same errors defined in [21]:

position error (or “cross-track” error [22]) and heading error.

The position error, erf, is the distance from the tip frame to the reference frame in the given

trajectory. The heading error, φe, is the angle between the x-axis at the needle tip and the

tangent to the planned path at the reference point. Since both position error and heading

error can be reduced through rotation of the needle (duty-cycled rotation and/or

reorientation), a weighting scheme for rotation angle and desired curvature is used [21]. For

simplicity, we represent the position and orientation of the reference as (exrf, eyrf, ezrf) and

(q0rf, qxrf, qyrf, qzrf) in the tip frame, where quaternion representation is used. These two

vectors reflect the two aspects of tracking error: the former indicates the current “tracking”

performance of tip position with the preplanned path, while the latter one tells how to adjust

the heading for the next step. These two factors are combined in the controller system as

shown below.

a) Position Tracking Controller—

where Kp is the tracking gain, ds the distance moved per cycle, and erf the relative distance.

b) Heading Controller—

where Kh is the heading gain and φe the angle between the x-axis at the needle tip and the

tangent to the planned path at the reference point as mentioned before.

c) Overall Controller—

where θtotal and κtotal serve as the inputs for motor control.
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B. Motor Control

With the parameters in the previous section, this motor controller provides two outputs: the

angle to rotate and the amount of curvature. Since the rotation motor is the only actuator in

this system, its control algorithm must be robust enough to handle different situations. The

control inputs of the motor are rotation angle and duration of rotation, so the controller

outputs must be converted into these parameters.

Because the manual insertion speed is time-varying and somewhat unpredictable, when

performing the duty-cycled rotation, execution time is of the essence. In the previous two-

motor system, reorientation of the needle to adjust the steering direction was performed

separately from duty-cycled rotation. In the present work, the adjustment of tip orientation

and the duty-cycled rotation are merged into a single rotation, as depicted in Fig. 6.

In practice, we set the orientation angle and the duration of rotation at discrete intervals,

once per duty-cycling period. The following equations for rotation angle and duration are

used.

Rotation Angle—

where k is selected such that φtotal ∈ {φmin, φmax}, for preset thresholds φmin and φmax. In

this way, the rotation angle is kept in an amenable range for control accuracy.

Rotation Duration—

where DC represents the value of duty cycle truncated by upper and lower bounds, and ve is

the current insertion velocity.

The equations above depict additional constraints that are imposed on the values of duty

cycle and rotation angle for the manually inserted case. The bounds are set in order to avoid

unpredictable situations, like jerky movement within a cycle, and in order to avoid true a

100% duty cycle (continuous spinning), which would create difficulties for sensing and

triggering the following cycle.

C. State Machine Representation

Figure 6 depicts motor control for one step; Figure 7 depicts the implementation of this

approach for the whole insertion process, in a state-machine representation. The control loop

is triggered by distance rather than time. During the process, the magnetic insertion distance
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sensor samples at a high rate (100 Hz) while the motor transitions between the two states.

While in the action state, the control blocks are executed.

V. Experimental Results and Discussion

A. 2D Experiments

We performed 2D experiments first, as a simplified special case of the full three-

dimensional scenario. Human subjects performed insertion by pushing the handle forward.

For comparison, a separate set of insertions was performed along the same planned paths,

using a translation motor operating at constant speed. Four paths were planned, and the

needle was inserted along the paths using both manual insertion and motorized insertion. A

new gelatin sample was used for each insertion, to avoid artifacts due to previous needle

tracks. Table I indicates the RMS and maximum cross-track and heading errors for the four

separate trials. Fig. 8 displays the results of path tracking for all four trials in both

experimental conditions.

B. 3D Simulation and Experiments

An RRT-based path planner [23] was used to plan a feasible trajectory from the entry zone

to the target region in the brain for the DBS scenario.

First, simulation results showed the feasibility of the proposed 3D control scheme. In

simulation, needle position measurements contained additive Gaussian noise to simulate

position measurement errors (σ = 1 mm). A variable insertion velocity was also simulated

with a Gaussian distribution (σ = 0.5 mm/s). The extended Kalman filter predicted needle

position and heading with maximum needle curvature of 0.01 mm−1. Fig. 9 is the final result

of the needle following the path beginning from the entry zone of the cortex (blue circle),

toward the left subthalamic nucleus, while avoiding obstacles.

Fig. 10 demonstrates the experimental results for 3D steering in a tissue simulant (gelatin).

A 0.25-mm diameter solid nitinol wire, filed down to a 10° bevel, was inserted into the

gelatin. The maximal curvature for this needle in this particular tissue was found to be

0.0074 mm−1. The needle was inserted along two preplanned paths from the RRT in the

brain simulation environment, under two separate experimental conditions (manual and

motorized insertion). Table II indicates the cross-track error for both cases, as well as the

final targeting error of the needle tip position to the desired location. Manual insertion

results in increased error due to difficulty in responding to the time-varying and

unpredictable insertion speed.

VI. Discussion

Due to considerations of safety and expense, there is a trend in robot-assisted surgery toward

keeping the human in the control loop [24]. In this work, we have designed a new control

approach that allows automatic 3D steering of manually inserted flexible bevel-tipped

needles. The 2D experimental and 3D simulation results show the feasibility of the proposed

proportional look-ahead controller. This system maximizes the ease of retraction of the

needle for safety, should it be necessary. Improvements in performance will be sought by
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refining the vision-based state estimator, and by incorporating a feedforward model of

torsional windup [25].
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Figure 1.
Manual needle steering system. The user operates the handle on the left for insertion of the

needle. A DC motor controls orientation and duty-cycled rotation of the needle. The needle

is inserted into the tissue simulant, positioned in the view of orthogonal cameras.
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Figure 2.
The path planner pre-computes feasible paths in a human brain environment from entry zone

to the target point located in the area of the subthalamic nucleus (indicated by a highlighted

black bounding box), while avoiding anatomical obstacles along the paths. We try different

target points (randomly generated) to test the planner. A: Overview of the environment. B:

Close-up of the anatomical obstacles.
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Figure 3.
Needle coordinate system, control inputs, and kinematics of curvature. The body coordinate

frame is attached to the needle tip.
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Figure 4.
Control block diagram for variable velocity needle insertion.
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Figure 5.
Illustration of the two inputs for the proportional controller: modified crosstrack error [22]

and heading error, as well as the position error for the look-ahead controller.
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Figure 6.
One Cycle of Motor Control
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Figure 7.
Control state machine. As the needle is inserted, the scheme switches between a rotation

phase in which the rotation motor is activated, and an idle phase consisting of pure insertion

without rotation.
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Figure 8.
2D results for different trials. Blue lines are preplanned paths, green lines with circle

symbols are manual insertion results, and red lines with circle symbols are motorized

insertion results.
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Figure 9.
Simulation of needle path following under variable insertion velocity control scheme.
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Figure 10.
Experimental results of 3D steering in tissue simulant. The two panels are results for two

separate paths. The blue trace indicates the preplanned path, the red is the measured

trajectory for manual insertion, and the green is the measured trajectory for motorized

insertion.
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Wu et al. Page 19

TABLE I

Error of 2D Manual Insertion Experiments

Trial
Cross-track Error (mm) Heading Error (rad)

RMS Maximum RMS Maximum

1 0.86 1.31 0.07 0.17

2 1.87 2.74 0.08 0.19

3 0.22 0.79 0.04 0.11

4 1.30 1.12 0.06 0.04
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Wu et al. Page 20

TABLE II

Error of 3D Insertion Experiments

Cross-track Error (mm)

RMS Max Targeting

Simulated 1.58 3.91 0.47

Motorized 3.41 4.97 3.37

Manual 4.59 7.50 7.22
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