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Abstract

Prostate cancer is the second most common malignancy in American men. High-dose-
rate brachytherapy is a popular treatment technique in which a large, localized radiation
dose is used to kill cancer. Utilization of curvilinear catheter implantation inside the
prostate gland to provide access channels to host the radiation source is under
investigation by our group. To this aim, we have introduced an active needle to curve
inside the prostate conformal to the patient’s specific anatomical relationship for improved
dose distribution to the prostate and reduced toxicity to the organs at risk (OARS). This
work presents closed-loop control of our tendon-driven active needle in water medium
and air using the position feedback of the tip obtained in real time from an ultrasound (US)
or an electromagnetic (EM) tracking sensor, respectively. The active needle consists of a
flexure compliant section to realize bending in two directions via actuation of two internal
tendons. The actuation system is developed using two Maxon motors programmed to pull
the two tendons at certain displacements. An US or EM tracker sensor is used to track
the tip of the robotic tool in real time and provide position feedback to the controller.
Tracking errors using US and EM tracker are estimated and compared. Results show that
the bending angle of the active needle could be controlled using position feedback of the
US or the EM tracking system with a bending angle error of less than 1.00 degree. It is
concluded that the actuation system and controller, presented in this work, are able to
realize a desired bending angle at the active needle tip with reasonable accuracy.

1. Introduction

1.1. Challenges associated with needle insertion tasks

Several minimally invasive diagnostic and therapeutic procedures rely upon needle
insertion techniques. The procedures’ success rate depends on accurate navigation of
the steerable needles and precise tip placement at target locations. Limited needle
actuation and flexibility inside tissue, movement of the target during needle insertion [1],
and inadequate visualization with the most practiced ultrasound (US) and magnetic
resonance imaging (MRI) inside of the patient’s body [2] are cited as common challenges
in manual or robotic needle placement.

An example of a minimally invasive procedure that benefits from accurate needle
placement is prostate brachytherapy. Prostate cancer is the second most common cancer
among men in the U.S. [3] with an estimated 288,300 new cases and 34,700 deaths in
2023 [4]. High-Dose-Rate (HDR) brachytherapy is an internal and temporary radiotherapy
method to remove cancerous tumors. Conventional HDR brachytherapy involves
placement of radiation sources close to the tumor using rigid, straight needles. Although
the conventional method has been promising [5]-[9] in terms of tumor control, toxicities,
overall costs, and effectiveness (e.g., 5-yr and 10-yr distant metastasis-free survival
rates) [10]-[14], studies have reported side-effects such as edema in tissue, incontinence,
and impotence. The side effects are a result of excessive radiation and needle penetration
into sensitive organs such as the urethra, bladder, rectum, penile bulb, cavernous veins,
and neuro-vascular bundles. Also, use of HDR brachytherapy is limited in patients whose
pubic arch obstructs the transperineal path to the prostate, thereby interfering with needle
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placement [15]. A study showed that the procedure was practical only for 24 out of the 40
patients studied due to pelvic bone arch interference [16]. Even a narrow pubic arch may
prevent proper implantation in a small prostate gland [17]. Known strategies to overcome
this problem such as oblique catheter insertion and pelvic rotation [18], [19] are not
optimal. Active tendon-driven needles [20] have shown promises to alleviate this concern
via their precise navigation in desired trajectories.

On another note, imprecise catheter implantation often causes insufficient dosage to the
cancer and/or inadvertent radiation of the rectum, urethra, and bladder. The former
causes failure of treatment, while the latter results in adverse side effects like rectal
ulceration, incontinence, and dysuria (painful urination). Increased doses to normal
structures is well correlated with increased toxicity after brachytherapy, and despite the
adoption of modern techniques, toxicity remains significant [21].

Figures la & 1b show an US image of an anonymized patient’s prostate gland, where the
boundaries of the prostate are marked by a urologist. In conventional prostate
brachytherapy, needles are inserted in straight trajectories (examples are shown in Figure
la with dashed lines) using conventional straight and rigid needles; however, conformal
to the patient’s specific anatomy (shown in the figure with small triangles) are curved
trajectories that are feasible to achieve using active flexible needles. Noting that most of
the cancers are located at the peripheral zone of the prostate, placing radiation source(s)
in nearby areas (marked in Figure 1b via the curved access channels of the active
needles) is of great interest. In addition, active flexible needles provide the opportunity to
move away from organs at risk (OARS) such as urethra, bladder, and rectum and thereby
lower the risk of excess toxication. Figure 1b shows the prostate of the same patient
when deformed due to a needle insertion. The small triangles in both figures are used to
estimate the range of bending angle that an active needle should realize in a needle
insertion task (explained in Section 2.1).

Prostate

Figure 1. Straight vs. curved trajectories for needle insertion inside (a) undeformed, and
(b) deformed prostate.
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1.2. Background and related work

Researchers have been making efforts to introduce robotic needle insertion systems. For
instance, Gerboni’'s group introduced a needle with high articulation by creating an
asymmetric tendon-actuated flexible section in one direction [22], while Chitalia’s group
has improved on the design by combining different notch patterns on a single needle [23].
The group later proposes two distinct flexible sections along with a tendon-routing block
to minimize errors involving a misalignment issue [24]. Concerning efforts related to
imaging modalities, Kriger, et al. developed an MRI-compatible system with a hybrid
tracking method that eliminated the need for performing manipulator motions inside the
scanner while still retaining accuracy [25] and Khadem’s group proposed a method to
estimate a passive needle tip’s trajectory using 2D transverse US images [26].

Besides needle actuation, intraoperative tracking of the needle and tissue is of great
importance. Robotic closed-loop control of the needles navigating inside tissue relies on
the feedback of the needle tip position and/or the needle shape. Since the needles should
ultimately perform percutaneous procedures in nontransparent human tissue, vision-
based (camera) tracking is unrealistic. On the other hand, use of position/shape sensors
is not desired due to the small (meso-scale) size of the needle. Thus, US or MRI imaging
feedback are ideal candidates for needle tip and shape tracking; however, intraoperative
image acquisition and processing to have reliable feedback in real-time is challenging.

Recent research efforts have introduced needle-tissue interaction models to predict the
needle behavior inside tissue. For example, a mechanics-based dynamic model was
introduced [27] to estimate deflection of a bevel-tip flexible needle while inserted into soft
tissues. In a later study, an overview of this dynamic model was presented with comments
about controllability of flexible needle insertions [28]. In another work [29], a needle
insertion model with mechanics of tissue rupture, and effect of insertion velocity on needle
force, tissue deformation, and needle work was presented. Another study in 2012 [30],
introduced a mechanics-based model for needle deflection with multiple bends during
insertion into soft tissue based on a Rayleigh-Ritz formulation. A later study in 2015 [31]
the beam theory was extended to develop a new mechanics-based dynamic model for
needle insertion in soft tissue. More recent works [32], [33] presented an estimator to
predict needle tip deflection and needle shape during needle insertion into soft tissue.
Finite element methods have also been developed to model needle-tissue interactions
using a discretized model of the needle and tissue [34], [35]. A nonholonomic model for
steering flexible needles with bevel tips was developed in [36] for needle control with
actuations at the base of the needle. Another study in 2015 [37] presented an extension
to the kinematic bicycle model for bevel-tipped needle motion in soft tissue, accounting
for non-constant curvature paths for the needle tip. The models are intended to be used
in model-based control of the needle while navigating inside tissue towards a moving
target. However, models are associated with errors, and could not be trusted without
additional sensory feedback and a proper controller. This work presents real-time and
reliable estimation of the needle tip to realize a closed-loop control of the needle
movement inside tissue.
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Dexterity and visualization of robotic instruments are key factors in the procedure’s
success. Recent research has been focused on improving flexibility of the instruments as
well as sensing and visualization of the instruments inside the body. Examples of robotic
tools with improved flexibility include tendon-driven notched needles [41], [42], steerable
guidewires [43], continuum robotic tool [23], [44], concentric tubes [45], [46], and 3D
printed active flexible needles [47], [48]. To the best of our knowledge, none of the above-
mentioned active needles are specifically designed and developed for prostate
brachytherapy.

Several sensing and visualization techniques have also been developed to provide
feedback to the operating surgeon of the robotic systems. Recent progress in sensing
and visualization of the robotic tools include US tip tracking [49]-[51], shape prediction
[52]-[54], Fiber Bragg Gratings (FBG) based force estimation and shape sensing [55],
[56] and shape memory alloy (SMA) self-shape and self-force sensing [57], [58]. Our
group has previously published works on needle actuation. In one work, we studied the
performance and interactive response of multiple distributed SMA actuators to manipulate
a 3D printed active flexible needle [59]. In another work, Karimi and Konh developed an
electrical resistance feedback control of multiple SMA actuators to control the movement
of a 3D steerable active needle [60] in a tissue phantom.

This work presents two tendon-driven active needles to achieve a robotic bidirectional
bending inside the tissue. The active needle consists of a flexure section, carefully
designed, for improved flexibility inside the prostate gland. The needle’s bidirectional
bending is realized via independent actuation of two internal tendons. A closed-loop
control framework is provided to use real-time US tracking in water medium and
electromagnetic (EM) tracking in air as position feedback of the tool’s tip for closed-loop
control. Ultimately, the performance of the active needle in a water medium is evaluated
to assess if the US tracking system can provide reliable position feedback to the controller
for precise needle manipulation.

This manuscript is organized as follows: Section 1 provides an introduction about the
needle insertion tasks and their challenges (Section 1.1), along with the background and
related works in this area (Section 1.2). Section 2 lays out our robotic and control methods
to improve the needle insertion tasks. Section 2.1 introduces our tendon-driven active
needle, while Section 2.2 and 2.3 cover the actuation system to manipulate the active
needle with US and EM tracking systems, respectively. Section 2.4 explains our closed-
loop control method for precise manipulation of the active needle. Section 3 summarizes
the results of the tendon displacement control in Section 3.1, and the active needle
response using the US and EM tracking systems in Sections 3.2 and 3.3, respectively.
Discussions and conclusions are outlined in Sections 4 and 5, respectively.
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2. Materials and Methods

2.1. Robotic tendon-driven active needle
The design of the tendon-driven active needle is shown in Figure 2a. The active needle
was developed by carving a series of six small notches on each side of a superelastic
nitinol tube (Johnson Matthey, London, UK). Schematic dimensions of each notch are
shown in Figure 2b with the corresponding values listed in Table 1.

Two active needles were developed in this work using the following manufacturing
methods (i) ultraviolet (UV) laser cutter machine (Confluent Medical, Scottsdale, AZ) on
the nitinol tube with 1.49mm inner diameter (ID) and 2.00mm outer diameter (OD) shown
in Figure 2c, henceforth called the US Tool, and (ii) typical machining methods in lab on
the nitinol tube with an ID of 1.60mm and OD of 2.00mm shown in Figure 2d, henceforth
called EM Tool.

The US tool was made with a width of 0.46mm and depth of 1.68mm with higher precision
offering more flexibility however at a high manufacturing cost. The EM Tool was fabricated
in the lab using a Dremel to create notches that are approximately 0.42mm wide and
1.33mm deep at low manufacturing cost.

The notches produce a flexure section, shown in Figure 2a, that allows for improved
flexibility of the active needle. Two holes (0.25mm in diameter) were made near the distal
end of the flexure section for two tendons (0.10mm diameter SMA wires) to get attached
to. The tendons were looped in and out of the holes and completely fixed to drive needle
bending when pulled.

1.49mm ID
2.00mm OD

Polyethylene /
terephthalate (PET)
heat shrink cover

Figure 2. Schematic design of (a) tendon-driven active needle with (b) the notch
dimensions fabricated on a nitinol tube using (c) UV laser cutter (US Tool), and (d)
typical machining in our lab (EM Tool).
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The flexure section of the needle was sealed to prevent tissue penetration into the needle
tube and avoid tissue rupture. Shown in Figure 2c, the flexure section was covered (tight
fit) with a Polyethylene terephthalate (PET) heat shrink tube (13um thickness). The PET
material is biocompatible and sterilizable with Ethylene oxide. We have tested the heat
shrink tube on the active needle when bent and inserted into phantom tissues to ensure
that it does not rip off during an insertion task [65]. The active needle including the covered
flexure section is sterilizable.

The utmost expected angular deflection of the active needle to realize a curved trajectory
inside prostate gland was estimated using Figure 1b, where a small radius of curvature
is desired inside a deformed prostate. The bending angles were marked in the figure with
small triangles on the curved trajectory, and the largest overall angular deflection of 50
degrees was measured. Methods to estimate the bending angles of the two active
needles, developed in this work, are explained below.

The following equations are used to estimate the bending angle of the flexure section.
For the notches schematically shown in Figure 2b, the neutral bending axis can be
calculated using the following equation [66]:

4(r,% sin’ (o) — 1i° sin® ()
3(7‘02(2(]50 —sin2 ¢o) - 7"iz(zd)i —sin2 ¢1))

where y is the distance moved from the center of the tube, r, and r; are the outer and
inner radii of the tube, respectively, and ¢, and ¢; are found by the following equations:

y= (1

To
) (@)

¢, = arccos(
TO

TO
) 3

¢; = arccos(
Ti

where d is the notch depth. The bending angle for each notch can be estimated as:

- 4

=5 @
where h is the height of the neutral axis for each, which in this work is equal to the height
of the cut (). Assuming that the total deflection is distributed equally among the six
notches, the bending angle of the whole flexible section could be found by multiplying the

bending angle of each notch by the number of notches.

Table 1. The dimensions of the notches for the two active needles developed in this
work. Units are in mm.

r; (ID) 1, (OD) d t
US Tool 0.75 (1.49) 1.00 (2.00) 1.68 0.46
EM Tool 0.80 (1.60) 1.00 (2.00) 1.33 0.42

Dimensions of each notch for the two active needles are listed in Table 1. Using the
equations above, the angular deflection of each notch for the US Tool and the EM Tool
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14.48 and 14.13 degrees, respectively. The overall angular deflection of the flexure
sections (six notches) 86.88 and 84.78 degrees for the US and EM Tools, respectively,
which both surpass the expected angular deflection of 50 degrees for the active needle.

2.2. Actuation and ultrasound tracking system
The actuation system designed in this work consists of a motor, gear box, and lead screw.
The tendon pulling force (F) to realize a specific bending on the flexure section when
bending inside tissue should be estimated experimentally. The following equation is used
to calculate the amount of torque (T) required to pull the tendon and consequently bend
the active needle, similar to lowering down a load on a lead screw:

) ®

where dm, |, f, and a are the mean diameter of a single thread, tendon displacement,
coefficient of friction, and thread angle, respectively. To provide an example of
calculations for the active needle (shown in Figure 1b), we estimated that a maximum of
22N of force (tendon pulling force) is sufficient to bend the needle inside the tissue. This
was estimated through needle insertion experiments in tissue phantoms with different
Young’s modulus [39] resembling prostate tissue. With this tension, an 8 mm diameter
lead screw, friction coefficient of 0.25 for threaded pairs of a steel and dry screw, and
thread angle of zero for square threads, the maximum torque was estimated as 0.41 N.m.
Upon torgue estimation, a DC motor, gear, and a lead screw combination was selected
and purchased to develop a pulling actuation mechanism. To realize bi-directional
bending on the active needle, two similar tendon actuation mechanisms were developed
and installed to have full control over needle bending.

_ Fdy (l +nfd, seca

2 \nd,, —flseca

The experimental setup to actuate the active needle at a desired bending angle and real-
time US tracking in water medium is shown in Figure 3a. The position of the tip is tracked
using the US machine, processed through a series of image processing commands, and
provided to the controller for appropriate control actions (explained later).

The actuation system to pull the internal tendons on the US Tool to realize a desired
bidirectional bending at the tip (shown in Figure 3b) consists of two motors, each
consisting of a 0.5W (Maxon Group, Sachseln, Switzerland) DC motor RE 8 @8 mm,
Precious Metal Brushes with an 8mm diameter lead screw drive (GP 8 S @8mm, Metric
spindle, M3 x 0.5), and an encoder (MR, Type S, 100CPT).

An L7 Linear Array US probe (CHISON Medical Technologies Co., Ltd., Jiangsu, China)
was used to track the tip of the active needle in real time in water medium. The active
needle was submerged in water with the US lying on the surface of the medium. For
proper sealing, the inner walls of the 3D printed box (made by Prusa i3 MK3 printer),
shown in Figure 3c, were coated with a silicone sealant (Gorilla Glue Co., Cincinnati, OH).
To prevent water from entering the needle tube, wood putty (Minwax, Cleveland, OH) was
used at the distal end surrounding the entry point of the needle.
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Figure 3d shows the 2D plane of the US for tip tracking. The cross section of the needle
appears as a circular shape in the US images. The US images are obtained in real time
with a frame grabber, Epiphan Av.io HD. (Epiphan Systems, Ottawa, Canada) from the
ECO 5 (CHISON Medical Technologies Co., Ltd., Jiangsu, China) through the US probe.

o

xon motors, gear box,
gand lead screw () |

o
T

US.probe
tracking
needle tip |

= )
Figure 3. Experimental setup to evaluate performance of the tendon-driven active
needle in water medium consisting of (a) US tracking, (b) tendon actuation system to

bend the flexure section in two directions, (c) active needle and US submerged in water
bath, and (d) 2D US plane for tracking bidirectional movement of the active needle tip.

Due to the artifacts observed in the US images while tracking the needle movement in
the water medium, a series of image processing techniques (Figure 4a) were performed
to obtain the 3D coordinates of the robotic tool in real time. Figure 4b shows an
unprocessed US image, while Figure 4c shows the processed image where region of
interest (ROI) is designated by the white box with the needle tip being marked with a red
circle. The script assigned a coordinate system for the y-z plane over the US image being
generated, using the pixel count as a basis for converting to millimeter scaling.
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US image processing
(i) Crop the Image to the (a)
Region of Interest (RIO)

(ii) Convertto Grey Scale

(iii) Apply Threshold

(iv) Assigna Local ROI

(v) Apply Blob Detection

(vi) Find Pixels for Cross Section
(vii) Find the Centroid
(viii)Assign Local Coordinates
(ix) Find Global Coordinates
(x) Return Tip Position

Figure 4. (a) Image processing method showing (b) unprocessed US images with
sources of noise, and (c) processed US images in real time. The tip is marked with a
red circle.

2.3. Actuation and electromagnetic tracking system

Another method of tracking the needle tip position was developed in this work using two
3D Guidance Model 55 EM tracking sensors (Northern Digital Inc., Waterloo, Canada),
shown in Figure 5. The EM tracking system includes two sensors. The first and second
sensors were installed inside the needle tube at the tip and the proximal end of the EM
Tool, respectively. The EM tracker reports displacement and rotation data, so the bending
angle at the flexure section of the active needle is measured directly through measuring
the rotation of the distal sensor compared to the stationary proximal sensor. A similar
actuation system, using Maxon motors as explained above, was used to manipulate the
active needle. Manipulation and control were performed in the air.

4.
e TR = e
™ 0. B s

Figure 5. Actuation and EM tracking system consists of (a) active needle, (b) EM
sensors, (c) EM transmitter, (d) EPOS4 positioning control boards, (e) two Maxon
motors, and (f) power supply.
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2.4. Closed-loop control

This section presents our controller to manipulate the tip of the active needle to follow a
desired trajectory and reach a target point in water medium and air. Figure 6 shows a
block diagram of our closed-loop control algorithm for US-based or EM-based method to
realize a desired bending angle at the active needle’s flexure section. The controller
communicates with the actuation system to realize appropriate tendon displacements via
actuation of the Maxon motors, and consequently realizes an angular deflection at the
flexure section of the active needle. The controller was programmed to force the flexure
section to follow an input desired bending angle function. The needle tip position obtained
by the US tracking system, or the tip and distal positions of flexure section obtained by
the EM tracking system were recorded in real time and used to estimate the angular
bending of the flexure section. The PID controller compares the input desired function
with the bending angle estimated obtained in real time from the US or the EM tracking
system to adopt appropriate control actions.

+ Control actions: | Actuation | Tendon1 | Flexure section-
Controller

Tendondisplacement ~| _System | Tendon2 ~| Active needle

Desired Bending Angle
at the Flexure Section
of the Active Needle

Tip Position Sensing
Angular Bending at Flexure Section

Bending Angle us

. EM Tracker
Image processing

Figure 6. Scheme of closed-loop control method for realizing a desired bending angle
at the flexure section of the robotic tool.

3. Results

3.1. Relationship between the tendon displacement and angular deflection
To characterize the flexure section, the tendons were linearly and independently
displaced at increments of 0.5mm. Images were taken of the flexure section at each
increment and the angular deflection was measured using ImageJ. Figure 7 shows the
relationship between the linear displacement of the tendon with the angular deflection
(bending) of the flexure section towards opposite directions (left and right). A second
order polynomial function was fitted to the data, shown in Figure 7, to model the
relationship between the tendon displacement and the angular deflection of the flexure
section. This relationship was used by the controller to make decisions on the tendon
displacement actions.

11
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Figure 7. Relationship between angular deflection of the flexure section and the
tendons’ linear displacement.

3.2. Closed-loop control with US tracking feedback

To evaluate the performance of the active needle as well as the capability of our US
tracking system to provide reliable feedback, the controller was set to realize a maximum
angular bending of 10 degrees in a water medium. The coordinates of the needle tip were
displayed on a computer running the US tracking script and recorded for graphical
analysis post-experimentation. The coordinates were used to calculate the bending angle
of the flexure section in real time. Time was also recorded during the experiment. The
measured bending angle (output), as well as the desired bending angle (input)
determined by the displacement function, were also recorded, analyzed, and compared.
Three different input bending angle functions of (i) step, (ii) sine, and (iii) triangle were
utilized for the flexure section to follow. The actual (green) and desired (red) bending
angle of the flexure section was compared (Figure 8a) and the corresponding absolute
difference (bending angle error) between the measured output and desired input was
estimated and plotted (Figure 8b).

12



302
303
304
305

Input

(@) Bending Angle  oupu ®)  Abs. Bending Angle Error

IAngIe (deg)

- . A
L1 T PP o VUSRI s 8,71 W WP o Y. SUOPY oy T N =

. . . P SO TR . VYU U PO o7 | U PPN SOV ...
0 50 100 150 200 260 300 350 0 50 100 150 200 260 30 350

Time (s) Time (s)
Figure 8. Bending angle of the tendon-driven active needle: (a) calculated from the data
collected by the US tracking system for the different input functions, and (b)
corresponding absolute difference (bending angle error) with respect to time.
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Figure 9. Bending angle of the tendon-driven active needle: (a) calculated from the data
collected by the EM tracking system for the different input functions, and (b)
corresponding absolute difference (bending angle error) with respect to time.

3.3. Closed-loop control with EM tracking feedback
To test the capability of the EM tracking system, the same displacement functions of (i)
step, (ii) sine, and (iii) triangle were utilized for the needle tip to follow in the air. For
comparison, the displacement function period was kept the same; however, since the EM
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tracker was capable of measuring higher deflection angles, the maximum deflection angle
was set to 20 degrees. It was assumed that the difference in maximum angle would not
greatly inhibit the function of the controller since the period was sufficiently long. The
same method was used for data collection, analysis, and comparison. Figure 9a shows
the controlled response of the flexure section with respect to the input functions, while
Figure 9b shows the corresponding absolute difference (bending angle error) between
the measured output and desired input.

4. Discussions
The EM tracking system produced similar position data to the US tracking; however, there
was significantly more noise in the data. The angular deflection measurements with the
EM tracker fluctuated routinely around £2.0 degrees for very close data points, whereas
the US tracking measurements hardly fluctuated (£0.5 degrees).

Table 2. Bending angle tracking error in closed-loop control of the active needle using
the feedback received from US and EM Tracking systems. Units are in degrees.

Input Function Tracking Method  Min. Error Max. Error Mean Error

. us le-04 1.09 0.23
Sine

EM 6e-04 454 1.00
Triangle us le-04 1.42 0.21
EM 8e-04 3.97 0.96
US 4e-04 11.45 2.00
Step (2.33) (0.27)
(ignoring delay) EM 10e-04 2291 4.51
(4.02) (0.83)

Table 2 lists the maximum, minimum, and mean error for each input displacement
function (i.e., sine, triangle, and step) using US and EM tracking systems. The controller
was able to realize a sine displacement function with mean error values of 0.23 and 1.00
degrees with US and EM tracking systems, respectively. Tracking the triangular
displacement function was done with 0.21 and 0.96 degrees of mean error values for the
US and EM tracking systems, respectively. It was however noticed that the actuation
system was incapable of producing a quick response for the step displacement function,
and thereby a delayed response. Due to the relatively slow ramp-up time, mean error
values were 2.00 and 4.51 degrees for the US and EM tracking systems, respectively.
The highest maximum absolute error was observed to be 22.91 degrees from the EM
tracking system following step function with the lowest coming from the sine function with
the US system (1.09 degrees). As a consequence of the high absolute error, the largest
mean error was also observed in the EM tracking step function with 4.51 degrees, and
the lowest mean error was 0.21 degrees from the US tracking triangle function. The
values in parentheses were estimated for the step function, when ignoring the delay
period where the motors are running significantly behind the step. Once the measured
angle was within the 10% of the desired step angle for the first time, data recording was
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resumed. The average delay period using the aforementioned parameters was 8.43 and
9.69 seconds for the US tracking and EM tracking systems, respectively. Ignoring the
delay period, tracking of the step function resulted in mean error values of 0.27 and 0.83
degrees for the US and EM tracking systems, respectively, which closely align to the
accuracies produced from the other displacement functions.

The mean error difference in tracking the desired bending angle of the active using the
US or EM tracking systems were 0.77, 0.75, and 0.56 degrees for the sine, triangle, and
step functions, respectively. The US tracking system realized a more accurate tracking of
the active needle (average of 0.69 degrees improvement in accuracy) compared to the
EM tracking for the three input functions used in this work. The results show that the US
tracking system, submerged in the water, provides reliable feedback to the controller to
realize a desired angular bending at the flexure section of the active needle with
reasonable accuracy.

5. Conclusions

This work presents a closed-loop control of a bidirectional tendon-driven active needle in
water medium and air using US and EM tracking, respectively. It has been observed that
the bending angle of the active needle, could be controlled using position feedback of the
US or the EM tracking system with corresponding absolute difference (bending angle
error) <1 degrees, and thereby comparable precisions. Therefore, the controller has
been able to realize a desired bending angle at the flexure section of the active needle
with reasonable accuracy using the US tracking system.

The US tracking system developed in this work is similar to the tracking method typically
used in needle-based prostate interventions. It was shown that the controller is able to
realize a desired bending angle at the flexure section of the active needle using the
feedback of the US tracking system submerged in the water bath. This work takes the
first step towards utilization of active tendon-driven needles in prostate interventions,
where both the needle and the US are placed and function inside tissue.

Future work will focus on developing a closed-loop control to steer the active tendon-
driven needle in a curved trajectory inside the prostate gland. Axial insertion of the needle
to reach targets deep inside the tissue is also among our future aims. Introducing linear
stages to the system will provide robotic movement to the US probe and provide more
accuracy in tracking the needle tip in the event of larger tip displacements, which is often
seen in patients with large prostate glands.
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