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Abstract

Brachytherapy is a radiation based treatment that is implemented by precisely placing focused 

radiation sources into tumors. In advanced interstitial cervical cancer bracytherapy treatment, this 

is performed by placing a metallic rod (“stylet”) inside a hollow cylindrical tube (“catheter”) and 

advancing the pair to the desired target. The stylet is removed once the target is reached, followed 

by the insertion of radiation sources into the catheter. However, manually advancing an initially 

straight stylet into the tumor with millimeter spatial accuracy has been a long-standing challenge, 

which requires multiple insertions and retractions, due to the unforeseen stylet deflection caused 

by the stiff muscle tissue that is traversed. In this paper, we develop a novel tendon-actuated 

deflectable stylet equipped with MR active-tracking coils that may enhance brachytherapy 

treatment outcomes by allowing accurate stylet trajectory control. Herein we present the design 

concept and fabrication method, followed by the kinematic and mechanics models of the 

deflectable stylet. The hardware and theoretical models are extensively validated via benchtop 

and MRI-guided characterization. At insertion depths of 60 mm, benchtop phantom targeting tests 

provided a targeting error of 1. 23 ± 0. 47 mm, and porcine tissue targeting tests provided a 
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targeting error of 1. 65 ± 0. 64 mm, after only a single insertion. MR-guided experiments indicate 

that the stylet can be safely and accurately located within the MRI environment.

Index Terms—

Deflectable Stylet; Tendon-driven; MR tracking; Brachytherapy

I. Introduction

Cancer is the second leading cause of death in the world [1]. In 2019, gynecological cancers 

ranked third in both the number of new cases and deaths, with 109,000 newly diagnosed 

cases and 33,100 deaths in the United States [2]. Current methods for gynecological 

cancer treatment include surgery, chemotherapy, and radiation therapy [1, 3]. Interstitial 

brachytherapy is a form of localized radiation therapy which allows the delivery of high 

radiation doses to tumor regions by placing radioactive sources into and around the tumors 

[4–7]. To perform this procedure, a series of semi-stiff metallic stylets, covered with 

brachytherapy catheters, which are made of hollow plastic tubes with a sealed sharp tip, 

are inserted through a guidance tool into the regions of interest [8, 9] (see Fig. 1 for the 

setup). Once in the target position, the stylet is removed from the catheter, and the radiation 

source is inserted. Similar to other focal therapies, the effectiveness of brachytherapy to 

reduce tumor dimensions, while sparing surrounding tissues, is dependent upon the accurate 

placement of the radiation source with respect to the target [4]. Thus, it is of paramount 

importance to accurately deliver the radioactive seeds.

Conventional methods to track the stylet locations inside the tissue involve the use of 

intraoperative imaging modalities such as X-ray, computed tomography (CT), ultrasound 

(US), or Magnetic Resonance Imaging (MRI) [9, 11, 12]. However, X-ray and CT cannot 

be delivered continuously due to the radiation involved, while MRI methods suffer from 

a slow update rate, and US provides insufficient localization accuracy. Additionally, none 

can provide millimeter-level precision stylet localization at a temporal rate of several frames 

per second. In prior work, we implemented and validated active MR-tracking (MRT) for 

brachytherapy. MRT demonstrated significant improvement in terms of procedural time (~15 

minutes with MRT vs ~56.2 minutes obtained with US guidance [9, 13–16]). However, 

accurate advancement of the metallic stylet to the target, necessary for further procedure 

acceleration, was still lacking. Multiple in-and-out stylet manipulations were necessary to 

correct deviations in catheter trajectory, which increased procedure durations and tissue 

disruption.

Current stylet control is limited to a single degree of freedom (DoF) in that it can only be 

linearly inserted/retracted. As such, the trajectory planning for a given target is defined by 

choosing the hole in the guidance tool that the clinician feels best counteracts the effects 

of tissue anisotropy. However, current guidance tools have predefined channels (see Fig. 

1), which lead to inaccurate stylet placement due to the inherent mechanical resolution. 

Preliminary work indicated that MR-tracked stylets inserted toward targets with insertion 

depths between 35 and 172 mm using iterative coarse and fine repositioning methods 
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(pulling out and then reinserting with a median of 15.50 mm), could only achieve a 

localization error of 11.10 mm and 4.10 mm, respectively [9].

In this study, we hypothesize that gynecological cancer brachytherapy treatment will have 

improved targeting accuracy if a deflectable stylet is integrated with the MR tracking 

technique, which will, in turn, reduce tissue damage and the procedure time, and reduce 

radiation injury to neighboring normal tissues. Deflecting an interventional device within 

the tissue to hit the target location can be achieved with several approaches, such as 

concentric tube robots [17], bevel-tipped steerable needles [11, 18], and tendon-driven 

mechanisms [19]. To fit seamlessly into the current workflow and gain the acceptance of 

the interventional oncologists, we applied a manually actuated tendon-driven mechanism to 

perform the stylet deflection. Two MR-tracking coils were mounted on the distal end of 

the deflectable stylet to monitor its real-time position for closed-loop positional monitoring 

of the insertion process. Additionally, miniaturized resonant floating RF traps (MBaluns) 

were incorporated on the proximal end of the deflectable device to reduce the risk of tissue 

damage caused by MRI radio-frequency heating. The following paper is divided into four 

sections. Section II describes the design, fabrication and prototyping, modeling, and the 

MRT and MBaluns integration of the proposed deflectable stylet. Section III elaborates on 

the experimental setups and procedures. Section IV provides the experimental results and a 

discussion of the results. The paper concludes in Section V.

II. Methods

A. Design Requirements

To address the limitations associated with the conventional straight stylet delivery method, 

we aim to design a new stylet that could provide dexterous trajectory correction when 

the stylet is advanced from the guidance holes. The following requirements are considered 

during the design process. First, the new design should fit seamlessly into the current 

procedure workflow, as well as with existing MRT coils [8]. As such, the new deflectable 

stylet must fit within the brachytherapy catheter, which has an inner diameter (ID) of 1.45 

mm. Second, the stylet must be MR-Conditional and super-elastic. The latter characteristic 

prevents plastic deformation of the stylet when force is applied. The stylet must also be able 

to deflect by at least 9°. This deflection angle is required so that the workspace between 

each guiding hole is fully covered. Finally, the deflecting region of the stylet must maintain 

enough rigidity to allow tissue puncture without buckling. Robot-assisted stylet deflection is 

not considered in the proposed work due to the intrinsic complexity to obtain future FDA 

clearance, but it can be seen as a natural extension of this work.

B. Deflectable Stylet Design and Fabrication

In our design, a nitinol tube (ID: 0.90 mm, OD: 1.40 mm, JM# 84742, Johnson Matthey, 

CA, USA) was used to create the deflectable stylet. Nitinol is a non-ferromagnetic 

material, permitting safe operation within the MRI environment, that also possesses super-

elastic properties, providing strain recovery of up to ten percent [20, 21]. This hollow 

tube also allowed the placement of the nitinol tendon wire (OD: 0.25 mm, NW-0100, 

Component Supply, TN, USA) and the MRT micro-coaxial cables (OD: 0.15 mm, Precision 
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Interconnect) within the internal channel. A Young’s modulus of 38 GPa and 42 GPa was 

used for the nitinol tube and tendon, respectively, based on the provided material datasheets. 

An upper plateau stress of 540 MPa and a lower plateau stress of −750 MPa was used for 

both the tube and tendon. The plastic brachytherapy catheter (ID: 1.45 mm, OD: 1.96 mm) 

had a Young’s modulus of 1.20 GPa with an upper and lower plateau stress of 85 and −90 

GPa, respectively.

The MRT micro-coils were incorporated by machining two 12.70 mm long grooves axially 

along the distal end of the stylet at a cut depth of 0.76 mm. A flat region was produced 

for micro-coil placement by adding solder to the machined grooves of the nitinol tube, after 

which this region was machined flat for coil adhesion. This flat solder adhesion not only 

served as the flatbed for the micro-coil placement, but also as the attachment method for 

the tendon wire to the distal end of the nitinol tube. The detailed view representing the 

micro-coils’ placement is illustrated in Fig. 2A. To permit local deflection at the stylet’s 

distal end, four asymmetric cutouts were made axially along the stylet prior to the groove 

for the proximal MRT micro-coil, as seen in Fig. 2B. The asymmetric cutouts allowed 

unidirectional deflection when the tendon is retracted. These cutouts were 1.72 mm apart, 

3.17 mm in length, and cut at a depth of 0.76 mm. It should be noted that the cutouts for 

deflection were intentionally cut on the opposing side of the tube that the MRT grooves 

were cut on. This reduced the possibility of damage to the micro-coaxial cables caused by 

tendon-wire actuation or tube deflection.

In this study, a four-flute, 45°, ⅛-inch carbide end mill was used (SKU 415–1502, Shars 

Tool, IL, USA) to create the grooves for the micro-coil placement (milling machine: 

Bridgeport 1.5 HP). The cutouts of the deflectable section were fabricated with the same 

end mill. The tendon wire was soldered to the nitinol tube using Indalloy solder #12 (96.5Sn 

3.5Ag, 0.030in solder wire) and Indium Corporation Flux #2. The prototype can be seen in 

Fig. 2C–E. Following the machining and soldering operations, the micro-coils were fixed to 

the machined soldered flat beds using fast curing adhesive. Micro-coaxial cables (OD: 0.15 

mm) were then soldered to the micro-coils and guided through the nitinol tube. One unique 

characteristic of using a tube as compared to a solid stylet [8] involved the ability to store 

excess length (~1–3 mm) of micro-coaxial cables within the tube. This allowed the cables to 

accommodate extension when the stylet undergoes deflection, preventing unwanted stress to 

the solder joints between the coaxial-cables and the micro-coils.

C. Kinematic Modeling

In this section, we aim to develop the kinematic model that relates the desired stylet tip 

pose to the joint-space tendon wire retraction. The modeling in this paper is the extension of 

prior work [22–24] with the primary contribution pertaining to the consideration of tendon 

wire elongation during the actuation process. Fig. 3 depicts the stylet subjected to tendon 

retraction and the corresponding geometry. The transformation matrix that describes this 

geometry from the base frame to the desired target location can be defined as:

T0
4 = Tz, aT (κ, s)Tz, bTz, p (1)
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The transformation matrix from the base frame to the first cutout Tz,a is defined by the 

following equation:

Tz, a =

cos(β) −sin(β) 0 0
sin(β) cos(β) 0 0

0 0 1 a
0 0 0 1

(2)

where a is the distance from the base frame to the first cutout and β is the rotation around the 

longitudinal axis of the stylet. The angle β plays a critical role in trajectory planning, where 

rotation of the stylet can change the insertion trajectory.

The transformation matrix of the whole deflection region, as discussed by [22], is shown in 

(3).

T (κ, s) =

1 0 0 0

0 cos(κs) −sin(κs) cos(κs) − 1
κ

0 sin(κs) cos(κs) sin(κs)
κ

0 0 0 1

(3)

where the arc length s and the curvature κ of the deflectable region can be defined by:

s = ℎn + c(n − 1) (4)

κ = θ
ℎ − yθ (5)

where n is the number of cutouts, ℎ is the cutout width, c is the spacing between the cutouts, 

y is the neutral bending plane, and θ is the desired deflection angle of the deflectable tip as 

shown in Fig. 3. The kinematic relationship between tendon retraction within the deflection 

region Δl and the stylet curvature κ can be found in (6) [22, 24].

Δl = ℎ − 2 1
κ − ri sin κℎ

2(1 + yκ) (6)

where ri is the inner radius of the tube. This equation will be leveraged in the following 

section.

From Fig. 3, it is apparent that two additional transformation matrices are needed: (i) a 

transformation matrix from the last cutout to the tip of the stylet, and (ii) a transformation 

matrix to account for insertion depth. The transformation matrix from the last cutout to the 

tip of the stylet can be defined by:
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Tz, b =

0 0 0 0
0 0 0 0
0 0 0 b
0 0 0 1

(7)

where b is the distance from the last cutout to the tip of the stylet. The transformation matrix 

to account for insertion depth is described by (8), where p is the insertion depth.

Tz, p =

0 0 0 0
0 0 0 0
0 0 0 p
0 0 0 1

(8)

Note that equation (8) is developed based on the assumption that the stylet travels in a 

straight line to reach the target. This assumption will be systematically validated in Section 

IV-B.

To solve the inverse kinematics, the joint space variables, κ, β, and p, were solved using 

the desired target location in the robot coordinate frame and the deflectable stylet design 

parameters a, b, and s. κ was solved numerically by driving the left-hand side of (10) to 

equal zero using the fsolve function in MATLAB. β and p were obtained analytically. The 

relationships between the three unknowns to the three knowns are shown below:

β = atan2 xd
−yd

(9)

cos(κs) 1 + ydκcos(β) − xdκsin(β) + sin(κs) ydκ − aκ − 1 = 0 (10)

p = sin(κs) 1 + ydκcos(β) − xdκsin(β) + cos(κs) aκ − zdκ
κ + b (11)

where [xd, yd, zd] are the target locations with respect to the robot coordinate frame.

D. Force Analysis

It was noticed that the tendon-wire elongation is non-negligible when an axial load is 

applied to the thin nitinol wire, which had a diameter and length of 0.25 mm and 30 cm, 

respectively. This was not considered in previous studies [22, 24]. In this section, we aim to 

develop a force model that accounts for the tendon wire elongation, and predicts the accurate 

tendon retraction and force necessary to reach a desired target.

A critical design limitation is that the stresses in the tendon wire must remain below 

the upper plateau stress of the tendon’s material properties. If the upper plateau stress 

is exceeded, any additional tendon retraction will only result in increased strain in the 

tendon, with no additional load applied for stylet deflection. As a result, a derivation for the 

elongation strain of the tendon is a linear relationship provided in the following equation:
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εelong = FT
ATE (12)

where FT is the force in the tendon, AT is the cross-sectional area of the tendon, and E is the 

Young’s modulus of the tendon. FT can be found using a strain energy based method, which 

can be written as:

∂U
∂θ = M = FL (13)

where U is the total strain energy stored in the system, θ is the deflection of the system, F is 

the force applied to obtain the deflection, and L is the moment arm [22, 24]. In this case, the 

total strain energy is the sum of its constituents as described by (14).

U = UT , elong + UT , κ + Uc, κ + nUs, κ (14)

where UT,κ, Uc,κ, and Us,κ are the strain energies associated with bending in the tendon, 

catheter, and a single cutout of the deflectable stylet, respectively. UT,elong is the strain 

energy in the tendon associated with axial elongation, which is the primary contribution of 

this work. It should be noted that although UT,elong is not directly related to θ, it is a function 

of the tendon force, which is a function of θ. As a result, this equation can be applied if the 

partial of the total strain energy of the system with respect to θ is solved using a backward 

finite difference method with all initial conditions equal to zero.

To solve for the strain energy associated with elongation stored in the tendon, it is first 

recognized that the strain energy density is equal to the area under the stress-strain curve of a 

single axial fiber, as shown in (15).

W (ε) = ∫
0

ε
σ(e)de (15)

where W(ε) is the strain energy density as a function of strain and σ is the stress. As a result, 

the strain energy caused by tendon elongation can be defined as:

UT , elong = ∫
0

LT∫
0

r0∫
0

2π
W εelong dφdrdl (16)

where Lt denotes total tendon length from the end of the solder joint to the control handle 

and ro is the radius of the tendon.

Considering friction between the tendon wire and each non-cutout region, the force in the 

tendon can be written as [22, 24]:

FT = 1
η2nL

∂U
∂θ (17)
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where η is a lumped term [22, 24], μ is the coefficient of friction, and γ is deformation 

angle shown in Fig. 3. Combining (6), (12), and (17), the total tendon retraction needed to 

accurately reach the desired target can now be written as:

Lretract = nΔl + LT
η2nLATE

∂U
∂θ (18)

where n is the number of cutouts in the stylet, Δl is the tendon retraction necessary to satisfy 

equation (1) through kinematic analysis, and the second term is the retraction necessary to 

account for tendon elongation from the strain.

E. MRI-Tracking

MR-Tracking was accomplished using two micro-coils made of a 3-layer flexible-printed-

circuit (FPC). The coil had the length, width, and thickness of 8 mm, 1.10 mm, and 

0.20 mm, respectively. Tracking coil tuning and matching was achieved using embedded 

thin-film capacitors, providing a 63.8 MHz resonance and a (S11) reflection coefficient of 

approximately - 20dB, as seen in the lower images of Fig. 4. The specifics of the micro-coil 

tuning circuit design can be found in [8]. The circuitry used for tuning and matching was 

contained in the proximal end of the handle assembly next to the LEMO connector used for 

signal transmission, as seen in the upper image of Fig. 4.

F. MBalun Integration

The MBalun winding was integrated into the proximal end of the stylet to avoid potential 

heating of the metallic stylet caused by standing waves during high Specific-Absorption-

Rate (SAR) MRI pulse sequences [25]. 96 windings of 38 AWG copper wire were wound 

around a Mylar tube (ID: 1.58 mm, OD: 1.98 mm) using an automated wire-winding 

machine. The Mylar tube acted as an insulating sleeve. A winding pitch, defined as the ratio 

of the distance between successive windings to the bare wire diameter, of 3 was used. At 

the distal end of the “solenoid”, the wire was attached to the nitinol tube using silver epoxy. 

The proximal solenoidal wire end was soldered to an 8.2 pF tuning capacitor, which was 

thereafter electrically connected to the nitinol tube using silver epoxy. As a result of the 

inductor-capacitor series resonant circuit, the MBalun forms a robust barrier to electrical 

common mode propagation at 63.8 MHz.

III. Experimental Setup and Procedure

A. Model Validation

The kinematic and force analysis models were validated by constructing an experimental 

setup that simultaneously measured force and tendon retraction. This was achieved using 

a linear sliding table incorporating an SFU1605 ball screw driven by a NEMA 23 stepper 

motor as shown in Fig. 6. The tendon wire was attached to a force sensor (Go Direct® 

Force and Acceleration Sensor, Vernier), which was constrained to the linear table. The 

deflectable stylet assembly was fixed to the end of the linear rail using a brass collet. A 

camera (5WH-00002, Microsoft LifeCam Web Camera) was placed perpendicular to the 

longitudinal axis of the stylet to obtain the stylet shape. The camera was calibrated using the 
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MATLAB Camera Calibration Toolbox [26]. The tendon wire was retracted from 0 to 5 mm 

in 0.20 mm increments. At each increment, the force measured from the Vernier force sensor 

was recorded in conjunction with an image of the stylet being taken.

B. Targeting Test

The targeting test was conducted in both an agar phantom and a porcine tissue sample. 

The agar phantom was a 2.5% mixture according to the method described in [27]. The 

experimental setup, as shown in Fig. 7, consisted of the same system used in the kinematic 

model validation experiment; however, in this case, the linear table constrained a custom-

designed handle that retracted the tendon based on the rotation of a knob at the base of 

the handle (see [28] for the control handle working principle). The stylet tip trajectory was 

recorded by Electro-Magnetic (EM) tracking coils (Aurora, NDI Medical, Ontario, Canada), 

which were placed at the MRTR grooves (see Fig. 2C) with the cables routed within the 

inner channel of the nitinol stylet. The recorded position data points were converted to the 

deflectable stylet coordinate frame using rigid body transformation methods [29]. Note that 

bending occurs in the negative y-direction per the coordinate system shown in Fig. 7, which 

is consistent with Fig. 3.

There were three tests associated with the targeting test. The first test was used to 

determine if trajectory changes could be made while the stylet was in the tissue. This 

was systematically validated by inserting the stylet with a deflection of 0° until the entire 

deflectable region of the stylet was inside the agar phantom. The stylet was then inserted 

60 mm (the typical stylet insertion depth observed in our prior human trials) with 0 mm 

tendon retraction while the trajectory was recorded. The stylet was then moved to a new 

position and reinserted to the same initial insertion depth (60 mm). The tendon retraction 

was then set to 5 mm and the stylet was inserted 60 mm. Both trajectories were recorded for 

a comparative study.

The second test was used to investigate the trajectory obtained from a known initial 

deflection angle. This was accomplished by retracting the tendon to obtain an initial 

configuration angle, placing the stylet tip coincident with the surface of the phantom and 

then inserting the stylet 60 mm while recording the trajectory. The desired tendon retraction 

for an initial stylet deflection was determined by the force model validated in the previous 

section. The initial configuration angle was varied from 0° to 13°.

The third test was the targeting test used to determine the accuracy of the proposed modeling 

method. This was accomplished by inserting the stylet into the porcine tissue with calculated 

joint-space parameters to reach pre-defined target locations within the porcine tissue.

C. MRI-Guided Navigational Test

The MRT was tested while attached to the device in a Siemens 1.5T Espree MRI scanner. 

STIR-UTE sequencing was implemented using TI/TR/TE/θ= 120ms/20ms/60us/10°, with a 

resolution of 0.9×0.9×1.8mm3. This was accomplished by setting up a cubic phantom made 

of a gel phantom (gel conductivity = 0.6 S/m, gel relative dielectric constant = 77), within 

the MRI. The device was then inserted into the gel by a clinician at 10 different arbitrary 
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deflection angles ranging from 0° to 11°. The MR-Tracking coils were then scanned and the 

image was analyzed to determine if the coils were effective at indicating position.

The effectiveness of the MBaluns was evaluated by taking measurements of temperature 

increases in the vicinity of the MBalun-equipped brachytherapy stylet according to ASTM 

Standard F2182–11a [30]. The device was inserted 20 cm into an ASTM gel phantom (gel 

conductivity = 0.6 S/m, gel relative dielectric constant = 77) in the bore of a Siemens 

1.5T Espree MRI Scanner. The device was oriented parallel to the z-axis, with the shaft 

displaced from the magnetic field center by 10 cm in the Left-Right direction, and the tip 

displaced 40 cm from the magnetic field center in the Superior-Inferior direction, placing 

the tip in a region of maximal induced electric field. The device was scanned for 15 min 

with a 4.0 W/kg Specific Absorption Rate Steady State Free Precession (SSFP) sequence 

(Repetition-time)/ Echo-time/ Flip-angle = 2.5 ms/1.3 ms/66°, Bandwidth = 977 Hz/pixel, 

field of view = 40 × 40 cm2, matrix = 128 × 128). The temperature was measured using 

a fiber-optic temperature probe (Neoptix RF-04- 1, Montreal, Canada) placed beside the 

stylet’s most distal MRT micro-coil. The temperature of a reference point far from the 

device was also collected in order to account for temporal temperature changes in the gel.

A control was provided by measuring the temperature increase of the device without 

MBaluns using an identical setup. Baseline temperatures were also recorded before Radio-

Frequency transmission, and temperature changes were measured during the scanning.

IV. Results and Discussion

A. Model Validation

Using the experimental setup and procedure discussed in Section III-A, ten experiments 

were conducted of tendon retractions ranging from 0 to 5 mm at 0.2 mm increments, 

resulting in 260 data points. In Fig. 9A, the stylet tip locations can be seen with respect 

to the base frame, where increasing tendon retraction corresponds to a counter clock-wise 

progression. Note that at low stylet deflection angles, the model accurately predicts the 

position of the tip position; however, with increasing angle, the experimental results slightly 

diverge from the model. Nonetheless, the model can achieve sub-millimeter precision 

(<0.5mm) throughout all the tests, which is within the resolution of the MR images (1mm/

pixel).

Fig. 9B depicts a comparison of the measured average force to the force computed by the 

numerical model with respect to the configuration angle of the stylet. Note that each data 

sample in Fig. 9B was repeated 10 times in order to obtain statistically significant results. 

Here we use the bending angle θ as the configuration variable. It was found that our model 

predicted better results with an error of 0.18±0.15°. In the case of the highest applied force, 

and error, of 23.75 N, our model predicts an angle of 14.43°, whereas the previous models 

predicts an angle of 14.89°, and the experimental results indicate an angle of 14.05°. Our 

model, which includes the strain energy of the tendon, indicates that a given force would 

generate a lower deflection angle when compared to the previous model. This trend is 

clearly indicated in Fig. 9B.
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Fig. 9C depicts a comparison of the experimentally measured and theoretically calculated 

tendon retraction with respect to the bending angle θ. The proposed force model 

demonstrated a significantly improved prediction accuracy for tendon retraction, as 

compared to the previous models [22, 24], with an error of 0.46±0.24°. For example, at a 

bending angle of 14.05°, our model predicts a tendon retraction of 4.67 mm and the previous 

model predicts a tendon retraction of 0.22 mm, which leads to an error of 0.32 mm and 

4.78 mm, respectively. This comparison highlights the paramount importance of accounting 

for tendon elongation, particularly in this application where the total tendon wire length is 

390 mm. Potential causes for error using our proposed model can be the unaccounted strain 

in the system, such as strain in the mounting rod for the force sensor, and strain in the 

mounting of the stylet.

B. Targeting Test

The first phantom test was conducted ten times to ensure the results were statistically 

significant. It was observed that there were no substantial deviations (<1mm trajectory 

change as shown in Fig. 10A) in a trajectory when the tendon retraction was applied 

while the deflectable region was already inside the tissue (see Fig. 10A for the trajectories 

obtained in both scenarios). This can be explained by the counter moment applied by the 

surrounding tissue to the distal end of the stylet. This observation is critically important as 

it guarantees the trajectory cannot be changed with tendon retraction after the deflectable 

region is inserted into the tissue. Thus, the deflection of the stylet should be applied before 

deploying it into the tissue.

The results of the second test can be seen in Fig. 10B–C with each data sample being 

repeated 5 times. These tests provided evidence that the insertion trajectory is collinear 

with the initial deflection angle of the stylet, which indicates that the trajectory can be 

approximated as a linear line with the gradient equal to tan( θ ), as shown in Fig. 10B. 

Depicted in Fig. 10C is a comparison between the angle of the stylet with respect to the 

kinematic model based on a tendon retraction in free space and the angle of the trajectory 

in the phantom resulting from the same tendon retraction. Note that the mean error is 

0.35°±0.37° if the deflection angle is less than 11°; however, the trajectory angle diverges 

significantly from the initial stylet angle when the initial configuration angle is larger than 

11°. This can be explained by the reaction force applied by the tissue to the tip of the stylet 

during initial insertion. Thus, the kinematics and mechanics model developed above can be 

applied for trajectory planning if the initial deflection angle is less than 11°.

The targeting test was conducted for twenty arbitrary targets in the agar phantom and 

twenty-five targets in the porcine tissue. The target locations varied in insertion depth from 

as low as 40 mm to as high as 150 mm. The input angle varied from 0° to 10.50°. In the agar 

test, the average error was 1.23± 0.47 mm. In the porcine test, when the insertion depth was 

60 mm or less, the average error was 1.65±0.64 mm. For insertion depths of 150 mm into 

the porcine tissue, the average positional error was 3.21±1.12 mm. Note that an insertion 

depth of 60 mm was typically observed in our human trials. An example of the resulting 

trajectories can be seen in Fig. 10D.
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The results of these tests illustrate the effectiveness of this device; the accuracy in this work 

with a single insertion is significantly improved compared to previous studies involving 

multiple retracting-and-reinserting manipulations [9]. The primary contribution to targeting 

error is due to the different tissue properties in the trajectory, such as fat, muscle, and elastin. 

In instances where large errors occurred (>5mm) in the deep insertion trajectories, the stylet 

was inserted into regions that possessed different tissue structures. In instances where the 

errors were low (<1.5 mm), long sections of muscle were found and used for the test. In 

general, the positional error increases with insertion depth due to the increased likelihood of 

traversing tissues with differing elastic properties, as well as cavities or gaps in the tissues 

[31–33]. This is illustrated in Fig. 10E, where a target location was intentionally selected 

such that the angle was the same (7.84°), but the insertion depth was varied. For each target 

location, the stylet was completely removed and inserted into a new location, thus ensuring 

that the previously cut trajectory would not affect the validity of the data.

C. MRI-Guided Navigational Test

By comparing the ground truth location of the center of the MRT coil positions, as measured 

by high-resolution 3D MR images acquired by an inversion-recovery gradient echo (MP-

RAGE) sequence with a spatial resolution of 0.3×0.3×0.3 mm3 to the MR-Tracking 

detected locations (MR-Tracking parameters: FOV of 300 mm, 512 pixels/projection, 3 

averages, 4 phase-ditherings/projection) the MRI-guided navigational test indicated that the 

MR-Tracking sequence, provided the location of the stylet tip in the MRI reference frame 

at a rate of ~15 Hz with a precision of 0.6×0.6×0.6 mm3. An example of the scanned stylet 

within the MRI environment can be seen in Fig. 11. Use of the MBaluns was successful 

at reducing the temperature to FDA approved levels. The control device without MBaluns 

resulted in a temperature increase of 2.5±0.1 °C. When the device was equipped with the 

MBaluns, the temperature increase was 1.8±0.1 °C, which was within the acceptable limits 

(2°C requirement [34]). Additionally, the tracking coils were easily identified in Turbo Spn 

Echo MRI images obtained within a prostate phantom, based on their hyperintensity ratio of 

>5:1 relative to the tissue voxel intensity, with the artifact produced by the stylet extending 

for less than 2 mm from the metallic surface.

V. Conclusions

This paper presents the design and fabrication, mechanics modeling, and trajectory planning 

validation for a deflectable stylet used in interstitial brachytherapy. The stylet was made 

of the super-elastic nitinol, and the actuation method to induce deflection was tendon 

retraction. Our kinematic model was able to determine the tip location within 0.50 mm 

in the free space conditions. The force model was able to predict the bending angle with 

a mean error of 0.18°± 0.15°. The corresponding tendon retraction model was able to 

accurately predict the stylet deflection angle for a given tendon retraction displacement with 

a mean error of 0.46°±0.24°. Experimental results indicated that the trajectory cannot be 

manipulated when the deflectable region of the stylet was within the tissue. Also, it was 

found that the trajectory of the stylet is collinear with the initial deflection angle. Using 

the collinear assumption, the kinematics model developed in free space could accurately 

determine the joint-space parameters necessary to reach a target location in the tissue. The 
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model was then validated in a porcine tissue sample and obtained the targeting results with 

a mean error of 1.65±0.64 mm. MRI experiments indicated that the stylet could be tracked 

with a rate of ~15 Hz with a precision of 0.6×0.6×0.6 mm3. Additionally, the MBalun was 

successful at ensuring the safety of the device while being used in the MRI by reducing the 

temperature change during peak-SAR imaging to 1.8°C.

Our future work will involve systematically analyzing the sources of error in placement of 

the deflectable stylet inside ex-vivo tissue. Following error characterization, we will evaluate 

the effectiveness of delivering the brachytherapy seeds to a desired target location in animal 

trials in the MRI. Finally, we will conduct a patient trial to test the efficacy of this prototype 

in an actual bracytherapy catheter placement procedure. The efficacy of the proposed active 

deflectable stylet relative, to existing non-deflectable active stylets [6], will be evaluated in 

human clinical trials, where multiple (10–20) catheters are inserted, based on (i) the mean 

procedure duration per catheter, (ii) the mean number of (in and out) insertions required to 

reach a catheter’s desired target, and (iii) the mean targeting error relative to the clinician’s 

initial desired catheter location.
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Fig. 1. 
The Venezia gynecological applicator (Elekta, Sweden) depicts an interstitial catheter, which 

will be advanced through the cervix [10].
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Fig. 2. 
View A-A in (A) shows the solder bed (red), the nitinol tendon (blue), the MRTR coils 

(yellow), and the nitinol tube used as the brachytherapy stylet (grey). Section View B-B 

provides a downward looking view of the same assembly, without the solder (left), and with 

the solder, tracking coils, and micro-coaxial cables (right). (B) Side view of the stylet with 

the corresponding dimensions. (C) The stylet following the machining operations. (D) Stylet 

after machining the soldered surface flat (blue). Note the gap left to provide access for the 

micro-coaxial cables (dotted red ellipse). (E) Full handle assembly after assembly.
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Fig. 3. 
A single cutout being deflected and its corresponding geometry is depicted to the left based 

on tendon retraction. Blue is the tendon, the dashed green line is the location of the neutral 

bending plane, and the black dashed lines depict the change in the deflection angle. A side 

view (right) of the stylet is also given. The catheter surrounding the stylet is transparent. 

Additionally, the location of location coordinate frames can be seen in red.
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Fig. 4. 
The upper image is the proximal end of the handle assembly, which contains the tuning and 

matching circuits for the proximal and distal MR-Tracking coils. The lower images are the 

S11 plots of the distal and proximal MRT coils, as seen on a Vector Network Analyzer, 

after tuning and matching the circuitry. The resonance occurred at 63.8 MHz (the Larmor 

frequency of the Siemens 1.5T scanner).
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Fig. 5. 
An MBalun, which had a resonance frequency of 63.8 MHz, can be seen attached to the 

proximal end of the nitinol deflectable stylet.
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Fig. 6. 
Experimental setup for the force model validation test. Note that the background is white 

and the plastic catheter was darkened to work seamlessly with the MATLAB image 

processing techniques.

Gunderman et al. Page 24

IEEE ASME Trans Mechatron. Author manuscript; available in PMC 2022 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
The experimental setup for the trajectory test in the porcine tissue is depicted above. The 

location and orientation of the robot base frame can be seen. The z-axis is in line with the 

stylet pointing toward the direction of insertion and the y-axis is orientated downwards. The 

stylet trajectory was obtained with an EM tracker.
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Fig. 8. 
Experimental setup inside Siemens 1.5T Espree MRI scanner for the MRI-guided 

navigational test, with deflectable stylet assembly and prostate phantom depicted in the 

MRI.
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Fig. 9. 
(A) is a plot of the stylet tip position when deflection angle increases from 0 to 13 degrees. 

(B) and (C) are plots of the stylet bending angle calculated by the two models with respect to 

force and tendon retraction, respectively. Note that previous model is indicated by the black 

hyphenated lines, whereas our model is indicated by the blue lines.
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Fig. 10. 
(A) is a graphical representation of the comparative study between a trajectory with 0 

mm tendon retraction and a trajectory with 5 mm tendon retraction applied when the 

deflectable region is already inside the tissue. The error is depicted in the detailed view. 

(B) provides an example trajectory at a 5° user input, indicating a linear trajectory. (C) is 

a graph of the results from the second targeting test; blue represents the deflection angle 

vs. tendon retraction model per the modeling method in free space discussed in Section 

IV-A, and in red are the inclination angles of the experimental trajectories resulting from the 

corresponding tendon retraction. (D) provides two different trajectories within the porcine 

tissue with respect to their desired target locations (red asterisk). The 150 mm trajectory was 

obtained with initial deflection angle of 6.41° (blue line), and the 51.50 mm trajectory was 

obtained with initial deflection angle of 9.28° (black line). (E) is a graphical relationship 

between positional error and insertion depth within the porcine sample.
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Fig. 11. 
A side by side comparison can be seen of the tracking coils on the stylet scanned within 

a prostate phantom inside the MRI environment (left), next to an image of the stylet 

(right) obtained at the same configuration. The lower image is a 3D Slicer view depicting 

the instantaneous stylet tip location and orientation (dark red line) during navigation in a 

prostate phantom. The tip is linearly extrapolated from the locations determined from the 

MR-Tracking provided by the MRT coils.
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