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ABSTRACT 
 

Today, several medical diagnosis and therapeutic cancer interventions are performed using 

needles via percutaneous surgical procedures. The success of these procedures highly depends on 

the accurate placement of the needle tip at target positions. Improving targeting accuracy 

necessitates improvements in medical imaging and needle steering techniques. The former 

provides an improved vision on the target (i.e., cancerous tissue) and the needle, while the latter 

enables an enhanced interventional tool. In spite of considerable advancements in the medical 

imaging field, the structure of the needle itself has remained unchanged. In the past decade, 

research works have suggested passive or active navigation of the needle inside the tissue to 

improve targeting accuracy. In addition, to provide actuation and control for needle steering, an 

active needle has been introduced thatôs actuated by internal tendons. This work is the culmination 

of studies involving the robot-assisted tracking system to (i) estimate the 3D shape of the active 

needle inside phantom tissue using 2D transverse ultrasound imaging, (ii) predict the 3D needle 

shape for real-time tracking, (iii) steer the active needle for patients with pubic arch interference, 

(iv) estimate tissue movement during an active needle insertion task, (v) model and control for 

bidirectional manipulation, (vi) perform a systematic 12-core transperineal prostate biopsy with 

minimal active needle insertions to avoid puncturing organs-at-risk, (vii) develop a mechanics-

based model for needle-tissue interactions and (viii) autonomous control of the needle utilizing 

MRI-conditional parts. 
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CONTRIBUTION  
 

After the completion of this dissertation, my contribution will be the development of a 

closed-loop mechanics-based model of the tendon-driven notched needle inside tissue. No studies 

have presented a model to predict the behavior of tendon-driven active needlesô interaction with 

tissue while advancing and bending inside tissue. This model, when fully developed, can be used 

in model-based control for needle insertion tasks. To minimize the error in needle tip tracking 

whilst inside tissue, we are using our needle-shape estimation to inform probable lost tip positions 

during needle insertion to develop a reliable real-time needle tip tracking. This leads to the 

potential of closed-loop control of the active tendon-driven needles informed by the model and 

predictive shape estimation inside tissue with real-time reliable ultrasound tracking. 
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Chapter 1. INTRODUCTION  
 

Advancements in biomedical devices have been at the forefront of research studies in 

recent years to help surgeons perform needle-based procedures more accurately in placing the 

needle tip at the desired locations for diagnosis/treatment and subsequently lessen the recovery 

time for patients. This chapter goes over recent cancer statistics, a literature review on the currently 

used needles and needle interventions, background information on shape memory alloys, and as 

well as information on image-guided needle insertion systems. 
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1.1. Prostate Cancer 
 

The American Cancer Society (ACS) has estimated 2 million new cases of cancer in the 

United States for 2025 with 618,120 projected deaths for this year alone. Table 1 shows the 

estimated new cases and deaths breakdown for three different types of cancers [1].  

 

Table 1. Top 3 highest estimated number of cancer cases and the statistics for both male and 

females for 2025 in the US. 

 Estimated New Cases Estimated Deaths 

Male Female Male Female 

Breast 2,800 316,950 510 42,170 

Lung & Bronchus 110,680 115,970 64,190 60,540 

Prostate 313,780 N/A 35,770 N/A 

 

 

1.1.1. Prostate Brachytherapy 
 

Current options of treating prostate cancer include radical prostatectomy, brachytherapy, 

external beam radiation therapy, hormonal therapy, and cryotherapy. Of these, brachytherapy [2], 

an outpatient procedure where local radiation is used to irradiate the cancer inside the prostate, is 

one of the popular modalities [3,4] and has been recognized as an effective method especially for 

prostate cancer [5ï7]. 

Patients with early stage prostate cancer are normally selected for low-dose-rate 

brachytherapy (LDR BT) [8]. In the current state of the art, a óstepperô device allows calibrated 

linear translation of a transrectal ultrasound (TRUS) through the rectum, while a set of needles is 

used for percutaneous implantation of radioactive seeds [9]. The physician uses the needle to 

deposit ~ 80 (ranges from about 50-100) seeds in the prostate. Several methods, such as computed 

tomography (CT) and magnetic resonance imaging (MRI) are utilized for post-implant dosimetry 

[10]. Since a high radiation dose with sharp fall-off is delivered to the prostate gland, a precise 

placement of the seeds is required to ensure an effective treatment [8,11]. Limited needle actuation 
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near the needleôs entry point into tissue, movement of the target location during needle insertion 

[12,13] along with the distribution of 70% of the tumor foci at the peripheral zone of the prostate 

[14] result in additional difficulties for accurate seed placements and desired dose distribution. 

High-dose-rate brachytherapy (HDR BT) involves careful insertion of 18- or 17-gauge 

needles (catheters) inside the prostate through perineum. This procedure (along with low-dose-rate 

BT) is done manually by a physician under TRUS guidance. Rigid needles and typical templates 

restrict the needleôs maneuverability, and thereby, puncture of organs at risk such as penile bulb 

and related vasculature is often unavoidable. After needle placements, a CT scan provides 3D 

image of the prostate and catheters, as well as the critical organs like the urethra, bladder, and 

rectum. The CT images are used for dosimetric planning that enables the delivery of the desired 

dose to the target volume sparing surrounding critical organs and healthy normal tissue. A device, 

called remote afterloader, is then used to insert a radiation source (Ir-192 isotope is commonly 

used) through several channels that are connected to the implanted catheters. The source of 

radiation is welded on the end of a steel wire, enabling removal after the procedure. The device is 

programmed to deliver different radiation doses at different positions in the prostate.  

HDR BT eliminates the limitations in seed loss or displacement in LDR BT that can lead 

to suboptimal dosimetry, including cold areas within the prostate and higher dose than intended to 

the urethra, rectum, and bladder [15]. Most studies have reported comparable outcomes using 

either HDR or LDR BT [16]. Benefits of HDR BT include: better dose conformality and sparing 

of critical structures, less operator dependency, and fewer acute irritative symptoms. Another study 

argued that the declining trend in use of BT [17ï19] is due to lack of radiation oncologists with 

the skills needed to perform high quality BT implants. Studies have also reported that the existing 

BT procedures can result in side-effects such as edema in tissue, incontinence, and impotence. The 
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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 BT is limited in patients whose pubic arch obstructs the transperineal path to the prostate, 

thereby interfering with needle placement [20]. A study showed that the procedure was practical 

only for 24 out of the 40 patients studied due to pelvic bone arch interference [21]. Substantial 

pubic arch interference (PAI), which is more likely in patients with a large prostate, makes it 

difficult to achieve adequate source placement in the anterior and lateral portions of the prostate 

[22]. Even a narrow pubic arch may prevent proper implantation in a small prostate gland [22]. 

Known strategies to overcome this problem including oblique catheter insertion and pelvic rotation 

[23,24] are not optimal. Other methods suggested insertion of skew-line [25] or oblique needles 

[24] to pass the pubic arc. Active needle steering can alleviate this concern by precise placement 

of seeds or needles at desired locations whereas traditional surgical needles are made of rigid and 

biocompatible materials such as stainless steel, rigid plastic, and titanium, which do not provide 

enough flexibility for the needle to navigating inside the tissue in a non-straight path. However, a 

curved path is often desired in a needle-based procedure such as brachytherapy to release a greater 

number of seeds via a smaller number of insertions and thereby less trauma to the tissue. The 

curved path can also prevent puncturing sensitive organs or large arteries that might be on the way 

toward the target location. A study by Podder et al. [26] proposed a ñcurvilinear approachò 

technique (Figure 1a and b) for prostate seed implantation. 
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Figure 1. Implantation of radioactive seeds in prostate brachytherapy via (a) rectilinear approach 

using conventional rigid needles and (b) curvilinear approach using flexible active needles. 

 

The study evaluated the dosimetry benefits of the curvilinear distribution of seeds for low 

dose rate (LDR) prostate brachytherapy and proved its superiority over the conventional approach 

(average reductions in required number of needles and seeds were 30.1% and 10.6%, respectively 

[26]). Reduction in the number of needles would minimize edema and could thereby reduce 

postimplant urinary incontinence. Although this study was published in 2012, curvilinear approach 

has still not been adopted for clinical practice mainly due to the lack of a reliable flexible needle 

[27]. The rigid structure of current needles and lack of effective actuation and guidance techniques 

are among the factors that make needle placement a challenging task. 

 

1.1.2. Prostate Biopsy 
 

Early detection of the malignant cancer is important to reduce mortality rates and 

metastasis [28]. To diagnose prostate cancer, clinicians commonly perform a screening for 

prostate-specific antigens (PSA) in conjunction with performing a digital rectal exam. If the results 

are abnormal, then prostate biopsy is performed depending on the PSA levels. A study on about 

19,000 males concluded that even though some patients had a less than ñnormalò range of PSA 

levels, they were later correctly diagnosed with prostate cancer through a biopsy [29]. 
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Image-guided biopsy has been a popular procedure for diagnosis of many types of cancer 

such as prostate, melanoma, breast, colon, and lung for decades [30]. These procedures, mandated 

by US Food and Drug Administration (FDA), are accompanied by companion diagnosis tests to 

choose the most effective treatments for breast cancer [31]. Several imaging techniques [32ï34] 

are developed to identify tumor, and to help needle navigation [35] towards the target locations. 

For example, PET fused with CT imaging has been integrated with the biopsy process for cancer 

diagnosis [36]. With this system, the hypermetabolic portion of a large morphologically abnormal 

lesion, and the most metabolically active portion of a tumor could be determined. However, poor 

placement of needle and tumor visualization have always been among the problems resulting in 

clinicians classifying the tumor as benign when it was malignant (i.e., false negative). A workshop 

on prostate cancer and imaging technology by the National Cancer Institute [37] reported 

diagnostic accuracy as one of four major challenges in prostate cancer treatment and management. 

A typical diagnosis method for prostate cancer is core needle biopsy. Unfortunately, TRUS guided 

biopsies have resulted in poor cancer detection rate of 20-30% [37], [38]. In addition, it was known 

that due to the inherent heterogeneity of prostate cancer (~85% of prostate cancer being multifocal 

in origin [39]), systematic biopsy methods (6ï12 spatially distributed prostate core biopsies under 

TRUS guidance) may also not provide accurate information on location, size, extent, and grade of 

the disease. Even systematic sampling done with TRUS guidance often resulted in underdiagnosis 

of prostate cancer extent. More recent studies [40,41] have shown that targeted biopsy results in 

detection of significant cancers with fewer cores and thereby reduce unnecessary biopsies. Despite 

the higher success in prostate cancer detection, MRI-guided biopsies are offered only to specific 

patients at few institutes around the nation, due to the additional costs of using the MRI machine.  

Thereôs a new method, MRI fusion prostate biopsy, which combines MRI images with US images 
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in real time and performed under US guidance. The MRI fusion prostate biopsy is currently being 

performed either transperineally or transrectally. Transrectal prostate biopsy is currently the 

preferred method by the majority of the institutes because of its shorter procedure time, despite its 

higher risk of infection. The success of a targeted biopsy depends on the (i) detection of significant 

cancer lesions through MRI, and (ii) accurate targeting of the biopsy [42]. The literatures have 

emphasized on the former, while the impact of targeting accuracy on overall performance has been 

overlooked [42]. 

 

1.1.3. Importance of Targeting Accuracy 
 

In needle based procedures, surgeons rely on the needle's position tracking to accurately 

guide the needle in a desired trajectory towards the target location(s). Medical imaging in needle

based procedures provides online (intraoperative) trajectory tracking of the needle tip that can be 

used to estimate the deviation from the desired trajectory. The success rate of prostate 

brachytherapy (like many other needle-based interventions) depends on accurate placement of the 

needle tip at the cancerous tissue to release the radioactive seeds. Currently, a physics template is 

used to insert rigid needles into desired locations; however, the placement of seeds often deviates 

due to factors such as deflection of the needle and tissue deformation. Movement of the target 

location due to physiological processes such as breathing, intervening anatomy, poor needle 

visualization, and limited imaging possibilities were listed among factors making it difficult to 

reach the target in needle-based interventions [43]. Needle deviation from a desired path can also 

happen due to tissue inhomogeneity [44]. In the case of deviation from the desired path, the needles 

must be removed and reinserted back into the tissue. The problem with current brachytherapy 

method is that the accuracy of the needle placement is relatively low, which may cause the 

radioactive seeds to be deposited at undesired locations, and thus lead to side effects such as poor 
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coverage of the tumor and incontinence [10]. It was reported [43] that a mean maximal error of 

2.7 mm in needle placement is acceptable when targeting lesions in needle-based interventions. 

Improving targeting accuracy requires exploring better ways of conveying the target location to 

the biopsy operator [42]. Targeting accuracy is also affected by experience, meaning that more 

experienced operators have better targeting outcomes [45]. Recognizing the importance of 

precision tracking and placement, several efforts have been made in recent years to improve 

medical imaging and interventional delivery systems. 

 

1.1.4. Literature Search of Previous Needles 
 

With the purpose of increasing flexibility and reducing deviations from the needle's desired 

path, both passive and active needle designs have been proposed in the past decade for diagnosis 

or therapeutic purposes in needle-based interventions [27,46ï54]. Passive needles rely on the 

tissue-needle interactions [44] to steer inside tissue. Among passive needles, bevel-tip [55], pre-

curved [56], kinked needles [57], and concentric pre-curved tubes [58] are the most effective 

designs to date. Figure 2 shows each of the designs [56,58]. 

 

 
Figure 2. Currently used passive needle designs. 
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The disadvantage of passive needles is that trajectory planning can be complicated and 

inaccurate [59ï61]. Deflection with passive needles is governed by non-homogeneous viscoelastic 

interactions between tissue and needle. Passive needles of a predefined shape steer in 2D with a 

constant radius and thereby require an axial rotation to reach targets in 3D space [62,63]. Rotation 

of the needle while advancing in the tissue not only requires a complex control system, but also 

increases the risk of tissue damage [64,65]. 

Active controllable needles, on the other hand, can compensate for misalignments resulting 

from any unpredictable factors during insertion. Yet there are no active needles currently 

commercially available, and even research studies are at preliminary stages. Scali et al. [54] 

summarized all possible mechanical solutions for passive or active needle steering (see examples 

[57,66ï74]). Three research groups have proposed an active needle with on demand actuation 

specifically for brachytherapy [69,75,76]. The problems with the designs were the large size, low 

stiffness, and low planar deflection. These needles also require large rotations to reach out of plane 

targets, which results in significant tissue rupture. It should also be noted that the target positions 

are close to the peripheral zone of the prostate, and thereby additional challenge to implant the 

seeds via these needles. Deflection in only one direction and lack of a hollow pathway inside the 

needle were the problems with the design [76]. Active needles, however, bend inside tissue using 

bending force of a tendon [77,78] or actuator [79,80]. Tendon-driven needle bending has been 

studied [81,82] using a feedback sensor to locate the needle tip to form a closed-loop control system. 

In previous works of Gerboni [83], Chitalia [84], Haga [85], Kutzer [86], Khadem [87], and Lis 

[88], cut-out patterns (notches) of different forms have been used on a superelastic nitinol tube to 

achieve a higher flexibility for needle actuation. Xiaoôs group has previously developed a biopsy 
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needle that can shoot at different angles [89] with a tubular dual-roller bending mechanism for 

transurethral prostate biopsy purposes [90], and shown improvements in phantoms and cadavers.  

Robotic control of asymmetric passive beveled tip needles inside tissue toward the target 

has been studied in literature [91]. These control systems utilize needleïtissue interaction models 

such as: (i) nonholonomic kinematics [92,93], (ii) finite element models [94,95], (iii) mechanics-

based models [96], and (iv) adaptive models [97,98] to realize a precise movement inside tissue. 

The beveled tip needles require an axial rotation to bend in different directions, while the active 

needle creates desired angles via its SMA actuators (i.e., no rotation required). Additionally, the 

beveled tip needles are under-actuated systems and thereby are not locally controllable. This means 

that states close to the current state of the system are not reachable in a short insertion length [99]. 

Regarding active needle-tissue interaction models, the only other group to create a mechanics-

based model for active needles is Datlaôs group where they leverage magnets as the actuator for 

their needle [100] which creates constant needle curvature trajectories. The active needle proposed 

in this work introduces SMA actuators and thereby provides more authority and control on the 

system with the ability to actuate at any given time. The model presented later will similarly be 

based on the overall potential energy of the needle-tissue system, however the work done will be 

from the internal tendons and based on the needle tip path going through different stiffness 

phantom tissues rather than the work done from the magnet actuation. 

 

1.2. Background Information on Shape Memory Alloys 
 

SMAs exhibit properties of pseudoelasticity, shape memory effect (SME), self-sensing, 

corrosion resistance while also being biocompatible. All of these properties have led SMAs to be 

used to develop innovative medical devices for cardiovascular, dental, and surgical applications 
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[101,102]. A commonly used SMA is Nickel-Titanium (Ni-Ti) also known as nitinol (NIckel-

TItanium made in the Naval Ordnance Lab). Pseudoelasticity is known as the SMA's capability to 

exhibit a larger recoverable elongation compared to conventional metals upon mechanical loading. 

SME is the SMA's capability to realize an actuation response upon heating due to the production 

of a high rate of actuation energy density [103]. This actuation is the phase transformation between 

the high temperature phase of austenite and the low temperature phase of martensite. Figure 3 

shows the stress-temperature graph based on the Brinson model [104]. There are two different 

types of SMEs known as one-way and two-way SMEs. In one-way shape memory effect 

(OWSME), the SMA is deformed into a desired shape at low temperatures and then heated to 

recover its shape. In two-way shape memory effect (TWSME), the SMA remembers its shape at 

low- and high- temperatures. However, utilization of SMAs in active devices is challenging due 

to their thermomechanically irreversible phase transformation and their hysteresis response. 

 
Figure 3. Stress-temperature relationship based on the Brinson model determines the phase of the 

SMA.  
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1.3. Background Information on Image-Guided Needle 

Insertions 
 

Needle-based interventions are a popular minimally invasive technique in procedures such 

as brachytherapy, biopsy, and ablation. Ultrasound is an accessible and economical tracking 

method; however, precise needle tracking using ultrasound is often challenging due to low quality 

of images, and false features that appear in the images such as shadows and/or reverberation 

artefacts. For example, in prostate brachytherapy, sagittal (Figure 4a) and transverse (Figure 4b) 

US images are used by surgeons to place the needle tip at the target (i.e., cancerous tissue) and 

insert radioactive seeds to kill the cancer locally. However, it is often challenging to precisely 

guide and track the needle inside the tissue due to (i) low quality of the US images, (ii) anatomical 

false features in the images that may be mistaken with the needle, (iii) tissue deformation, and (iv) 

movement of the target. Thereby, there has been significant research to develop automated 

methods to locate the needle in US images.  

 

 
Figure 4. (a) Sagittal and (b) transverse ultrasound images of the needle in prostate brachytherapy. 
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Medical imaging plays an important role in position tracking of medical devices while 

operating inside the patientôs body. Specifically, in needle-based procedures, surgeons rely on this 

position tracking to accurately guide the needle in a desired trajectory towards the target 

location(s). Medical imaging in needle-based procedures provides online (intraoperative) 

trajectory tracking of the needle tip that can be used to estimate the deviation from the desired 

trajectory. This deviation can later be used as a feedback in a control algorithm for precise needle 

navigation [93]. Reed et al. [105] developed a system by combining a 2D planner, image feedback, 

and a linearized controller to guide the needle and restrict its out of plane movement. In another 

work, 3D ultrasound tracking was used for placement of an active cannula at target positions [106]. 

Vrooijink et al. [107] presented a real-time tracking of the needle tip using an ultrasound device. 

During needle insertion, the ultrasound transducer moves with the needle tip with adjusted velocity 

to compensate for needle curvature. A 3D volumetric visualization was performed using 2D 

ultrasound transducer in [108]. Doppler ultrasound imaging has also been used to visualize the 

needle with high frequency vibration [109ï111]. In comparison with CT, magnetic resonance 

imaging (MRI), and fluoroscopy, ultrasound offers a low cost, widely accessible, portable, and 

safe imaging modality [112]. Ultrasound images are usually noisy, due to reflections, 

reverberations, shadows, air pockets, and biological speckle, which makes needle tracking 

challenging. However, medical professionals perform a high portion of the needle insertion tasks 

(such as biopsy procedure) under ultrasound guidance. The success of the image-guided needle 

insertions depends on precise tracking of the needle tip [91]. To enhance tracking, researchers have 

suggested needle tracking using a single camera attached to an ultrasound transducer [113]. Optical 

flow-based in-plane tracking algorithm [114], and tracking region of interest (ROI) with random 

sample consensus (RANSAC) algorithm and Kalman filter localization [115] have also been 
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proposed for improved visualization. In another work [116], a method is presented to reconstruct 

the needle shape using 2D transverse ultrasound images. 

Ultrasound (US) imaging has widely been used to track the needle trajectory inside tissue 

toward the desired target [117,118]. Medical imaging allows for real-time and intraoperative 

needle tip trajectory tracking, which can be utilized to calculate the deviation from a preplanned 

trajectory. The deviation can be used as feedback in needle navigation closed-loop control systems 

for accurate targeting [119]. Pepley [120] developed and tested simulation of US tissue-needle 

deformation using passive needles for traditional manikin and cadaver training. Maier-Hein et al. 

[121] have developed the target position estimation accuracy for minimally invasive interventions 

utilizing liver tissue motion simulator. Other works [100,122] developed a force-based analytical 

model for needle-tissue interaction using bevel-tipped needles.  
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Chapter 2. 3D SHAPE ESTIMATION OF AN ACTIVE NEEDLE 

INSIDE TISSUE USING 2D ULTRASOUND IMAGES 1 
 

This work presents a method to estimate 3D shape of an active needle inside tissue using 

2D transverse ultrasound images. The shape of the needle provides valuable feedback information 

for precise control and guidance of the needle inside tissue toward target. We used a series of 

image processing techniques to identify the needleôs cross section in ultrasound images. Using this 

method, we estimated the 3D shape of a tendon-driven active needle, when bent inside a 

transparent phantom tissue using a robotic needle insertion system. The estimated shape of the 

needle was then compared with the true shape of the needle captured by two cameras. At least 

three ultrasound images were required to estimate the needle shape with a second order polynomial 

function. 

  

 
1 Konh, B., Batsaikhan, Z., and Padasdao, B., 2021, ñ3D Shape Estimation of an Active Needle inside Tissue Using 

2D Ultrasound Images,ò Proceedings of the 2021 Design of Medical Devices Conference, DMD 2021, ASME, 

Minneapolis, MN, pp. 1ï4. https://doi.org/10.1115/DMD2021-1053. 

BK: Concept development and 1st round of writing 

ZB: Equal contribution in experiments and data analysis 

BP: Equal contribution in experiments and data analysis 
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2.1. Robotic Needle Insertion and 3D Needle Shape Estimation 
 

2.1.1. Robotic Needle Insertion with Ultrasound Tracking 
 

A robotic needle insertion system was used to insert a tendon-driven active needle (Figure 

5b) inside a transparent phantom tissue. The phantom tissue was a polyvinylchloride (PVC) gel 

(M-F Manufacturing Co., Ft. Worth, TX), with 3:1 ratio of plastic (PVC suspension) to softener. 

The needle cannula was a superelastic nitinol tube with an outer diameter of 2.0mm and inner 

diameter of 1.6mm. The needle cannula was slotted with three cutoffs (width of 2.4mm and depth 

of 1.1mm) for improved flexibility. A shape memory alloy wire (2.0mm diameter) was used as a 

tendon to bend the needle during insertion. The needle was pushed in axial direction using a linear 

motorized stage. Needle bending during insertion was realized by pulling the tendon using a 

manipulation system (Figure 5a). An ultrasound machine (Chison, Eco 5) with a Chison L7 Linear 

Array US transducer was used to visualize the needle inside the tissue. A Maxon motor was used 

to move the US transducer in the axial direction to scan the needle. Transverse US images were 

captured along the needle shaft for shape estimation (explained in next section). 

 

 
Figure 5. (a) Tendon-driven active needle, and (b) ultrasound-guided robotic needle insertion 

system. 
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2.1.2. 3D Needle Shape Estimation 
 

Figure 6 schematically shows how our method can be used in prostate brachytherapy to 

capture transverse US images and estimate the 3D shape of the needle while curved inside tissue. 

In this work, we have used a second order polynomial function to model the needle shape. The 

function is defined by: 

ὼὰ ὥὰ ὥὰ ὥ     (1) 

 

ώὰ ὦὰ ὦὰ ὦ     (2) 

 

ᾀὰ ὰ      (3) 

 

Where l is the needle insertion depth and the values ὥȟὥȟὥ and ὦȟὦȟὦ are the 

coefficients to be defined. The values x and y represent the spatial position of the needle within the 

tissue, while z is the depth of the US image. To find the coefficients of this function, position data 

(3D coordinates of the needle cross section) from three US images are required for complete 

parametrization.  

To recognize needleôs cross section in the US images a series of image processing 

techniques were applied to the images. Our image processing algorithm includes cropping the 

image to the region of interest (ROI), converting it to grayscale image, and thresholding. The 

enhanced image of the needle is then used to determine the needle centroid. Blob detection is then 

applied to identify pixels within the cross-sectional area of the needle. Ultimately, the algorithm 

calculates the centroid of this area and assigns local coordinates. The coordinates are then 

translated to global coordinates to find the needle cross section position.  

A MATLAB code was developed to calculate the coefficients of the polynomial function 

based on three special coordinates along the needle shaft. The polynomial was then used to 

estimate and plot the 3D shape of the needle after bending inside tissue.  
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Figure 6. Ultrasound-guided prostate brachytherapy. Transverse US images (obtained by inserting 

transrectal US transducer into the patient) are used in this work to estimate the 3D shape of the 

needle. 

 

 

To evaluate the accuracy of our method in needle shape estimation, the 3D shape of the 

needle predicted by the polynomial function was compared with the true shape of the needle 

captured by two cameras. The cameras were positioned to capture the top and side views of the 

needle inside the phantom tissue. 

The mean area error between the estimated shape of the needle and the measured shape of 

the needle captured by the cameras was calculated. The mean area error was then divided by the 

insertion depth to evaluate the average error of our method in 3D needle shape estimation. 

2.2. Results and Discussion 
 

Figure 7 compares the needle shape estimated with our method (explained in Section 2.1.2) 

with the measured shape of the needle captured by the two cameras. The coordinates of the needle 

shaft scanned by the US are also shown in the figure. About 600 coordinates were captured by the 

US along the 70mm of insertion depth; however, only three US images along the needle shaft were 
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used to find the coefficients in equations (1) and (22) and fully model the 3D shape of the needle. 

US images at transducer depths of 20, 40, and 60mm were used to model the 3D shape of the 

needle in Figure 7. Our method was successful to estimate the 3D shape of the needle with an 

average error of 0.6mm compared to the measured needle shape obtained from the camera image. 

Choosing different US images at different insertion depths results in slightly different average 

error in shape estimation.  

 
Figure 7. Estimated 3D shape of the needle using 2D ultrasound images of the needle shaft. 
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Chapter 3. INTEGRATING ROBOT ASSISTED ULTRASOUND 

TRACKING AND 3D NEEDLE SHAPE PREDICTION FOR 

REAL -TIME TRACKING OF THE NEEDLE TIP IN NEEDLE 

STEERING PROCEDURES2 
 

Needle insertions have been used in several minimally invasive procedures for diagnostic 

and therapeutic purposes. Real time position of the needle tip is an important information in needle 

steering systems. This work introduces a robot assisted ultrasound tracking (R AUST) system 

integrated with a needle shape prediction method to provide 3D position of the needle tip. The 

tracking system is evaluated in phantom and ex vivo beef liver tissues. 

  

 
2 Konh, B., Padasdao, B., Batsaikhan, Z., and Ko, S. Y., 2021, ñIntegrating Robot assisted Ultrasound Tracking and 

3D Needle Shape Prediction for Real time Tracking of the Needle Tip in Needle Steering Procedures,ò Int. J. Med. 

Robot. Comput. Assist. Surg., 17(4), p. e2272. https://doi.org/10.1002/rcs.2272. 

BK: Concept development and 1st round of writing 

BP: Writing, equal contribution in experiments and data analysis 

ZB: Equal contribution in experiments and data analysis 

SYK: Concept development and coding 
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3.1. Robotics Needle Insertion System 
 

3.1.1. Tendon-Driven Active Needle 
 

Figure 8 shows the tendon driven active needle design for improved flexibility in tissue. 

The prototype was fabricated with a superelastic nitinol cannula, 2.00 mm outer diameter (OD) 

and 1.60 mm inner diameter (ID), slotted with three small slits (each 1.1 mm deep and 2.4 mm 

wide). The needle tip was made with a sharp bevel tip with an angle of 30°. The bevel tip was 

prepared by embedding another superelastic nitinol tube at a 30Á angle in Crystalbound mounting 

adhesive followed by polishing the assembly. 

 

 
Figure 8. Tendon-driven active needle 

 

 

3.1.2. Motorized Needle Manipulation System 
 

A Velmex motor (Velmex, Inc.) was used to pull the tendon cable in axial direction and 

consequently bend the active needle. The Velmex motor was programmed in Python to control its 

shaft rotation at a desired rate when commanded. The needle manipulation system was mounted 

at the back of the needle insertion system (explained in the next section) for intraoperative 
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manipulation of the needle. The needle used in this study bends in a horizontal plane upon 

actuation of a single tendon. 

 

3.1.3. Robot-Assisted Ultrasound Tracking 
 

A robotic needle insertion system (shown in Figure 9) was developed to insert and 

manipulate the active needle inside tissue. The needle insertion system consists of (i) a linear 

motorized stage (Velmex, Inc.) of 6 ɛmresolution, shown in Figure 9 (d), for axial movement 

(insertion) of the needle inside the tissue; (ii) the needle motorized manipulation system mounted 

at the back of the needle for needle manipulation; (iii) an US machine (Chison, ECO 5) and a 

camera (Arducam 8MP 1080P Auto Focus USB Camera Module) to track the needle tip in real 

time; and (iv) a linear stage motor (Maxon motor) to move the US and the camera on top of the 

needle tip for tracking. In this work, the needle tip was tracked using 2D transverse US image 

feedback. In the transverse method, only the cross section of the needle appears in the US images. 

To obtain US images in real time, a frame grabber (Epiphan Av.io HD, Epiphan Systems) was 

used to read the US images from VGA port of the US system (Chison ECO 5) and transfer them 

to a computer via a USB port. A Python program (explained below) was developed to capture the 

image streaming from the USB port. For transverse tracking, the original images (1280 x 720 size) 

were first cropped into 715 x 560 size to focus on the area of interest. A Gaussian Blurring was 

then performed on the images to identify the local maxima and allocate coordinates to the needle 

position. 
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Figure 9. (a) Needle manipulation system to pull the tendon cables and bend the active needle. 

(b) Needle insertion in a phantom tissue. (c) Ultrasound transducer and a USB camera mounted 

on a linear stage to track the needle tip in real time. (d) Robotic needle insertion system. 

 
 

3.1.4. Image Processing Algorithm  
 

A Python code (described in Figure 10) was developed to enable robot assisted tracking 

and steering of the active needle inside the tissue. In this program, the needle moves in the axial 

direction with a constant velocity of 1.0 mm/s. The 2D US transducer is placed perpendicular to 

the needle insertion axis (as shown in Figure 9d). In order to estimate the needle tip position, the 

US image plane must move with the needle tip. Therefore, the transducer needs to move (with 

adjusted velocity) along the insertion axis according to the needle tip motion, considering the 

needle curvature. A slower speed (0.7 mm/s) is chosen for the transducer upon missing the needle 

tip at any step. We performed four experiments in which the speed of the US transducer was 

reduced to 60%, 70%, 80%, and 90% of the needle insertion speed upon losing track of the needle 
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tip. Decreasing the transducer speed to 70% of the needle insertion speed resulted in the least 

incidents of lost positions during a needle insertion task, and thereby the speed of 0.7 mm/s. As 

soon as the needle tip appears in the images again, the transducer accelerates to move with the 

needle tip. This process is followed for the whole insertion depth. The position of the needle tip 

and the US transducer is saved at a rate of 15Hz. At each step, a 2D US image is processed (via an 

algorithm shown in Figure 10) to identify the needle tip position. 

 

 

 
Figure 10. Flowchart of the program to enable realȤtime tracking of the needle tip and image 

processing to identify the needle tip during a needle insertion task 

 

 

Our system processes the 2D US images to estimate needle tip position. The tip position is 

important in path planning, steering and manipulation of the active needle in the phantom tissue. 

The US image provides radial cross section of the needle. However, the circular shape of the needle 

in the US images (shown in Figure 11) is usually deformed by an artefact known as reverberation. 

This artefact, usually referred to as a comet tail artefact (CTA), appears in US images with a tail
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shaped structure of equally spaced echoes along the sound wave. An image processing algorithm 

is programmed in Python to locate the centroid of the tip in the cross sectional view of the needle 

affected by the CTA. The algorithm consists of a series of image processing techniques. The blob 

detection identifies the pixels in the cross section of the needle (i.e., circular area of the needle 

with diameter of 2.0 mm). The centroid of this area is identified as the needle tip position. The 

image processing algorithm (Figure 11) first enhances the US images using a series of basic image 

processing techniques, including cropping to the ROI, converting to grayscale image and 

thresholding. The threshold value was chosen to minimize the CTA effect. The enhanced image 

of the needle is used to determine the needle centroid. The blob detection is then applied to identify 

pixels that are located in the cross sectional area of the needle within the ROI. The algorithm 

estimates the centroid of this area and assigns local coordinates. The coordinates are then translated 

to global coordinates to find the needle tip position. 

 

 
Figure 11. Image processing technique to identify the needle tip in 2D transverse ultrasound 

images 
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3.2. Design of Experiments 
 

3.2.1. Needle Insertion in Phantom Tissue - Case Studies 
 

A transparent phantom tissue was developed for our needle insertion tests. The phantom 

material was a polyvinylchloride (PVC) gel (M F Manufacturing Co.), with 3:1 ratio of plastic 

(PVC suspension) to softener that gives an indentation elastic modulus of about 25.6 ± 0.6 kPa26 

that is comparable to the modulus of normal prostate tissue (22.74 kPa). To evaluate the capability 

of our robot assisted tracking and image processing algorithm to identify the needle tip position, 

three needle insertion tests (listed in Table 2) were performed in the phantom tissue. The active 

needle was pushed in axial direction to a depth of 60 mm using the linear motorized stage at a 

constant velocity of 1.0 mm/s. Case I describes a passive needle insertion without any cable tendon 

actuation. The needle bends inside the tissue due to unbalanced forces at its 30° bevel tip. Cases II 

and III describe a needle insertion where the active needle is bent at insertion depths of 30 and 45 

mm, respectively, inside the phantom tissue in one direction due to the cable tendon actuation. The 

cable tendon is pulled at a rate of 1.0 and 2.0 steps per second, and thereby resulting in a similar 

total axial displacement of the tendon (i.e., 4.7 mm) during the needle insertion in Cases II and III. 

To evaluate the accuracy of our tracking method, the needle tip was also tracked using a vision

based technique (using a USB camera) during the needle insertion tests. The camera was installed 

on the fixture adjacent to the US transducer. Therefore, the camera and the US transducer move at 

the same velocity during the needle insertion tests. This movement was considered when 

calculating the position of the needle tip in real time. 
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Table 2. Three case studies designed to evaluate the accuracy of the robot assisted ultrasound 

tracking method in phantom tissue 

Experiment 

number 

Insertion 

depth (mm) 

Manipulation 

depth (mm) 

Motorized 

manipulation 

rate (steps/s) 

Axial 

displacement of 

the tendon (mm) 

Case I 60 N.A. N.A. 4.7 

Case II 60 30 1.0 4.7 

Case III 60 45 2.0 4.7 

 

 

3.2.2. Needle Insertion in Ex Vivo Beef L iver Tissue 
 

A total of five random needle insertion tests were performed in an ex-vivo beef liver tissue 

(Figure 12), which was acquired from a local butcher shop and tested on the same day. Different 

curvatures were realized inside the tissue to a depth of 70 mm, and the capability of our image 

processing and robot assisted US tracking method to identify and track the needle tip in real time 

was evaluated.  

 

 
Figure 12 RobotȤassisted ultrasound tracking of the needle tip in ex vivo beef liver tissue 
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The US images of the needle insertions in the beef liver tissue were noisier than the 

phantom tissue. These images provide a better representation of human tissue compared to the 

phantom tissue, although not comparable with the real operational practice in human. Example of 

an intraoperative unfiltered US image and the identified needle tip via our image processing 

technique are shown in Figure 13a and b, respectively. The US images were processed with the 

image processing algorithm and its capability to identify the needle tip was evaluated. The lateral 

and vertical positions of the needle tip were captured and analyzed to estimate the number of lost 

needle tip positions during the needle insertion tests. The US images were saved at a sample rate 

of 15 Hz, resulting in 1051 images in 70mm of needle insertion depth. A MATLAB code was 

developed to fit a second order polynomial to the lateral and vertical position data. It was shown, 

in a previous work of the authors,22 that a second order polynomial can estimate the curved shape 

of a needle inside tissue with a reasonable accuracy. The polynomial was then used to identify 

outlier positions that are located at a farther distance compared to the standard deviation of the 

position data. Upon completion of the needle insertion tasks, the needle was scanned (i.e., scanning 

method) by moving the US transducer from the entry point to the needle tip to find the needle 

shape. Losing real time track of the needle tip was more probable in the beef liver tissue due to 

the lower quality of the US images. The shape prediction method proposed in the next section was 

integrated with the R AUST to compensate for the lost positions.  
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(a) (b) 

Figure 13. Ultrasound (US) image obtained during a needle insertion task in ex vivo beef liver 

tissue: (a) captured US image and (b) US image processed by our image processing technique. 

The needle tip is identified and marked by the red circle. 

 
 

3.2.3. 3D Needle Shape Prediction 
 

Figure 14 schematically shows our method to capture transverse US images and use them 

to estimate the 3D shape of the needle while curved inside tissue. A second order polynomial 

function was used to model the needle shape. The functions are described in Section 2.1.2: 

 

To find the coefficients of this function, position data (spatial coordinates of the needle 

cross section) from three US images were used for complete parametrization. A MATLAB code 

was developed to calculate the coefficients of the polynomial function based on three special 

coordinates along the needle shaft. The polynomial was then used to estimate and plot the 3D 

shape of the needle after bending inside tissue. The needle was divided into seven segments (each 

10 mm long), and the shape of the needle was predicted using second order polynomials in each 

segment. The polynomials were defined using (i) unfiltered position data (without removing the 

outlier positions) and (ii) filtered position data (when the outlier positions are removed). The 
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accuracy of this method to predict the needle shape was estimated by both methods for the five 

needle insertion experiments in the beef liver tissue. 

 
 

 
Figure 14. Needle tip position obtained by the robot assisted ultrasound tracking method and the 

needle shape prediction method. Diagram shows calculation of error at a specific needle insertion 

depth. 

 

 

3.3. Results and Discussion 
 

3.3.1. Needle Tip Tracking in Phantom Tissue 
 

Figure 15 compares the lateral position of the needle tip obtained via the R AUST method 

and the vision based technique (using camera) for the three experiments listed in Table 2. Cases 

II and III include tendon driven needle bending during the insertion process, and thereby a higher 

needle deflection. The spikes that are seen in Cases II and III are associated with the mistraced 

positions due to poor identification of the needle tip in the image processing. Table 3 lists the 

maximum and average error of the needle tip tracking for the three case studies. 
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Figure 15. Needle tip lateral position tracking via ultrasound images and camera 

 

Table 3. Average and maximum error in real-time robot-assisted US tracking of the needle tip in 

phantom tissue. 

 Max 
error 
(mm) 

Average 
error (mm)  

Error at 
60 mm 

Max total 
displacement (mm) 

Max vertical 
displacement (mm) 

Case I 0.67 0.35 0.58 6.33 0.58 

Case II 1.32 0.56 1.18 10.36 1.83 

Case III 1.17 0.48 1.17 14.28 4.15 

 

The error is estimated by calculating the distance between the lateral position of the needle 

obtained by the US and the camera. The average and maximum errors (absolute values of error) 

for all cases were less than 0.60 and 1.35 mm, respectively. Tracking was less accurate at higher 

insertion  depth which is likely due to the constant speed of the transducer. Please note the tracking 

error at 60 mm of insertion depth, listed in Table 3. Figure 16 shows the absolute error in needle 

tracking for the three needle insertion experiments listed in Table 2 in the phantom tissue. 
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Figure 16. Absolute error in needle tip tracking in phantom tissue 

 

The real time tracking error in all cases was smaller than 1.35 mm. It was also noted that 

the tracking is more accurate at early stages of needle insertion. This work (as explained in the 

next sections) aims to use the position data obtained by the US tracking in earlier stages of the 

needle insertion to predict the 3D shape of the needle and use the information to compensate for 

any probable lost positions in real time. The vertical (out of plane) displacement of the needle tip 

is shown in Figure 17. The vertical displacement of the needle tip was less than 3 mm during 

needle insertions to a depth of 60 mm. Application of the proposed the R AUST method to needle 

insertions inside the phantom tissue showed that the needle tip can be tracked with an average 

error of less than 0.60 mm. The processing time was in milliseconds, which allows the method to 

be integrated with US guided needle procedures to provide the needle tip position in real time as 

valuable information to surgeons or robots performing these tasks. 

 

 
Figure 17. Vertical displacement of the needle tip tracked by the ultrasound 
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Figure 18. Robot assisted ultrasound (US) needle tip tracking (left) and deflected needle positions 

scanned by the US (right) for five needle insertion tests in ex vivo beef liver tissue. The outlier 

positions for lateral and vertical positions are marked with asterisk symbols. Lateral and vertical 

positions are shown with black and blue lines, respectively. 
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3.3.2. Needle Tip Tracking in Ex Vivo Beef L iver Tissue 
 

Figure 19 shows the real time needle tip positions for the five random needle insertion tests 

inside the beef liver tissue. Both lateral and vertical positions of the needle tip are plotted. The 

real time positions of the needle tip found by the R AUST method are shown on the left, while the 

scanned positions of the deflected needle are shown on the right for comparison. A second order 

polynomial was fit to the data (lateral and vertical positions) to identify outlier positions that are 

located farther than the standard deviation of the data. The coefficients of the polynomial fits are 

found with 95% confidence bounds. The outlier positions are marked with asterisk symbols for 

lateral and vertical positions in both tip tracking and scanning plots. The outlier positions were 

counted to identify the number of lost positions during the real time tracking of the needle. Table 

4 lists the maximum displacement of the needle tip, the standard deviation of the position data, 

and the number of outlier positions for both real time tip tracking and needle shape scanning 

experiments. The position of the needle tip at the end of the needle insertion process found by the 

R AUST method was in a good agreement (difference of <0.46 mm and average of 0.29 ± 0.18 

mm) with the scanning method. The standard deviations of the lateral and vertical displacements 

of the needle were found using tip tracking and scanning methods. Average standard deviations 

were 0.75, 1.00, 1.21, 1.12 and 1.46 mm for Livers 1ï5, respectively. The most accurate tracking 

was for Liver 1 with a maximum displacement of 3.29 mm, and the least accurate tracking was for 

Liver 5 with a maximum displacement of 4.76 mm with the variance coming from the 

inhomogeneity of the liver tissue. The number of outlier positions were listed for lateral and 

vertical displacements in tip tracking and scanning methods and then were used to estimate the 

percentage of positions lost. In total, 1051 positions were captured by the US in the 70 mm of 

needle insertion depth. The average lost positions were 10%, 17%, 17%, 14% and 21% for Livers 
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1ï5, respectively. The least and highest number of lost positions were observed for Liver 1 (with 

the lowest needle deflection) and Liver 5 (with the highest needle deflection), respectively. Figure 

19 shows the 3D position of the real time needle tip tracked by the R AUST method, as well as 

the needle shape scanned by the US upon completion of the needle insertion task. The plots show 

the second order polynomial fit to the position data for Livers 1ï5. The distance error between the 

real time position of the needle tip and the position of the scanned needle at the same depth is 

listed in Table 4. A reasonable agreement (average maximum and mean error of 1.45 ± 0.90 and 

0.71 ± 0.36 mm, respectively) was found between the fitted curves on the tip tracking and scanning 

position data. The best agreement (maximum and mean difference of 0.60 and 0.28 mm, 

respectively) was observed for Liver 1, while the worst agreement (maximum and mean difference 

of 2.88 and 1.21 mm, respectively) was found for Liver 5.  
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Figure 19. Comparison between the 3D position of the needle tip tracked by the robot assisted 

ultrasound (US) tracking method and the needle shape scanned by the US upon completion of the 

needle insertion tasks in ex vivo beef liver tissue, where x and y are the lateral and vertical 

displacements, respectively, and z is the insertion depth 
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3.3.3. Integration of 3D Needle Shape Prediction with Robot-

Assisted US Tracking for Real-Time Tracking of the Needle 

Tip 
 

The needle shape was found for seven segments (each 10 mm long) of the needle via the 

method explained in Section 3.1.4. Three transverse US images were chosen in each segment for 

parametrization of the polynomial functions and consequently found the 3D shape of the needle. 

The insertion depth at which these three US images are obtained is important as different locations 

of the US images result in different accuracies in shape prediction. A study was performed where 

US images at various depths were chosen to find polynomial fits. The depth of the initial US image 

and the depth difference of the following two US images were changed to find the best polynomial 

fit. It was found that deeper US images and images with larger depth difference (the wider gaps 

between the three US images) result in more accurate shape predictions. It was also noticed that 

choosing the initial US image at an insertion depth of >5 mm results in more accurate predictions, 

as the initial stages of the needle do not represent needle curvature at deeper positions. In this 

work, each segment was divided into three subsegments, and the last US image in each subsegment 

was chosen for parametrization (overall, three US images). A typical plot of a needle insertion in 

the beef liver tissue (Liver 5), with a high number of outlier positions, is shown in Figure 20. Real

time R AUST of the needle tip is also plotted for comparison. The spikes are the outlier positions. 

The needle shape was found using unfiltered position data (Figure 20a) as well as filtered position 

data (Figure 20b). It can be seen that the outlier positions have resulted in an inaccurate shape 

prediction for Segments 2, 4, 6 and 7. A reasonable agreement between the shape prediction and 

the needle tip positions was found when the outlier positions are removed (filtered data) as shown 

in Figure 20b. Figure 21 shows the 3D shape of the needle for needle insertion tests in Livers 1ï5 

predicted for each segment of the needles. The outlier positions are removed for shape predictions. 
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The real time US tracking is also shown in the figure for comparison. The distance error between 

the robot assisted real time US tracking and the shape prediction was found using the following 

equation: 

 

 
Figure 20. Needle shape prediction with (A) unfiltered (before removing the outlier positions) 

and (B) filtered (outlier positions removed) data for a needle insertion test in ex vivo beef liver 

tissue. Needle insertion in Liver 5 with the highest number of outlier positions is shown. 

 

Ὡ ὼὭ ὼὰ ώὭ ώὰ     (4) 

 
 

where Ὡ  is the distance error at the depth of ὰ in the needle insertion task, and ὼὭȟώὭȟὼὰȟ 
and ώὰ are the lateral and vertical positions of the needle found by US tracking and the lateral 

and vertical positions of the needle found by shape prediction method, respectively. The area 

error was first calculated and then divided by the 70 mm of insertion depth to find the average 

error.  

Table 5. Distance error between needle tip positions found by the needle shape prediction 

method and the robot assisted US tracking method in ex vivo beef liver tissue. lists the average 

and maximum error in shape prediction for the whole needle insertion task to the depth of 70 mm. 
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The error is found for unfiltered and filtered position data. It was found that removing outlier 

positions improves shape prediction (decreases the average error) by 39% on average. The 

maximum error was also improved to a great extent (about 86% on average). The large 

improvement was realized by removing the outlier positions that are extremely far from the median 

of the position data (e.g., maximum error of 7.36 mm in Liver 4). The needle shape prediction on 

the filtered data was able to match the needle tip position found by the US tracking with an average 

and maximum error of 0.37 and 0.67 mm, respectively. The most accurate shape prediction was 

found for Liver 3 (average error and maximum error of 0.08 and 0.18 mm, respectively), while the 

least accurate prediction was found for Liver 5 (average error and maximum error of 0.9 and 1.51 

mm, respectively). 
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Figure 21. Needle shape prediction in seven segments of the needle for five needle insertion tests 

in ex vivo beef liver tissue 

 

Finally, the 3D needle shape prediction was used to compensate for the lost positions 

(outlier positions) in real time tracking of the needle tip using the R AUST. Depending on the 
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position of the outliers, different segments of the needle were used to fit the polynomial functions. 

The three US images were chosen using the method explained above to have reasonable accuracy. 

The position of the needle tip for the five tests in the ex vivo beef liver tissues (Livers 1ï5) is 

shown in Figure 22. This method was able to track the needle tip positions with reasonable 

accuracy for closed loop needle steering control.  
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Table 5. Distance error between needle tip positions found by the needle shape prediction method 

and the robot assisted US tracking method in ex vivo beef liver tissue. 
Experiments Unfiltered position data Filtered position data:  outlier 

positions removed 

Average (mm) Maximum (mm) Average (mm) Maximum (mm) 

Liver 1 0.31 3.17 0.18 0.51 

Liver 2 0.62 5.08 0.19 0.42 

Liver 3 0.27 1.62 0.08 0.18 

Liver 4 0.74 7.36 0.48 0.73 

Liver 5 1.08 6.46 0.90 1.51 

 

 
Figure 22. Real time tracking of the needle tip via integration of the robot assisted ultrasound 

tracking method and 3D needle shape prediction for five needle insertion tests in ex vivo beef liver 

tissues. 
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Chapter 4. STEERING A TENDON-DRIVEN NEEDLE IN HIGH -

DOSE-RATE PROSTATE BRACHYTHERAPY FOR PATIENTS  

WITH PUBIC ARCH INTERFERENCE 3 
 

 This work introduces a tendon-driven needle that can bend inside the tissue around the 

pubic arch to reach the target positions inside the prostate that are difficult or impossible to reach. 

Contribution of this work relies on the needle and feasibility studies that are specifically designed 

and shown for HDR BT. The steerable needle introduced in this work provides reliable bending in 

tissue to reach desired positions in prostate gland in LDR and HDR BT. The tendon-driven needle, 

its flexible section, and bending capabilities are specifically designed for application in HDR BT. 

  

 
3 Konh, B., Padasdao, B., Batsaikhan, Z., and Lederer, J., 2021, ñSteering a Tendon-Driven Needle in High-Dose-

Rate Prostate Brachytherapy for Patients with Pubic Arch Interference,ò International Symposium on Medical 

Robotics (ISMR), Atlanta, GA, USA, pp. 1ï7. https://doi.org/10.1109/ISMR48346.2021.9661565. 

BK: Concept development and 1st round of writing 

BP: Writing, equal contribution in experiments and data analysis 

ZB: Equal contribution in experiments and data analysis 

JL: Concept development and validation 



45 

 

 

4.1. Robot Design and Modeling 
 

4.1.1. Needle Bending Requirements  
 

This section describes a scenario where the patientôs pubic arch interferes with needle 

insertions in HDR BT. While Pubic Arch Interference (PAI) is more common for patients with a 

large prostate gland (volume larger than 50 cm3), it has also been observed in patients with a 

narrow pubic arch and a relatively smaller prostate [123]. PAI has been reported in 10% of patients 

with early stages of prostate cancer, to whom HDR BT is not a treatment option [123]. Bending 

the needles makes it possible to reach the target areas that are not reachable by straight needles 

and to avoid puncturing urethra during needle placements. To estimate the amount of needle 

bending required to reach the target positions, we consider a scenario with 10mm of interference 

between the pubic arch and the prostate gland. Figure 23 shows the coronal view of the workspace 

in BT with needles inserted from the perineum into the prostate. In HDR BT, around 15 needles 

are placed inside the prostate to cover the prostate volume. However, as shown in the figure, some 

target areas are not reachable with straight needles. The dimensions of the prostate (44mm in 

width, 31mm in height, and 38mm in length) were chosen based on average prostate size for male 

patients between the ages of 40 and 50 [124]. It was estimated that about 28 degrees of angular 

deflection is sufficient for the needle to reach the target (marked in the figure at a depth of 140mm).  
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Figure 23. Coronal view of the workspace for prostate BT. Needles are inserted from the 

perineum into the prostate. 

 

 

4.1.2. Needleôs Flexible Section Design and Manufacturing 
 

Figure 24a shows the flexible section of a tendon-driven needle designed to curve inside 

the patientôs body to reach the hidden targets in the prostate gland from the perineum avoiding 

obstacles like the pelvic bone. Figure 24b shows the dimensions of each notch that needs to be 

carved on the needle cannula for improved flexibility. The needle was made from a nitinol tube 

(Johnson Matthey, London, UK) with an outer and inner diameter of 1.80 and 1.55mm, 

respectively, and tube thickness of 0.125mm. A series of seven small notches were made on the 

needle tube to create a compliant section for additional flexibility. The notches were made in the 

lab using normal machining tools such as a Dremel, and ultra-thin cut-off discs with a thickness 

of 0.3mm and 0.127mm (Gesswein & Co., Inc., Bridgeport, Connecticut). A custom-made fixture 

(shown in Figure 24c and d) with a micrometer screw gauge was used to hold the needle cannula 

for machining (carving the notches) and move the needle cannula precisely to set desired spacing 

between the notches. The properties of the nitinol cannula are affected by the temperature. 

Therefore, the cutting process was performed slowly to allow an effective heat transfer and to 

avoid high temperatures. The dimensions of the seven notches are listed in Table 6. Previous 
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studies have shown [66,125] that other manufacturing methods such as electrical discharge 

machining (EDM) or femtosecond laser can produce round and smooth corners to alleviate stress 

concentrations. In this work, however, we relied on traditional machining process. The average cut 

width (t), depth (d), and distance between the notches (dn) were 0.14±0.05, 1.57±0.03, and 

0.36±0.06mm, respectively. These values were selected to result in the required needle bending to 

avoid PAI (as described later in Section 4.1.3).  A round hole was made on each slit with an average 

diameter of 0.59±0.03mm. The overall length of flexible section was 5.86mm. Two small holes 

(diameter of about 0.25mm) were made close to the distal end of the needle for a tendon (a nitinol 

wire of 0.13mm diameter) to get attached to. The tendon was looped in and out of the holes to 

secure its place. Tension of the tendon assures bending in the direction of the notches. 

The flexible section of the needle was covered with a biocompatible ultrathin (wall 

thickness of 76ɛm) medical-grade heat shrink tubing made from Polyolefin (Cobalt Polymers, 

Cloverdale, CA) to prevent rupture of the tissue at the sharp edges of the notches. The heat shrink 

cover also provides insulation to avoid tissue from entering the needle cannula. Figure 24e and f 

show the needle in straight and bent configurations, respectively. The heat shrink cover slightly 

increased the outer diameter of the needle to 1.876mm and the stiffness of the flexible section. The 

flexible joint of the needle was bent about four degrees when covered with the heat shrink tubing. 

To test the insulation, the needle cannula was filled with water with both ends of the cannula 

closed. The cover was observed for 30 minutes, and no leakage was reported. The unsharpened 

cylindrical needle tip was blocked with epoxy to avoid tissue penetration into the needle cannula.  
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Figure 24. (a) Design of the flexible section of the needle, (b) notch parameters, (c) 

manufacturing fixture, (d) ultra-thin cut-off disc, (e)heat shrink cover, and (f) deflected shape of 

the needle. 

 

Table 6. Dimensions of the seven notches carved on the needle tube. Units are in mm. 
Notch 1 2 3 4 5 6 7 

Cut Width (t) 0.12 0.15 0.10 0.09 0.13 0.12 0.25 

Round Hole Diameter (dh) 0.61 0.61 0.61 0.60 0.60 0.55 0.56 

Cut Depth (d) 1.60 1.59 1.58 1.53 1.52 1.56 1.60 

Distance between the Notches (dn) N.A. 0.29 0.45 0.40 0.30 0.39 0.34 

 

To make sure that the needle can host a source of radiation in HDR BT, or to pass the 

radioactive seeds (0.8mm diameter and 4.5mm long) in LDR BT, a flexible guidewire of 0.65mm 

diameter was passed inside the needle cannula, while the needle was bent at its maximum bending 

angle. The study showed that this guidewire can easily pass inside the needle cannula when bent. 
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4.1.3. Modeling and Bending Calculations 
The following equations explain methods to estimate the bending angle for the needleôs 

flexible section. For the notched needle cannula presented in Section 4.1.1, the neutral bending 

axis can be calculated using the following equation [126]: 

ώȇ     (5) 

 

where ώȇ is the distance moved from the center of the tube, ὶ and ὶ are the outer and inner 

radii of the tube, respectively, and ‰  and ‰ are found by the following equations: 

‰ ὥὶὧὧέί             (6) 

‰ ὥὶὧὧέί           (7) 

 

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

—
ȇ
      (8) 

 

where h is the height of the neutral axis for each, which in this work is equal to the height 

of the cut width (t). For the notch dimensions shown in Figure 24b, an angular deflection of 4.58 

degrees is estimated on each notch. Assuming that the total deflection is distributed equally along 

all the notches, the bending angle of the whole flexible section can be found by multiplying the 

bending angle of each notch by the number of notches (seven notches for our needle). Thereby, an 

overall bending angle of is about 32 degrees for the notched needle introduced in this work. 

 

4.1.4. Tendon Actuation and Control System 
 

The tendon tension (F) that is required to realize a specific bending on the flexible section 

of the needle should be carefully estimated to design a functional actuation and control system. 

The following equation was used to calculate the amount of torque (T) required to pull the tendon 

and consequently bend the needle, similar to lowering down a load on a lead screw: 
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Ὕ           (9) 

where dm, l, f, and ‌ are the mean diameter of a single thread, tendon displacement, 

coefficient of friction, and thread angle, respectively. We experimentally determined that a 

maximum of 22N of force (tendon tension) to be sufficient to bend the notched needle inside the 

tissue. With this amount of tension, an 8mm 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 0.41Nm. Accordingly, a DC motor, gear, and a lead screw combination 

was selected and purchased from Maxon Group, Sachseln, Switzerland.  

The combination consists of a 0.5W Maxon DC motor RE 8 Ø8 mm, Precious Metal 

Brushes) with an 8mm diameter lead screw drive (GP 8 S Ø8mm, Metric spindle, M3 x 0.5), and 

an encoder (MR, Type S, 100CPT). The Maxon motor was connected to a computer using an 

EPOS4 digital positioning controller and programmed using Maxon Groupôs software, EPOS 

Studio. The software communicates with Maxon Groupôs EPOS4 positioning controller to give 

the user control on the position, velocity, and acceleration profiles. In order to run under the safe 

conditions of the motor system at high incremental position value (600000inc or 3mm), an rpm of 

10000 was chosen with a 500rpm/s acceleration and deceleration rate to form a trapezoidal profile. 

This allows the system to quickly reach the target position without overshooting.  

Two holders were designed, and 3D printed to hold the motor and the lead screw (shown 

in Figure 25a). Holder 1, housing a nut on the lead screw, was mounted on a 50mm long linear rail 

guide (MGN9H) to translate rotational movement of the motor shaft to linear movement. Holder 

2 was stationary, keeping the position of the motor. The holders are designed to ensure that all the 
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movement occurs on the same plane. The free end of the tendon was fixed on Holder 1. The tendon 

is threaded through the midpoint of the holder to ensure colinear movement. 

 

(a)  

(b)  

Figure 25. Actuation and control system to pull the tendon and bend the notched needle: (a) 

assembled on a linear stage for needle axial insertion, and (b) Maxon motor, gear box, and lead 

screw. 

 

 

The Maxon motor, gear box, and lead screw (shown in Figure 25b) were mounted on a 

linear stage for needle insertion tests in a phantom tissue. The Maxon motor pulls the tendon 

axially to bend the needle. The motor is fixed to a linear motion guide rail with the lead screw nut 

being held in place on a movable platform along the rail. The needle is considered at the maximum 

bending position when the cable tendon is pulled 3mm in the axial direction due to the notches in 

the needle touching each other. 
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4.2. Results and Discussion 
 

4.2.1. Needle Deflection in Air 
 

Figure 26 shows the angular bending of the needle realized by the tendon displacement in 

air. The error bars were calculated to show the higher and lower values in five trials. A maximum 

bending angle of 30.92 degrees was demonstrated, which is comparable with our bending 

calculations of 32 degrees estimated in Section 4.1.2.  The agreement was reasonable considering 

our methods for manufacturing the needle.  

 

 
Figure 26. Angular bending of the tendon-driven needle in air.  

 

 

4.2.2. Needle Bending in Phantom Tissue to Avoid PAI 
 

Figure 27a shows the deflection of the needle when inserted to a depth of 140mm into a 

phantom tissue. The phantom material was a polyvinylchloride (PVC) gel (M-F Manufacturing 

Co., Ft. Worth, TX), with 3:1 ratio of plastic (PVC suspension) to softener that gives an indentation 

elastic modulus of about 25.6±0.6kPa [100] that is comparable to the modulus of normal prostate 

tissue (22.74 kPa). 

To avoid the obstacle in the scenario described in Section 4.1.1, the needle was first inserted 

to a depth of 120mm and then the tendon was pulled at a rate of at 0.1mm/s while being inserted 
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to a depth of 140mm to reach the target. The insertion and actuation rate were realized by 

motorized stages and the values were set manually in an open-loop manner. Upon completion of 

the needle insertion task, the needle was scanned by an ultrasound device (Chison, Eco 5) similar 

to [117]. The lateral and vertical position of the needle tip are shown in Figure 27b and c, 

respectively. The 3D position of the needle tip is plotted in Figure 5d. The out-of-place 

displacement of the needle was due to its slightly curved shape of the needle prior to actuation. 

 

Figure 27. (a) Tendon-driven needle inserted to a depth of 140mm into a phantom tissue, (b) - (d) 

lateral, vertical, and 3D position of the needle tip scanned by an ultrasound device, respectively. 
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To show the needleôs capability to bend inside the phantom tissue, needle bending was 

measured at different tendon displacement ranging from 0.5mm to 3.0mm. The angular bending 

of the needle inside the phantom tissue is shown in Figure 28. Smaller needle bending was 

observed inside the phantom tissue compared to the needle bending in air (Figure 26), which was 

expected due to the tissue resistance. 

 

 
Figure 28. Angular bending of the tendon-driven needle in phantom tissue.  
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Chapter 5. ESTIMATION OF TISSUE MOVEMENT IN NEEDLE 

INSERTION TASKS USING AN ACTIVE NEEDLE 4 
 

This work presents a method to estimate tissue movement during a needle insertion task 

within tissue. The movement of the tissue is valuable information for guidance, navigation, and 

control of the needle inside tissue towards the target. A needle insertion task was performed using 

an active needle bending. Ultrasound images were captured at four needle insertion stages of initial 

needle insertion, bending, unbending, and needle retraction. Ultrasound images were then analyzed 

to estimate the tissue movement at each stage. 

  

 
4 Padasdao, B., Batsaikhan, Z., Brown, D., Moore, J. Z., and Konh, B., 2022, ñEstimation of Tissue Movement in 

Needle Insertion Tasks Using an Active Needle,ò Proceedings of the 2022 Design of Medical Devices Conference, 

DMD 2022, Minneapolis, MN, pp. 1ï5. https://doi.org/10.1115/DMD2022-1008. 

BP: Writing, equal contribution in experiments 

ZB: Equal contribution in experiments 

DB: Data analysis 

JZM: Concept development 

BK: Concept development 
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5.1. Materials and Methods 
 

5.1.1. Experimental Setup with Ultrasound Tracking 
 

A tendon-driven active needle (Figure 29) [127] was used in this work for needle insertion 

tests in phantom tissues. The needle cannula was a superelastic nitinol tube (Goodfellow 

Cambridge Ltd., Cambridge, UK) with an outer and inner diameter of 1.8mm and 1.5mm, 

respectively with a wall thickness of 0.15mm. Six cuts were made on the needle tube (average 

width of 0.3mm and depth of 1.4mm) to create a flexible section. The cuts were made in the lab 

using normal machining tools such as a Dremel and ultra-thin cut-off discs with a thickness of 

0.2mm (Gesswein & Co., Inc., Bridgeport, Connecticut). A custom-made fixture was used to hold 

the needle in place for machining (creating the cuts) and to move the needle precisely at 

predetermined intervals between the cuts. The phantom tissue was a polyvinylchloride (PVC) gel 

(M-F Manufacturing Co., Ft. Worth, TX), with 3:1 ratio of plastic (PVC suspension) to softener 

with an indentation elastic modulus of about 25.6±0.6 kPa. 

 

 

Figure 29. (A) Unbent tendon-driven active needle used in this work to determine tissue 

movement during needle actuation. (B) Bent configuration of the active needle observed in air. 

 

 

A shape memory alloy wire (0.13mm diameter) was used as a tendon to bend the needle 

within the tissue. Two holes with a diameter of about 0.8mm were made close to the distal end of 

(A) 

(B) 
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the needle to host the tendon. The tendon was looped in and out of these holes, applying pulling 

forces to the needle, and thereby bending in the direction of the cuts.  

The active needle was visualized inside the tissue using a US machine (Chison, Eco 5) with 

a Chison L7 Linear Array US transducer. Sagittal US images were captured along the needle shaft 

to estimate tissue deformation (explained in next section). 

To control actuation of the needle, a pulling mechanism combination shown in Figure 30 

was developed. The combination consists of a 0.5W Maxon DC motor (RE 8 Ø8 mm, Precious 

Metal Brushes) with an 8mm diameter lead screw drive (GP 8 S Ø8mm, Metric spindle, M3 x 0.5), 

and an encoder (MR, Type S, 100CPT). The Maxon motor was connected to a computer using a 

EPOS4 digital positioning controller via USB and programmed using Maxon Groupôs software, 

EPOS Studio. The software communicates with Maxon Groupôs EPOS4 positioning controller to 

give the user control on the position, velocity, and acceleration profiles.   

Two holders were designed, and 3D printed to hold the motor and the lead screw (shown 

in Figure 30). Holder 1, housing a nut on the lead screw, was mounted on a 50mm long linear rail 

guide (MGN9H) to translate rotational movement of the motor shaft to linear movement. Holder 

2 was stationary, keeping the position of the motor. The holders are designed to ensure that all the 

movement occurs on the same plane. The free end of the tendon was fixed on Holder 1. The tendon 

is threaded through the midpoint of the holder to ensure collinear movement. 
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Figure 30. Actuation and control system to pull the tendon and bend the needle assembled on a 

linear stage. 

 

 

The Maxon motor, gear box, and lead screw were mounted on a linear stage for needle 

insertion tests in a phantom tissue. The Maxon motor pulls the tendon axially to bend the needle. 

The motor is fixed to a linear motion guide rail with the lead screw nut being held in place on a 

movable platform along the rail. The needle is considered at its maximum bending position when 

the tendon is pulled 3.5mm in the axial direction, causing the cuts in the needle to touch each other. 

 

5.1.2. Tissue Movement Analysis 
 

The recorded ultrasound videos were processed in MathWorks (Natick, MA) MATLAB 

using the Farnebäck estimation method. The Farnebäck algorithm produces an image pyramid, 

with each level having a lower resolution than the previous one. When a pyramid level larger than 

one is selected, the algorithm follows the points at different resolution levels, beginning with the 

lowest. By increasing the number of pyramid layers, the algorithm can manage larger point 

displacements between frames. The algorithm illustrates 3 pyramid levels and a neighborhood size 

of 9 pixels. Quiver plots of the optical flow were generated for every 10th frame of the video 

during the sections of the video in which the needle was inserted, bent, unbent, and retracted. The 
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direction and magnitude of each resulting vector field were plotted by pixel to generate useful 

visualizations of each stage of the needle insertion. 

 

5.2. Results and Discussion 
 

Figure 31 - Figure 34 show different stages in a needle insertion process: (i) initial needle 

insertion, (ii) needle bending, (iii) needle unbending, and (iv) needle retraction. The stages were 

chosen to closely mimic the clinical needle insertion task. From there, the greatest tissue 

environment disturbance could be determined, however many factors such as needle tip design, 

needle material, etc. could influence this motion. The needle was inserted into the phantom tissue 

to a depth of 45mm (entering from the left side of the US image).  
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Figure 31. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle insertion, 

(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the 

amount of pixel movement.  
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Figure 32. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle bending, 

(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the 

amount of pixel movement.  
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Figure 33. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle unbending, 

(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the 

amount of pixel movement.  
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Figure 34. (A) Quiver plot of 2D sagittal US image with vector field overlay for needle retraction, 

(B) directional surface plot to show pixel movement, and (C) magnitude surface plot to show the 

amount of pixel movement.  
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Once the needle reaches this depth, the tendon is pulled to realize a 40-degree bend within 

the phantom tissue, causing the needle tip to bend downward in the US images. The tendon is then 

relaxed to unbend the needle. Finally, the needle is retracted from the phantom tissue. The 

subfigures labeled as ñAò in the following figures depict the quiver plot of the vector field 

overlayed on the US screen illustrating the tissue movement from frame to frame. The subfigures 

labeled as ñBò depict the directional surface plot of the direction that each pixel moves. Each color 

signifies a direction that corresponds to the color wheels with the color white signifying no 

movement. Finally, the subfigures labeled as ñCò depict the magnitude surface plot of the amount 

that each pixel moves with the darker areas signifying greater displacement. Needle retraction, 

bending, insertion, and unbending stages resulted in largest to lowest tissue movement, 

respectively. While itôs possible to obtain quantifiable data for tissue movement, the relationship 

to the amount of damaged caused to the tissue during the task is something that needs to be looked 

into for future work.  
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Chapter 6. MODELING AND OPERATOR CONTROL OF A 

ROBOTIC TOOL FOR BIDIRECTIONAL MANIPULATION IN 

TARGETED PROSTATE BIOPSY 5 
 

This work introduces design, manipulation, and operator control of a bidirectional robotic 

tool for minimally invasive targeted prostate biopsy. The robotic tool is purposed to be used as a 

compliant flexure section of active biopsy needles. The design of the robotic tool comprises of a 

flexure section fabricated on a nitinol tube that enables bidirectional bending via actuation of two 

internal tendons. The statics of the flexure section are presented and validated with experimental 

data. Finally, the capability of the robotic tool to reach targeted positions inside prostate gland is 

evaluated. 

  

 
5 Padasdao, B., Batsaikhan, Z., Lafreniere, S., Rabiei, M., and Konh, B., 2022, ñModeling and Operator Control of a 

Robotic Tool for Bidirectional Manipulation in Targeted Prostate Biopsy,ò International Symposium on Medical 

Robotics (ISMR), Atlanta, GA, USA, pp. 1ï7. https://doi.org/10.1109/ISMR48347.2022.9807514. 

BP: Writing, experiments, and coding 

ZB: Needle creation and experiments 

SL: Coding and experiments 

MR: Modeling and data analysis 

BK: Concept development and 2nd round of writing 
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6.1. Robot Design and Modeling 
 

6.1.1. Robotic Tool Design with a Bidirectional Flexure Section 

   
Figure 35a shows the design of the robotic tool with its 11.25mm long flexure section for 

bidirectional bending. A bidirectional compliant section was designed to avoid the need for 180° 

rotations to reach the other side of the workspace environment. The robotic tool was fabricated on 

a nitinol tube (Johnson Matthey, London, UK) with an outer and inner diameter of 2.00 and 

1.47mm, respectively, and tube thickness of 0.265mm. A series of six and five notches were carved 

on the nitinol tube towards the left and right side, respectively to create a compliant section with 

bidirectional bending capabilities. The notches were made in the lab using typical machining tools 

such as a Dremel, and ultra-thin cut-off discs (Gesswein & Co., Inc., Bridgeport, Connecticut), 

explained in our previous publication [128]. In that previous publication, a cover, more specifically 

a heat-shrink wrap, was used to cover the notches. However, in this work a cover was not utilized 

due to the trials being done completely in air and not in a tissue or tissue-like environment. 

Regarding the machining setup, the workspace (cut-off disc displacement along the needleôs tube 

length) for the notch creation is limited. Due to this limitation, six and five notches were the 

maximum number of notches that could be made on the needle to maximize the bending angle. 

Misalignments, in fabrication of meso-scale robots, could be a source of error in robot 

manipulation and control. Therefore, precise fabrication is desired, which significantly improves 

the controllability of the robotic tool, avoiding errors from misalignments and friction. With highly 

precise manufacturing methods, an omnidirectional compliant section might be feasible with a 

spiral-like design.  Figure 35b shows the robotic tool in bent position via actuation of Tendon 1 

and 2. Figure 35c shows the schematic of two adjacent notches with the dimensions listed in Table 
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7. The average cut width (h), depth (d), and distance between the notches (t) were 0.394, 1.676, 

and 0.582mm, respectively. The values were selected to result in bidirectional bending up to ±30 

degrees suitable for prostate biopsy, especially for those with larger than average prostates.   

Two circular holes (diameter of about 0.25mm) were made close to the distal end of the 

cannula on the left and right side to house two internal tendons (nitinol wire of 0.13mm diameter). 

The tendons were looped in and out of the holes to secure their attachment. Tension of the tendons 

assures bending in the direction of the notches.  

 

 

Figure 35. (a) Schematic design of the robotic tool with tendon-driven bidirectional bending 

capablities, (b) fabricated tool in actuated position, (c) dimensions for modeling the flexure 

section, and (d) range of motion of the robotic tool to reach targeted positions (darker objects) 

inside prostate gland. 
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The notch pattern carved on the nitinol cannula determines its bending properties. Figure 

35d shows the range-of-motion (ROM) analysis of the robotic tool, reaching a large volume within 

the prostate gland. The prostate model and the marked targets (shown in Figure 35d) were 

downloaded from The Cancer Imaging Archive [129ï131] for an anonymized patient with prostate 

cancer, undergone MRI-US fusion prostate biopsy. The prostate volume of the patient is measured 

via MRI prostate segmentation at the time of biopsy. Each target is marked by a uroradiologist and 

later acquired as a single core during ultrasound-guided biopsy by a urologist. The model was used 

to show the robotic toolôs reachability in the prostate gland. 

 

Table 7. Dimensions of the notches carved on the nitinol tube to fabricate the robotic tool. Units 

are in mm 

Notches on the left side 1 2 3 4 5 6 

Cut Width (h) 0.424 0.396 0.396 0.368 0.368 0.382 

Cut Depth (d) 1.597 1.750 1.785 1.591 1.501 1.556 

Notches on the right side 1 2 3 4 5  

Cut Width (h) 0.41 0.396 0.417 0.389 0.389  

Cut Depth (d) 1.666 1.805 1.576 1.791 1.819  

Distance between the Notches (t) 
0.711 0.596 0.642 0.558 0.626  

0.514 0.544 0.530 0.585 0.485  

 

 

6.1.2. Flexure Section Modeling  
 

For the bidirectional robot tool, the bending angle of a flexure section (— ) with ὔ 

notches is calculated by [84]: 

— —      (10) 

where —  is the bending angle of a single notch, which can be calculated using 

Castiglianoôs second theorem as: 

—              (11) 
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where Ὗ is the total internal energy and ὓ  is the moment at the cross section, calculated 

using the following equations: 

Ὗ ᷿ ᷿ ὨᾀὨὼ      (12) 

ὓ ὼ ὓ Ὂ Ὠ ὶ ὼ    (13) 

where Ὠ is the depth of the notch, ὸ is the distance between two notches, ὶ and ὶ are the 

outer and inner radii of the nitinol tube, respectively, Ὁ is the young modulus, and Ὂ is the force 

applied on each notch. The effects of gravity arenôt considered in this work. ύὼ, Ὅὼ, and ὓ 

are width of the section, second moment of area with respect to the y-axis, and the moment applied 

to the section, found by the following three equations: 

ύὼ ὶ ὼ ὶ ὼ    (14) 

Ὅὼ ὸύὼ     (15) 

ὓ Ὂ Ὠ ὶ ὶ     (16) 

where ὸ is the tendon diameter. For a needle with the average dimensions (in which Ὂ is 

used to calculate the average bending for a single notch) listed in Table 8, we have estimated about 

4.90 degrees of bending for each notch. This will result in 28.58 and 19.87 degrees bending 

towards left and right directions, respectively. Since this is an average bending per notch, the 

theoretical values will vary depending on this approximation. 

 

Table 8. Average dimensions of the robotic tool. 

ὶ 

(mm) 

ὶ 

(mm) 

Ὠ 

(mm) 

ὸ 

(mm) 

ὸ 
(mm) 

ὔ Ὂ 

(N) 

Ὁ 

(GPa) 

1 0.735 1.676 0.13 0.582 11 0.981 24.3 
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6.1.3. Experimental Setup to Evaluate Bidirectional Bending 
 

To evaluate bending angle of the flexure section of the robotic tool, different weights were 

hung to the bottom of the internal tendons to produce tendon tension of up to 8N. The angular 

bending of the robotic tool towards each direction was captured by a camera and then estimated 

using ImageJ software. The bidirectional angular bending of the robotic tool was compared with 

the model and reported in Section 6.2. 

 

6.1.4. Tendon Actuation and User Control System  
 

To develop an actuation system to pull the internal tendons and realize bidirectional 

bending, the tendon tension (Ὂ) needs to be estimated. The torque (T) that is required to pull the 

internal tendon and realize bending on the flexure section can be found in Section 4.1.4 

Considering that the robotic tool is intended to bend inside the prostate gland, a maximum of 22N 

of force (tendon tension) was experimentally determined to overcome resistance of the tissue. 

Using 22N of tendon tension, an 8mm 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 of 

0.41N.m was estimated. Accordingly, a DC motor, gear, and a lead screw combination from 

Maxon Group, Sachseln, Switzerland (shown in Figure 36a) was selected.  

Two similar combinations consisting of a 0.5W Maxon DC motor RE 8 Ø8 mm, Precious 

Metal Brushes with an 8mm diameter lead screw drive (GP 8 S Ø8mm, Metric spindle, M3 x 0.5), 

and an encoder (MR, Type S, 100CPT) were installed on a base to pull the two internal tendons, 

separately.  

For each Maxon motor (shown in Figure 36a), two holders were 3D printed to hold the 

motor and the lead screw. The first holder (housing the spindle on the lead screw) was mounted 
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on a linear rail guide to translate rotational movement of the motor shaft to linear movement. The 

second holder was stationary, keeping the position of the motor. The holders were designed to 

ensure that all the movement occurs on the same plane. The free end of the tendon was fixed on 

the first holder. The tendon is threaded through the midpoint of the holder to ensure colinear 

movement. 

A program was coded on the host computer that executes at runtime. The functional block 

diagram is shown in Figure 36b. A DualShock 4 controller, commonly used with the PlayStation 

4 video game console, henceforth called the ójoystickô, interfaces with the computer via Bluetooth. 

The computer interfaces with two EPOS 4 controllers via separate microUSB-to-USB connections. 

Each EPOS 4 controller interfaces directly with a Maxon motor, designated as left and right in the 

figure, via wired connection.  

The code was entirely constructed in Python, using CTypes, a foreign library conversion 

tool, to convert the EPOS Command Library from C to a Python-friendly format. PyGame was 

utilized to interface between the operator and the code. 

For purposes of this study, emphasis was placed on repeatability of the motion of the 

motors over repeatability of the motion of the robotic tool. Since there is negligible resistance in 

air, the repeatability of the robotic toolôs motion is assumed to be close to the repeatability of the 

motorsô motion. Thereby, the code was simplified to actions that track the motion of the motors 

instead of actions that track the tip of the robotic tool. 

The motors were controlled via EPOS Command Library functions that use input values 

called increments. Through measurement, it was determined that 100,000 increments were equal 

to 1mm of linear displacement of the lead screw attached to the motors. The design of the system 

uses incrementation to tighten the tendons attached to the motors and decrementation to loosen the 
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tendons. When the óR1ô or óL1ô button is pressed, the motors are programmed to increment or 

decrement by 50,000 increments, or 0.5mm, depending on the assumed location of the tip. For 

example, if the robotic tool is directed to bend to the right, then the óR1ô button will be pressed on 

the joystick. If the robotic tool is in a neutral position at the start, the tendon responsible for bending 

the tip to the right will be tightened 0.5mm by the motor, in this case the right motor. If the robotic 

tool is bent to the left at the start, then instead of tightening the right tendon, the left tendon will 

be loosened by 0.5mm instead. Due to the mounting positions of the tendons on the robotic tool, 

there is no need for the loosening tendon (in this example, the left tendon) to loosen once the 

robotic tool is bent past the neutral position. More clearly, and still using the same example, if the 

robotic tool is bent to the right the left tendon does not need to be loosened once the robotic tool 

has bent to the right of the neural point. Lastly, if the robotic tool is bent to the right at the start, 

then the right tendon will be tightened by 0.5mm like in the case of a neutral starting point. 

However, if the robotic tool is already bent to the point where it is nearing its maximum limit, then 

the incrementation will not ensue, and the user will receive a message displayed on screen that the 

maximum bending angle has been achieved. This is to protect the needle from unnecessary stress. 

For convenience, other buttons on the joystick were programmed to facilitate data 

collection; they are not necessary to the vital functionality of the robotic tool. The ósquareô button 

is programmed to decrement both motors to loosen both tendons. The ótriangleô button displays 

the current position of each motor on the computer screen. The óxô button sets a new home location 

for the motors, acting as a zeroing method. The óoptionsô button relocates the motors to the home 

position set at the motor initialization time, or the new home location designated by pushing the 

óxô button, whichever was more recent. The ótouchpadô button deactivates the motors and exits the 

program. 



73 

 

 

 

 
(a) 

 
(b) 

Figure 36. (a) Actuation system and user control to realize bidirectional bending on the robotic 

tool, and (b) functional block diagram for joystick user controller. 

 

6.2. Results and Discussion 
 

6.2.1. Robotic Tool Bidirectional Bending via Tendon Tension 
 

Figure 37a and Figure 37b shows the angular bending of the needle realized by the tendon 

tension in air towards left and right directions, respectively. The dashed lines represent the 

trendline for the relationship between bending angle and tension. The error bars were calculated 

to show the higher and lower values in three trials. A maximum bending angle of 28.33 and 19.72 
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degrees was demonstrated, which is comparable with our bending calculations of 28.58 and 19.87 

degrees (estimated in Section 6.1.2) in left and right directions, respectively. The agreement was 

reasonable considering our methods for manufacturing the needle. Due to those fabrication 

limitations and the differing number of notches on each side, the bending ranges are different for 

each side with careful observation to avoid plastically deforming the needle. With the different 

number of notches, the stiffness of the needle is also different, so the ranges reflect that. 

 

 
Figure 37. Angular bending of the robotic tool vs. tendon tension towards (a) left, and (b) right 

directions. 

 

 

6.2.2. Robotic Tool Bidirectional Bending Controlled by Maxon 

Motors 
 

The Maxon motors were used to realize bidirectional bending independently towards left 

and right directions using tendon displacement control. Figure 38a and Figure 38b shows the 
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angular bending of the robotic tool towards left and right directions, respectively using tendon 

displacement control. The error bars were calculated to show the higher and lower values in three 

trials. Maximum bending angle via displacement control using the Maxon motors was 31.67 and 

18.69 degrees towards left and right directions, respectively, which is comparable with tendon 

tension control from Section 6.2.1 (shown in Figure 37). Once the maximum bending angle has 

been reached, the motors are stopped to prevent plastic deformation or fractures within the 

bidirectional needle. In this work, each trial starts with pulling the tendons taut so the hysteresis 

effect from the nitinol tendons is neglected. 

 

Figure 38. Angular deflection of the robotic tool via actuation of (a) Tendon 1, and (b) Tendon 2 

towards left and right directions, respectively. 
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6.2.3. Joystick User Control of the Robotic Tool in Targeted 

Prostate Biopsy 
 

To evaluate the capability of the robotic tool to produce sufficient bidirectional bending to 

reach the target positions inside prostate gland, an experimental setup (shown in Figure 39) was 

developed with assigned target positions inside a pelvis male model (hBARSCI, Rochester, NY). 

The targets were 3D printed and mounted inside the pelvis model to represent reasonable 

geometric relationships. Top view (shown in Figure 39 insert) was provided to the user via a 

camera placed on top of the pelvis model. It was shown that the range of motion provided by the 

bidirectional bending of the robotic tool was sufficient to cover the marked targets (spheres on the 

endpoints of the 3D print). The targets were randomly generated to demonstrate the workspace of 

the bidirectional needle. The robotic tool and the actuation system are intended to be installed on 

a needle insertion robotic system (presented in our previous publications [132,133]) to enable axial 

needle insertion and rotation for 3D targeting inside the prostate gland. 

 

Figure 39. Operator control of the robotic tool to reach marked targets inside a prostate gland. 
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Chapter 7. TELEOPERATED AND AUTOMATED CONTROL OF 

A ROBOTIC TOOL FOR TARGETED PROSTATE BIOPSY 6 
 

This work presents a robotic tool with bidirectional manipulation and control capabilities 

for targeted prostate biopsy interventions. Targeted prostate biopsy is an effective image-guided 

technique that results in detection of significant cancer with fewer cores and lower number of 

unnecessary biopsies compared to systematic biopsy. The robotic tool comprises of a compliant 

flexure section fabricated on a nitinol tube that enables bidirectional bending via actuation of two 

internal tendons, and a biopsy mechanism for extraction of tissue samples. The kinematic and static 

models of the compliant flexure section, as well as teleoperated and automated control of the 

robotic tool are presented and validated with experiments. Finally, the capability of the robotic 

tool to bend, reach targeted positions inside a phantom tissue, and extract a biopsy sample is 

evaluated. Contribution of this work relies on integration of the biopsy mechanism with the 

needleôs bidirectional flexure section at its clinically appropriate scale, and teleoperative and 

automated control of the needle tip movement via two actuation systems with DC motors as well 

as stepper motors. 

  

 
6 Padasdao, B., Lafreniere, S., Rabiei, M., Batsaikhan, Z., and Konh, B., 2023, ñTeleoperated and Automated Control 

of a Robotic Tool for Targeted Prostate Biopsy.,ò J. Med. Robot. Res., 8(1&2), p. 2340002. 

https://doi.org/10.1142/s2424905x23400020. 

BP: Writing, experiments, and coding 

SL: Coding and experiments 

MR: Modeling and data analysis 

ZB: Needle creation 

BK: Concept development and 2nd round of writing 
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7.1 Robot Mechanism Design, Modeling, and Control 
 

7.1.1. Tendon-Driven Bidirectional Robotic Tool: Design and 

Development 
 

Design of the robotic tool features an 8.92mm long compliant flexure section (shown in 

Figure 40a) for bidirectional bending. The flexure section is actuated via two internal tendons 

(nitinol wires of 0.13mm diameter). In this work ñbidirectional bendingò indicates a 1DOF angular 

bending towards the two tendons on opposite sides. The robotic tool is fabricated on a superelastic 

nitinol tube (Johnson Matthey, London, UK) with an outer and inner diameter of 2.00 and 1.70mm, 

respectively, and tube thickness of 0.15mm. Six notches are carved on the nitinol tube on left and 

right sides to create a compliant flexure section with bidirectional bending capabilities. The 

notches are made in the lab using conventional machining tools such as a Dremel, and ultra-thin 

cut-off discs (Gesswein & Co., Inc., Bridgeport, Connecticut), explained in our previous 

publications [128].  

Figure 40b shows a schematic view of two adjacent notches with the dimensions listed in 

Table 9. The cut dimensions vary due to our in-lab fabrication method. The average cut width (h), 

depth (d), and distance between the notches (t) are 0.46, 1.45, and 0.40mm, respectively. The 

values are selected to result in bidirectional bending of about ±55 degrees suitable for prostate 

biopsy, especially for patients with larger prostate glands.   

Two additional small notches (diameter of about 0.25mm) are fabricated on the nitinol tube 

on the left and right sides towards the distal end of the flexure section for tendon attachments. 

Figure 40c shows the tendon attachment to one side. 

The flexible section is covered with a biocompatible ultrathin (wall thickness of 76ɛm) 

medical-grade heat shrink tubing (Figure 40d) made from Polyolefin (Cobalt Polymers, 
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Cloverdale, CA) to prevent rupture of the tissue at the sharp edges of the notches. The heat shrink 

cover also provides insulation to avoid tissue from entering the needle cannula. The insulating 

cover slightly increases the outer diameter of the robotic tool and the stiffness of the flexible 

section. To test the insulation, the flexure section was filled with water with both ends of the needle 

cannula closed. The cover was observed for 30 minutes, and no leakage was reported. The cover 

is removed for the manipulation and control experiments of this work. 
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Figure 40. (a) Design of the tendon-driven bidirectional robotic tool and its compliant flexure 

section, (b) model parameters for the flexure section, (c) fabricated robotic tool with six notches 

and a small slot for tendon attachment on each side (one side is shown), (d) flexure section in 

bent position with heat shrink cover, and (e) range of motion of the robotic tool to reach targets 

inside the prostate gland. 

 

 

The notch pattern carved on the nitinol tube determines its bending properties. Figure 40e 

shows the range-of-motion (ROM) analysis of the robotic tool, reaching two targets within the 

prostate gland. The prostate model and marked targets (shown in Figure 40e) are downloaded from 

The Cancer Imaging Archive [129ï131] for an anonymized patient with prostate cancer, 

undergone MRI-US fusion prostate biopsy. The prostate volume of the patient is measured via 

MRI prostate segmentation at the time of biopsy. Each target is marked by a uro-radiologist and 

later acquired as a single core ultrasound-guided biopsy by a urologist. The model is used here to 

analyze the robotic toolôs reachability in prostate gland. 
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Table 9. Dimensions of the notches carved on the nitinol tube to fabricate the robotic tool. Units 

are in mm. 
Notches on the left side (from proximal to distal end) 1 2 3 4 5 6 

Cut Width (h) 0.54 0.43 0.46 0.43 0.47 0.41 

Cut Depth (d) 1.42 1.36 1.59 1.37 1.38 1.27 

Notches on the right side (from proximal to distal 

end) 
1 2 3 4 5 6 

Cut Width (h) 0.47 0.49 0.53 0.47 0.42 0.44 

Cut Depth (d) 1.62 1.65 1.55 1.46 1.44 1.35 

Distance between the Notches (t) 
0.37 0.45 0.32 0.36 0.44 0.40 

0.42 0.31 0.44 0.39 0.52  

 

 

7.1.2. Biopsy Mechanism 
 

A biopsy tray, detached from TEMNO Evolution® Biopsy Device from Merit Medical 

Systems, Inc. (shown in Figure 41a), is attached to a flexible guidewire and inserted inside the 

robotic tool as a stylet. The biopsy tray features a sampling notch length of 20mm with a sharp 

four-sided needle bevel for easy insertion. A small chamfer is made on the proximal end of the 

biopsy tray for the flexible wire to get epoxied to without an increase in the overall diameter. 

Figure 41b shows integration of the biopsy mechanism with the robotic tool. Figure 41c shows the 

fabricated prototype and its ability to manually deploy the biopsy tray in bent positions.  

 

 

 

 

 
Figure 41. Integration of biopsy mechanism with the robotic tool: (a) biopsy tray and flexible 

guidewire, (b) fabricated prototype, and (c) operation of the biopsy mechanism (bending at 

flexure section and employing biopsy tray for extraction of tissue samples). 
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7.1.3. Flexure Section Modeling 
 

For the robot tool with ὔ notches, the bending angle of the compliant flexure section 

(— ) is calculated by [84]: 

— —      (17) 

where —  is the bending angle of a single notch, calculated using Castiglianoôs second 

theorem as: 

—                         (18) 

where Ὗ is the total internal energy and ὓ  is the moment at the cross section, given by the 

following equations: 

Ὗ ᷿ ᷿ ὨᾀὨὼ    (19) 

ὓ ὼ ὓ Ὂ Ὠ ὶ ὼ             (20) 

 

where Ὠ is the depth of the notch, ὸ is the distance between two notches, ὶ and ὶ are the 

outer and inner radii of the nitinol tube, respectively, Ὁ is the young modulus, and Ὂ is the force 

applied on each notch. It should be noted that the effects of gravity arenôt considered in this work. 

ύὼ, Ὅὼ, and ὓ are width of the section, second moment of area with respect to the y-axis, and 

the moment applied to the section, found by the following three equations: 

ύὼ ὶ ὼ ὶ ὼ    (21) 

Ὅὼ ὸύὼ     (22) 

ὓ Ὂ Ὠ ὶ ὶ                (23) 
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where ὸ is the tendon diameter. For the average dimensions listed in Table 10 (in which 

Ὂ is used to calculate the average bending for a single notch), we have estimated about 10 degrees 

of bending angle for each notch, and an overall bending angle of 55 degrees for the robotic tool. 

 

Table 10. Average dimensions of the robotic tool and other parameters in the equations. 

OD (mm) ID (mm) d (mm) t (mm) 
ὒ  

(mm) 

Ὁ  

(MPa) 
N F1 (N) 

2.00 1.70 1.45 0.40 300 83,000 12 0.98 

 

 

7.1.4. Teleoperated Control and Actuation System for the Robotic 

Tool 
 

The actuation setup, shown in Figure 42a consisting of two 0.5W Maxon DC motors RE 8 

Ø8mm, Precious Metal Brushes with 8mm diameter lead screw drives (GP 8 S Ø8mm, Metric 

spindle, M3 x 0.5), and encoders (MR, Type S, 100CPT), is used in this work for teleoperative 

control. Two holders are designed, and 3D printed to hold the Maxon motors and the lead screws. 

The first holder (housing the spindle on the lead screw) is mounted on a linear rail guide to translate 

rotational movement of the motor shaft to linear movement. The second holder is stationary, 

keeping the position of the motor. The free end of the tendon is fixed on the first holder. The tendon 

is threaded through the midpoint of the holder to ensure colinear movement. 

The functional block diagram, shown in Figure 42b, is coded in Python to enable 

teleoperation of the robotic tool. The program described in this section aims to focus on the actions 

that track the motion of the motors instead of the actions that track the robotic tool bending, while 

the program explained in the next section aims to provide a proper control for the actions at the tip 

of the robotic tool based on desired bending angles. 

A DualShock 4 controller, commonly used with the PlayStation 4 video game console, 

henceforth called the ójoystickô, is used as the master device. The joystick interfaces with the 
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computer via Bluetooth. The computer interfaces with two EPOS 4 controllers via separate 

microUSB-to-USB connections. Each EPOS 4 controller interfaces directly with one of the Maxon 

motors, designated as left and right in the figure, via wired connection. The code uses a foreign 

library conversion tool, CTypes, to convert the EPOS Command Library from C to a Python-

friendly format. PyGame is utilized to interface between the operator and the code. The motors are 

controlled via EPOS Command Library functions that use input values called increments. Through 

measurement, it is determined that 100,000 increments are equal to 1mm of linear displacement of 

the lead screw attached to the motors. The program uses incrementation to tighten the tendons 

attached to the motors and decrementation to loosen the tendons. When the óR1ô or óL1ô button is 

pressed, the motors are programmed to increment or decrement by 50,000 increments, or 0.5mm, 

depending on the assumed location of the tip. For example, if the robotic tool is intended to bend 

to the right, then the óR1ô button will be pressed on the joystick. If the robotic tool is in a neutral 

position at the start, the tendon responsible for bending the tip to the right will be tightened 0.5mm 

by the motor, in this case the right motor. If the robotic tool is bent to the left at the start, then 

instead of tightening the right tendon, the left tendon will be loosened by 0.5mm instead. Due to 

the mounting positions of the tendons on the robotic tool, there is no need for the loosening tendon 

(in this example, the left tendon) to loosen once the robotic tool is bent past the neutral position. 

More clearly, and still using the same example, if the robotic tool is being bent to the right the left 

tendon does not need to be loosened once the robotic tool has bent to the right of the neural point. 

Lastly, if the robotic tool is bent to the right at the start, then the right tendon will be tightened by 

0.5mm like in the case of a neutral starting point. However, if the robotic tool is already bent to 

the point where it is nearing its maximum limit, then the incrementation will not ensue, and the 
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user will receive a message displayed on screen that the maximum bending angle has been 

achieved. This is to protect the robotic tool from unnecessary stress. 

For convenience, other buttons on the joystick are programmed to facilitate data collection. 

The ósquareô button is programmed to decrement both motors to loosen both tendons. The 

ótriangleô button displays the current position of each motor on the computer screen. The óxô button 

sets a new home location for the motors, acting as a zeroing method. The óoptionsô button relocates 

the motors to the home position set at the motor initialization time, or the new home location 

designated by pushing the óxô button, whichever is more recent. The ótouchpadô button deactivates 

the motors and exits the program. 
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(b) 

Figure 42. (a) Actuation system and teleoperative interface to realize bidirectional bending on the 

robotic tool, and (b) functional block diagram for joystick operator controller. 

 

 

7.1.5. Automated Control 
 

Although Maxon motors present a robust actuation (with sufficient torque and speed) at 

their small size, suitable for teleoperated control, they are usually expensive. This section presents 

a new actuation system using stepper motors that are bulkier but cheaper, to evaluate their 

capability to control the robotic tool. The motors, gear boxes, and lead screws are different in the 

actuation systems of Figure 42 and Figure 43. However, all motors are programmed to pull the 

internal tendons. The experimental setup (shown in Figure 43) for automated control of the robotic 

tool consists of two NEMA 11 stepper motors (ToAuto, Shenzhen, China) attached to two 100mm 

linear rails. Each motor is attached to one tendon that is responsible for tightening or loosening the 

tendons to perpetuate bending at the robotic tool. The motors are wired to DM542T drivers 

(StepperOnline Inc., New York, NY), which are run through Arduino Uno control boards. Serial 

communications are established between the Arduino boards and a Python script on a computer to 

control the tendon displacement. Two 3D Guidance Model 55 electromagnetic (EM) tracking 

sensors (Northern Digital Inc., Waterloo, Canada) are attached to the robotic tool for accurate 

characterization of the pose (position and orientation) of the tip of the robotic tool with respect to 

its neutral axis. The EM sensors are capable of detecting translational and rotational changes in 
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pose. The first sensor is installed inside the robotic tool to concentrate sensing at the tip, while the 

second sensor is mounted outside the robotic tool proximally to the notches. The second sensor 

provides the location of the origin and is most useful when aligned with the neutral axis of the 

robotic tool; however, the exact location can be altered such as being placed inside of the robotic 

tool similarly to the sensor at the tip.  

The position data is recorded in real-time to a text file using CUBES program (Northern 

Digital Inc., Waterloo, Canada). The data is recorded in predetermined time intervals and imported 

to the Python script to characterize the pose of the robotic tool. Once the pose of the tip is known, 

the script uses a PID controller (explained later) to determine the necessary displacement of each 

tendon to reach a desired bending angle. The control input values calculated by the PID controller 

are generated in pairs, float values of the same magnitude but opposite sign, to ensure that one 

tendon loosens while the other tightens during actuation. The control input values are sent to their 

respective Arduino boards, at which point the input command is processed and turned into a 

high/low voltage signal to turn the stepper motor and produce a desired displacement. The time 

and pose data during actuation are recorded via the Python script in a separate text file for 

recordkeeping purposes. The script allows for multiple targets to be used in succession, allowing 

for a series of movements to be executed and recorded. 
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Figure 43. Experimental setup to control the tip of the robotic tool at a desired angle. 

 

To properly control the motors to pull the internal tendons and consequently realize a 

desired bending angle at the tip of the robotic tool, kinematic analysis of the compliant flexure 

section is needed. The kinematic analysis provides a relationship between the tendon displacement 

and the bending angle. For the bidirectional robotic tool, presented in this work, the kinematic 

analysis is as follows [81]: 

Ўὒ Ὢ—ȟὔȟὨ ‭—ȟὨȟὸȟὔ              (24) 

where Ўὒ is the tendon displacement, — is the bending angle, ὔ is the number of notches, 

Ὠ is the notch depth, and ὸ is the gap between two consecutive notches. The first and second terms 

refer to the kinematic and the tendon elongation, respectively. The kinematic term is: 

Ὢ—ȟὔȟὨ ὔȢὶȢÓÉÎ (25)           —‏ 

EM tracker sensors 

Tool holder 

EM field generator 

Stepper 

motors 
Linear rails 

Linear motorized stage 

for needle insertion 
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where ‏— is the bending angle of each notch, which is part of the total bending angle (—

ὔȢ‏—), and ὶ can be found by: 

ὶ Ὠ          (26) 

 where ὕὈ is the outer diameter of the tube, ὍὈ is the inner diameter of the tube, and ὸ is 

the diameter of the tendon. The tendon elongation term is approximated by: 

‭—ȟὨȟὸȟὔ Ὁ ȢὊ —ȟὨȟὸȟὔ          (27) 

where Ὂ  is the tendon tension measured experimentally, and Ὁ  is the tendon 

compliance approximated by the relationship between the tendon length (ὒ , and the 

Youngôs modulus of the nitinol (Ὁ ) as: 

Ὁ                 (28) 

For the robotic tool presented in this work, the parameters listed in Table 10 are fed into 

the equations. The relationship between the force and the bending angle, Ὂ —ȟὨȟὸȟὔ , is 

obtained experimentally as: 

Ὂ —ȟὨȟὸȟὔ πȢςχτσ—            (29) 

To realize a desired bending angle at the tip of the robotic tool, a closed-loop PID controller 

(shown in Figure 44a) is designed.  

 

(a) 
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Figure 44. (a) Closed-loop PID controller to realize a desired bending angle on the compliant 

flexure section, (b) comparison between the reference (desired) and output bending angles, and 

(c) tendon displacement simulated for the system input. 

 

In this figure, Ў— is the bending angle output as well as the feedback in the closed-loop 

system, Ў—  is the reference (desired) bending angle with respect to the measured angle (—), Ὡ is 

the error of the system (Ὡ Ў— Ў—), Ўὒ is the tendon displacement chosen by the PID 

controller and inserted into the system as an input to set the reference angle, Ὃί is the kinematic 

model of the robotic tool with its bidirectional flexure section. The relationships between the 

control input (ό) and the current (Ὥ), the current (Ὥ) and the motor torque (†, and motor torque († 

and the motor stroke (Ўὒ) are internal motor functions of the motors and are controlled separately 

by the motor controllers. 

(b) 

(c) 
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Figure 44a is implemented in Simulink (The MathWorks Inc., Natick, MA, United States) 

to tune the PID coefficients. The controllerôs capability to match the output angle to the reference 

(desired) angle is evaluated when the reference bending angle changes between -30° to +30°. The 

simulation tuned the PID control gains as P:1.2, I:5, and D:0.02. Figure 44b compares the output 

angle (Ў—) and the reference bending angle (Ў— ), showing that the output follows the reference 

angle. Figure 44c shows the tendon displacement that is set by the controller to reach the reference 

angle. 

Additional experimental tuning is required when implementing the closed-loop control on 

the robotic tool. This is done by careful observation of the effects of each coefficient on the overall 

performance of the system. The proportional gain affects the speed of reaching the desired angle, 

the integral gain reduces the steady state error, and the derivative gain reduces the overshoots. The 

experimentally tuned PID coefficients are P:0.45, I:0.0075, and D:0.5. The system oscillates 

between two close values (with ±2° error from the desired angle). Bending experiments are 

performed with robotic tools and the actuation system to evaluate the controller. For each 

experiment, multiple bending angles are selected and provided as an input to the Python script.  

 

7.2. Results and Discussion 
 

7.2.1. Robotic Tool Bidirectional Bending via Tendon 

Displacement Control 
 

The Maxon motors are used in this section to realize bending at the tip of the robotic tool 

using tendon displacement control. Figure 45 shows the angular bending of the robotic tool using 

tendon displacement control. The error bars are calculated to show the higher and lower values in 

three trials. Maximum bending angle via displacement control using the Maxon motors is 50.67 
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degrees, which is comparable with our estimations (bending angle of ±55 degrees) based on tendon 

tension reported in the previous section. Once the maximum bending angle is reached, the motors 

are stopped to prevent plastic deformation or fractures within the robotic tool. In this work, each 

trial starts with pulling the tendons taut so the hysteresis effect from the nitinol tendons is 

neglected. 

 

 
Figure 45. Angular deflection of the robotic tool via actuation of internal tendon. 

 

 

7.2.2. Teleoperated Joystick User Control of the Robotic Tool in 

Targeted Prostate Biopsy 
 

To evaluate the capability of the robotic tool to produce sufficient bidirectional bending to 

reach the target positions inside a prostate gland, an experimental setup (shown in Figure 46) is 

developed with assigned target positions inside a pelvis male model (hBARSCI, Rochester, NY). 

The targets are 3D printed and mounted inside the pelvis model to represent geometric 

relationships. Top view (shown in Figure 46 insert) is provided to the user via a camera placed on 

top of the pelvis model. It is shown that the range of motion provided by the bidirectional bending 

of the robotic tool is sufficient to cover the marked targets (spheres on the endpoints of the 3D 

print). The targets are randomly generated to demonstrate the workspace of the bidirectional 

biopsy needle. The robotic tool and the actuation system are intended to be later installed on a 
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needle insertion robotic system (presented in our previous publications [132,133]) to enable axial 

needle insertion and rotation for 3D targeting inside the prostate gland. 

 

 
Figure 46. Teleoperative control of the robotic tool to reach marked targets inside a prostate 

gland. 

 

 

7.2.3. Automated Control of the Robotic Tool in Targeted Prostate 

Biopsy 
 

The performance of the controller and the accuracy of tracking set-point positions are tested 

and presented in this section. Figure 47 shows the angular bending of the robotic tool using the 

NEMA 11 stepper motors of the actuation system shown in Figure 43. The controller is 

programmed to force the robotic tool to form a sinusoidal bending angle at 0.02Hz and magnitude 

of 20 degrees. Tracking error, which is equal to the difference between the bending angle 

measurement via the EM tracker and the set-point position, was better than 5.0 degrees. These 

results show reasonable tracking errors with average value of 1.93 degrees. Tracking error is 

slightly larger than 5.0 degrees for the first sinusoidal loop.  
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(a) 

 
(b) 

Figure 47. Position tracking of 0.02 Hz sinusoid using stepper motors: (a) oscillating angular 

bending at the tip of the robotic tool measured by the EM tracker vs. desired set-point positions, 

and (b) bending angle tracking error. 

 

 

In another control experiment, the Maxon DC motors, shown in the actuation system of 

Figure 42, were used to generate a sinusoidal bending angle at 0.008Hz and magnitude of 20 

degrees. The angular bending of the robotic tool and tracking error are shown in Figure 48. 

Tracking error, the difference between the bending angle measurement via the EM tracker and the 

set-point position, was better than 4.5 degrees. These results show reasonable tracking errors with 

average value of 1.00 degrees. It was shown that the tracking error improved using Maxon motors. 

The Maxon DC motors generate a higher torque compared to the NEMA 11 stepper motors, and 

thereby more suitable to bend the tool in stiffer tissues, where a higher bending force is required. 
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(a) 

 
(b) 

Figure 48. Position tracking of 0.008 Hz sinusoid using DC motors: (a) oscillating angular 

bending at the tip of the robotic tool measured by the EM tracker vs. desired set-point positions, 

and (b) bending angle tracking error. 

 

 

In order to test the system, the robotic tool was actuated inside of a phantom tissue 

environment with an open-loop control scheme. Similar to the previous experiment, 20 degrees 

was the desired angle magnitude, but a triangular and trapezoidal wave were formed and shown in 

Figure 49 along with the difference between the angle measurement and the set-point position. 

Following a triangular waveform, generated a maximum and average error of 4.30 and 0.65 

degrees, respectively while the trapezoidal wave showed 4.78 and 0.85 degrees of maximum and 

average error, respectively. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 49. Position tracking of DC motors in phantom tissue: (a) oscillating angular bending at 

the tip of the robotic tool measured by the EM tracker vs. desired set-point positions following a 

triangular wave, (b) bending angle tracking error for the triangular wave, (c) oscillating angular 

bending at the tip of the robotic tool measured by the EM tracker vs. desired set-point positions 

following a trapezoidal wave, (d) bending angle tracking error for the trapezoidal wave. 
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7.2.4. Extraction of Biopsy Samples from Tissue Phantoms 
 

The capability of the robotic tool to bend inside a phantom tissue and extract a phantom 

tissue sample is evaluated and shown in this section. The robotic tool is bent inside the phantom 

via the actuation and control system, shown in previous section, and then the biopsy mechanism 

is deployed manually to trap a phantom tissue. Figure 50a shows the robotic tool in bent position 

inside the phantom tissue. Figure 50b to Figure 50d show the biopsy mechanism in fully open, 

half- and fully closed positions, respectively. Once the tissue resides in the tray, the stress of the 

tendon is released, and the needle is retracted. 

 

    
(a) (b) (c) (d) 

Figure 50. The robotic tool and biopsy mechanism used to (a) realize a desired bending inside a 

phantom tissue, (b) deploy the biopsy tray, (c) pull the biopsy tray back to trap the tissue sample, 

and (d) close the tray to cut the tissue sample. 
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Chapter 8. SYSTEMATIC 12-CORE TRANSPERINEAL 

PROSTATE BIOPSY WITH MINIMAL ACTIVE NEEDLE 

INSERTIONS IN A PATIENT PROSTATE -SIZED PHANTOM 7 
 

Systematic 12-core prostate biopsy has been an established practice for prostate cancer 

diagnosis. The procedure involves extraction of a tissue sample from 12 zones of the prostate gland 

for pathologic analyses using at least 12 needle insertions. The procedure is usually performed 

using straight needles and under ultrasound imaging. We have previously developed (previous 

chapter) an active tendon-driven biopsy needle that can bend inside tissue with teleoperative or 

robotic control. This work presents our active biopsy needleôs capability to reach 12 marked zones 

in a patient-specific prostate model, avoiding the urethra, with only two insertions in a 

transperineal prostate biopsy. 

  

 
7 Padasdao, B., and Konh, B., 2023, ñSystematic 12-Core Transperineal Prostate Biopsy with Minimal Active Needle 

Insertions in a Patient Prostate-Sized Phantom,ò Proceedings of the 2023 Design of Medical Devices Conference, 

DMD 2023, pp. 1ï4. https://doi.org/10.1115/DMD2023-3205. 

BP: Writing, experiments, and data analysis 

BK: Concept development and 2nd round of writing 
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8.1. Materials and Methods 
 

8.1.1. Prostate Phantom Preparation 
 

A 3D model from a patientôs prostate was selected in this study and obtained from the 

Cancer Imaging Archives [134] as MRI-US fusion scans. Using SolidWorks (SolidWorks Corp., 

Waltham, MA), a mold based on the 3D prostate model was created (Figure 51) and the molds 

were 3D printed using the Prusa i3 MK3 printer (Prusa Research, Prague, Czech Republic). 

 

 
Figure 51. Cross section of the modeled prostate mold. Dimensions are in mm. 

 

 

The prostate-sized phantom was prepared using a ratio of 3:1 regular and soft plastisol (M-

F Manufacturing, Fort Worth, TX) and another phantom comprising of just regular plastisol was 

created to encase the aforementioned phantom to mimic the human anatomy [135] with 

25.6±0.6kPa that is comparable to the modulus of normal prostate tissue (22.74 kPa) [100]. To 

create the phantoms, the plastisol was heated until the mixture is clear in color. The heated solution 

is then poured into the mold and cooled until it cures. Black food dye was injected into the prostate-

sized phantom to visually mark the 12 zones in which the 12 cores will be collected. Figure 52 

shows the top view of the completed phantoms. 
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Figure 52. The prepared phantoms with 12 zones circled in red and urethra outlined with dashed 

lines. 

 

8.1.2. Flexible Biopsy Needle 
 

The tendon-driven biopsy needle shown in Figure 53 was used in this study. A superelastic 

nitinol tube (Goodfellow Cambridge Ltd., Cambridge, UK) with an outer and inner diameter of 

2.0mm and 1.7mm, respectively was used as the body with six cuts being made on the tube 

(average width of 0.36mm and depth of 1.41mm). This produced a section that allowed for 

additional flexibility. Traditional machining tools such as a Dremel and ultra-thin cut-off discs 

were used to manufacture the body in our lab. Two holes (0.8mm diameter) were made near the 

distal end of the flexible section for a tendon (0.13 diameter shape memory alloy wire) to attach 

to. The tendon was looped in and out of the holes to fix it to the needle. 

 

 
 

Figure 53. Active tendon-driven biopsy needle used in this study with the biopsy tray 
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8.2. Results and Discussion 
 

The active tendon-driven biopsy needle was manually operated to reach the 12 marked 

zones in the prostate-sized phantom. To avoid puncturing the urethra, a total of two needle 

insertions (starting from the perineum) are required to cover the left and right sides of the prostate. 

Active needles provide the ability to bend 30 degrees and reach inaccessible areas [128]. Only 

three targetsô zones are shown on each side of the urethra, for brevity, in Figure 54 and Figure 55. 

Two locations will be in the peripheral zone while the other is part of the central zone. 

 

  

  

  

(a) (b) 

Figure 54. (a) Top and (b) side views of the active tendon-driven biopsy needle reaching the 

targeted locations to the left of the urethra in the prostate-sized phantom. 
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Figure 54 and Figure 55 show the (a) top and (b) side views of the biopsy needle reaching 

three target locations on the left and right sides of the urethra, respectively. The most difficult areas 

to target are the zones closest to the perineum due to limited space to adjust the needle tip 

trajectory. 

 

  

  

  

(a) (b) 

Figure 55. (a) Top and (b) side views of the active tendon-driven biopsy needle reaching the 

targeted locations to the right of the urethra in the prostate-sized phantom 

  



103 

 

 

Chapter 9. A MODEL TO PREDICT DEFLECTION OF AN 

ACTIVE TENDON-DRIVEN NOTCHED NEEDLE INSIDE SOFT 

TISSUE8 
 

This work introduces a new mechanics-based model according to Euler-Bernoulli beam 

theory to predict active tendon-driven notched needle deflection inside tissue. Needle insertion 

experiments have been conducted in single-layer phantom tissues to validate the model. 

  

 
8 Padasdao, B., and Konh, B., 2024, ñA Model to Predict Deflection of an Active Tendon-Driven Notched Needle 

Inside Soft Tissue,ò J. Eng. Sci. Med. Diagnostics Ther., 7(1), p. 011006. https://doi.org/10.1115/1.4063205. 

BP: Writing, experiments, and data analysis 

BK: Concept development and 2nd round of writing 
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9.1. Materials and Methods 
 

9.1.1. Needle-Tissue Interactions and Deflection Estimation 
 

The mechanics-based model is developed based on the Euler-Bernoulli beam theory [136] 

to predict beam deflection inside tissue. The theory is valid for deflections that are smaller than 

10% of the total length of the beam. This is the case for most needle-based interventions including 

prostate HDR BT.  

 

 

Figure 56. Mechanics of an active needle deflection in a two-layer tissue. 

 

The input parameters to the model are the needle tip force Ὂ, and the tendon-pulling force 

Ὂ. The following equation shows the overall potential energy of the system, consisting of the 

energy stored in the needle and tissue and the external work applied to the needle during a needle 

insertion task, 
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ɩό Ὗό ὠ Ὗ ό Ὗ ό ὠ ὠ    (30) 

 

where ɩό is the total stored energy in the system, Ὗό is the energy stored in the system 

due to the needle displacement, V is the work applied to the system, Ὗ is the strain energy due to 

the needle bending, Ὗ  is the energy stored in the system due to displaced tissue, ὠ is the work 

applied at the tip due to the needle-tissue interactions, ὠ is the work applied by the internal tendons 

of the needle, and ό is the needle deflection. 

The strain energy stored in the needle during the insertion, Ὗ, is obtained by, 

Ὗ ό ᷿
ȟ
Ὠᾀ     (31) 

where ᾀ is the horizontal coordinate, Ὁ is the Youngôs modulus, Ὅ is the needleôs second 

moment of inertia, ὰ is the needle length, Ὠ is the insertion depth, and όὨȟᾀ is the needle 

deflection shape at the insertion depth of d and z. 

The equation below shows Ὗ ό, the energy stored in the system due to the tissue 

displacement, 

Ὗ ό ᷿ όὨȟᾀ ό Ὠȟᾀ  Ὠᾀ ᷿ όὨȟᾀ ό Ὠȟᾀ  Ὠᾀ (32) 

where ό Ὠȟὰ is the measured path at the tip by the US probe during the insertion task, ὑ 

and ὑ are the tissue stiffnesses expressed as force per unit area in two-layer tissue (for a single 

layer tissue, ὑ is zero), and Ὠ is the depth at which the tissue layer and the tissue stiffness changes 

(zero for the single-layer tissue). The work applied at the tip due to the needle-tissue interactions 

is, 

ὠ Ὂ όὨȟὰ     (33) 

where Ὂ is the needle tip force. The work applied by the internal tendons of the needle is, 

ὠ Ὂ ίὭὲ— όὨȟὰ          (34) 
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in which Ὂ is the tendon-pulling force, and — is the bending angle of the needle. Replacing 

Equations (31) to (34) into Equation (30): 

ɩό ᷿
ȟ
Ὠᾀ ᷿ όὨȟᾀ ό Ὠȟᾀ  Ὠᾀ ᷿ όὨȟᾀ

ό Ὠȟᾀ  ὨᾀὊόὨȟὰ ὊίὭὲ— όὨȟὰ     (35) 

Rayleigh-Ritz method [137] can be used to solve this equation to predict the deflected 

shape of the needle. The following finite series represent the weighted shape functions, 

ό Ὠȟᾀ В ήᾀὫ Ὠ     (36) 

where ό Ὠȟᾀ is the weighted shape function, ήᾀ is the i th shape function, and Ὣ Ὠ is 

the corresponding weighting coefficient. ήᾀ the i th vibration mode and can be found as, 

ήᾀ ÓÉÎ‍ ÓÉÎÈ‍ ‎ ÃÏÓ‍ ÃÏÓÈ‍   (37) 

where ‎ and Ὧ are: 

‎      (38) 

Ὧ ίὭὲ‍ ίὭὲὬ‍ ‎ὧέί‍ ὧέίὬ‍     (39) 

in which ‍ is a constant. For a cantilever beam (clamped-free), ‍ “Ὥ , and thereby 

‍ to ‍ are 1.857, 4.695, 7.855, and 10.996, respectively. By inserting the equation (35) into 

Equation (36), the following equation is obtained, 

ɩό ᷿В ή ᾀὫ Ὠ Ὠᾀ ᷿ В ήᾀὫὨ ό Ὠȟᾀ Ὠᾀ

᷿ В ήᾀὫὨ ό Ὠȟᾀ ὨᾀὊВ ήὰὫ Ὠ ὊίὭὲ—В ήὰὫ Ὠ      (40) 

where ή ᾀ denotes the second derivative of ήᾀ with respect to ᾀ. The condition for 

minimizing the potential ɩό  is π for Ὦ  ρȟȢȢȢȟὲ. 



107 

 

 

ὉὍ᷿ В ή ᾀὫ Ὠ ή ᾀὨᾀὑ᷿ В ήᾀὫὨ

ό Ὠȟᾀ ή ᾀὨᾀὑ᷿ В ήᾀὫ Ὠ ό Ὠȟᾀ ή ᾀ ὨᾀὊ ὊίὭὲ—π 

 (41) 

Equation (41) can be simplified into, 

В •Ὣ Ὠ ‫ Ὂ ὊίὭὲ—π   (42) 

in which, 

• ὉὍ᷿ή ᾀή ᾀὨᾀὑ᷿ ήᾀή ᾀὨᾀὑ᷿ ήᾀή ᾀὨᾀ (43) 

‫ ᾀ ὑ᷿ ό Ὠȟᾀή ᾀὨᾀὑ᷿ ό Ὠȟᾀή ᾀὨᾀ  (44) 

The simplified equation can be written in matrix form as, 

ɮÚὫÄ Ὂρ ὊίὭὲ—ρ ɱᾀ    (45) 

where the matrices are: 

ɮ

• Ễ •
ể Ệ ể
• Ễ •

; ɱ

‫
ể
‫

; Ὣ

Ὣ
ể
Ὣ

    (46) 

Ὣ can be obtained as, 

Ὣ ɮ Ὂρ ὊίὭὲ—ρ ɱ    (47) 

Finally, the needle deflected shape can be obtained by inserting Equations (37) and (47) 

into Equation (40). 

 

9.1.2. Robotic System for Active Tendon-Driven Needle Insertion 

and Tracking 
 

The robotic needle insertion system, shown in Figure 57, was used to insert and actuate the 

active needle inside a phantom tissue. The robotic system consists of (i) a needle manipulation 

system (Figure 57b), which consists of a Maxon motor that is programmed to pull the tendons and 
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actuate (bend) the active needle, (ii) a US machine (Chison, ECO 5) and an Arducam USB camera 

(Figure 57c) to track the needle tip in real time, and (iii) a linear motorized stage (Velmex, Inc., 

Bloom- field, NY) and a guide template (Figure 57d) for axial movement (insertion) of the needle 

inside the tissue.  

A robot-assisted ultrasound tracking (R-AUST) method was used in this work to track the 

needle tip in real time. Using 2D transverse US images, the R-AUST method visualizes the cross 

section of the needle using a series of imaging techniques to identify the coordinates of the needle 

tip. A Python code was programmed to capture the image streaming from a USB port connected 

to a frame grabber (Epiphan Av.io HD, Epiphan Systems, Ottawa, Canada), and perform image 

analyses. It is important for the US probe to move with the needle tip. Therefore, a motorized linear 

stage was assembled and programmed (actuated by a Maxon motor) to carry the US probe and 

follow the needle tip during the needle insertion process. The Maxon motor was programmed in 

Python to manipulate its velocity with respect to the needle insertion velocity to ensure visibility 

of the needle tip in US images. For further detail please see our previous publications [127,133]. 
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Figure 57. (a) Robotic needle insertion system consisting of (b) a needle manipulation 

(actuation) system to pull the tendon and bend the active needle, (c) an ultrasound probe and 

camera mounted on a linear stage for R-AUST of the needle tip in single-layer phantom tissue, 

and (d) a linear stage and grid template for needle insertion 

 

Figure 58 shows the active needle, fabricated on a superelastic nitinol tube (1.8 and 1.5mm, outer 

and inner diameters, respectively, with other important parameters shown in  

 

Table 11), for model validation experiments. Figure 58a shows the needleôs flexible section 

with a series of six slits 1.4mm deep and 0.3mm wide for improved flexibility. The flexure section 

was insulated (Figure 58b) using an ultrathin heat shrink plastic to prevent tissue from penetrating 

inside the needle cannula. Figure 58c shows the design parameters of each notch carved on the 

needle tube. The notches were made in the lab using typical machining tools such as a Dremel, 

and ultra-thin cut- off discs with a thickness of 0.3mm and 0.127mm (Gesswein & Co., Inc., 

Bridgeport, Connecticut). Based on our calculations (details are outlined in our previous work 
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[128]), the estimated maximum bending angle of this needle is 60°. A 30° bevel-tip was attached 

to the active needle, as shown in Figure 58d to facilitate the initial puncture of the needle in tissue. 

 

Figure 58. Active tendon-driven notched needle: (a) flexure section, (b) insulated flexure section 

in bent position, (c) design parameters, (d) bevel-tip active needle 

 

 

Table 11. Design parameters of the active needle shown in Figure 58. 

ὶ άά  ὶ άά  ὸ άά  Ὠ άά  Ὠ άά  ώ άά  

0.9 0.75 0.3 1.4 0.64 0.71 

 

where ὶ is the outer radius of the needle, ὶ is the inner radius of the needle, ὸ is the width 

of the cutouts, Ὠ is the depth of the cutouts, Ὠ  is the distance between two cutouts, and ώ is the 

position of the neutral axis. 

 

9.1.3. Experimental Model Validation 
 

For model validation, the needle insertion experiment was repeated five times. We 

performed active needle insertion tests with a bevel-tip in a soft single-layer phantom tissue of 

20kPa stiffness [135,138] to a depth of 60mm. During the needle insertions, the internal tendon of 

the active needle was gradually pulled using the Maxon motor to realize bending. The Maxon 

motorôs current and the tendon displacement were collected to estimate the tendon pulling force 
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and the needleôs tip path was measured in real time using the R-AUST. The inputs to the model 

are the tip path, the force at the tip, and the tendon pulling force.  The needle tip force was estimated 

as 0.29N for a 30° bevel tip angle in a single-layer tissue [137]. To calculate the tendon pulling 

force, see section 6.1.4 

To find the bending angle — in each step of insertion, the following equation could be used, 

— ÔÁÎ       (48) 

where ό Ὥ and ό π are the needle tip paths at moment Ὥ and at the initial moment, 

respectively, and ᾀὭ and ᾀπ are the insertion depths at moment Ὥ and at the initial moment, 

respectively. The average maximum bending angle and average mean bending angle for the bevel-

tipped active needle insertions in the single-layer tissue were 4.92° and 2.66°, respectively. The 

average mean angle was used here in the equations. 

9.2. Results and Discussion 
 

This section evaluates the model prediction by directly comparing the estimated deflection 

of the needle (predicted by the model) with the measured deflection (provided by the R-AUST 

method) and estimating the maximum and average error in shape prediction (difference between 

the predicted and measured needle deflection). The experiments were performed for the bevel-tip 

active needle insertion in a single-layer phantom tissue. 
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Figure 59. Bevel-tip active needle insertion in a single-layer phantom tissue to a depth of 60mm: 

(a) estimated (model predicted) needle deflection vs. measured needle deflection via R-AUST, 

and (b) absolute error in needle deflection prediction. 

 

Figure 59a compares the estimated deflection of a bevel-tipped active needle in a single-

layer phantom tissue, predicted by the model, with the deflection of the needle measured (recorded) 

by the R-AUST method. 

The maximum measured and estimated (model-predicted) deflections were 5.23mm, and 

6.72mm, respectively at 60mm of insertion depth. Figure 59b shows the absolute error of needle 

deflection model prediction. The absolute error was found by estimating the difference between 

the estimated (model-predicted) and measured needle deflections. The maximum error was 

1.69mm, with an average error of 0.59mm. A slightly larger error was observed at higher insertion 

depths. The tendon pulling (needle actuation and the consequent bending) initiated at a depth of 

13mm and ended at 37mm of depth. 
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Table 12. Summary of the active needle insertion experiments in phantom tissues to a depth of 

60mm. 

Trial  Max deflection model 

prediction / measured (mm) 

Max error (mm)  Average error (mm)  

1 (Figure 59) 6.31 / 4.90 1.65 0.48 

2 5.9 / 5.11 1.51 0.82 

3 5.34 / 4.35 1.43 0.53 

4 6.13 / 4.68 1.49 0.51 

5 6.72 / 5.23 1.69 0.59 

 

Table 12 lists the maximum deflection, maximum and average errors for five bevel-tipped 

active needle insertion trials in a single-layer phantom tissue to a depth of 60mm. The maximum 

and average errors of model prediction for five needle insertion trials were 1.55±0.11mm, and 

0.58±0.14mm, respectively. 

  



114 

 

 

Chapter 10. A MECHANICS -BASED MODEL FOR A TENDON -

DRIVEN ACTIVE NEEDLE NAVIGATING INSIDE A 

MULTIPLE -LAYER TISSUE 9 
 

In this work, we present a mechanics-based model to predict the bending of an active 

tendon-driven notched needle inside the tissue. The model is validated using insertion and 

manipulation experiments in multi-layer soft tissue. This work builds on our previous efforts 

involving manipulation and tracking of the active needle and introduces a new mechanics-based 

model to predict needle deflection based on needle-tissue interaction. The model is intended to be 

used in model-based control of the active needle inside tissue for minimally invasive procedures 

in future work. 

  

 
9 Padasdao, B., and Konh, B., 2024, ñA Mechanics-Based Model for a Tendon-Driven Active Needle Navigating 

inside a Multiple-Layer Tissue.,ò J. Robot. Surg., 18(1), p. 146. https://doi.org/10.1007/s11701-024-01900-2. 

BP: Writing, experiments, and data analysis 

BK: Concept development and 2nd round of writing 
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10.1. Materials and Methods 
 

10.1.1. Steerable Continuum Tendon-Driven Active Needle 
 

Figure 60 shows the active needle, fabricated on a superelastic nitinol tube (1.80 and 

1.50mm, outer and inner diameters, respectively), for model validation experiments. Figure 60a 

shows the needleôs flexible section with a series of six notches with dimensions of 1.40mm deep 

and 0.30mm wide for improved flexibility. The flexure section was insulated using ultrathin heat 

shrink plastic to prevent tissue from penetrating inside the needle cannula. Figure 60b shows the 

design parameters of each notch carved on the needle tube. Table 13 lists the design parameters, 

where ὶ and ὶ are the outer and inner radius of the needle, respectively, ὸ and Ὠ are the width and 

depth of the cutouts, respectively, Ὠ  is the distance between the two consequent cutouts, and ώ is 

the position of the neutral axis. 

 
Figure 60. Tendon-driven active needle: (a) flexure section with insulating cover, (b) design 

parameters, (c) and (d) bevel-, and conical-tip, respectively 
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The notches were made in the lab using typical machining tools such as a Dremel, and 

ultra-thin cut off discs with a thickness of 0.30mm and 0.127mm (Gesswein & Co., Inc., 

Bridgeport, Connecticut). Based on our calculations (details are outlined in our previous work 

[128]), the estimated maximum bending angle of this needle is 60°. A 30° bevel-tip and a conical-

tip stylets were made, as shown in Figure 60c and Figure 60d, respectively, to facilitate initial 

puncture of the needle into the tissue. 

Table 13. Design parameters of the active tendon-driven notched needle, shown in Figure 60. 

Dimensions are in mm. 

ὶ ὶ ὸ Ὠ Ὠ  ώ 
0.90 0.75 0.30 1.40 0.64 0.71 

 

10.1.2. Deflection Model of the Steerable Tendon-Driven 

Active Needle inside Soft Tissue 
 

This section discusses the tool-tissue interaction model based on Euler-Bernoulli beam 

theory [136] that predicts the toolôs deflection inside a soft tissue. The input parameters to the 

model (see Figure 61) are the tip force Ὂ, and the tendon-pulling force Ὂ. The theory is valid for 

deflections that are smaller than 10% of the total length of the beam, which is the case for most of 

the minimally invasive interventions such as biopsy and brachytherapy tools. The equations 

consider the energy stored in the bent tool, while steering inside the tissue, as well as the external 

work applied to the tool to form a potential function. The equations are then transformed into a 

linear system of equations using the Rayleigh-Ritz method [137]. Refer to Section 9.1.1 for more 

information on the model. 
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Figure 61. Mechanics of tendon-driven active needle inside soft tissue 

 

10.2. Experiments 
 

10.2.1. Robotic System for Steering inside Soft Tissue with 

Real-Time Ultrasound Tracking 
 

The robotic needle insertion system, shown in Figure 62a, was used to insert and actuate 

the active needle inside a phantom tissue. The robotic system consists of (i) a needle manipulation 

system (Figure 62b), which comprises of a Maxon motor (Maxon Group, Sachseln, Switzerland) 

that is programmed to pull the tendons that are attached to a movable platform and actuate (bend) 

the active needle through the use of the EPOS Studio (Maxon Group, Sachseln, Switzerland) 

software, (ii) US machine (Chison, ECO 5) and an Arducam USB camera (Figure 62c) to track the 

needle tip in real time, and (iii) a linear motorized stage (Velmex, Inc., Bloom- field, NY) and a 

guide template (Figure 62d) for axial movement (insertion) of the needle inside the tissue. The tool 

tip force can be obtained through the force sensor shown in Figure 62a. while the tendon-pulling 


































































































































































































