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ABSTRACT  

Needle steering is an extension of manually inserted needles that allows for 

maneuverability within the body in order to avoid anatomical obstacles and correct for 

undesired placement errors.  Research into needle steering predominantly exploits 

interaction forces between a beveled tip and the medium, controlling the direction of 

forces by applying rotations at the base of the needle shaft in order to steer.  These 

systems are either manually or robotically advanced, but have not achieved clinical 

relevance due to a multitude of limitations including compression effects in the shaft that 

cause undesired tissue slicing, torsional friction forces and deflection at tissue boundaries 

that create control difficulties, and a physical design that inherently restricts the 

workspace.  While most improvements into these systems attempt to innovate the needle 

design or create tissue models to better understand interaction forces, this paper discusses 

a promising alternative: magnetic needle steering. Chapter 2 discusses an electromagnetic 

needle steering system that overcomes all aforementioned issues with traditional steering.  

The electromagnetic system advances the needle entirely magnetically so it does not 

encounter any compression or torsion effects, it can steer across tissue-interfaces at 

various angles of attack (90, 45, 22.5°) with root-mean-square error (RMSE) of 1.2 mm, 

achieve various radii of curvature as low as 10.2 mm with RMSE of 1.4 mm, and steer 

along complex 3D paths with RMSE as low as 0.4 mm.  Although these results do 

effectively prove the viability of magnetic steering, the electromagnetic system is limited 

by a weak magnetic field and small 33mm cubic workspace.  In order to overcome these 

limitations, the use of permanent magnets, which can achieve magnetic forces an order of 

magnitude larger than similarly sized electromagnetics, is investigated. The needle will 
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be steered toward a permanent magnet configuration that is controlled by a 6 degree-of-

freedom robotic manipulator.  Three magnet configurations were investigated, two novel 

ideas that attempt to create local maximum points that stabilize the needle relative to the 

configuration, and one that pulls the needle toward a single magnet.  Ultimately, the last 

design was found to be most viable to demonstrate the effectiveness of magnetic needle 

steering.  
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CHAPTER 1 

INTRODUCTION 

Needle steering is a form of minimally invasive surgery that enables the ability to 

maneuver a needle within the body in order to avoid anatomical obstacles, allowing for 

safer and more precise surgeries.  It is an extension of traditional, manually inserted 

needles which are already vastly used throughout the medical world for percutaneous and 

subcutaneous procedures like brachytherapy, biopsy, and in neurosurgery. Although these 

manually inserted needles have achieved widespread use, they still encounter a multitude 

of difficulties such as target uncertainty, human errors, target movement due to tissue 

deformation, needle bending, and needle deflection (Abolhassani, Patel, & Moallem, 

2007; Jahva, Van Der Heijden, & Misra, 2012).  These issues can ultimately render 

treatment ineffective or impractical for certain uses.   

The ability to actively actuate and correct for these types of errors throughout the 

procedure is precisely what makes needle steering a promising field worth further 

research. There exists considerable work investigating the topic of needle 

steering, traditionally by exploiting interaction forces between the medium and an 

asymmetrical beveled needle tip.  The forces exerted by the medium on the needle cause 

deflection of the needle tip, which is used to control the heading of the needle.  In order 

to take advantage of these systems, needles are either manually or robotically advanced 

by pushing through the base of the flexible needle shaft.  The direction of the reaction 

forces on the needle tip are frequently controlled by rotations at the base of the needle 
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(Adebar et al., 2016; Abolhassani et al., 2007; Berg et al., 2014).   An overview of these 

traditional pushed needle steering systems is discussed in detail in section 2.2.   

While the majority of research on needle steering has focused on these push-

driven systems, there are both inherent design flaws and difficulties with implementation 

that have prevented them from achieving any clinical relevance.  Due to needles being 

pushed through the base, buckling and compression effects can cause undesired slicing of 

tissue, needle deflections can happen at tissue boundaries.  Control difficulties and 

rotational tissue damage can be caused due to torsion effects on the needle shaft, and radii 

of curvature may be limited by the physical needle design (Webster et al., 2005; Van De 

Berg et al., 2017; Reed et al., Modeling and control of needles with torsional friction, 

2009; Reed et al., Controlling a robotically steered needle in the presence of torsional 

friction, 2009). These issues are the main factors that has led to this investigation on 

magnetic needle steering, and they are all eliminated by using this actuation method.  

Chapter 2 will discuss the use of an electromagnetic system for needle steering and will 

demonstrate the benefits of magnetic steering.  Throughout this discussion, it will become 

clear that the forces generated by an electromagnetic system would be considerably less 

than a comparably sized permanent magnet.  Chapter 3 will address some of the 

shortcomings of this electromagnetic steering system through the use of a permanent 

magnet needle steering system, and end with an outline on future work into permanent 

magnetic needle steering. 

This document contains previously published work where I am the third listed co-

author, it makes up the entirety of the content presented in Chapter 2: Electromagnetic 

Needle Steering.  The chapter will begin with the original abstract, as published, and will 
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include the references specific to that paper at the end of the chapter.  In addition, the 

supplementary materials that are referenced throughout the chapter can be found in 

Appendix B.  The permission to use this content from all the other authors, as well as 

Nature Scientific Reports is shown in the Appendix A. Here, I will briefly make clear the 

contributions of each author:  Hamid Marvi, Mahdi Ilami, and Reza James Ahmed 

conceived the original idea and designed the study.  Mahdi and Reza developed the 

experimental setup hardware and software.  Mahdi, Reza, and I conducted the 

experiments, analyzed the results, and prepared the figures.  Mahdi, Reza, Hamid, and I 

wrote the main manuscript text.  Borhan Beigzadeh contributed vitally to the control 

method.  Hamid supervised the work. All authors reviewed the manuscript.   

 I started working on this project in September 2018, after most of the 

experimental setup hardware was complete.  I immediately began contributing by 

fabricating gels, designing needles, and conducting force test experiments on the needles 

in the gels.  These tests were done to characterize the gels themselves and determine the 

best needle to be used during experimentation.   I contributed to a small portion of the 

software by writing the closest-point path following algorithm, and I worked closely with 

Dr. Beigzadeh to tune the PID controllers using visual feedback.  In addition, I 

contributed extensively to the writing of the full manuscript, as well as the revisions and 

corresponding response letter that took place after review by the editors at Nature 

Scientific Reports.   

 I believe that the results do show the benefits of magnetic needle steering.  

Although this system produced very small forces in a very small workspace compared to 

the size of the hardware, it was able to effectively steer in straight paths, along curved 2D 
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paths with various radii of curvature, through gel-membranes at different angles of attack, 

and along complex 3D paths with minimal error.  The inherent drawbacks of traditional, 

pushed needle steering systems are solved using magnetic pulling actuation, and this 

paper paves a clear path for further study that directly leads into the third chapter of this 

document on Permanent Magnet Needle Steering.  As part of the conclusion chapter, my 

own conclusions about the project and how it has shaped my thought process for future 

research will be briefly discussed.   
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CHAPTER 2 

ELECTROMAGNETIC NEEDLE STEERING 

2.1 Abstract  

Needle steering is a technology for guiding needles around sensitive internal 

obstacles in minimally invasive surgery. Traditional techniques apply rotation at the base 

of a needle with an asymmetric tip, enabling steering through the redirection of radial 

forces. Magnetic steering of catheters and continuum manipulators is another technology 

that allows steering of a shaft in the body. Both of these techniques rely on mechanical or 

manual shaft advancement methods. Needle steering has not achieved widespread clinical 

use due to several limitations: 1- buckling and compression effects in the shaft and needle 

rotation cause excessive tissue damage; 2- torsion effects on the shaft and needle 

deflection at tissue boundaries lead to difficulty in control; and 3- restricted radius of 

curvature results in limited workspace. Magnetically steered catheters and continuum 

manipulators also suffer from limited curvature and the possibility of buckling. This 

paper proposes a novel needle steering method empowered by electromagnetic actuation 

that overcomes all of the aforementioned limitations, making it a promising option for 

further study toward healthcare applications. 

2.2 Introduction 

 
Needles are among the least invasive surgical tools available to doctors and 

surgeons. The wound caused by a needle is easily and quickly repaired by the body and 

is, therefore, the preferred method of administering or drawing liquids to or from the 
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body. Inflexible needles can only reach a target just under the skin, and not one protected 

by bone or sensitive tissues. However, needles with flexible, long shafts can be steered 

around these internal anatomies. The benefits of the ability to tightly steer around 

sensitive or protective internal obstacles can be seen in several medical applications. This 

ability is especially significant during treatment of glioblastoma, where tumors can 

develop and extend into sensitive tissues such as venous sinuses, the brain stem, or deep 

cerebellar nuclei. These obstacles frequently prevent the ability to locally deliver drugs, 

and can even render resection impossible (Guerreiro & Grotzer, 2018). 

  Thus, the treatment of deeply embedded cancerous tumors in the brain via a 

compartmental therapy approach, specifically but not limited to Convection-Enhanced 

Delivery (CED), characterizes a specific clinical application where needle steering with 

very tight curvature would be highly effective. CED is a targeted drug delivery technique 

to treat various conditions in the brain. This technique uses a pressure gradient to deliver 

pharmaceuticals more successfully across the blood-brain barrier (Mehta, Sonabend, & 

Bruce, 2017). Another application where tight needle steering would provide clinical 

benefits is in radiofrequency ablation (RFA) of liver tumors. In RFA, a tumor or other 

target tissue is thermally destroyed by heat induced by high frequency alternating current, 

applied at the end effector of a small electrode (McDermott & Gervais, 2013). This 

technique is often hindered by the maneuverability of the ablation needle; Adebar et al. 

specifically pointed out the need for tighter needle steering in order to target the highest 

number of points per entry wound as possible, reducing the risk of hemorrhaging 

(Adebar, Greer, Laeseke, Hwang, & Okamura, 2016). 
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  Although needle steering technology has not become widespread in the medical 

world, there exist numerous other medical procedures that would benefit from this 

technology. In order to effectively estimate the potential for needle steering technology, a 

study was conducted by Jong et al (De Jong, et al., 2018). This study was conducted at 

the Annual Meeting of Cardiovascular and Interventional Radiology Society of Europe in 

2016, and surveyed 153 attendants. Although all respondents had at least 1 year of 

experience clinically using needles, the majority of respondents had over 10 years of 

experience using needles in clinical applications. Ultimately, it was found that 94% of 

respondents agree that needle steering would be helpful to correct unwanted needle 

bending; 84% of respondents find needle steering to be a useful tool for steering around 

anatomical obstacles; and only 2% of respondents do not believe that steerable needles 

would make new interventions possible (Jahya, van der Heijden, & Misra, 2012; Dong, 

Han, & Du, 2012; Reed, et al., 2011; Webster, Memisevic, & Okamura, 2005). 

  We propose a novel needle steering method that contrasts with both conventional 

needle steering and magnetically steered catheters and continuum manipulators by 

utilizing only magnetic forces and torques to both steer and advance a sharp magnetic tip. 

This method allows for arbitrarily soft shafts, as the needle is magnetically pulled rather 

than mechanically pushed. This eliminates the very possibility of buckling during 

insertion as well as restraints on minimal radius of curvature. 

  In traditional needle steering techniques, the curvature is achieved through the use 

of an asymmetrical beveled tip. Forces between tissue and the needle tip result in 

deflection of the needle. As the needle tip is pushed forward, it also moves slightly 

sideways, motivated by the radial component of the force acting on the tip. The 
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magnitude of this sideways movement depends on the tip geometry, needle stiffness, 

tissue stiffness, bevel angle, and other properties of the needle-tissue interactions. The 

needle is rotated at the base to control the orientation of the tip, thus rotating the direction 

of the asymmetric force, providing controllability of the needle tip’s trajectory. This 

asymmetric tip may be beveled, complex, active, inactive, programmable, composite, or 

articulated (Adebar, Greer, Laeseke, Hwang, & Okamura, 2016; Berg, van Gerwen, 

Dankelman, & Dobbelsteen, 2014). 

  Advances in needle steering techniques are often focused on innovation of the 

mechanical needle design and its mode of manipulation. These techniques can be 

classified into two categories: passive and active. Base manipulation, rotating beveled 

needle, pre-curved needle tip, pre-bent needle tip, notched shaft, and other techniques 

employing passive needle modifications fall within the first category (Berg, van Gerwen, 

Dankelman, & Dobbelsteen, 2014; Glozman & Shoham, 2004; Alterovitz, Goldberg, & 

Okamura, 2005; Wedlick & Okamura, 2009; Swaney, Burgner, Gilbert, & Webster, 

2012). Khadem et al. used a notched needle tip to achieve a minimum radius of curvature 

of 171 mm (2018). Majewicz et al. achieved radius of curvature of 34 mm using a pre-

bent needle tip (2010). Wedlick and Okamura used precurved needles to achieve a 

minimal radius of curvature of about 15.5 mm, however the authors indicate that this 

method of needle fabrication is not perfectly repeatable. 

Active needle steering techniques include telescoping cannula, programmable 

bevel, tissue manipulation, and controlled articulating tip (Gilbert, Neimat, & Webster, 

2015; Ebrahimi, Okazawa, Rohling, & Salcudean, 2003; Adebar, Greer, Laeseke, Hwang, 

& Okamura, 2016) . Van de Berg et al. used a needle having four actuation cables 
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running alongside the shaft and connecting to the tip to alter the tip’s angle, and thus, 

achieved a radius of curvature of 181 mm (2015). Burrows et al. used a complex needle 

having four independently actuated interlocked shafts that could be extended or retracted 

to alter the tip geometry, achieving a radius of curvature down to 58 mm (Burrows, 

Secoli, & y Baena, 2013). Adebar et al. placed an actuated hinge near the needle tip and 

were able to produce turning radii under 50 mm (2016). 

According to the previously outlined categorization scheme, the proposed method 

of needle steering would be considered passive. Although it differs fundamentally from 

traditional needle steering techniques, it does not operate by moving parts and requires 

only control of the core system. Arguably, the device is not a catheter as it is intended 

only to penetrate tissue, but is a continuum manipulator. 

Magnetic control of both soft and rigid bodies has been successfully conducted 

before (Hu, Lum, Mastrangeli, & Sitti, 2018; Lum, et al., 2016). Electromagnetic sensing 

and actuation have also been specifically used for needle steering. Cabreros et al. used 

magnetic actuation to vibrate small permanent magnets inside a needle shaft to produce 

vibrations for ultrasound needle tracking (2015). Dencker et al. performed 

electromagnetic needle tracking by including a magnetic sensor inside a needle tip 

(2015). Wang et al. steered a needle with a magnetic head by using magnetic fields to 

orient the head and applying mechanical force at the base of the needle for insertion 

(2012). 

In addition, magnetically steered catheters and continuum manipulators have been 

extensively researched. Catheters are blunt, flexible rods generally meant to maneuver 

inside the existing channels in the body, to perform a host of tasks. Magnetically steered 
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catheters and continuum manipulators use magnetic field generation systems to 

manipulate the device’s end effector, which houses a permanent magnet. These devices 

are inserted by hand, or by using an automated advancer device (Kafash Hoshiar, et al., 

2018; Jeon S. , et al., 2019; Edelmann, Petruska, & Nelson, Estimation-Based Control of 

a Magnetic Endoscope without Device Localization, 2018; Edelmann, Petruska, & 

Nelson, Magnetic control of continuum devices, 2017). 

In its most general form, the device presented by Edellman et al. presents the 

essential magnetically steered catheter and continuum manipulator: the device utilizes 

one or more permanent magnets in its tip, manipulated with an 8 coil magnetic generation 

system, and utilizing an automated advancer at the base (Edelmann, Petruska, & Nelson, 

Magnetic control of continuum devices, 2017). Chautems et al. presented a magnetically 

re-formable catheter, composed of a magnetic tip followed by a segment containing a low 

melting point alloy; the alloy could be melted in certain locations along the shaft and 

magnetically deformed via manipulation of the permanent magnet in the tip, then the 

alloy solidified and the new configuration thus held (2014). Contemporary research in 

magnetically steered catheters is quickly advancing towards applications in the brain, 

lung, eye, and heart (Petruska, et al., 2016; Hong, et al., 2019; Edelmann, Petruska, & 

Nelson, 2018; Ullrich, et al., 2018; Jeon S., et al., 2018). The insertion mechanism in all 

of these devices is however still reliant on axial forces along the shaft: actuated by hand-

pushing or by an automated advancer pushing at the base. A taxonomy of the devices 

mentioned are included in Table S1. 

In fact, all prior methods of both needle steering and magnetically steered 

catheters and continuum manipulators rely on the use of mechanical insertion, or 
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“pushing” to move the device further into the tissue. The main contribution of this 

research is the shift from “pushing” the inserted robot, to “pulling” it; utilizing only 

magnetic torques and forces at the tip to both steer and advance the robot. This study 

highlights how the proposed technique addresses the limitations of prior needle steering, 

and compares it to prior magnetic steering of catheters and continuum manipulators. In 

particular, the limitations of past needle steering techniques that are discussed include 

torsion effects on the shaft, rotational tissue damage, and needle deflection at tissue 

boundaries. In addition, buckling in the shaft and limited radius of curvature that are 

common between the traditional needle steering method, magnetically steered actuators, 

and continuum manipulators are also discussed (Webster, Memisevic, & Okamura, 2005; 

Swaney, Burgner, Gilbert, & Webster, 2012; Reed*, Okamura, & Cowan, 2009; Reed, 

Okamura, & Cowan, 2009). Notably, each limitation is described followed by a 

discussion of how the proposed method eliminates it. The issues related to the needle 

deflection at tissue boundaries and limited radius of curvature which require further 

experimental investigation are described in the results section. On the other hand, 

buckling and torsion effects as well as excess tissue damage that are inherently 

eliminated by the proposed method are explained in the discussion section. Finally, safety 

and scalability of the system as they relate to clinical applications are also deliberated in 

the discussion section. 

2.3 Results 

The proposed method replaces the conventional load-bearing shaft needle with an 

elastic shaft attached to a magnetic needle tip and utilizes electromagnetic pulling 
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actuation instead of mechanical pushing actuation. This change in needle shaft design and 

actuation method leads to the elimination of all of the above-mentioned issues with 

conventional needle steering, magnetically steered catheters, and continuum 

manipulators. Here, we specifically discuss how the needle deflection at tissue 

boundaries and limited radius curvature are addressed by the proposed method. Next, we 

present experiments designed to demonstrate the ability of this method to follow complex 

trajectories. 

2.3.1 Tissue Boundary Deflection  

In many medical needle applications, the ability to maintain a straight path can be 

integral to the success of the procedure (Narayan, Choti, & Fey, 2019). However, in 

conventional needle steering methods, needle tips can experience significant deflection 

while crossing a membrane during insertion at shallow angles of attack. Reed et al. 

reported a tip deviation of over 1 cm between the final tip position of an insertion through 

a simulated membrane and a control insertion (Reed, et al., 2011). In the interface 

experiments presented in this paper, however, the needle is able to correct its trajectory 

and follow the desired path even when puncturing a tissue interface.   

Table 1 is a summary of the experimental cases, the associated deviation of the 

experimental mean from the ideal path as shown in Fig. 1, and root mean square (RMS) 

of the errors in all trials for each case. The ideal path is defined as a line following the 

defined angle of attack from the needle’s starting position. Transition type describes the 

starting and ending tissue types for the experiment. Desired angle of attack (AoA) is the 

angle along which forces are applied to motivate the magnetic needle tip to move.  
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Table 1 

Maximum deviation of experimental mean from defined path and RMS of the error for 

interface experiments. The overall RMS error of these experiments is 1.2 mm. 

Case Transition 
Type 

Desired AoA Max. Deviation 
of the Mean 

from the Path 

RMS of the 
error 

1 Soft to Stiff 90 Degrees 0.8 mm 0.6 mm 
2 Soft to Stiff 45 Degrees  2.3 mm 0.8 mm 
3 Soft to Stiff 22.5 Degrees 0.5 mm 0.7 mm 
4 Stiff to Soft 90 Degrees  0.8 mm 0.5 mm 
5 Stiff to Soft 45 Degrees  0.8 mm 1.4 mm 
6  Stiff to Soft  22.5 Degrees  1.0 mm 2.1 mm  
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Figure 1 

Actual paths followed by needle tip over all experimental cases in (a) stiff to soft tissue 

transitions and (b) soft to stiff tissue transitions 

The needle tip chosen for use in experiments had a diameter of 1.59 mm. All 

deviations of experimental means from the desired paths are less than 2.3 mm with the 

overall RMS error of 1.2 mm, demonstrating the ability of our proposed method to 

greatly improve upon the issue of tissue boundary deflection. In addition, these interface 

experiments showcase the ability of the proposed method to maintain a straight path 

through a uniform medium as well as an interface of tissues with different stiffness. 

2.3.2 Restricted Radius of Curvature  

The radius of curvature in conventional needle steering methods is constant and 

dependent on the characteristics of the particular needle and tissue pair interactions. The 

result is that for any given tissue/needle combination, only one radius of curvature is 

attainable without the use of complex mechanisms such as manipulating the tissue via 
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external forces or duty cycling. Conventional needle steering methods utilize the 

interaction forces between tissue and the needle tip in order to achieve steering. 

Conversely, this proposed method uses magnetically generated forces and torques to 

achieve certain radii of curvature. In addition, the lack of compressive forces on the 

needle shaft allows it to be made arbitrarily soft and flexible, theoretically eliminating 

restraints on minimal radius of curvature experienced in magnetically steered catheters 

and continuum manipulators. The ability to achieve a small radius of curvature is 

important because larger radius of curvatures restrict the reachable workspace. 

  In order to demonstrate the performance of the proposed needle steering 

technique in making “sharp” turns without duty cycling, three different radii of curvature 

have been tested: 10.2 mm, 20.3 mm, and 30.5 mm in both soft and stiff phantom tissues. 

Table 2 presents the maximum deviation of the experimental mean from the desired path 

and RMS of the errors in all trials for each radius of curvature and phantom tissue 

material. The needle performs better in the soft phantom tissue than stiff, achieving 

maximum deviations of 0.8 mm and RMS error of 1.3 mm or less. Overall, for the chosen 

experimental needle tip having a diameter of 1.59 mm, the predefined curved paths are 

achieved with maximum deviations under 1.5 mm. The RMS error for all of the radius of 

curvature experiments is also 1.4 mm.  
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Table 2  

Maximum deviation of experimental mean from defined path and RMS of the error for 

radius of curvature experiments. The overall RMS error of these experiments is 1.4 mm. 

Phantom Tissue 
Material 

Radius of 
Curvature 

Max. Deviation of 
the Mean from the 

Path 

RMS of the error 

Soft 10.2 mm 0.8 mm  1.3 mm 
Soft 20.3 mm 0.7 mm 1.3 mm 
Soft 30.5 mm 0.6 mm 1.2 mm 
Stiff 10.2 mm 0.8 mm 1.4 mm 
Stiff 20.3 mm 1.2 mm 1.5 mm 
Stiff 30.5 mm 1.5 mm 1.7 mm 

 

The minimal repeatable, reliable radius of curvature achieved by the proposed 

magnetic needle steering method is 10.2 mm as shown in Fig. 2. This limit is due to the 

radius of curvature approaching the total length of the needle. As the needle tip length 

(7.2 mm) and radius of curvature converge, the needle tends to “cut” the tissue with the 

shaft during rotation around the curve, instead of piercing the tissue during forward 

motion. Such behavior causes excessive damage to the tissue, and is thus not desirable for 

needle steering. Smaller radii of curvature would be possible with a shorter needle, but a 

similar limit will be reached as the curvature approaches the needle tip length. 
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Figure 2 

The position (x, y) of the magnetic needle tip as it follows the defined circular path in 

(a) stiff tissue and (b) soft tissue 

The minimum repeatable radius of curvature achieved by conventional needle 

steering methods has been reported to be around 34 mm16. However, due to the impact 

of the medium on radius of curvature, a direct comparison between this curvature and the 

proposed method’s minimum radius of curvature is unreliable. In order to provide such a 

direct comparison, we conducted an experiment utilizing this conventional pre-bent, 

beveled needle design moving through the same mediums utilized in this study. Since the 

stiffness of the gels are too low to apply forces large enough to curve the needle, it tends 

to move on a straight path, compared to a minimum 10.2 mm radius of curvature 

achieved in both gels using our system. 

2.3.3 Complex Trajectory 

Although Table 2 shows the ability of this system to take variable radii of 

curvature in a 2D plane, it is necessary to be able to maneuver in all three dimensions 
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(3D) for clinical applications. This system is capable of generating a magnetic field in 

any direction which makes it possible for the needle to travel on any path. This also 

enables any radius of curvature between the minimum possible radius and the straight 

line to be taken in 3D, as demonstrated by the experiments in this section. 

The results of these complex 3D path experiments are shown in Fig. 3. The 

1.59 mm diameter needle is able to accurately follow the predefined path with a 

maximum error of 2.4 mm in the soft gel, and 2.7 mm in the stiff gel. The RMS error in 

the soft and stiff gels is also 0.9 mm and 0.4 mm, respectively. As shown by these 

experiments, this proposed method allows for steering the needle through mediums on 

complex 3D paths without causing any of the excess tissue damage that would be caused 

by conventional needle steering methods. 

 

Figure 3 

The position (x, y, z) of the magnetic needle tip as it follows the defined complex path in 

(a) stiff tissue and (b) soft tissue. 
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2.4 Discussion 

By presenting a new method of needle steering, several drawbacks of the 

conventional needle steering techniques as well as magnetically actuated catheters and 

continuum manipulators have been eliminated and various improvements to the state of 

the art have been demonstrated. Compression effects such as buckling of the needle shaft 

and torsional effects in the shaft are significant drawbacks that cause unnecessary damage 

in tissue, inaccuracies in control, and increased model complexity. These drawbacks are 

done away with in the proposed magnetic needle steering method by design, as the elastic 

shaft is not load bearing in compression or torsion. In addition, the proposed method does 

not suffer from significant deflections when crossing a tissue boundary, and can reliably 

move along a predefined straight path through two different tissues and the interface 

boundary between them. Moreover, repeatable path following at various radii of 

curvature down to 10.2 mm is shown to be possible in different tissue materials without 

requiring the use of duty cycling. It is also shown that the proposed method is capable of 

steering the needle on complex paths with different radii of curvature in 3D, without duty 

cycling. Here, we discuss buckling and torsion effects in addition to excess tissue damage 

that are inherently eliminated by the proposed approach. Next, we address issues related 

to safety and scalability of the system as they relate to healthcare applications. 

2.4.1 Buckling 

Buckling is one of the inherent issues with conventional needle steering as well as 

magnetically steered catheters and continuum manipulators. In conventional needle 

steering methods, flexible needles need to be supported at the base to prevent buckling in 

the needle shaft at the entry point as it penetrates the tissue (Webster, Memisevic, & 
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Okamura, 2005). Too much force exerted on the needle shaft during insertion can cause 

the needle shaft to slice through the tissue laterally, even without buckling (Reed, et al., 

2011). Narayan et al. used a model to detect buckling events that occur when a needle tip 

encounters an object it cannot penetrate, demonstrating that buckling can occur due to 

collisions and inhomogeneity in the tissue (Narayan, Choti, & Fey, 2019). Buckling is a 

concern in all of the aforementioned methods because the shaft is actuated by a 

compression force acting through it. Indeed, the fact that the shaft must be able to 

withstand significant compression stress conflicts with the necessity that the shaft also 

must be flexible enough to permit steering. To address this issue in the proposed method, 

the needle shaft is replaced by an elastic shaft that is not load bearing. By pulling the 

needle tip using magnetic forces instead of pushing at the base of a load bearing shaft, 

buckling is no longer a concern, and the conflict between shaft stiffness and flexibility is 

eliminated. Additionally, eliminating this conflict has the potential to reduce restrictions 

on achievable radius of curvature caused by load bearing shafts. 

2.4.2 Torsion in the Needle Shaft   

Complex torsional effects along the shaft is another inherent drawback of 

conventional needle steering methods. This effect is caused by friction between the 

needle shaft and the tissue, and can cause the base and tip to rotate out of sync. 

The discrepancy between the base and tip rotations can be as high as 45 degrees 

for a needle insertion of only 10 cm which leads to poor performance (Reed*, Okamura, 

& Cowan, 2009; Reed, Okamura, & Cowan, 2009). Although there have been approaches 

to improve the performance of the conventional needle steering methods through 

modelling and controlled compensation of these torsional effects, this comes at the 
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expense of additional complexity and difficulty in modelling and control (Swensen & 

Cowan, Torsional dynamics compensation enhances robotic control of tip-steerable 

needles, 2012) (Swensen, Lin, Okamura, & Cowan, 2014). The proposed magnetically 

actuated method does not rely on the asymmetry of the needle tip for steering and thus, 

does not require control over rotation about the needle’s axis, eliminating the difficulties 

caused by these torsional effects. 

2.4.3 Rotational Tissue Damage 

To obtain various radii of curvature as well as straight path in traditional needle 

steering, the needle’s rotation must follow a controlled and repeating pattern (Bernardes, 

Adorno, Poignet, & Borges, 2012). This method is called duty cycling. For pre-bent, pre-

curved, and some complex needle designs, duty-cycled rotation of the needle tip can 

cause significant additional tissue damage during insertion due to the asymmetric tip 

(Swaney, Burgner, Gilbert, & Webster, 2012). The proposed magnetic steering method 

does not require duty cycling to achieve varying radii of curvature, and instead applies 

magnetic torques and forces in the specified direction of the magnetic field and gradient, 

respectively. Therefore, this method does not require rotation about the needle’s axis to 

achieve variable radii of curvature, precluding the tissue damage induced by duty-cycled 

tip rotation. Magnetically guided catheters and continuum manipulators also operate this 

way, eliminating excess damage to the tissue from duty cycling. 

2.4.4 Safety and Scalability of the System 

There are a number of safety concerns that could arise when using magnetically 

actuated surgical devices. In the case where this system is scaled up and emits much 

higher magnetic gradients, there are concerns regarding prolonged human exposure to 
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powerful magnetic fields. However, prolonged exposure to 8 Tesla magnetic fields has 

been thoroughly studied and there has been no significant impact on vital signs 

(Chakeres, Kangarlu, Boudoulas, & Young, 2003). In addition, there may be concerns 

about uncontrolled needle movement within the body which could cause unnecessary 

tissue damage. Two mechanisms of safety can be employed to combat this concern 

during clinical use. One is removing the external magnetic gradient which can be done by 

simply shutting off the power to the electromagnets. A second mechanism is using a 

motorized spool that can slowly release the tether/tube at a constant rate to prevent the 

needle from jerking forward. 

The scalability of this system for clinical use is another issue that must be 

addressed due to size and force constraints of the proposed electromagnetic system. The 

possibility of adding the missing degree of freedom (rotation about the magnet’s main 

axis) could be investigated in order to reduce required needle insertion forces (Diller, 

Giltinan, Lum, Ye, & Sitti, 2014; Badaan & Stoianovici, 2011). In addition, utilizing a 

system of permanent magnets could prove to be a promising alternative for steering the 

needle. Larger magnetic forces can be achieved using permanent magnets while taking up 

much smaller size compared to similar strength electromagnets. There are several studies 

on using permanent magnets to control the position and orientation of magnetized bodies 

which can be adapted for steering magnetized needles inside tissues (Ryan & Diller, 

2017; Mahoney & Abbott, 2014; Norton, et al., 2019). 

In the case of using permanent magnets to generate the actuating magnetic fields 

and gradients, achieving the safety of a reliable shut-off switch is a vital concern. The 

authors envision such a system utilizing a deployable magnetic shielding, to instantly 
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remove magnetic field and gradient acting on the needle tip. Mahoney et al. describe 

attaching a permanent magnet to a robotic arm (2014). Such a system is diagrammed in 

Fig. S5, which illustrates this potentially clinically viable setup. It is notable that such a 

system would have a greatly increased workspace (Sikorski, Heunis, Franco, & Misra, 

2019). 

For theoretical clinical procedures based on the proposed method and utilizing a 

more powerful magnetic field generation system to steer a needle tip through tissue, 

position feedback must be obtained non-visually. Ultrasound imaging has been used for 

feedback in traditional needle steering (Adebar, Fletcher, & Okamura, 3-D Ultrasound-

Guided Robotic Needle Steering in Biological Tissue, 2014). Ultrasound does not 

interfere with magnetic fields, and as such, it would be a valid option for position 

feedback in a clinical system. An extension of ultrasound guidance is a technique called 

Image Fusion, in which a previously recorded CT or MRI scan is referenced alongside 

the real-time ultrasound feedback. This technique has been proven viable for clinical 

needle steering based biopsy in two cases, as presented by Dencker et al. (2015). 

Ultimately, the proposed magnetic needle steering method is promising for its potential 

ease of development for clinical applications, as the technology for human-scale medical 

magnets is well established. However, the focus of this study is more on introducing a 

new needle steering technique and providing proof of concept. This technology would 

certainly need to be further developed to make it readily feasible for clinical use. 
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2.5 Methods 

2.5.1 Magnetic Coil System 

 
An electromagnetic field generation system (Fig. S1) consisting of an array of 

eight stationary, current controlled coils is used to produce and manipulate the actuating 

magnetic field and magnetic gradient (Lum, et al., 2016). This system enables five 

degrees of freedom (DOF) (3-DOF of translation and 2-DOF of rotation; the rotation 

about the magnet’s main axis is not achievable with this system) magnetic control of a 

small magnetic body in a 33 × 33 × 33 mm3 workspace. It is important to note this 

particular geometric layout of the coils is not needed to achieve five degrees of freedom, 

as established by Pourkand et al. (2018). The geometric design is however chosen for 

simplicity of construction and implementation. Other systems have been designed for 

manipulation of magnetic robots such as BigMag, and Octomag upon which the current 

system was based (Sikorski, Denasi, Bucchi, Scheggi, & Misra, 2019; Sikorski, Dawson, 

Denasi, Hekman, & Misra, 2017; Kummer M. P., et al., 2010). The proposed method is 

not restricted to a system arranged in any particular way, and can be achieved by any 

magnetic field generation system that provides sufficient degrees of freedom for the 

desired task. 

  Each coil is composed of a solid iron core and 712 wraps of 14 gauge copper wire 

in 6 layers. Two power supplies are used: a TITAN F1208 capable of providing 60 A and 

up to 1200 W of electrical power, and an eFuel PSU50A V2 capable of providing 50 A 

and up to 1200 W of electrical power. Four Sabertooth 2 × 25 dual motor drivers are used 

as amplifiers between the power supplies and coils. Amplifiers are connected to a 
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Sensoray Multifunction analog/digital I/O-Model 826 data acquisition card (DAQ) to 

receive the control inputs. 

In sufficiently soft mediums, a magnetized body becomes aligned with magnetic 

flux density, as the environmental resistance to rotation is small. In such cases, magnetic 

flux density can be used to define the desired orientation of the needle. Force applied on 

the needle is determined by the magnetic gradient in each direction and the magnetization 

of the needle tip. Both magnetic flux density and gradient are produced by the linear 

combination of each electromagnetic coil’s contribution to the net magnetic field. These 

contributions were determined through a calibration process that characterized each coil’s 

magnetic field contribution in 𝑥, 𝑦, and 𝑧 at 1A.  The flux and force can be defined and 

the current through each coil (𝑖 … 𝑖 ) calculated as,   
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(1) 

where 𝛽 represents the magnetic field contribution of each of the eight electromagnetic 

coils at a particular position 𝐏. 𝛽𝒙, 𝛽𝒚,  𝛽𝒛 are the gradients of the calibration matrix in 

each direction at the same position 𝐏, 𝐁  is the desired flux density in each 

direction, 𝐅  is the desired force in each direction, 𝐌 is the magnetization vector of 

the needle tip, and † represents the pseudo-inverse. In the case of the magnetic coil 

system used for these experiments, the maximum magnetic flux density that can be 

produced is 32 mT, and the maximum magnetic gradient is 1.4 Tm . These limitations 

exist to avoid overheating the electromagnetic coils: each coil’s current is limited to 12A. 
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2.5.2 Phantom Tissue Selection and Fabrication 

Two phantom tissue materials are selected carefully, considering the strength of 

the magnetic coil system and the requirement of transparency for the object tracking 

software. Due to limitations on magnetic field strength, the chosen phantoms have lower 

stiffness than that of some human tissues (1.96 kPa for the soft gel, and 2.70 kPa for the 

stiff gel). However, based on research done by Murphy et al. on the stiffness of brain 

tissue between patients with Alzhiemers disease and a control group, the stiffness of 

various brain structures ranged from 2.42 to 2.82 kPa, which is very close to the tissues 

studied in this research (2016). Furthermore, in a study by Koch et al., the stiffness of 

healthy liver tissue was found to be 5 kPa, and found to be 10kPa for patients with 

obesity, type 2 diabetes, and those undergoing intensive care (2011). The experiments 

show that a sharp magnetic tip attached to an arbitrarily flexible shaft can be magnetically 

pulled and steered through tissue along a defined path, without the need for an advancer, 

insertion device, push-wire, or other device pushing or otherwise anchoring the shaft at 

its base. The research is justified noting that by scaling the system to produce sufficiently 

powerful magnetic fields and gradients, the technique demonstrated in this proof of 

concept could be used for steering a sharp magnetic tip through any tissue in the body. In 

this study, the two phantom tissues are required to simulate the needle passing through 

one tissue into another, and to test the ability of the system to achieve a consistent radius 

of curvature for the needle in different materials. The two tissue materials chosen are 

referred to as “soft” and “stiff” throughout the paper. 

The soft phantom tissue is a mixture of 1.2 g of agar gelling powder and 0.08 g of 

pure agarose powder per 100 mL of distilled water. The stiff phantom tissue is comprised 
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of 1.6 g of agar gelling powder and 35 µg of pure charcoal per 100 mL of distilled water. 

The soft tissue is characterized by a much greater capacity for elastic deformation before 

rupture and stiffness of 1.96 kPa; contrasting with the stiff tissue, which ruptures before 

significant deformations are observed and has a stiffness of 2.70 kPa. This mechanical 

difference can be seen in the results obtained in the experiments. The agar gelling powder 

is produced by Nitta-Gelatin, and is composed of 11% locust bean gum, 9% carrageenan, 

3% phosphorus acid, and 77% glucose. The agarose powder is molecular biology grade 

Agarose LE powder from Benchmark Scientific. The pure charcoal powder is produced 

by General’s. Weights are measured using a US Solid Digital Analytical Balance USS-

DB55. Both soft and stiff phantom tissues are used in the needle characterization, tissue-

tissue interface, radius of curvature, and 3D complex path experiments. These materials 

are chosen for their relatively quick set time and transparency. The concentrations of the 

soft and stiff phantom tissues are determined through several iterations of experiments 

during preliminary exercises exploring the coil system’s capabilities. 

2.5.3 Control Scheme 

The control of the system is outlined in Fig. S2. All experiments are performed in 

closed-loop, with visual feedback enabling the calculation of position errors for use in a 

multiple-input, multiple-output system of proportional-integral-derivative (PID) 

controllers. Two Logitech c920 cameras mounted on the top and side of the system are 

used to detect three dimensional position information of the colored tip through image 

processing using the OpenCV library for C++. A system of PID controllers manipulate 

magnetic gradient and thus force, to control 𝑥, 𝑦, and 𝑧 position.  The output force and 

magnetic field is multiplied by a matrix 𝐴 ,  to produce the currents to send to the coils 
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of the system. The matrix 𝐴 ,  contains the terms 𝛽 and 𝐌. To calculate 𝛽 a vector 

representation of the coils’ unit contribution to the magnetic field and gradient, the 

position 𝐏 is used to reference a calibration matrix. The magnetization vector of the 

magnetic tip 𝐌, is assumed to be in the same direction as the magnetic field 𝐁. In each 

iteration of the control loop, it is the multiplication of 𝐴 ,  and the output force and 

magnetic field that results in the current that is sent to the coils. 

In the radius of curvature and complex 3D path experiments, the paths are first 

described via one function or a series of functions, respectively, that are completely 

contained within the workspace domain. The path curves are broken down into segments 

based on a specified arc length, and the segment end-point coordinates are stored in an 

array. This arc length is specified to be 0.03 mm in the present research, and can be made 

arbitrarily small, limited only by computational capabilities. During execution, magnetic 

force is applied to move the needle tip towards the points in the array sequentially, and 

magnetic torque applied to rotate the tip to face the direction of the next point in the 

array. In the event that the tip deviates from the path or moves beyond the next point in 

the sequence, the closest point on the path is found and treated as the set point. In this 

way, not every point in the sequence must be reached, and no back-tracking occurs. This 

path following process is illustrated in Fig. S3. The magnetic field direction is always set 

to be in the direction of the next point in the path. The facing of the needle is then 

assumed to be in the direction of the magnetic field, as previously described. 

2.5.4 Needle Selection and Fabrication 

It is necessary to develop a needle that embodies two key characteristics that 

affect the amount of force required to move it through the phantom tissues: first, the 
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needle must be sufficiently magnetized to allow for enough force to be generated by the 

coil system; second, the needle must have a sharp tip to further reduce required forces. A 

very small permanent magnet acts as the magnetic element, and a needle tip adhered with 

a cyanoacrylate adhesive to the magnet acts as the sharp element. The magnet is painted 

red and blue with a dibutyl phthalate/toluene/formaldehyde resin paint so that the tip and 

rear of the needle can be detected and differentiated via a color detection software. The 

colorant and adhesive are chosen to be inert with the phantom tissue material. 

The chosen magnet has dimensions of 3.2 mm by 1.6 mm by 1.6 mm. The magnet 

is grade N42, nickel coated, and weighs 0.060 g. It has a residual flux density of 1.32 

Teslas. From the dimensions and residual flux density, it is known that the magnet has a 

surface field of 0.6353 Teslas. This rectangular magnet is chosen against cylindrical 

magnets because of availability at the size and grade. 

Ten needle tips are selected and fabricated for characterization. Seven tips are 

selected to be cut from various medical needle tips, and three tips are selected from 

standardized diamond-shaped needles. These fabricated needle tips are displayed in Fig. 

4a. The needle tips are cut using a diamond dusted cutting disc on a hand-held dremel 

and a 3D printed holder, to be 4 mm with a tolerance of ±10%. Each tip is attached to the 

magnet, composing a full needle, 7.2 mm in length. 
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Figure 4 

(a) From left: (top row) 0.88 mm diamond shaped tip (88 N), 1.2 mm diamond shaped tip 

(12 N), 1.6 mm diamond shaped tip (16 N), 14 gauge medical needle (14 G), 16 gauge 

medical needle (16 G), (bottom row) 18 gauge medical needle (18 G), 19 gauge medical 

needle (19 G), 20 gauge medical needle (20 G), 25 gauge medical needle (25 G), 30 gauge 

medical needle (30 G). (b) Experimental setup for the needle characterization experiments. 

(c) Needle with flexible shaft 

To evaluate different needle tips when puncturing and moving through the 

phantom tissues, the force profiles of each needle tip in each phantom tissue is compared. 

This characterization experiment is done in a force measurement setup consisting of a 

Thorlabs MT1-Z825V actuated 3-axis stage, a Transducer Techniques GSO-50 load cell, 

a Newport Integrity 3 vibration control table, a Thorlabs TDC001 motor controller, and 

an Interface USB enabled DAQ. Via custom assemblies, the needle is mounted to the 

force sensor, which is mounted to the translational stage. This setup is illustrated in Fig. 
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4b. The stage is programmed to move at a constant velocity of 0.5 mm per second such 

that the needle punctures the phantom tissue and moves through the tissue for some 

additional distance, totaling a translation of 25 mm. Force is measured throughout the 

entire process and categorized in three subsets: needle tip puncture and insertion, magnet 

insertion, and interior movement. These three regions of interest in the needle insertion 

force profiles are characterized individually for each needle/tissue pair in Fig. S4 in the 

supplementary materials. These regions correspond to two peaks that occur during the 

puncturing process, and the steady state force that is observed when moving through the 

tissue. The first peak coincides with the initial puncture of the needle tip into the phantom 

tissue surface, labeled “needle tip insertion”. Sharper needles experience smaller force 

values in this region. The second peak observed coincides with the insertion of the 

magnet body into the phantom tissue. Needle tips with a smaller diameter have a larger 

exposed magnet face and thus, experience greater force during this second peak, the 

“magnet insertion”. The third region is the internal movement force; the force required to 

move through the tissue while the entire body is inside, labeled the “steady state internal 

movement” region. 

Figure S4 compares the performance of each needle. The maximum force for each 

needle observed at each of the three aforementioned regions is shown. The initial 

puncture force ranges from about 2 mN to about 18 mN in the soft phantom tissue, and 

from about 1 mN to 6 mN in the stiff tissue. The force required for the insertion of the 

magnet ranges from 3 mN to about 12 mN in the soft tissue, and from 2 mN to about 18 

mN in the stiff tissue. The forces required for internal movement through the phantom 
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tissues ranges from 0.6 mN to 1.3 mN for the soft tissue and 1.4 mN to 2.6 mN for the 

stiff tissue. 

The fact that the 1.6 mm diamond-point tipped needle had relatively small magnet 

insertion force in both tissues makes sense, as there is the least amount of exposed 

magnet surface for this needle design. Interestingly, this tip also proved to have the best 

internal movement force profile over all experiments, requiring the least internal 

movement force in the soft tissue and the second least internal movement force in the 

stiff tissue. As the experiments and intended use of this technology take place inside 

tissues (where the entire needle is inside the tissue), this needle is chosen as the optimal 

among the tips tested. 

These designs for the magnetic needles are not optimized for clinical performance 

in that the large magnet shoulder will cause damage and an increase in required 

penetration forces. They are simply designed to demonstrate the novel magnetic steering 

and actuation technique. More research is certainly needed on magnetic needle tip design 

to come to a configuration achieving minimal force profiles for future healthcare 

applications. 

The flexible needle shaft is not fixed at the base, there is no advancer device to 

control insertion, there is no push-wire, and the shaft is not advanced by hand nor by 

motor. Instead, the needle is actuated, advanced, and steered solely by magnetic forces 

and torques. The tail of the flexible shaft simply protrudes from the entry hole in the 

workspace and is laid out on a water-lubricated surface to reduce friction effects that may 

restrict the needle’s maneuverability. As the magnetic forces pull the needle tip further 

into the tissue, more of the flexible shaft is pulled into the workspace as needed. The 
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forces involved in dragging the shaft on the lubricated surface did not halt the ability of 

the needle to maneuver in the workspace. 

2.5.5 Tissue-tissue interface experiment 

In these experiments, a magnetic needle tip is forced to pass through the interface 

plane of two different phantom tissues at three different angles of attack. The needle is 

steered via a closed loop controller receiving visual feedback from two cameras and 

controlling the current through each coil. The needle’s position is measured over the 

course of the experiment. Six experimental cases are designed: three angles of attack (90 

degrees, 45 degrees, and 22.5 degrees), for two transition types (soft-to-stiff and stiff-to-

soft tissue transitions). The coil system generates a magnetic field which aligns the needle 

to the specified angle for the particular experimental case and simultaneously generates a 

pulsing magnetic field gradient to apply force to the needle in the same direction. A PID 

controller is employed to manipulate the magnitude of the force pulses. The program is 

stopped manually after the needle has sufficiently crossed the gel interface. 

2.5.6 Radius of Curvature Experiments  

These experiments demonstrate the system’s ability to achieve variable radii of 

curvature without excessively damaging the tissue. In addition, the minimum achievable 

radius of curvature in both soft and stiff phantom gels are also measured through these 

experiments. The experiment consists of the needle tip following three different 

predefined circular paths (i.e., 10.2 mm, 20.3 mm, and 30.5 mm radii of curvature) 

through the two different phantom tissue materials, under closed-loop position feedback 

control. A circular path in a 2D plane with respect to the needle tip’s current position is 

generated. The system then uses visual feedback in conjunction with two PID controllers; 
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relating the error between the current position and the position of the next path point in x 

and y directions to the desired force in the respective direction. The system sequentially 

aligns the needle tip’s position to each point along the generated path. The needle’s 

orientation is assumed to be in-line with the applied magnetic field, which is an accurate 

assumption given a sufficiently powerful magnetic field. 

2.5.7 3D Complex Path Experiment 

The proposed magnetic actuation method has 5-DOF capabilities and is not 

limited to planar path control. The path used to demonstrate 3D maneuverability without 

the excessive tissue damage caused by traditional methods starts with a straight section in 

xy plane followed by a curved section with 20 mm radius of curvature. Next, the path 

starts to leave xy plane by going on a curved section with radius of curvature of 12 mm. 

Finally, the path goes along the z axis on a straight line. Like the radius of curvature 

experiments, these experiments utilize visual feedback in conjunction with three PID 

controllers in x, y, and z directions. For increased visualization in this experiment, the 

shaft was dyed.  

  



35 

REFERENCES 

Abolhassani, N., Patel, R., & Moallem, M. (2007). Needle insertion into soft tissue: A 
survey. Medical Engineering and Physics, 29(4), 413-431. 

 
Adebar, T. K., Fletcher, A. E. & Okamura, A. M. (2014). 3-d ultrasound-guided robotic 

needle steering in biological tissue. IEEE Transactions on Biomed. Eng. 61, 
2899–2910 

 
Adebar, T., Greer, J., Laeseke, P., Hwang, G., & Okamura, A. (2016). Methods for 

Improving the Curvature of Steerable Needles in Biological Tissue. IEEE 
Transactions on Biomedical Engineering, 63(6), 1167-1177. 

 
Ali Kafash Hoshiar, Sungwoong Jeon, Kangho Kim, Seungmin Lee, Jin-Young Kim, & 

Hongsoo Choi. (2018). Steering Algorithm for a Flexible Microrobot to Enhance 
Guidewire Control in a Coronary Angioplasty Application. Micromachines, 
9(12), 1-13. 

 
Alterovitz, R., Goldberg, K., & Okamura, A. (2005). Planning for Steerable Bevel-tip 

Needle Insertion Through 2D Soft Tissue with Obstacles. Proceedings of the 2005 
IEEE International Conference on Robotics and Automation, 2005, 1640-1645. 

 
Badaan, S. R. & Stoianovici, D. (2011). Robotic systems: past, present, and future. In 

Robotics in genitourinary surgery, 655–665. Springer 
 
Bernardes, M., Adorno, B., Poignet, P. & Borges, G. (2012). Semi-automatic needle 

steering system with robotic manipulator. 
 
Burrows, C., Secoli, R., & Rodriguez Y Baena, F. (2013). Experimental characterisation 

of a biologically inspired 3D steering needle. 2013 13th International Conference 
on Control, Automation and Systems (ICCAS 2013), 1252-1257. 

 
Cabreros, S. S., Jimenez, N. M., Greer, J. D., Adebar, T. K., & Okamura, A. (2015). 

Remote electromagnetic vibration of steerable needles for imaging in power 
Doppler ultrasound. Proceedings - IEEE International Conference on Robotics 
and Automation, 2015(June), 2244-2249. 

 
Chakeres, D. W., Kangarlu, A., Boudoulas, H. & Young, D. C. (2003). Effect of static 

magnetic field exposure of up to 8 tesla on sequential human vital sign 
measurements. J. Magn. Reson. Imaging: An Of. J. Int. Soc. for Magn. Reson. 
Medicine 18, 346–352 

 
Chautems, C., Tonazzini, A., Boehler, Q., Jeong, S., Floreano, D., & Nelson, B. (2019). 

Magnetic Continuum Device with Variable Stiffness for Minimally Invasive 
Surgery. Advanced Intelligent Systems, 1900086. 



36 

De Jong, T., Tas, L., Moelker, A., & Dankelman, J. (2018). Needle placement errors: Do 
we need steerable needles in interventional radiology? Medical Devices: Evidence 
and Research, 11, 259-265. 

 
Dencker, D., Topsøe, J., Ewertsen, C., & Karstrup, S. (2015). Image Fusion and 

Electromagnetic Needle Tracking for the Biopsy of Pelvic Lesions – Report of 2 
Cases. 1(1), E30-E32. 

 
Diller, E. D., Giltinan, J., Lum, G. Z., Ye, Z. & Sitti, M. (2014). Six-degrees-of-freedom 

remote actuation of magnetic microrobots. In Robotics: Science and Systems 
 
Edelmann, J., Petruska, A. J. & Nelson, B. J. (2018). Estimation-based control of a 

magnetic endoscope without device localization. J. Med. Robotics Res. 03 
 
Edelmann, J., Petruska, A., & Nelson, B. (2017). Magnetic control of continuum devices. 

The International Journal of Robotics Research, 36(1), 68-85. 
 
Gilbert, H., Neimat, J., & Webster, R. (2015). Concentric Tube Robots as Steerable 

Needles: Achieving Follow-the-Leader Deployment. IEEE Transactions on 
Robotics, 31(2), 246-258. 

 
Glozman, D. & Shoham, M. (2004). Flexible needle steering and optimal trajectory 

planning for percutaneous therapies. vol. 3217, 137–144, 
 
Guerreiro Stucklin, A., & Grotzer, M. (2018). Cerebellar tumors. Handbook of Clinical 

Neurology, 155, 289-299. 
 
Hong, A., Boehler, Q., Moser, R., Zemmar, A., Stieglitz, L., & Nelson, B. (2019). 3D 

path planning for flexible needle steering in neurosurgery. International Journal 
of Medical Robotics and Computer Assisted Surgery, 15(4), N/a. 

 
Jahya, A., Van Der Heijden, F., & Misra, S. (2012). Observations of three-dimensional 

needle deflection during insertion into soft tissue. 2012 4th IEEE RAS & EMBS 
International Conference on Biomedical Robotics and Biomechatronics (BioRob), 
1205-1210. 

 
Jeon, S. et al. (2019). A magnetically controlled soft microrobot steering a guidewire in a 

three-dimensional phantom vascular network. Soft Robotics 6, 54–68 
 
Jeon, S., Hoshiar, A.K., Kim, S., Lee, S., Kim, E., Kim, K., . . . Choi, H. (2018). 

Improving guidewire-mediated steerability of a magnetically actuated flexible 
microrobot. Micro and Nano Systems Letters, 6(1), 1-10. 

 
Jun, C. et al. (2019). A simple insertion technique to reduce the bending of thinbevel-

point needles. Minim. Invasive Ter. & Allied Technol. 1–7  



37 

Khadem, M., Rossa, C., Usmani, N., Sloboda, R., & Tavakoli, M. (2018). Robotic-
Assisted Needle Steering Around Anatomical Obstacles Using Notched Steerable 
Needles. IEEE Journal of Biomedical and Health Informatics, 22(6), 1917-1928. 

 
Koch, A. et al. (2011). Increased liver stifness denotes hepatic dysfunction and mortality 

risk in critically ill non-cirrhotic patients at a medical icu. Critical Care 15, R266 
 
Kummer, M., Abbott, J., Kratochvil, B., Borer, R., Sengul, A., & Nelson, B. (2010). 

OctoMag: An Electromagnetic System for 5-DOF Wireless Micromanipulation. 
IEEE Transactions on Robotics, 26(6), 1006-1017. 

 
Lum, G., Ye, Z., Dong, X., Marvi, H., Erin, O., Hu, W., & Sitti, M. (2016). Shape-

programmable magnetic soft matter. Proceedings of the National Academy of 
Sciences of the United States of America, 113(41), E6007-E6015. 

 
Mahoney, A. W. & Abbott, J. J. (2014). 5-dof manipulation of an untethered magnetic 

device in fuid using a single permanent magnet. In Robotics: Science and Systems 
 
Majewicz, A., Wedlick, T., Reed, K., & Okamura, A. (2010). Evaluation of robotic 

needle steering in ex vivo tissue. 2010 IEEE International Conference on 
Robotics and Automation, 2068-2073. 

 
McDermott, S., & Gervais, D. (2013). Radiofrequency ablation of liver tumors. Seminars 

in Interventional Radiology, 30(1), 49-55. 
 
Mehta, Sonabend, Bruce, & Mehta, A. (2017). Convection-Enhanced Delivery. 

Neurotherapeutics, 14(2), 358-371. 
 
Murphy, M. C. et al. (2016). Regional brain stiffness changes across the Alzheimer’s 

disease spectrum. NeuroImage: Clin. 10, 283–290 
 
Narayan, M., Choti, M. A. & Fey, A. M. Data-driven detection of needle buckling events 

in robotic needle steering. J. Med. Robotics Res 
 
Nick J. Van De Berg, Tonke L. De Jong, Dennis J. Van Gerwen, Jenny Dankelman, & 

John J. Van Den Dobbelsteen. (2017). The influence of tip shape on bending force 
during needle insertion. Scientific Reports, 7(1), 40477. 

 
Norton, J. C. et al. (2019). Intelligent magnetic manipulation for gastrointestinal 

ultrasound. Sci. Robotics 
 
Okazawa, S., Ebrahimi, Chuang, Salcudean, & Rohling. (2005). Hand-held steerable 

needle device. IEEE/ASME Transactions on Mechatronics, 10(3), 285-296. 



38 

Petruska, A., Ruetz, Ayoung Hong, Regli, Surucu, Zemmar, & Nelson. (2016). Magnetic 
needle guidance for neurosurgery: Initial design and proof of concept. 2016 IEEE 
International Conference on Robotics and Automation (ICRA), 2016, 4392-4397. 

 
Pourkand, A. & Abbott, J. J. (2018). A critical analysis of eight-electromagnet 

manipulation systems: Te role of electromagnet confguration on strength, 
isotropy, and access. IEEE Robotics Autom. Lett. 3, 2957–2962 

 
Reed, K., Majewicz, A., Kallem, V., Alterovitz, R., Goldberg, K., Cowan, N., & 

Okamura, A. (2011). Robot-Assisted Needle Steering. IEEE Robotics & 
Automation Magazine, 18(4), 35-46. 

 
Reed, K., Okamura, A., & Cowan, N. (2009). Controlling a robotically steered needle in 

the presence of torsional friction. 2009 IEEE International Conference on 
Robotics and Automation, 3476-3481. 

 
Reed, K., Okamura, A., & Cowan, N. (2009). Modeling and Control of Needles With 

Torsional Friction. IEEE Transactions on Biomedical Engineering, 56(12), 2905-
2916. 

 
Ryan, P. & Diller, E. (2017). Magnetic actuation for full dexterity microrobotic control 

using rotating permanent magnets. IEEE Transactions on Robotics 33, 1398–1409 
 
Secoli, R., & Rodriguez Y Baena, F. (2013). Closed-loop 3D motion modeling and 

control of a steerable needle for soft tissue surgery. Proceedings - IEEE 
International Conference on Robotics and Automation, 5831-5836. 

 
Sikorski, J., Dawson, I., Denasi, A., Hekman, E. E. G. & Misra, S. (2011). Introducing 

bigmag — a novel system for 3d magnetic actuation of fexible surgical 
manipulators. In 2017 IEEE International Conference on Robotics and 
Automation (ICRA), 3594–3599 

 
Sikorski, J., Denasi, A., Bucchi, G., Scheggi, S. & Misra, S. (2019). Vision-based 3-d 

control of magnetically actuated catheter using bigmag— an array of mobile 
electromagnetic coils. IEEE/ASME Transactions on Mechatronics 24, 505–516 

 
Sikorski, J., Heunis, C. M., Franco, F. & Misra, S. (2019).The armm system: An 

optimized mobile electromagnetic coil for non-linear actuation of fexible surgical 
instruments. IEEE Transactions on Magn. 55, 1–9 

 
Sitzman, B., & Uncles, D. (1996). The Effects of Needle Type, Gauge, and Tip Bend on 

Spinal Needle Deflection. Anesthesia & Analgesia, 82(2), 297-301. 
 



39 

Swaney, P., Burgner, J., Gilbert, H., & Webster, R. (2013). A Flexure-Based Steerable 
Needle: High Curvature With Reduced Tissue Damage. IEEE Transactions on 
Biomedical Engineering, 60(4), 906-909. 

 
Swensen, J. P. & Cowan, N. J. (2012). Torsional dynamics compensation enhances 

robotic control of tip-steerable needles. In 2012 IEEE International Conference 
on Robotics and Automation, 1601–1606 

 
Swensen, J. P., Lin, M., Okamura, A. M. & Cowan, N. J. (2014). Torsional dynamics of 

steerable needles: Modeling and fuoroscopic guidance. IEEE Transactions on. 
Biomed. Eng. 61, 2707–2717 

 
Torabi, M., Hauser, Alterovitz, Duindam, & Goldberg. (2009). Guiding medical needles 

using single-point tissue manipulation. 2009 IEEE International Conference on 
Robotics and Automation, 2705-2710. 

 
Ullrich, F. et al. (2018). A robotic diathermy system for automated capsulotomy. J. Med. 

Robotics Res. 
 
Van de Berg, N., Dankelman, J., & Van Den Dobbelsteen, J. (2015). Design of an 

actively controlled steerable needle with tendon actuation and FBG-based shape 
sensing. Medical Engineering and Physics, 37(6), 617-622. 

 
Van de Berg, N., Van Gerwen, D., Dankelman, J., & Van Den Dobbelsteen, J. (2015). 

Design Choices in Needle Steering-A Review. IEEE/ASME Transactions on 
Mechatronics, 20(5), 2172-2183. 

 
Wang, Z., Zhou, Z., Chen, Y., Huang, H. (2012.  Towards a Magnetic Articulated 

Needle. Biotechnology, Chemical and Materials Engineering, vol. 393 of 
Advanced Materials Research, 1060–1063. 

 
Webster, R., Memisevic, J., & Okamura, A. (2005). Design Considerations for Robotic 

Needle Steering. Proceedings of the 2005 IEEE International Conference on 
Robotics and Automation, 2005, 3588-3594. 

 
Wedlick, T. R., & Okamura, A. M. (2009). Characterization of pre-curved needles for 

steering in tissue. Conference Proceedings: Annual International Conference of 
the IEEE Engineering in Medicine and Biology Society. IEEE Engineering in 
Medicine and Biology Society. Conference, 1200-1203. 

 
Wei Dong, Huimin Han, & Zhijiang Du. (2012). The tip interface mechanics modeling of 

a bevel-tip flexible needle insertion. 2012 IEEE International Conference on 
Mechatronics and Automation, 581-586. 

 



40 

Wenqi Hu, Guo Zhan Lum, Massimo Mastrangeli, & Metin Sitti. (2018). Small-scale 
soft-bodied robot with multimodal locomotion. Nature, 554(7690), 81-85. 

  



41 

CHAPTER 3 

PERMANENT MAGNET NEEDLE STEERING  

3.1 Introduction 

Although the electromagnetic system was helpful in proving the viability of 

magnetically steered needles, there were crucial flaws that would likely prevent it from 

having any clinical relevance.  The amount of force generated by this system is only 

viable within a very weak gel, and in a very small workspace.  The benefit of choosing 

permanent magnets over electromagnets is the ability to generate considerably stronger 

magnetic fields and field gradients on a per volume basis (Ryan & Diller, 2016).  

Magnetic field and gradients can be as much as 10-20 times and 2-3 time greater in 

magnitude, respectively, than the same volume electromagnet system (Erni et al., 2013).  

This could allow for both the size of the workspace and the stiffness of the medium to 

increase compared to the electromagnetic system presented in Chapter 2.   

The main difficulty of utilizing permanent magnets to generate forces over an 

electromagnetic system is in the manipulation and control of those forces, which in turn 

control the needle.  While electromagnetic systems can be precisely current controlled to 

generate desired magnetic forces and torques, the field of permanent magnets cannot be 

directly controlled or turned off.  Instead, the magnet must be physically actuated to 

change the direction and magnitude of the magnetic field in a specific location.  There 

has been some work in recent years on control of magnetic micro-robots using permanent 

magnets.  Ryan & Diller utilized an array of permanent magnets placed symmetrically 

around a small workspace to control untethered micro-robots by rotating the permanent 
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magnets (2016).  Stereotaxis Niobe used two permanent magnets for remote-control 

navigation of magnetically enabled catheters and guidewires and has achieved successful 

clinical results (Armacost et al., 2007).  A permanent magnet system that utilizes a single 

magnet attached at the end-effector of a 6 degree-of-freedom (DOF) robotic manipulator 

has been capable of 5 DOF control of an untethered magnetic body in fluid (Mahoney & 

Abbott, 2016).  The idea investigated in this chapter uses a 6 DOF robotic manipulator 

inspired by this last design. This manipulator will control the position and orientation of 

the magnet configuration in order to achieve desired forces and torques on the needle.   

There is limited work done on the idea of creating local stable equilibrium points 

using permanent magnets.  Zarrouk et al. were able to create a local maximum of the 

magnetic field in planar (2D) space which causes magnetic particles to converge (2019).  

However, this does not take into consideration the orientation of the magnetic bodies 

which is important for needle steering.  There is still no clear path to achieving 3D local 

maximums that could also align a body in a desired direction.   

Three different configurations for permanent magnet systems are considered, two 

novel designs and one inspired by Mahoney and Abbott (2016).  The first two designs 

that are considered attempt to create a local maximum in 3D space while also aligning the 

needle in the desired direction of motion.   It is ultimately found that pulling the needle 

directly toward a single, powerful permanent magnet is the most viable way to steer the 

needle for these purposes.   



43 

3.2 Methods and Materials  

3.2.1 Gel Fabrication 

The gels that are used in this Chapter are the same as the stiff gels described in detail in 

section 2.5.2. 

3.2.2 Needle Fabrication 

The needle was constructed as a combination of a permanent magnet and a needle 

tip.  The magnet used was a cylindrical n52 permanent magnet with a1/16 inch diameter 

and 1/4 inch length.  This was placed to the base of a cut 20-gauge BD PrecisionGlideTM 

needle with a Kevlar string attached to the base of the magnet, all bonded together with 

an FDA-bond 2 epoxy.  The 20-gauge needle was used in order to reduce required forces 

while moving.  The magnet was utilized to increase the magnitude of the magnetic forces 

acting on the needle body.  A Kevlar string is added to the needle in order to mitigate 

safety concerns associated with the needle jerking unexpectedly during motion.  The 

string is tethered to a motorized spool that will slowly release slack, allowing for 

controlled needle movement. This needle design differs from the design presented in 

chapter 2 to reduce the impact of the magnetic shoulder which can be seen in figure 18 

S4 of appendix B.  The epoxy is used to create a smooth transition between the needle 

and the surface of the magnet in order to accomplish this.  There are no inherent 

differences that would prevent either needle design from working with either steering 

system. 

All of the different components were combined in a 3D printed mold and bonded 

with the epoxy.  The mold was split in two halves and was first filled with epoxy.  Then 

the 20-gauge needle, permanent magnet, and Kevlar string were inserted.  Both halves 
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were then pressed together and held in a vice-grip to dry overnight.  Once dry, the halves 

were separated, and the entire needle body was carefully removed. In total, the needle is 

0.5446 inches long, and has a base diameter of 0.1025 inches.   

3.2.3 Magnet Configuration 

3.2.3.1 Configuration 1. 

Three possible magnet configurations were investigated in order to find an 

optimal solution.  First, the idea of pulling a needle straight toward a magnet was 

discussed.  However, there were concerns about maneuverability and strength of such a 

system operating around the body.  If, for instance, a needle operating in the 

abdomen must be turned toward the head, the magnet would have to be placed above the 

head.  Due to the force being inversely proportional to the square of the distance, the drop 

in strength by placing the magnet so far away would be difficult to overcome. This is the 

main reason why additional configurations were investigated.   

The idea of moving a needle that is parallel a magnet configuration is investigated.  

The hypothesis was that there exists some combination of three magnets that creates a 

local 3D stable equilibrium point and properly aligns the orientation of the needle.  If this 

were achieved, then any translation or rotation of the magnet configuration would cause 

corresponding translations and rotations of the needle. Figure 5 shows this configuration 

concept. The small body in the lower part of the figure is the needle.  However, for the 

simulations discussed in this section, only the magnetic bodies factored in so the needle is 

modeled as just the rectangular magnet described in section 3.2.2.  Because the needle is 

only modeled as the small magnet instead of the entire needle described in 3.2.2, it is 
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important to remark that there may be some error in the force and torque calculations 

when translating to the real system.  

 It was assumed that this stable equilibrium point could be achieved using magnets 

that were already possessed, which was one Neodymium 1 x 1 x 1.5 inch N42 magnet, 

and two Neodymium 2 x 1 x ¾ inch N50 magnets all purchased from CMS Magnetics, 

Inc.  

The variables that could be changed in order to achieve the steering goals with this 

configuration are outlined in figure 5.  The configuration is symmetric about the minor 

axis of the center magnet.  Theta corresponds to the angle between the minor axis of the 

center magnet and the minor axis of the two corner magnets.  d is the distance from the 

center magnet to the needle. Tx is the distance from the center magnet to the corner 

magnets in the x-direction, and Ty is the distance from the center magnet to the corner 

magnets in the y-direction.  The center point for the needle is described as the point 

where the needle’s minor axis is colinear with the center magnet’s minor axis and is the 

desired location of the equilibrium point.    
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Figure 5 

Magnet Configuration 1: The three magnets at the top of the figure constitute the magnet 

configuration and would be fixed to the end of the 6DOF robotic arm 

Firstly, this configuration must ensure that there are no forces or torques when the 

needle is at its center equilibrium point.  In order to do this, Finite Element Method 

Magnetics (FEMM) software was utilized in conjunction with MATLAB to find possible 

configurations that produced minimum forces and torques.  FEMM is a 2D finite element 

methods solver capable of calculating X and Y forces, and Z torque in magnetic 

systems and creating plots of magnetic flux density (B) fields, given the geometry and 

magnet properties (Dirba & Kleperis, 2011; Sinnadurai, Ting, & Zani, 

2016). It quickly became evident that an enormous amount (>1000) of configurations 
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could achieve this goal of no forces or torques, so the two modes of movement were 

investigated instead.  A contour plot of the B field of one such equilibrium 

configuration generated by FEMM is shown in Figure 6.   

 

Figure 6 

2D contour Plot of B field of Magnet Configuration 1 

 The first distinct mode of actuation investigated was translational movement. It 

was desired that, as the configuration translates in the negative X-direction, the needle 

should also translate in the same direction. For this mode, while X-forces are desired to 

move the needle, it is desired to minimize both the Y-force and Z-torque to zero.    

Due to the large number of variables that the forces and torque depend on, a 

systematic way to filter through configurations was needed.  In order to achieve all three 

objectives which are dependent on the five variables previously outlined, multi-objective 

genetic algorithm optimization was utilized. Genetic algorithm optimization is an 

iterative optimization algorithm inspired by natural selection (Bozorg-Haddad, Solgi, & 

Loaiciga, 2017).  It requires that the objective functions and the range of the independent 

variables are defined.  Then, an initial population that spans the entire range (includes all 
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combinations of minimums and maximums of the independent variables) is generated, 

creating a set of individuals.  Each individual is then evaluated using the objective 

functions, and a fitness level is determined.  From here, assuming no individuals satisfy 

the objective functions, the fittest individuals are stochastically selected from the set and 

paired off to become “parents”.  This new parent set undergoes crossover and mutation. 

Crossover combines the variables of the two parents into a “child”, and mutation 

introduces random variation into the variables.  Crossover is most responsible for the 

production of child sets, and ultimately plays the largest role in this optimization 

process.  However, mutation is essential to ensure that this algorithm does not converge 

to any local minimums/maximums.  Once the child sets have been generated, they are 

again evaluated using the objective functions and the process is repeated.  This process is 

shown in figure 7. 

 

Figure 7 

Genetic Algorithm Optimization Process 

 
In multi-objective genetic algorithm, it is rare that any single solution can 

optimize all three objective functions, solutions must be analyzed for trade-offs.  In order 

to best analyze these solutions, Pareto optimal solution sets are determined.  As defined 
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by KONAK et al. a Pareto set is a set of solutions that are nondominated with respect to 

each other (2006).  This means that a single Pareto solution cannot be improved without 

degrading the value of other objectives.  In this case, multi-objective genetic algorithm 

was implemented using MATLAB in conjunction with FEMM using the three objective 

functions: maximize negative X-force, minimize Y-force, minimize Z-torque.  The Pareto 

solution sets for X-force vs Torque and X-force vs Y-force as the magnet configuration is 

translated in the X-direction are presented in figure 8 and will be discussed in 

detail later.     

 

Figure 8 

Pareto optimal solution sets for Configuration 1- X Force. A) X-Force vs Torque B) X-

force vs Y-force 

The second distinct mode of movement investigated was rotational movement.  It 

is desired that, when the magnet configuration rotates, a torque should be exerted on the 

needle that causes it to rotate as well.  Thus, a variable is added which is the rotation 

angle of the magnet configuration between the major axis of the center magnet and the 

major axis of the needle. Here again, multi-objective genetic algorithm was 
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implemented.  The objective functions aimed to minimize X-force, minimize Y-force, 

and maximize negative Torque.  The five variables were Tx, Ty,d, theta, and the new 

rotation variable.  The corresponding Pareto optimal solution sets for X-force vs Torque 

and Y-force vs Torque are shown in figure 9. 

 

Figure 9 

Pareto optimal solution sets for Configuration 1-Torque. A) X-Force vs Torque B) Y-

Force vs Torque 

This configuration idea relies on decoupled modes of movement, where 

translational and rotational motion are both achievable independently. Figure 8b shows 

that there exist configurations with negative X-forces, and near-zero Y-forces.  However, 

Figure 8a shows that there is no optimal solution where large, negative X-forces are 

achieved while having near-zero torques.  There appears to be a trend in the Pareto 

solution sets that suggests that torques increase as forces negatively increase, implying 

that a stable equilibrium point using this configuration may be impossible.  By further 

analyzing Figure 9a and 9b it is evident that no such configuration exists where large, 

negative torque is achievable with near-zero values for both X-force and Y-force.  Thus, 
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it seems improbable that, at least with this particular magnet combination, there is a 

configuration that is able to generate the desired forces and torques for steering.  This was 

the conclusion of the investigation into this configuration, and it was decided that it 

would not be pursued any further from this point.   

3.2.3.2 Configuration 2. 

The second configuration investigated is one that is inspired by a Halbach 

array.  A Halbach array is a planar magnetic configuration that is essentially able to 

generate a one-sided magnetic field (Konak, Coit, & Smith, 2006).  The magnets in a 

Halbach array are positioned in a way that effectively cancels out one side of the 

magnetic field and doubles the strength of the field on the opposite side.  The 

configuration investigated here combines two Halbach arrays, with the strong side of 

each array facing each other.  As with the first configuration, the goal of this 

configuration is to create a local stable equilibrium point that also properly aligns the 

needle.  The basic design and contour map of the magnetic field lines are shown in figure 

10 and are calculated using FEMM and MATLAB.  Again, the exact geometry of the 

magnets used in this simulation were based on magnets that were already 

possessed.  Each magnet used was a 3/4 x 3/8 x 1/4 inch neodymium N52 magnet 

purchased from CMS Magnetics, Inc.  Although these magnets would likely be 

too small for our applications, it would be simple enough to utilize larger magnets once 

the concept is validated with these magnets.     
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Figure 10 

2D Contour Plot of B field of Magnet Configuration 2 

It should be noted that the magnetic field is considerably stronger on the inner 

side of this configuration, as shown in figure 10.  The hypothesis was that, as this 

configuration was moved in the Y-direction, forces in the Y-direction would be induced 

causing the needle to move with the configuration.  In addition, when the configuration 

was rotated, torques would be induced on the needle causing it to rotate with the 

configuration. In order to find ideal configurations inspired by this Halbach array, two 

variables were considered: the separation of the magnets in the X-direction, Dx, and the 

separation of the magnets in the Y-direction, Dy.   

Again, this configuration needed to ensure that when the needle was in the center, 

the equilibrium point, there would be no forces or torques exerted on the needle.  This 

was done by searching through the space defined by Dx and Dy, where 
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many such configurations existed.  A configuration was picked with relatively small Dx 

distance of 2 cm.   

 This configuration was immediately more promising than the previous one, as the 

forces and torques induced on the needle were directly correlated with shifts and rotations 

of the configuration. In addition, there was a negligible amount of torque and force 

induced on the needle when the configuration was shifted and rotated, 

respectively.  There were also no undesired forces in the X-direction during either 

rotation or shifting.  These effects are shown in figure 11.   

 

Figure 11 

Magnet Configuration 2: A) Forces and Torques due to needle shifts in the y-direction B) 

Forces and Torques due to needle rotations 

These results were encouraging enough to attempt preliminary physical 

experimentation using this configuration.  A magnet housing was 3D printed out of ABS 

plastic to hold the magnets in place, which was then manually operated on either side of 

the stiff gel with the needle inserted. However, during each test it was observed that the 

needle would become magnetized toward one side of the array and move perpendicular to 



54 

the desired direction of motion.  In order to try to understand these effects, FEMM 

simulations were run that shifted the needle in the x-direction.  It became clear that, while 

torque was largely unaffected, there were strong induced forces in the X-direction when 

even small needle shifts in the X-direction occur.  These effects are shown in figure 

13, Indeed, these X-forces were much larger compared to the Y-forces for similar shift 

distances.    

 

Figure 12 

Magnet Configuration 2:  Forces and Torques due to shifting in the x-direction 

Although this configuration seems to work when the needle is fixed exactly 

between the two Halbach arrays, it is impractical for real-world application.  Figures 11 

and 12 essentially describe an unstable equilibrium point, analogous to an inverted 
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pendulum pointed directly upward.  The slightest perturbation would cause the pendulum 

to fall, or in this case, causes the needle to be attracted straight toward the magnets in the 

X-direction.  Although it initially seemed more promising than the first configuration, the 

discovery of this unstable equilibrium conclusion is what ultimately led to this 

configuration concept being discarded.    

3.2.3.3 Configuration 3. 

After the first two configurations were thoroughly investigated, it became clear 

that the most viable configuration to achieve needle steering would be by pulling the 

needle straight toward a magnet.  The maneuverability concern originally brought up at 

the start of this section still does exist.  However, this issue is one that could be solved by 

simply using a magnet large enough to generate the required forces at any specified 

distance—the application in theory would stay the same.  The magnet utilized in 

simulation and for experimentation is a Neodymium 2 x 1 x ¾ inch N50 magnet 

purchased from CMS Magnetics, Inc.  This configuration was modeled in FEMM in 

order to determine the distance that this magnet could effectively pull the needle.  A 

sample FEMM model of this configuration is shown in figure 14.  
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Figure 13 

2D Contour Plot of B field of Magnet Configuration 3 

In order to determine the distance that the magnet could pull the needle, the 

needle was slowly shifted in the positive X-direction away from the magnet.  Forces and 

Torques were calculated for the needle as it shifted in the X-direction, and a graph 

representing the change in X-force vs X-distance is shown in figure 15.  Referring back 

to section 2.6.2, it was decided that a force of roughly 0.25 N should be used which 

corresponded to roughly 63 mm.  This translated into 2.5 inches, which is the distance 

that is used for controlling the robotic arm (this will be described in further detail in 

section 3.2.4.2).   
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Figure 14 

Distance from the magnet vs X-force  

 In order to verify the conclusions drawn by these simulations, basic preliminary 

experimentation was conducted.  This consisted of inserting the magnetic needle into gel, 

and manually placing the magnet 2.5 inches away.  Indeed, the needle was successfully 

pulled through the gel toward the magnet, confirming the results found through 
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simulation.  The needle was also placed further than 2.5 inches away from the magnet, 

and there was no successful movement.   

3.2.4 Robotic Arm 

3.2.4.1 Hardware  

The robotic arm that is used for experimentation was assembled from a kit purchased 

from Roboteurs.  The kit included the following:  

 7 Stepper motors  

 Servo motor for gripper   

 Timing belts and pulleys   

 Shafts and couplers   

 Joint bearings and belt tensioner bearings   

 Wiring  

 SlushEngine Model D motor controller   

 Power supply   

 Bootable SD card with software required   

 3D CAD files   

 All fasteners and basic tools for assembly  

The links were 3D from the provided CAD files printed using a Stratasys Dimension 

1200es SST printer using ABS Ivory.   Unfortunately, the provided SlushEngine Model 

D motor driver did not work.  The motor driver was replaced with 7 individual motor 

drivers, five DM552T drivers, and two DM420Y drivers.  In addition, an Arduino Mega 

was used instead of the provided Raspberry Pi.   
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3.2.4.2 Control 

For this needle steering application, the magnet is attached to the end-effector of 

the 6 DOF manipulator.  Based on the information from section 3.2.3.3, it was desired to 

keep the magnet 2.5 inches away from the needle itself.  The end-effector orientation was 

defined such that it would be aligned with the desired direction of motion of the needle.  

In order to do this, a desired needle path was used as input into the system.  This path was 

discretized into closely spaced points, and the normalized vector between the needle’s 

current point and the next desired point was used to align the end-effector.  Once this 

normal direction vector has been determined, the position was determined by moving 2.5 

inches along that vector from the needle’s previous position.   

The robotic arm control algorithm took advantage of Denavit-Hartenberg (DH) 

parameters.  DH parameters provide a systematic method to define the relative position 

and orientation of consecutive links in a robotic system. (Siciliano et al., 2009).  They 

contain information about the coordinate frames of each link, the angles and lengths 

between each link.  It allows for the accurate calculation of transformation matrices along 

the chain of links, and ultimately was used for inverse kinematics calculations of this 

robotic arm. Inverse kinematics calculates the required joint angles to achieve a desired 

end-effector position and orientation which, in this project, is defined based on the needle’s 

path.  This control scheme was implemented using MATLAB and Simulink, taking 

advantage of MATLAB’s robotic systems toolbox as well as Peter Corke’s robotics 

toolbox.  Once the desired angles were calculated in Simulink, they were sent to the 

Arduino via a serial link, which is responsible for controlling the motors themselves.   
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3.3 Future Work  

There is a considerable amount of work that can be done both in the near future, but 

also in the long-term future to more entirely investigate permanent magnet needle 

steering.  Firstly, this project aims to conduct experiments using the setup described very 

soon.  There have been difficulties with the control of the robotic arm due to the 

SlushEngine Model D motor driver not working which created significant setbacks.  

However, the project is very close to being able to collect experimental data.   

Once the robot control is successful, needle trajectories must be designed to test the 

viability of the permanent magnet steering system.  It would make sense to utilize the 

same trajectories as those in Chapter 2.  This would allow for a more thorough 

understanding of the benefits of magnetic steering actuation and provide a direct 

quantitative comparison between the effectiveness of electromagnetic vs permanent 

magnet steering systems.   

There is still potential for a Halbach array inspired design to have applications in 

needle steering.  While the unstable equilibrium point conclusion is correct, the gel could 

add enough resistance to the needle in the direction perpendicular to desired motion to 

enable successful steering.  Referring to the earlier unstable equilibrium analogy, it is as 

if the air surrounding an inverted pendulum was incredibly viscous, necessitating larger 

perturbations to cause the pendulum to fall.  Regarding needle steering, taking advantage 

of this idea would require a precise understanding of the interaction forces between the 

gel and the needle.  There exists models of certain phantom and real tissue responses, but 

in order to operate within the body, all possible interaction forces would need to be 

accurately accounted for.  Khadem et al. developed a novel time-delayed tissue model 
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and a fracture mechanics-based model to model tissue reaction forces and cutting forces 

at the needle tip, respectively (2016).  The danger here is that, if the tissue-needle 

interactions are not accurately modeled, the needle would travel in an undesired direction 

and likely cause damage within the body.   

If the single magnet system were to be pursued further, it would likely be necessary to 

use a larger more powerful permanent magnet.  The main issue when considering 

permanent magnets is that the force is inversely proportional to the square of the 

distance.  This means that, as the magnet gets further away from the needle, the force 

reduces by the distance squared.  However, with a permanent magnet system, it is simple 

enough in theory to purchase magnets large enough to create the forces necessary for 

steering at any distance. While this is easy to do, there are safety concerns when working 

with a very powerful permanent magnet and those in close proximity to the system would 

need to be very careful. 

While the robotic arm used in this application does have the potential to successfully 

complete experiments, it is very weak.  There have been occurrences of slipping when the 

arm is fully extended.  There is also no feedback on the motors which makes exact 

control difficult.  In order to move closer to clinical viability, a new robotic arm would 

likely have to be constructed that is stronger and has joint feedback.   
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Chapter 4: Conclusion 

The inherent elimination of compression and torsional effects in needle shafts, 

and the demonstration of the ability to steer in tight variable radii of curvatures, along 

complex 3D paths, and through tissue-interfaces outline the benefits of magnetic needle 

steering.  These benefits make it a clear choice for further research and the success of the 

electromagnetic system justifies the work into permanent magnet needle steering.  

Although there has been no experimentation conducted with the full permanent magnet 

system, the preliminary experiment showing that the magnet can indeed pull the needle is 

promising.   

My personal conclusions are that I further believe that magnetic needle steering is 

a viable path for further investigation that could lead to clinical relevance.  Although no 

experimentation has been yet conducted for the permanent magnet system, it seems like it 

has the capabilities to successfully overcome the issues with the electromagnetic system 

while maintaining all the benefits over traditional needle steering systems.   

Working on this project has considerably affected the way I view research.  The 

value of thorough literature review cannot be overstated.  It is not uncommon that the 

answers to questions you have already exist in other’s research.  Even when the answers 

do not exist, related text may allude to potential solutions or at least speak to the 

difficulty of the problem at hand.  

 I believe that one of the most beneficial aspects I have practiced throughout this 

project is communication.  The ability to communicate effectively is what enables 

successful research.  This work was necessarily preceded by previous research on 

robotics, electricity & magnetism, needle steering, medicine, and other fields.  However, 
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it would be impossible to do if those ideas and conclusions were not communicated 

effectively.  I hope that my contributions to Magnetic Needle Steering in Soft Phantom 

Tissue, this Thesis, and my future work contribute to the eventual success of needle 

steering in clinical applications. 

I was responsible for selecting the robotic arm for this project, which ended up 

causing considerable issues.  The motor driver failed to perform successfully, and the 

company was entirely unresponsive when we tried contacting them, it is suspected that 

the company is now out of business.  Although there were no signs this might happen 

before purchasing the arm, I believe I will weight customer service and responsiveness 

more heavily when it comes to purchasing important research equipment.   
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Figure 15, S1. 

Electromagnetic coil system used to actuate magnetic needle tip.  Two cameras are used 

to track the colored tip.  The workspace cube is inserted through an access opening and 

placed at the center of the coil array.  
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Figure 16 S2. 

Block Diagram outlining the control scheme of the magnetic field generation system to 

control the needle tip  
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Table 3 S1 

Taxonomy on Needle Steering Technologies 

Research Topic Steering 
Method 

Open/Closed 
Loop 

Advancement 
System 

Accuracy 
(Presenting 

method / 
Value) 

Robotic-Assisted Needle Steering Around Anatomical 
Obstacles Using Notched Steerable Needles (15) 

Non-Magnetic Closed Human Mean 
targeting 
accuracy / 
1.2 mm 

A Flexure-Based Steerable Needle: High Curvature with 
Reduced Tissue Damage (16) 

Non-Magnetic Open Human N/A 

Evaluation of Robotic Needle Steering in ex vivo tissue 
(14) 

Non-Magnetic Closed Mechanical N/A 

Characterization of pre-curved needles for steering in tissue 
(12) 

Non-Magnetic Open  Mechanical N/A 

Design of an actively controlled steerable needle with 
tendon actuation ad FBG-based shape sensing (23) 

Non-Magnetic Closed  Mechanical Targeting 
accuracy / 
6.2±1.2 mm 
Steering 
precision / 
2.6±1.1 mm 

Experimental characterization of a biologically inspired 3D 
steering needle (21) 

Non-Magnetic Closed Mechanical RMS path 
error / 0.9 
mm 

Methods for Improving the Curvature of steerable needles 
in biological tissue (2) 

Non-Magnetic Closed  Mechanical Standard 
Deviation 
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ROC / 4.9 
mm 

Feasibility Study of Robotic Needles with a Rotational Tip-
Joint and Notch Patterns  

Non-magnetic  Closed Mechanical N/A 

Improving guidewire-mediated steerability of a 
magnetically actuated flexible microrobot 

Magnetic  Open Human Maximum 
error of tip 
alignment* 
/ 6.2 degree 

Magnetic Needle Guidance for Neurosurgery: Initial Design 
and Proof of Concept  

Magnetic Open Human N/A 

Magnetic Control of continuum devices  Magnetic  Closed  Mechanical RMS 
distance 
error / 0.42 
mm 

Magnetic Continuum Device with Variable Stiffness for 
Minimally Invasive Surgery  

Magnetic  Closed Mechanical N/A 

Vision-based 3-D control of magnetically actuated catheter 
using BigMag-An array of mobile electromagnetic coils  

Magnetic Closed Mechanical RMS 
trajectory 
error / 0.77 
mm 

A Magnetically Controlled soft microrobot steering a 
guidewire in a three-dimensional phantom vascular network  

Magnetic  Open Mechanical  Percentage 
error 
between 
experiment 
and 
simulation / 
11.5%  

Magnetic Needle Steering in Soft Phantom Tissue  Magnetic  Closed Magnetic  
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Figure 17 S3 

Illustration of the point-to-point and path following hybrid execution. 𝑃  is reached 

before 𝑃 , so the next target point is 𝑃 ; 𝑃  is not considered as a target point for this 

situation 
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Figure 18 S4 

Comparison of the forces measured during the needle characterization tests using the 

setup in Figure 4.  This includes comparisons of the needle and magnet insertion forces 
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and the steady state internal movement force for all of the 10 needles characterized in a 

stiff tissue and b soft tissue  

 

Figure 19 S5 

Visualization of potential scaled system  

Clinical Prospect for Needle Steering 

For operations in the brain, a number of requirements must be met in order to 

ensure safe operations. As outlined by Hong et al., first, an entry point must be selected 

so that the midline of the brain is not penetrated. For cosmetic reasons, the entry point 

should also be selected posterior to the hairline. For path planning, all sulci should be 

avoided because they often have small blood vessels at the base. Ventricles and large 

blood vessels should also be avoided. While investigating stimulation of subthalamic 
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nucleus, over 40 different possible paths utilizing a maximum radius of curvature of 40 

mm were found, and even more paths become possible with an increasingly small radius 

of curvature (Hong, et al., 2019).  

Although needle steering has not achieved widespread clinical use, robotic needle 

insertion is now being implemented during clinical procedures. In August 2019, Hiraki et 

al. reported the first-in-human successful implementation of robotic guided straight 

needle insertion in ten CT fluoroscopy–guided biopsies, targeting the kidney, lung, psoas 

muscle, anterior mediastinum, and the adrenal gland. In this paper, the authors report that 

the needle insertion robot offered accuracy comparable to that done manually, with the 

added benefit of reduced radiation exposure to the physician. It is relevant to note that 

potential test subjects in whom at-risk internal structures were located within 10 mm of 

the planned needle path were disqualified from participating in the surgical trial (Hiraki, 

et al., 2019). Conceptually, a scaled version of the proposed magnetic steering and 

actuation method would be able to improve upon this qualification due to improved 

achievable curvature. Additionally, Hiraki et al. cite research on traditional needle 

steering, comparing their setup to the robotic needle steering system developed by 

Shahriari et al., which utilizes a traditional beveled-tip needle steering approach 

(Shahriari, et al., 2017). This recent step for robotic needle systems proves that 

continuing research will produce clinically useful tools.  

Finally, as discussed in the introduction, the authors stress that medical 

professionals do in fact believe that needle steering will be a boon to clinical applications 
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and only 2% of the respondents to the survey did not believe that steerable needles would 

make new interventions possible (De Jong, et al., 2018). 

 

 

 

Control using the Stationary Electromagnetic System 

In order to develop a system for remote magnetic control, it is necessary to understand 

the dynamics of a magnetized body under the influence of a magnetic field and gradient. 

Torque and Force on a Magnetized Body in a Magnetic Field  

For a magnetized body like permanent magnets, the magnetic moment is rigidly 

connected to the body and has a constant magnitude. We assume the needle has magnetic 

moment of M in units A m  . 

Applied Torques  

By considering magnetic moment of a body at its center of mass, torque (N-m) acting on 

the body is as follows: 

 T = M × B (2) 

Where B is the magnetic flux density at the location of M in units T (Teslas).  The 

relation between magnetic flux density and the applied magnetic field H in units A/m is: 

 B = μ H (3) 

Where μ  =  4 ∗ π ∗ 10 T − m/A is the permeability of free space. 

Applied torque tries to align the magnetic moment with the external magnetic flux 

density. For the bodies with a uniform magnetization, it is impossible to apply torque 
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about the axis of M which limits the control to 5-DOF for such bodies. Using skew-

symmetric matrix form of M, we can write equation 2 as the following: 

 M × B = Sk(M)B (4) 

Where  

 
Sk(M) =  Sk

m
m
m

=

0 −m m

m 0 −m
m m 0

 
(5) 

m , m , and m  are the components of M in the respect to the world frame 

Applied Forces  

Applied force (N) acting on a magnetized body with magnetic moment of M is as 

follows: 

 F = (M ⋅ ∇)B (6) 

Considering the constraint of ∇ × B = 0 in the Maxwell equations for zero electrical 

current in the magnetized body, equation 6 can be expressed as: 

 
 

F =

⎣
⎢
⎢
⎢
⎢
⎢
⎡
∂B

∂x

∂B

∂x

∂B

∂z
∂B

∂y

∂B

∂y

∂B

∂y

∂B

∂z

∂B

∂z

∂B

∂z ⎦
⎥
⎥
⎥
⎥
⎥
⎤

 M =  
∂B

∂x
   

∂B

∂y
   

∂β

∂z
M 

(7) 

Magnetic Control of a Magnetized Body  

By having a fixed configuration of electromagnets, it is possible to compute the magnetic 

flux density that each electromagnet can generate throughout the workspace. For any 

given point P in the workspace, the flux density generated by the e  electromagnet 

carrying i  current can be expressed by the vector B (P). The magnetic flux density of 
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each electromagnet is linearly dependent to the electrical current that goes through it. By 

defining a unit-current magnetic flux density vector as B (P) with units of T/A. By 

measuring the electrical current and having the unit-current magnetic flux density vector 

of the e th electromagnet, its magnetic flux density can be calculated using the following 

relation: 

 B (P) = B (P)i  (8) 

By staying in linear magnetization region of the electromagnetic coils we can assume that 

the magnetic flux density at a given point in the workspace is a linear summation of each 

electromagnet’s magnetic flux density: 

 
B(P) = B (P) =  B (P)i  

(9) 

Equation (9) can be expressed in matrix form: 

 
B(P) = B (P) … B (P)

i
⋮

i
 =  β(P)I 

(10) 

where I is the n × 1 array containing the current for each electromagnetic coil and β(P) is 

a 3 × n matrix containing the unit-current flux density of each coil in point P. For 

generating the matrix β(P), the unit-current magnetic flux densities were measured on a 

grid of points in the workspace and then for any given point the matrix was obtained by 

interpolation. Similar to magnetic flux density, the derivative of the magnetic flux density 

for a given position P in the fixed frame of workspace can be expressed as follows: 

 ∂B(P)

∂x
=

∂B (P)

∂x
⋯

∂B (P)

∂x

i
⋮

i
 = β (P)I 

(11) 
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∂B(P)

∂y
=

∂B (P)

∂y
⋯

∂B (P)

∂y

i
⋮

i
 = β (P)I 

∂B(P)

∂z
=

∂B (P)

∂z
⋯

∂B (P)

∂z

i
⋮

i
 = β (P)I 

Similar to the magnetic flux density, 3×n matrices for unit-current gradient (β  (P), β  (P) 

and β  (P)) can be calculated using an interpolation between the pre-obtained unit-current 

gradient on a grid of points. Using equations (2) and (6) Magnetic torque and force on a 

magnetized body at point P can be expressed as: 

 

T
F

=

⎣
⎢
⎢
⎢
⎡
Sk(M)β(P)

M β (P)

M β (P)

M β (P) ⎦
⎥
⎥
⎥
⎤ i

⋮
i

 = A , (M, P)I 

(12) 

A , (M, P) is a 6×n matrix relates the electrical currents of n electromagnets to the torque 

and force applied at the point P on a magnetized body of M magnetization. To find the 

required currents in electromagnets to achieve a desired set of torque and force, 

pseudoinverse of A , (M, P) can be used: 

 
I = A , (M, P)

T
F

 (13) 

To find the pseudoinverse of A , (M, P), singular value decomposition is used. A =

UΣV , where Σ is the 6×n the singular value matrix, U is the 6×6 orthonormal matrix 

which its columns are output singular vectors, and V is the n×n orthonormal matrix which 

columns are input singular vectors. Using this method the pseudoinverse will be A =

VΣ U . 

Magnetic Control of Magnetized Body in Fluids  
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In fluids, a magnetized body gets aligned with the magnetic flux density since there is not 

much resistance from the environment on it’s rotation. In such cases, the control can be 

modified and instead of torque, magnetic flux density can be used for defining the desired 

orientation: 

 

B
F

=

⎣
⎢
⎢
⎢
⎡

β(P)

M β (P)

M β (P)

M β (P)⎦
⎥
⎥
⎥
⎤ i

⋮
i

 = A , (M, P)I 

(14) 

And then the current is calculated as:  

 
I = A , (M, P)

B
F

 (15) 

 

 

 

 


