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Abstract 

While endoscopic approaches offer advantages over open surgeries, they still suffer from 

numerous limitations. One of the biggest challenges is related to device miniaturization and access 

to deeper anatomy. The research presented here investigates methods for enhancing endoscopic 

technologies using Soft Magnetic Manipulators (SMMs), enabling the needed miniaturization 

through magnetic actuation. We explore a novel technique to mitigate torsional behavior in 

unstable actuation scenarios through a monolithic double helix reinforcement. Then, we 

investigate methods for simultaneously actuating two SMMs within a single anatomical and 

magnetic workspace. The first method entails employing the double helix reinforcement in 

conjunction with a specific magnetization profile of the SMMs to enable independent actuation of 

both. The second method involves applying local gradient fields, maintaining homogeneity in 

mechanical and magnetic designs between the agents. Cross-talk, cross activation and available 

area for each manipulator were experimentally evaluated for both methods. Clinical applicability 

of the proposed system was shown in a brain phantom, mimicking laser ablation of a lesion in a 

pituitary fossa. Evaluation of laser tip position showed the average positional error of 0.13 mm.  

Furthermore, the double helix reinforcement is extensively examined in a characterization study. 

Nine prototypes with varied design parameters are compared to identify the ones that correspond 

to the most optimal response to unstable actuation cases. 

Lastly, another critical aspect addressed in this thesis revolves around overcoming the challenge 

of ensuring the stability of the soft body of a continuum magnetic manipulator during clinical 
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procedures. To address this, the SMM was engineered with an integrated pneumatic chamber that, 

when inflated, anchors within the anatomy, providing essential stability for procedures requiring 

precise control or payload at the tip. Our findings reveal that the anchored SMM exhibited a 

73.26% increase in accuracy when drawing a circle with its tip compared to an unanchored SMM, 

showing promise to be used in clinical environments for precise control of an endoscopic tool. 
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Chapter 1 Introduction 

1.1 Motivation 

Reducing the invasiveness of surgical procedures has been a longstanding goal for researchers. 

The field of surgical technologies has witnessed numerous innovations, ranging from novel tools 

and materials to advanced surgical techniques and robotic solutions, driving significant progress 

in recent years [1]. Among these innovations, soft magnetic robots offer significant advantages 

over the surgical tools currently in use. The elastic modulus close to that of soft tissues makes them 

a great candidate for minimally invasive or endoluminal approaches [2]. This is especially 

important when navigating in delicate or fragile anatomy, such as brain, vasculature or tissues 

affected by disease. The potential for extreme miniaturization enabled through magnetic actuation 

has opened doors for expanding use of soft robots to deeper anatomy.  

 

Even though many significant advancements have been made in the field in recent years, the 

technology still presents itself with plenty of challenges that need to be solved before it can be 

implemented in surgical scenarios [3]. Due to their cylindrical shape and material compliance, they 

suffer from instability in complex navigation scenarios, where magnetization direction create an 

obtuse angle with external field direction [4]. Additionally, the majority of research on magnetic 

continuum devices focuses on their navigation methods and not many explore how to implement 

surgical functionality to the devices, upon arrival at a target. This is a crucial area to be explored 

and tested before SMMs can be implemented in real-life surgical scenarios as manipulators. One 

of the challenges in terms of functionalizing SMMs for surgery is the requirement for multiple 
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tools. In many surgical scenarios, there are numerous tools or scopes used at the same time or 

alternately. This means, there is a need for developing methods of actuating multiple SMMs 

independently and collaboratively. This is challenging with magnetic actuation due to multiple 

tools responding simultaneously to magnetic field changes in the environment. Local field 

application with currently used magnetic field generating systems is either impossible or very 

challenging to achieve. Therefore, implementing more than one SMM in magnetic workspace 

remains an open challenge.  

Moreover, another challenge that must be overcome before SMMs can be applied in practical 

applications is ensuring stability to perform surgical tasks effectively. Due to the high compliance 

of elastomeric bodies, they require stiffening or anchoring to execute precise tasks or those that 

necessitate force transmission at the tip. To tackle this challenge the last part of this thesis 

investigates utilization of an anchoring mechanism that stabilizes the SMM for precise task 

execution. 

 

The motivation behind the work detailed in this thesis stemmed from the clinical necessity of 

enhancing endoscopic tools in terms of their maneuverability and interactions with tissue. With 

the long-term goal in mind of miniaturizing endoscopic devices for deep access to the anatomy, 

this thesis explores methods utilizing magnetic actuation of soft robots. The content presented in 

this dissertation is anticipated to bridge the gap between research on soft endoscopic robots and 

their real-life applications. 
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1.2 Contributions 

Based on highlighted scientific and clinical motivations, this thesis presents methods that enable 

functionalization of SMMs and which in long term would facilitate the transition of SMMs into 

clinical practice. In particular, the work presented in this thesis is aimed to answer following 

research objectives: 

1. To develop a method for reducing torsional behaviour in unstable scenarios in SMM 

actuation, where vector of magnetic field direction creates an obtuse angle with the SMM 

magnetization direction. 

2. To develop methods facilitating independent actuation of two SMMs in one magnetic and 

anatomical workspace. 

3. To develop a stabilisation mechanism for SMMs, providing magnetic tip independence 

and stability during actuation. 

 

The content of this thesis, along with the scientific groundwork that led to its developments, 

has been published in peer-reviewed journal articles, conference presentations and patent 

applications: 

Mechanical Reinforcement towards Fully Soft Magnetic Endoscopic Endonasal Surgical 

Manipulators 2021 CRAS, Z Koszowska, G Pittiglio, J Chandler, M Brockdorff, P Valdastri 
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Mechanical Reinforcement towards Fully Soft Magnetic Endoscopic Endonasal Surgical 

Manipulators 2022 Hamlyn Symposium Z Koszowska, G Pittiglio, J Chandler, M Brockdorff, 

P Valdastri 

 

Guidelines for robotic flexible endoscopy at the time of COVID-19, 2021, Frontiers in 

Robotics and AI, O Onaizah, Z Koszowska, C Winters, V Subramanian, D Jayne, A Arezzo, 

K L Obstein, P Valdastri 

https://doi.org/10.3389/frobt.2021.612852 

 

Feasibility of Fiber Reinforcement Within Magnetically Actuated Soft Continuum Robots 

2021, Frontiers in Robotics and AI; P Lloyd, Z Koszowska, M Di Lecce, O Onaizah, J H 

Chandler, P Valdastri 

https://doi.org/10.3389/frobt.2021.715662 

 

Personalized Magnetic Tentacles for Targeted Photothermal Cancer Therapy in Peripheral 

Lungs, Nature Communications Engineering; G Pittiglio, J H Chandler, T da Veiga, Z 

Koszowska, M Brockdorff, P Lloyd, K L Barry, R A Harris, J McLaughlan, C Pompili, P 

Valdastri 

https://doi.org/10.1038/s44172-023-00098-9 

 

Independently Actuated Soft Magnetic Manipulators for Bimanual Operations in Confined 

Anatomical Cavities, Z Koszowska, M Brockdorff, T da Veiga, G Pittiglio, P Lloyd, T Khan-

White, R A Harris, J W Moor, J H Chandler, and  P Valdastri,  Adv. Intell. Syst., 6: 2300062.  



   

  

 5 

https://doi.org/10.1002/aisy.202300062 

 

Selective Geometric Modification for Independent Actuation of Multiple Soft Magnetic 

Manipulators," Z Koszowska, A Bacchetti, P Lloyd, G Pittiglio, J H Chandler and P Valdastri, 

2023 IEEE International Conference on Robotics and Biomimetics (ROBIO), Koh Samui, 

Thailand, 2023, pp. 1-6,  

doi: 10.1109/ROBIO58561.2023.10354735 

Magnetic Shape-Forming Surgical Continuum Manipulator 2023, US patent, P Valdastri, 

J H Chandler, G Pittiglio, P R Lloyd, T G Da Veiga, Z M Koszowska, O Onaizah, R A Harris, 

H E Owston, S J Russell 

 

  

https://doi.org/10.1002/aisy.202300062
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1.3 Thesis structure 

This thesis is structured as follows: 

Chapter 2: State of the art 

This chapter starts with a brief history of endoscopic procedures and is followed by highlighting 

current challenges in endoscopy. It includes literature review on soft robotics for endoscopic 

applications. 

 

Chapter 3: SMM Fabrication 

This chapter covers fabrication methods for SMMs that I developed during my PhD. The methods 

include molding techniques, preparation of magnetic elastomer, as well as assembly of the SMMs 

with functional components, such as cameras and fibers.  

Some of the techniques presented in this chapter were published as a part of the following 

publications: 

Feasibility of Fiber Reinforcement Within Magnetically Actuated Soft Continuum Robots 

2021, Frontiers in Robotics and AI; P. Lloyd, Z. Koszowska, M. Di Lecce, O. Onaizah, J. 

H. Chandler, P. Valdastri 

 

Personalized Magnetic Tentacles for Targeted Photothermal Cancer Therapy in Peripheral 

Lungs, Nature Communications Engineering; G. Pittiglio, J. H. Chandler, T. da Veiga, Z. 

Koszowska, M. Brockdorff, P. Lloyd, K. L. Barry, R. A. Harris, J. McLaughlan, C. 

Pompili, P. Valdastri 
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The fabrication, designs, and assembly techniques presented in this chapter were background work 

for further developments presented in my first-author publications in Chapters 4-6. 

 

Chapter 4: Independent SMM actuation 

This chapter presents a novel approach to SMM design. The double helix reinforcement reduces 

torsional behavior of the manipulator in unstable actuation scenarios, at the same time facilitating 

independent actuation of two SMMs in one workspace. This is achieved through heterogeneity of 

the two SMMs, in terms of their magnetic and mechanical designs. An alternative solution for 

independently actuating the SMMs is also presented, by the means of local magnetic gradient 

application, enabling independent control of two magnetically homogenous agents in one magnetic 

workspace. The designs are thoroughly tested in terms of their available workspace under magnetic 

actuation. The system is then demonstrated in a brain phantom, mimicking ablation of a pituitary 

lesion.  

 

Chapter source: Independently Actuated Soft Magnetic Manipulators for Bimanual Operations 

in Confined Anatomical Cavities, Z Koszowska, M Brockdorff, T da Veiga, G Pittiglio, P Lloyd, 

T Khan-White, R A Harris, J W Moor, J H Chandler, and  P Valdastri,  Adv. Intell. Syst., 6: 

2300062.  

https://doi.org/10.1002/aisy.202300062 

 

Chapter 5: Experimental Optimization of a Double-Helix Reinforcement  

This chapter explores in detail, designs presented in Chapter 4. Through experimental process, 

critical design parameters are varied and the prototypes are tested under magnetic field conditions 

https://doi.org/10.1002/aisy.202300062
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to find most optimal behavior desired for independent control. The designs with most optimal 

features are then tested under magnetic field, showcasing independent actuation of two and three 

manipulators in one workspace. The chosen designs are also tested for their capability of bending 

with a loaded tip. 

 

Chapter source: Selective Geometric Modification for Independent Actuation of Multiple Soft 

Magnetic Manipulators," Z Koszowska, A Bacchetti, P Lloyd, G Pittiglio, J H Chandler and P 

Valdastri, 2023 IEEE International Conference on Robotics and Biomimetics (ROBIO), Koh 

Samui, Thailand, 2023, pp. 1-6,  

doi: 10.1109/ROBIO58561.2023.10354735 

 

Chapter 6: SMM Anchoring for Stability 

This chapter focuses on improving the stability of the SMM’s tip during endoscopic procedures. 

The SMM is designed with an on-board pneumatic chamber, which upon inflation, anchors in the 

anatomy and facilitates precise actuation of the functional tip. The design is evaluated for its 

anchoring strength in anatomically accurate lumen phantoms. Additionally, tip manipulation 

stability, both with and without the anchoring system activated, is assessed by measuring the 

SMM's ability to trace a parametric circle using an integrated laser fiber. The system's effectiveness 

is further illustrated in a case study involving a brain phantom, where the prototype equipped with 

a laser fiber was navigated through a brain fold. 
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Chapter source: A Pneumatic Anchoring Mechanism for Improved Stability in Soft Magnetic 

Manipulators for Surgery; Z Koszowska, M Brockdorff, P R Lloyd, J H Chandler and P Valdastri; 

2024, Manuscript submitted to Robosoft, IEEE 

 

Chapter 7 - Discussions and Future Directions 

This chapter summarizes and discusses research presented in this thesis. Limitations of the work 

are discussed in detail, as well as future work that should be conducted further based on this thesis.  
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Chapter 2 State of the art 

2.1 Endoscopic procedures and current challenges 

A significant breakthrough in medicine emerged in 1953 with the invention of the first flexible 

endoscope, a pivotal development that transformed medical practice and facilitated its widespread 

adoption [5]. Initially resembling rigid tubes, over time, endoscopes evolved into slender, thinner 

devices with tool channels for interventions within the body. This evolution greatly contributed to 

understanding many conditions better, improving diagnosis rates, and enabling localized treatment 

in previously challenging areas. Endoscopy's benefits lie in its minimally invasive nature, which 

leads to less pain, shorter recovery times, reduced risk of complications, and minimal scarring 

compared to traditional open surgeries [6]. Additionally, endoscopy enables direct visualization of 

internal organs, allowing healthcare providers to obtain accurate diagnoses and perform targeted 

treatments such as biopsies, removal of abnormal tissues, and insertion of stents or drainage tubes 

[7]. Overall, endoscopy plays a crucial role in modern medicine by facilitating early detection, 

diagnosis, and treatment of various medical conditions while prioritizing patient comfort and 

safety. 

Nowadays, endoscopy is widely utilized for both diagnostic and interventional purposes across 

various medical specialties, including gastroenterology, pulmonology, urology, gynecology, and 

otolaryngology. Despite its widespread application, there remain numerous conditions within the 

human body where endoscopic access is not feasible due to the required depth and narrow lumen 

size that the device needs to travel through to reach the affected area [6]. In such instances, 

procedures are typically conducted through open approaches or laparoscopic surgeries, both of 

which may entail damage to healthy tissue to access the surgical site. 
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Accessibility to currently challenging anatomical regions for diagnostic and therapeutic purposes 

presents a significant opportunity for enhancing patient recovery times, given the absence of 

collateral damage to healthy tissue.  

Consequently, downsizing the dimensions of existing endoscopic instrumentation holds promise 

for facilitating a broader range of minimally invasive procedures, particularly in anatomical areas 

currently calling for open surgical approaches or where localized treatment remains unfeasible. 

Another crucial point in advancing endoscopic interventions is interaction of the tools with healthy 

tissue that surrounds the affected area. Improved delicacy of the device-tissue interaction could 

greatly reduce trauma during endoscopic navigation and combined with miniaturization, it could 

significantly affect patient’s comfort and pain levels during the procedure, as well as post-

procedure.  

Nevertheless, the need for downsizing and enhancing the safety profile of endoscopic tools 

introduces numerous technological hurdles, necessitating the exploration of novel solutions in 

actuation mechanisms and manufacturing methodologies [8].  
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Figure 1.1. Examples of robotic solutions in medical practice. A. Ion platform by Intuitive Surgical B. Da Vinci by 

Intuitive Surgical. C and D. Monarch by J&J MedTech. 

 

There are solutions on the market offering improved tool control and accuracy through robotic 

platforms, such as released in the early 2000s Da Vinci Surgical System (Intuitive Surgical, Inc., 

Sunnyvale, CA, USA). Since then, numerous companies specializing in surgical tools have 

introduced new robotic-assisted systems [9]. Notable examples that improved endoscopic 

procedures with robotic control is an Ion Platform for bronchoscopy by Intuitive Surgical and 

Monarch platform by J&J MedTech (Auris Health, Inc.,Redwood City, CA, USA) (Figure 1.1).  

Endovascular interventions, which are also one of the most challenging procedures in terms of the 

importance of accuracy, have been recently presented with some robotic solutions such as with 

CorPath GRX and Navion and NanoFlex Robotics. 
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2.2 Soft Robots for Medical Applications 

An alternative to tendon driven approaches, used in standard endoscopes, are soft elastomeric 

robots. The common actuation mechanisms involve pneumatics and hydraulics, where elastomeric 

chambers deform in a predesigned fashion by filling them out with pressurized air [10], [11], [12] 

or fluid [13], [14], [15], [16].  

Due to ease of design and fabrication, those type of actuators quickly became popular in the 

scientific community for various applications like in gripper design, food handling and medical 

applications [17], [18].  

Functional application of soft robots in endoscopy would require the tip to be fully operational in 

multiple DoF. This is a significant limitation in pneumatic and hydraulic soft robots since each 

DoF is supplied by a separate air/fluid connection. Additionally, hydraulically driven soft robots, 

even though more robust in control than pneumatic robots, are heavier due to the fluid flowing 

through the chambers. Both mechanisms also suffer from risks of puncture, introducing potential 

harm through gas leak or pressurised jets of fluid.  

Pneumatic devices designed for endoscopic applications are usually made in centimetre scale, for 

example 10 mm in diameter as in[19], 13 mm  in [20], or 14 mm in [21] and due to their size they 

are mainly suitable for limited applications in the gastrointestinal tract. There are smaller devices, 

such as 7 mm in diameter [22],  intended for bronchoscopic procedures, but they provide only 

shallow access to the anatomy. Scaling these devices down for broader endoscopic use poses 

significant fabrication challenges. As pneumatic chambers get smaller, they become increasingly 

sensitive to variations in wall thickness, making it difficult to accurately predict their response to 

input pressure at smaller scales [23]. 
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Some research groups have explored smaller scale soft robots that are pneumatically actuated, such 

as [10], [23], presenting designs with diameters of 2.4 mm and 2.5 mm respectively. Although 

these robotic systems have shown success in performing biopsies in phantoms, their limited 

maneuverability due to having only 1 Degree of Freedom (DoF) remains a significant drawback. 

A manipulator with 1 DoF can only move along a single axis, which restricts its ability to make 

complex movements. This limitation makes it unsuitable for tasks requiring complex 

manipulation, such as those in endoscopic procedures, where precise and flexible control in 

multiple planes is often necessary.  

Apart from scaling challenges, the field of soft robotics still faces multiple limitations that need to 

be addressed before they can be transferred to utilisation in a human body. For applications in 

interventional endoscopy, apart from carrying a camera on board for diagnosis, an important 

feature is a tool channel that delivers tools to the site.  

It is intuitive that soft robots are well-suited for endoscopic navigation due to their gentle 

interaction with tissues and minimized forces if any contact occurs. This however, being a benefit 

while navigating in the tortuous lumens, could present itself as a disadvantage in cases where 

procedure requires localized and accurate tip control. Therefore, endoscopic intervention such as 

biopsy, injection or tissue manipulation brings an inevitable challenge of buckling. The 

elastomeric body deforms under contact force at the tip, which can often overcome its overall 

stability. Addressing this challenge in soft robotics has led to numerous efforts aimed at stiffening 

soft robots on demand [24]. One of the methods involves utilization of Shape Memory Alloy  

(SMA), which under exposure to heat changes its young’s modulus [25]. Presented structure 

stiffened 66 times upon heating, however this method poses challenges related to applying such 
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high temperatures (80 ˚C) in the human body. Similarly, utilization of low melting point alloys 

(LMPA) can help with modulating stiffness of a soft device e.g. as in [26], [27]. 

Other popular methods also include layer/fiber jamming [28], [29] and 3D printed structures such 

as chain mail embedded in the soft body [30], [31]. All above methods work under similar principle 

of stiffening through the compression/jamming of embedded elements when subjected to negative 

pressure. The utilization of jamming mechanisms has been primarily practiced in larger soft robots, 

typically at centimeter scales, and may not consistently yield comparable levels of stiffening when 

applied to devices at millimeter scale. Additionally due to difficulties in fabrication, 

miniaturization of popular stiffening approaches can be challenging, e.g. implementing sheet 

layers or chainmail would require precise manufacturing techniques. 
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2.3 Magnetically Actuated Soft Devices 

The solution to miniaturising actuation components of soft robots could be utilisation of smart 

materials. These stimuli-responsive materials can induce shape deformation under external 

actuation trigger such as magnetic field, pH gradient, ultrasonication or temperature [32]. The 

significant advantage of such materials is in miniaturization potential, since they often eliminate 

the need for onboard actuation components such as motors, wires, pressure connections or tubing. 

An example of smart material that can be applied in medical devices is in magnetic elastomers, 

where addition of magnetic particles to an elastomeric matrix makes them responsive to external 

magnetic fields [33]. This material moulded into the shape of e.g. catheter can function as a soft 

robot in the body, when actuated with external source of magnetic field [34]. 

The precursors to soft robots with magnetic particles were devices with permanent magnets 

embedded in a device. Notable examples in endoscopy are tethered capsules endoscopes [35], [36], 

[37], [38] that are able to be pulled through anatomy with magnetic fields generated by a magnet 

manipulated outside of the body. Similarly, there are continuum devices, resembling endoscopes, 

with embedded permanent magnets, usually at its tip [27], [39], [40]. More recent advances also 

include devices with multiple permanent magnets with opposite magnetization directions, which 

leads to larger and more complex deformations than continuum devices with one magnet [41].  
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Figure 1.2. Examples of magnetic devices for medical applications. A. Magnetic Flexible Endoscope [35], ©[2019] 

IEEE. B. Magnetic catheter with opposite magnetization [42], ©[2022] IEEE. C and E. Magnetic soft manipulators 

with 3D magnetization profiles [43], [44]. D. Magnetic soft manipulator with an axial magnetization [45]. 

 

Devices with permanent magnets proved successful in some medical navigations and their major 

advantage is high magnetic moment, provided by a dense magnet. However, they are difficult to 
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miniaturize further and embedding a magnet accurately in a soft elastomeric body is challenging 

at the scale in question [46]. Using magnetic micro particles as a magnetic element can facilitate 

the needed miniaturization. Soft robots with embedded magnetic particles can be fabricated by 

adapting well-established fabrication techniques in soft robotics, such as injection molding, by 

incorporating magnetic elements into the liquid phase of the silicone thermoset [34]. Due to the 

lack of chambers, wiring and tubing, they can be produced in micro-scale, as opposed to their 

pneumatic or hydraulic precursors. 

Magnetic theory 

Magnetically actuated devices work under the principle of generating torques and forces through 

externally applied magnetic fields and gradients on the magnetized body. The internal magnetic 

element in the device, (either a permanent magnet or a network of magnetic micro or nano 

particles) is rotating to find a minimum energy state under exposure the external magnetic field 

[47]. This in result creates a torque, leading to deformation. A magnetic element with 

magnetization µ is subject to magnetic force f and torque , under an applied field 𝑩 respectively 

as 

𝒇(𝒑) = 𝛁 (𝝁 ∙ 𝑩(𝒑)) 

(2.1) 

𝝉(𝒑) = 𝝁 × 𝑩(𝒑) 

 (2.2) 

At position 𝒑 ∈ 𝑅3 in space, where 𝒑 is the point the magnetic workspace where the magnetic field 

is aimed at, known as the focal point. Lower case bold letters represent vectors (e.g., 𝒗 =

[𝑣𝑥 𝑣𝑦 𝑣𝑧]
𝑇
) and the gradient operator ∇ represents partial derivatives in each of the three basis 

directions in the form ∇ = [
𝜕

𝜕𝑥
  

𝜕

𝜕𝑦
  

𝜕

𝜕𝑧
 ]

𝑇

. Magnetic gradients allow for the generation of force, 
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while magnetic field misalignments generate torques on a magnetic element. Considering a 

workspace with 𝑥, 𝑦 and 𝑧 axes, equations (2.1) and (2.2) could be further expanded as 

𝒇(𝒑) = [

𝑓𝑥
𝑓𝑦
𝑓𝑧

] = [

𝜇𝑥

0
−𝜇𝑧 

𝜇𝑦 

𝜇𝑥

0 
 

𝜇𝑧

0
𝜇𝑥 

0
   𝜇𝑦 

−𝜇𝑧 

0
𝜇𝑧

 𝜇𝑦  
]

[
 
 
 
 
 
 
 
 
 
 
𝜕𝐵𝑥(𝒑)

𝜕𝑥
𝜕𝐵𝑥(𝒑)

𝜕𝑦
𝜕𝐵𝑥(𝒑)

𝜕𝑧
𝜕𝐵𝑦(𝒑)

𝜕𝑦
𝜕𝐵𝑦(𝒑)

𝜕𝑧 ]
 
 
 
 
 
 
 
 
 
 

 

            (2.3) 

 

𝝉(𝒑) = [

𝜏𝑥

𝜏𝑦

𝜏𝑧

] = [

0 −𝜇𝑧 𝜇𝑦

𝜇𝑧 0 −𝜇𝑥

−𝜇𝑦 𝜇𝑥 0
] [

𝐵𝑥(𝒑)
𝐵𝑦(𝒑)

𝐵𝑧(𝒑)

] 

            (2.4) 

Magnetic actuation through the use of two external permanent magnets, such as the dEPM platform 

[48], allows for individual control of magnetically induced forces and torques on magnetic objects. 

Pittiglio et al. [48] showed how the dEPM platform could be used to independently control the 

wrench of a magnetic object. This was done by using homogenous fields to control the torque and 

linear gradients to control the forces. Chapter 4 proposes a further alternative method to generate 

magnetic torques in addition to using homogenous fields. 

 

Magnetization 

In elastomeric devices with a network of hard magnetic particles, the magnetization direction can 

be assigned by applying an impulse magnetic field on the cured device. The impulse field causes 

the particles to rotate in its direction, leading to permanent (or semi-permanent) magnetization µ. 

First SMMs were fabricated with the magnetic profile assigned axially (along the long axis of the 
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SMM body) [34], [49], [50]. Fabrication of these devices does not require complex machinery nor 

advanced skills and can be actuated with magnetic field or gradients generated by one external 

permanent magnet such as in [49], [50]. They are suitable for relatively simple navigation 

scenarios requiring low bending angles. However, in cases where reaching the target involves 

navigating through a tortuous pathway or interaction with extremely fragile tissue, different 

approaches have been proposed. They involve more sophisticated methods in terms of SMM 

design as well as pre-planning the specific magnetic fields to apply which will lead to desired 

behavior. This method can provide complex deformations and sharp bending angles of the device, 

which are more suitable for convoluted paths. The principle involves magnetizing the SMM in 

different directions (in 3D) along its length, creating sections with varying magnetization vectors 

µ.  

Due to the particles rotating with the direction of the external field, torque is created, leading to 

deformation. This can be especially useful in medical applications, where basing on a specific 

anatomy of a patient, e.g. bronchi as in [51], the magnetic profile can be pre-programmed into the 

SMM body. This, combined with a series of calculated magnetic field conditions [52] causes the 

SMM to shape form into the desired path. This in result minimizes contact with tissues during the 

navigation, leading to reduced tissue trauma [44]. 

In complex cases, an obtuse angle between the device's magnetization vector and the applied 

magnetic field can cause the SMM to twist around its main axis, rather than producing the desired 

bending. While careful pre-planning can help prevent this, it is not always feasible. This issue may 

also arise during transitional fields, such as when permanent magnets on robotic arms (as in dEPM 

platform [44]) switch positions to generate a sequence of fields. During these transitions, fields 

may form angles greater than 90 degrees with the SMM, leading to unintended torsional responses 
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where the SMM twists along its longitudinal axis instead of bending, as illustrated in Figures 

1.3A.A and 1.3A.B. This effect can be mitigated by imposing constraints on the magnetization 

profile and/or actuating fields, or by introducing anisotropic stiffness. For instance, as 

demonstrated in [46] this can be achieved by incorporating two helical fibers into a 6 mm robot 

design (Figure 1.3A), or as illustrated in [4], by embedding a braid into a 2 mm robot design 

(Figure 1.3B). These methods however make the robots challenging to miniaturize, therefore there 

is still a need to explore techniques of torsion reduction in SMMs that can be miniaturized and 

fabricated in a repeatable manner. 

 

Figure 1.3A. Cases of magnetic instability and solutions. Fiber reinforced magnetic manipulator. Reproduced form 

[46] : (A) Magnets in free space subject to a homogeneous actuating field [−Bx 0 0] (turquoise arrows) and with 
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magnetization [mx 0 mz] (purple arrows). As actuation lies in the x-z plane, theoretically, torque acts only about the 

y axis (yellow arrows) and is zero in the unstable equilibrium position. In practice, due to the inverted pendulum 

instability, torque exists about both z (green arrows) and y axes. Unstable modes of actuation also produce magnetic 

torque which increases with deflection. (B) Once embedded in a CM these unstable torques translate as both 

bending and twisting deformations. (C) Photographs from experimental actuation; the unreinforced sample on the 

left succumbs to the twisting instability about the z-axis. The reinforced sample on the right constrains the unstable 

twisting mode of actuation resulting in larger magnetic torque in the desired, bending, mode of deflection. 1.3B. 

Braid reinforced magnetic manipulator and its deformation under magnetic field, in comparison to un-reinforced 

magnetic manipulator [4], ©[2022] IEEE. 

 

There is an alternative magnetization strategy where instead of applying a large in magnitude 

impulse field on a set elastomer, the network of particles is arranged in a pattern while in liquid 

phase. This has been first widely explored for magnetic composites utilized for their 

magnetorheological properties such as in damping mechanisms at large scales, by simply curing 

samples next to a permanent magnet [53], [54]. Some researchers use curing in the presence of 

magnetic field to fabricate magnetic robots accurately and in a repeatable manner. For example in 

[55], [56], SLA techniques are adapted to cure resins with embedded magnetic particles. The 

structures can be magnetized pixel by pixel by maneuvering a permanent magnet beneath a 

reservoir of magnetic uncured material. Within the liquid resin, the particles are free to move, 

forming chains aligned with the magnetic field induced by the permanent magnet. Subsequently, 

the material is solidified using UV light. These methods enable creating soft devices with complex 

magnetic profiles. 
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Figure 1.4. A. SLA adapted method of manufacturing soft magnetic structures with 3D magnetic profiles in a layered 

fashion  [55]. B. 3D printing of soft magnetic structures using nozzle based printing [43]. 

It is worth mentioning that there are multiple research groups focusing on magnetically actuated 

micro-robots such [56], [57], [58], [59], [60], [61]. They have been explored in terms of medical 

applications, and even though the type and size of magnetic element and medical application itself, 

is often different to those in SMMs, some techniques used in micro robotic research can be 

applicable to larger scales. For instance, the only research thus far on actuating multiple magnetic 

agents in one workspace was explored in the field of micro robots [62], [63] (more in the following 

section 2.4). 

2.4 Functionalizing SMMs for Clinical Applications 

Obvious advantages of magnetic actuation are possibilities of extreme miniaturization and lack of 

additional driving components on board. However, there are drawbacks when it comes to 

translating magnetically actuated endoscopes into clinical practice. A major challenge is 

expanding use of one endoscope to multiple endoscopes/tools at once in one anatomical 

workspace. Most of interventional endoscopy scenarios require usage of multiple tools in either 

collaborative manner or one by one. Common procedures include tissue manipulation with 

forceps, acquiring samples for biopsy (with a needle or grippers), and tissue ablation [9]. All these 
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tasks require ability to actuate the scope in multiple DoFs that can be accurately controlled. Apart 

from the functional tools, there is also often a requirement for a camera that can visualise the 

operating site. In flexible endoscopy the camera is mounted at the tip, while the functional tools 

are passed through a channel. In multi-tool endoscopic procedures such as endonasal endoscopy, 

cameras are often mounted on a rigid scope. This is due to surgeons often being occupied with 

manipulating various tools such as forceps, drills, or laser sources during procedures. 

Consequently, it is advantageous to incorporate a fixed camera within the workspace, eliminating 

the need for additional user’s attention to manipulate an extra tool. However, this setup 

significantly restricts the accessible area during surgery, particularly if the lesion is positioned 

beyond the camera's field of view. Although pre-bent rigid scopes are available, they do not 

substantially enhance outcomes because the camera angle remains fixed, necessitating the 

replacement of scopes with varying pre-bent angles to adjust the field of view during the procedure. 

This can be a major challenge, depending on a specific surgery. In cases where a lesion is not 

located in a straight path from the camera view, the procedure becomes extremely challenging and 

often, only partial treatment can be applied to a lesion or none at all. This results in patients 

requiring revision surgeries with open approaches or pharmaceutical treatments in case of cancer. 

In both cases, of flexible and multi-tool endoscopy, several tools are being operated in one 

workspace. This is an important requirement to keep in mind when designing novel and 

miniaturized endoscopic tools. 

 

Considerations for multiple magnetic tools 

Multi-agent magnetic control was investigated at the micro-scale for control of untethered mobile 

micro-robots, swimmers and spheres. The proposed methods leverage differences in 
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geometry[64], [65], [66], [67], [68] or magnetism[63], [69] among the agents, as well as 

interactions between their magnetic fields[62], [70], to produce varied behaviors under a uniform 

magnetic field. Additionally, sophisticated magnetic control systems, including arrays of 

electromagnetic coils [71], are employed to create non-uniform magnetic fields [72] or to achieve 

independent actuation of multiple magnetic degrees of freedom (DoFs) [73], [74]. The research in 

this field has primarily investigated the behavior of untethered micro-scale robots operating in a 

fluid environment. 

 

Considering two magnetic SMMs in one workspace that are identical (magnetically and 

mechanically), application of uniform magnetic field will cause them to deform in the same 

direction. Intuitive solution is to magnetize the two SMMs in a manner such that only one SMM 

can respond, basing on magnetic heterogeneity previously explored in micro-robotics. In SMMs 

this method can work for only one bending primitive, however it is not suitable where high 

manoeuvrability and bending in multi-DoF is required, such as endoscopic applications. 

Additionally, unstable actuation scenarios are likely to occur in multi-DoF actuation cases. The 

issue of independent control of continuum SMMs within a confined workspace still remains an 

open challenge. 
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Chapter 3 SMM Fabrication 

3.1 Fabrication techniques 

As described in Section 2.3, SMMs are composed of elastomeric base material mixed with 

magnetic component creating a smart magnetic material. 

This section provides a description of methods utilized during my PhD for various SMMs designs, 

including details on mould design, techniques and assembly with functional components. 

Processes presented in this section contributed to the development of techniques further presented 

in Chapters 3-5.  

 

Cost-effective and widely used fabrication methods in soft robotics, such as silicone casting and 

injection molding, offer flexibility in creating intricate designs, which is particularly important for 

components like pneumatic chambers. This project explored various fabrication methods for 

SMMs including injection moulding with parts printed with Fused Deposition Modeling (FDM) 

and Stereolithography (SLA) 3D printers. Molds were produced using an Ultimaker S5 

(Ultimaker, NL) with 20-200µm layer resolution with 0.4 mm nozzle for FDM printing and a Form 

3 printer with layer resolution of 25-100µm (Formlabs, USA) for SLA printing. Figure 2.1A shows 

examples of samples fabricated with FDM-printed parts (left) and SLA-printed parts (right). 
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Figure 2.1. A. The difference between samples fabricated using FDM (Ultimaker S5) printed molds (left) vs using 

SLA printed parts (right). B and C. An example of molded double helix reinforced SMM using a mold printed with 

SLA printer (Form 3), showcasing detailed feature definition.  

Depending on the required feature accuracy, both mould printing methods can be suitable for 

producing SMMs. The printer’s resolution is an important factor to consider, however there are 

many factors that that can affect the quality of the printed part, such as the specific design, size 

and depth of the features, as well as choosing the right layer thickness for designed feature size. 

Additionally, the quality of the moulded part is also affected by the specific materials used for 

printing and moulding. It is important to make sure that the material of the mould will not interfere 

with silicone curing. 

Moulds created using FDM printing result in SMMs with grooves on their surface corresponding 

to the layers of the printed mold. This textured surface reduces contact with materials like silicone 

phantoms, which can help prevent sticking. A practical example is in pre-clinical testing with 

silicone phantoms, where adhesion and buckling at the interface between the sample and silicone 

can hinder smooth navigation. FDM-printed molds are particularly effective for fabricating 

relatively large structures (in the millimeter scale), as shown in Figure 2.2 [1], or for SMMs with 

cylindrical shapes, as seen in Figure 2.3 [2].  
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Figure 2.2. Example of a fabrication technique for a 6 mm SMM with FDM printed molds. Reproduced from [1]. | 

Fabrication process of the magnetic soft robot reinforced with two PLA helices. (A) Helix formation with a 0.4 mm 

PLA fiber at a fiber angle of θH. Helix pitch (P) is the parallel length of one complete turn. (B) Molding of tentacle 

core with inner helix and printed inserts to create magnet cavities, EcoFlex00-30 was injected into the mold and cured. 

(C) Magnets placed in cavities and outer, opposing helix secured around the tentacle core. EcoFlex00-30 injected into 

the mold and cured to create a 1.5 mm outer coating. (D) The demolded two segment tentacle featuring double helix 

reinforcing. 

 

Figure 2.3. Example of fabrication technique of a cylindrical SMM with FDM printed mold. Reproduced from [2]. 

Fabrication of magnetic tentacles. (A) Molding of the four magnetic segments, utilizing NiTi wires as guides and for 

creating tool channels. (B) Segments magnetization, utilizing pulse magnetizer and 3D printer inserts to align each 
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segment in the coil of the magnetizer, according to the optimization algorithm. (C) Over-molding of magnetic 

segments for overall tentacle bonding, utilizing tool channels for placement of stainless-steel tubes to guide 

placement of the tools in the next step. (D) Placement of laser and FBG fibers within the tentacle after over-molding 

and removal of stainless-steel tubes. 

 

However, the FDM technology is not always adequate for producing micro-scale features. For 

example, when designing a manipulator approximately 3 mm in diameter with features smaller 

than 1 mm, as discussed in Chapter 4, the moulds produced using the FDM printer lacked the 

quality necessary to capture the intricate details of the double helix designs described in Chapters 

4 and 5, which were essential for the function of the designed SMMs. Furthermore, achieving the 

desired textured surface required adjusting printer’s settings and increasing the layer thickness, 

which further compromised the detail of the features.  

In contrast, SLA-printed molds provided satisfactory quality and a smooth surface finish for the 

fabricated parts. To ensure smooth navigation and minimize the risk of buckling on the non-

textured surface, silicones initially used for prototyping from the EcoFlex range (shore hardness 

00-10 to 00-30) were replaced with an elastomer of higher shore hardness (30A) from the 

DragonSkin range (Smooth-On). Additionally, applying talcum powder to the mold surface as a 

release agent provided several benefits, including easier demolding and enhanced detail in the 

molded features due to improved curing.  

 

3.1.1 Instrumentation 

Instrumenting magnetic catheters with surgical tools such as laser fibres, camera or sensors is 

crucial in the process of functionalizing soft robots to be used in medical procedures. One of the 

methods involves casting a tool channel. This works well in relatively large structures. However, 

in manipulators with few mm in diameter made of soft elastomers, this can be challenging due to 
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wires and fibers buckling and piercing through the SMM while passing the instruments through 

the elastomeric channel.  

In terms of embedding tools permanently in the manipulator, the same problem occurs during the 

fabrication process when placing tools in the channel. It happens due to wires or fibers being stiff 

and often sharp (relatively to elastomer) at the tip and piercing through catheter’s body. In [5] 

(Figure 2.3) this problem was solved by using stainless steel tubes to guide the placement of fibers 

to then remove the tubes leaving behind fibres embedded in the soft body. This method although 

proven successful in accurately placing two fibers in a 2.4 mm in diameter catheter, it consisted of 

multiple stages, making this process time consuming and complex. Therefore, for the next 

instrumentation project, I minimized the number of stages in the process. Using very soft and thin 

elastic tubing, with a shore hardness lower than the manipulator itself allowed to pass the fibers 

without piercing the material of the manipulator. The walls of the tubing provided structural 

integrity and smooth surface for the tools to glide through. Due to low shore hardness, the tubing 

did not affect the bending performance of the manipulator. 

To embed a camera, due to its tip size (2mm OD) and larger connecting piece, it could not be 

passed through tubing in the manipulator. The wires of the camera were relatively low in stiffness 

in comparison to the DS 10 used for SMM body.  

The camera manipulator was fabricated with a thin (300 micron) aluminum sheet that created a slit 

in the middle of the SMM body to fit in the camera lens with connecting wiring. The mould for 

this manipulator was designed with a cavity for a 2 mm camera lens. After the placement of the 

components, the manipulator was gently closed up with layer of Silpoxy (SmoothOn) brushed in 

the slit and left to cure.  

[1] P. Lloyd et al., “Feasibility of Fiber Reinforcement Within Magnetically Actuated Soft 
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Chapter 4 Independent SMM Actuation 

 

Chapter source: Independently Actuated Soft Magnetic Manipulators for Bimanual Operations 

in Confined Anatomical Cavities, Z Koszowska, M Brockdorff, T da Veiga, G Pittiglio, P Lloyd, 

T Khan-White, R A Harris, J W Moor, J H Chandler, and P Valdastri, Adv. Intell. Syst., 6: 

2300062.  

https://doi.org/10.1002/aisy.202300062 

Abstract 

Soft magnetic manipulators offer the prospect of improved surgical outcomes through their 

potential for miniaturization and inherently safe tissue interaction. However, independent 

actuation of multiple manipulators within the same confined workspace is limited by undesired 

simultaneous actuation and manipulator-manipulator interactions. This study proposes, for the first 

time, approaches for the independent magnetic actuation of two magnetic continuum manipulators 

within the same confined workspace. A novel modular magnetic soft robot segment design is 

proposed with modified geometry to provide preferential bending planes and high angles of 

deflection. This design is integrated into two dual-segment magnetic manipulators which, when 

arranged in parallel, can deliver independent bending in two planes of motion. Two distinct 

independent control strategies are proposed, based on orthogonal manipulator magnetization 

profiles and local field gradient control respectively. Each dual-manipulator configuration was 

characterized over a sequence of applied magnetic fields and gradients, induced via a dual 

robotically controlled external permanent magnet system. Manipulator independence, bending 

range of motion and twisting behaviors were evaluated as a function of control strategy and 

manipulator separation distance.  
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To demonstrate the system’s potential in clinical scenarios, a dual-manipulator configuration was 

adapted to carry an endoscopic camera and optic fiber respectively. The resultant bimanual system 

was deployed in the confined anatomy of a skull-base phantom to simulate minimally invasive 

ablation of a pituitary adenoma. Independent motion of the camera and tool within the confined 

workspace demonstrate the potential for an independent magnetic tool manipulation for surgical 

applications. 

4.1 Introduction 

Modern surgical platforms such as the da Vinci (Intuitive Surgical da Vinci Surgical System, 

USA), Versius (Cambridge Medical Robotics, UK) leverage robotic assistance for the precision 

control of multiple straight, rigid instruments [1]. This approach has delivered a step change in the 

provision of many minimally invasive procedures and has set a precedent for robotics in surgery. 

Driven by the aim of delivering improvements to anatomical conformation, achievable workspace 

and surgical access requirements, numerous flexible continuum robotic devices have since been 

proposed [2]. Mechanically driven approaches have realized actuation via cables (Intuitive 

Surgical da Vinci Surgical System, USA), rods [3] or concentric tube interactions [4], with 

complete robotic platforms having been proposed to deliver bimanual operations within confined 

anatomy [5], [6]. Although sophisticated and effective approaches, integration of continuum tools 

based on mechanical assemblies of hard metallic structures imposes a reliance on the controller 

and/or operator to deliver safe (ideally contact free) tissue interaction during deployment and use; 

something exacerbated within confined anatomy.  

 

As an inherently safer alternative to mechanically driven designs, soft bodied surgical robots have 

also been proposed [7]. Due to their high structural compliance (similar to that of soft tissues) 
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interaction forces are limited and passive anatomical conformation is possible. Soft robots 

intrinsically actuated via pneumatics [8], [9] or hydraulics [10] have proven successful for 

endoscopic applications. However, due to the requirement for onboard actuation chambers and 

tubing connections, scaling designs down comes at the cost of reducing controllable degrees of 

freedom. Through the use of remote actuation, Soft Magnetic Manipulators (SMMs) overcome 

this limitation, delivering virtually unlimited miniaturization potential without loss of controllable 

degrees of freedom [11]. SMMs maintain the advantages of a compliant structure and can be 

magnetically pre-programmed to produce desired deformations under the effect of controlled 

external magnetic fields [12]. These advantages have been demonstrated in a wide range of 

medical applications including cardiovascular [13], [14], bronchoscopic [15], pancreatic [16] and 

vasculature navigation [17]–[19].  

 

Driven by the requirements of precision, miniaturization and delicate tissue interactions, SMMs 

represent a promising candidate for the evolution of robotic surgery in delicate confined anatomy. 

To date, SMMs have been investigated in single-manipulator set-ups mainly targeting endoluminal 

applications, precluding the delivery of multiple independent magnetic manipulators within a 

shared workspace. As endoscopic and laparoscopic procedures typically require multiple tools to 

be present at the operating site, systems providing solutions to independent SMM control would 

enable to expand the reach of magnetic approaches beyond endoluminal applications to bimanual 

surgical procedures. However, utilizing magnetic actuation strategies makes multi-tool set up 

challenging due to the complexity in achieving control independence over the magnetic agents. 

Considering two identical SMMs in a shared workspace, application of uniform magnetic field 

conditions would lead to the same motion for both agents.  
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Multi-agent magnetic control was investigated at the micro-scale for control of untethered mobile 

micro-robots, swimmers and spheres. Suggested approaches utilize geometric [20]–[24] or 

magnetic [25], [26] heterogeneity between agents, as well as inter-agent magnetic interaction [27], 

[28], leading to different responses under application of a uniform magnetic field. Other 

approaches exploit sophisticated magnetic control such as systems of electromagnetic coils [29] 

of which some enable generation of non-uniform magnetic fields [30] or achieve independence in 

actuation of multiple magnetic Degrees of Freedom (DoFs) [31], [32]. All presented research in 

the area of independent magnetic control has investigated untethered robots at micro-scale actuated 

in a fluid medium. The issue of independent control of continuum SMMs within a confined 

workspace remains an open challenge. 

 

In the presented work, we investigate for the first time the concept of parallel bi-manual SMMs 

under independent magnetic control within a shared confined workspace, as depicted in Figure 

4.1. We develop a modular monolithic double-helix SMM design that promotes bending within a 

desired plane through mechanical constraint. Manipulator designs capable of bi-plane bending are 

developed through serial stacking of the modular SMM design, and are arranged into parallel dual-

manipulator configurations with separations between 2-4 cm. To deliver independent control we 

present and compare two distinct approaches, based on orthogonal SMM magnetization profiles 

and local field gradient control respectively. Each dual-manipulator configuration is characterized 

in terms of independent bending and twisting behaviors under applications of magnetic fields and 

field gradients, as generated using our dual robotically controlled External Permanent Magnet 

system (dEPM) [33]. Interaction forces between manipulators and their effect on desired poses are 
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considered for a range of workspace configurations, and we determine the minimum operational 

workspace possible for bimanual operation using the presented manipulators.  

 

Figure 4.1. Overview of a magnetically actuated dual-manipulator set up. A. Actuated camera view – visible 

workspace and manipulator equipped with fiber. B. Proposed set up in an operating room, permanent magnets mounted 

on robotic arms for controlled field generation. 

 

To demonstrate our bi-manual SMM system within a clinically relevant scenario, we consider the 

case of Endoscopic Endonasal Transsphenoidal (EET) procedures for surgical treatment of 

pituitary tumors (which account for up to 15% of all intracranial masses and exhibit an estimated 

prevalence of 17% within the general population [34]). EET procedures currently involve insertion 

of a slender rigid endoscope and surgical tools through the nostrils to access the base of the brain. 

Although offering advantages over access via craniotomy, risks of nasal septal perforation, 

impaired olfactory function and damage to nearby nerves and large blood vessels remain [35]. 
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Many of these adverse outcomes are the result of manipulating multiple rigid instruments within 

the narrow, curved anatomy of the nasal cavity, and thus may be mitigated through the use of soft, 

compliant tools. Through configuration of our dual-manipulators to carry an endoscopic camera 

and optic fiber respectively, we present a concept of bimanual multi-tool magnetically actuated 

robotic system for minimally invasive ablation of a pituitary adenoma. We present independent 

motion of the camera and optic fiber within an anatomically accurate skull base phantom with 

simulated tumor, demonstrating for the first time the potential for independent magnetic tool 

manipulation within confined anatomy. 

4.2 Results 

Neglecting interaction forces between multiple SMMs, designs with equal magnetization profiles 

and controlled within a shared homogeneous magnetic field, will produce identical actuation 

outcomes. Independent control is possible through deployment of sophisticated magnetic field 

actuation (fields and gradients), and/or via optimization of the geometric or material properties of 

each SMM. The following considers the magnetic actuation principles involved in manipulator 

control to develop a modular geometric SMM segment design approach that promotes uniplanar 

bending. A multi-segment integration is subsequently presented based on this design, and coupled 

with magnetic field and gradient control strategies, enabled via the dEPM system, to promote 

independent control for application suitability. 

4.2.1 Principle of Magnetic Actuation 

A magnetic element with magnetization µ is subject to magnetic force f and torque , under an 

applied field 𝑩 respectively as 



   

  

 48 

𝒇(𝒑) = 𝛁 (𝝁 ∙ 𝑩(𝒑)) 

(4.1) 

𝝉(𝒑) = 𝝁 × 𝑩(𝒑) 

 (4.2) 

At position 𝒑 ∈ 𝑅3 in space, where 𝒑 is referred to as the focal point, or the point in the workspace 

where we aim to control a specific field and gradient. Lower case bold letters represent vectors 

(e.g., 𝒗 = [𝑣𝑥 𝑣𝑦 𝑣𝑧]
𝑇
) and the gradient operator ∇ represents partial derivatives in each of the 

three basis directions in the form ∇ = [
𝜕

𝜕𝑥
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 ]
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. Magnetic gradients allow for the generation 

of force, while magnetic field misalignments generate torques on a magnetic element. Considering 

a workspace with 𝑥, 𝑦 and 𝑧 axes, equations (4.1) and (4.2) could be further expanded as 
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] 

            (4.4) 

Magnetic actuation through the use of two external permanent magnets, such as the dEPM platform 

[33], allows for individual control of magnetically induced forces and torques on magnetic objects. 

Pittiglio et al. [33] showed how the dEPM platform could be used to independently control the 

wrench of a magnetic object. This was done by using homogenous fields to control the torque and 
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linear gradients to control the forces. In this study we propose an alternative method to generate 

magnetic torques in addition to using homogenous fields. 

 

Consider that the general field at point p can be expressed as 

𝑩(𝒑) = 𝑩(𝒑𝑜) + 
𝜕𝑩(𝒑)

𝜕𝒑
(𝒑 − 𝒑𝑜) 

            (4.5) 

where 𝒑𝒐 is a position at a distance 𝜸 ∈ ℝ3 away from 𝒑. This is the center of the gradient, where 

the field changes its polarity. When 𝒑 = 𝒑𝒐 and applying only linear gradients, the field at position 

𝒑 is equal to 0. When 𝒑 ≠  𝒑𝒐, a magnetic gradient is centered 𝒑𝒐, while the object we aim to 

control is at the focal point 𝒑. Therefore, at 𝒑 both, magnetic field and gradient, will be present. 

This equation is valid under the assumption that the gradient is constant over the workspace, that 

the divergence and curl of the magnetic field is zero and that we are operating in a current-free 

workspace. 

Under these magnetic conditions, a magnetic agent such as a SMM with appropriate mechanical 

and magnetic design, could be manufactured to only exhibit torque when presented with certain 

combinations of magnetic fields and gradients simultaneously.   

 

4.3 Segment Design 

To balance the requirements for miniaturization, tool integration and high bending-to-torsional 

stiffness, a monolithic (single material) design consisting of a soft magnetic double helix wrapped 

around a soft magnetic core is proposed, Figure 4.2. The design aims to deliver variation in bending 

stiffness between the two bending planes (XZ and YZ), as depicted in Figure 4.2. The seam of the 

double helix intersecting points creates planar reinforcement, leading to significantly increased 
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bending stiffness along the XZ plane. Constraining the motion of the SMM in this way allows for 

separation of actuation planes for segments arranged orthogonally in series (Figure 4.2C), as 

required for independent control. 

We explore two different designs of the double helix structure, investigating its effect on the 

stiffness in XZ and YZ planes of the manipulator. The helical thickness (h) and the number of 

helical revolutions per unit length (R) are chosen as variables in this study. The increase in R 

(symmetrically for left and right-handed helix) adds more intersecting points along the length, 

therefore increases stiffness along the XZ plane. The decrease in helical thickness, however, is 

expected to promote bending in YZ plane. Therefore, in this study we consider two designs with 

different h values, where both designs are characterized with maximum R (where further increase 

of this parameter would not create a double helix structure but a cylinder). Both designs are 

fabricated with an outer diameter of 3.5 mm, considering endonasal application, and inner diameter 

of 1 mm for incorporating an internal tool channel for further instrumentation of the manipulator. 

Two single-segment candidate SMM designs were evaluated in terms of their bending and twisting 

capacity in comparison to a baseline cylindrical SMM, in accordance with parameters presented 

in Table 1. 

 

Figure 4.2. Examples of monolithic reinforcement designs, where h is the thickness 
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of the helical structure, R is number of revolutions per unit length, OD is outer diameter and ID the inner 

diameter, l is segment length, µ is magnetization direction and Bz applied field direction. (A) represents 

two orthogonal projections of design low density SMM, showcasing characteristic variety of the 

manipulator between YZ and XZ planes. (B) represents high density SMM. (C) shows an example of a two-

segment manipulator using a low density SMM design. 

Table 4.1. Design Parameters for tested designs of magnetic manipulators. 

Design OD (mm) ID (mm) L (mm) R h (mm) w (mm) 

Cylinder 3.5 N/A 20 N/A N/A N/A 

Low 

Density 

SMM 

3.5 1 20 5.5 1.5 1.25 

High 

Density 

SMM 

3.5 1 20 16 0.5 1.25 

 

4.3.1 Segment Fabrication 

Candidate helical designs and a cylinder (Table 4.1) were fabricated by casting with 3D printed 

molds (Grey V4 resin, Form III, Formlabs, USA). Silicone (Dragon Skin™ 10 ,Smooth-On, Inc., 

U.S.A.) was mixed with 100 wt% (percentage by weight) of hard magnetic microparticles (Nd-

FeB with an average 5 µm diameter, MQFP-B+, Magnequench GmnH, Germany). The magnetic 

slurry was then mixed in a high vacuum mixer (ARV- 310, THINKYMIXER, Japan) for 90 

seconds at a speed of 1400 rpm and a pressure of 20.0 kPa. The degassed slurry was injected into 

closed molds and cured at 45˚C for 30 minutes. 

Each design was fabricated twice to be magnetized in two directions for testing: along their X and 

Y axes, respectively, allowing for comparison of stiffness variability between the axes. The 
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monolithic approach is fully soft and can be miniaturized further for access to the narrowest 

anatomical features. 

4.3.2 Segment Design Evaluation 

 

Figure 4.3. Experimental set-up including dual External Permanent Magnet (dEPM) platform, infra-red 

cameras and Soft Magnetic Manipulator (SMM) with optical marker frame at the base and tip. 

 

To understand the mechanical stability of the designs and the maximum expected bending under 

varying field conditions, fabricated designs magnetized in X and Y axes (Figure 4.2) were 

evaluated by recording manipulator deformation under application of homogenous magnetic field 

conditions as detailed in Table 4.2. 

 

Table 4.2. Magnetic field conditions in time applied during testing of three candidate designs in dEPM 

platform. 
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Time 0 s - 20 s 20 s - 40 s 40 – 60 s 60 – 80 s 80 – 100 s 100 – 120 s 

Field 

Direction (10 

mT) 

X -X Z -Z Y -Y 

 

To generate homogeneous magnetic fields, the robotic arms of the dEPM system (Figure 4.3) 

positioned two external permanent magnets (101.6 mm x 101.6 mm) symmetrically with respect 

to each other and the sample’s workspace.  The experimental set up also included four Optitrack 

(OptiTrack, NaturalPoint, Inc., USA) infra-red cameras for 3D motion tracking and for calibration 

of magnets in space. The tip poses of manipulators were recorded via the optical tracking system 

through optical markers attached to the manipulator during testing. Bending angles around X, Y 

(𝛾𝑥 and 𝛾𝑦, respectively) and the torsional rotation angle around Z (𝛾𝑧) were computed from the 

rigid body rotations of the marker frame (0.33 g). Since we aim at minimizing torsion (𝛾𝑧) with 

respect to bending (𝛾𝑥 and 𝛾𝑦), we consider ratio:   

𝜌𝑥 =
  𝛾𝑥 

𝑚𝑎𝑥 𝛾𝑧
; 𝜌𝑦 =

  𝛾𝑦 

𝑚𝑎𝑥 𝛾𝑧
  

 

(6) 

where 𝜌𝑥 corresponds to the low stiffness axis (Figure 4.4A) and 𝜌𝑦  to the high stiffness axis 

(Figure 4.4B). For an ideal design, the ratio 𝜌𝑦 would be lower than 𝜌𝑥 as this implies a desired 

difference in bending response between XZ and YZ planes. 

Analyzing bending behavior in both directions is motivated by the objective of maximizing the 

bending angle of a manipulator on one plane, while providing stability on the other.  
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In Figure 4.4A, low density SMM shows a greater ratio ρ_x than a cylinder of the same diameter. 

In addition, in Figure 4.4A, the ratio ρ_x value for high density SMM is lower than the value for 

both cylinder and low density SMM. In Figure 4.4B, cylindrical SMM shows the highest ratio ρ_y 

of all three samples. However, when analyzing both plots, only the low density SMM shows the 

desired behavior in both magnetization cases. In the case of magnetization along X axis, the 

optimal design is expected to have the high ratio ρ_x and relatively low ratio ρ_y. 

 

Figure. 4.4 Results of testing three candidate designs under varied magnetic field conditions as a ratio of 

deflection to torsion. A. Ratio of deflection about Y axis to torsion for SMMs magnetized in X direction. 

B. Ratio of deflection about X axis to torsion for samples magnetized in Y direction. 

The collected results confirm that both structurally modified designs experience higher bending 

angle in YZ under a directionally varied 10 mT field, with respect to a cylinder. The XZ plane in 
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the design concept is constrained by overlapping helices, creating a planar reinforcement. This 

provides increased stiffness in that plane, leading to reduced bending under the same actuating 

field, in comparison to YZ plane. Therefore, the bending performance of designs with a double 

helix feature is better than that of a typical cylindrical SMM. 

Based on the analysis of experimental data, the low density SMM presents the most suitable 

candidate for the objective of maximized bending in YZ plane and increased stiffness in XZ plane 

and was thus utilized for integration into more complex multi-segment designs.  

 

4.4 Modular Design for Independent Control 

The double helix SMM segment design promotes bending motion of the manipulator in one axes. 

Combining segments in series and in orthogonal direction allows for enhanced separation of 

bending primitives under independent segment actuation (Figure 4.2C, Figure 4.5C). 

 

Figure 4.5. Fabrication process of SMMs. A. Single segment casting. B. Magnetization process of segments along 

their Z and X axes. C. An example of magnetized and assembled dual-segment manipulators. 

 

To realize independent actuation of multiple segments in the same workspace, specific 

combinations of magnetization profiles and actuating fields are required. As depicted in the Figure 
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4.5, we propose to achieve this using a modular design with two manipulators in parallel (four 

SMM segments in total). Two strategies for independent control of the two manipulators within 

the same confined workspace are proposed, as depicted in Figure 4.6 and 4.7 respectively. The 

first, Orthogonal Magnetization (OM) strategy (Figure 4.6), utilizes segments with both axial and 

non-axial magnetic moments in conjunction with either applied homogenous fields or linear field 

gradients. This is based on Pittiglio et. al [33] , where it is shown that when considering multiple 

magnetic objects, each having their own magnetization 𝝁, maximum independent DoF control is 

achieved when the dipole direction of the two magnetic agents is orthogonal.  

The second is referred to as, Parallel Magnetization (PM) strategy (Figure 4.7) and employs axially 

magnetized segments in conjunction with magnetic gradients only, as detailed below.     
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4.4.1 Orthogonal Magnetization Strategy 

 

Figure 4.6. A case of two manipulators magnetized orthogonally; A. Left Manipulator (base and tip) magnetized along 

its main axis (Z). Right Manipulator (base and tip) magnetized along its X axis. B. Representation of available DoFs 

in this configuration and wrenches needed to actuate each segment. 

 

In the OM strategy, the left manipulator base and tip segments, SMMLB and SMMLT respectively, 

are magnetized along the z-axis (𝜇𝑆𝑀𝑀𝐿𝐵
= 𝜇𝑆𝑀𝑀𝐿𝑇

= 𝜇𝑧), while for the right manipulator the base 

and tip segments, SMMRB and SMMRT respectively, are magnetized along the x-axis (𝜇𝑆𝑀𝑀𝑅𝐵
=

𝜇𝑆𝑀𝑀𝑅𝑇
= 𝜇𝑥), see Figure 4.6A. The required magnetic fields and gradients for independent 

control of each manipulator were determined based on Equation (4.5), and reported in Table 4.3. 

Figure 4.6B showcases bending modalities of segments and required wrenches for each motion. 

Analysis of Table 4.3 shows that while moving the left manipulator along the y-axis, an undesired 

rotation of the right manipulator around the Z axis occurs. Further analysis of this phenomenon is 

discussed in section 2.3.3. 
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Table 4.3. Wrench applied on agents 1 and 2 under applied field and gradients and their bending response in 

Orthogonal Magnetization case. 

 Wrench applied on agent Direction of Bending 

Left 

Manipulator 

Right 

Manipulator 

Left 

Manipulator 

Right 

Manipulator 

Fields and 

Gradients 

𝐵𝑥 𝜏𝑦 0 + x axis None 

−𝐵𝑥 −𝜏𝑦 0 – x axis None 

𝐵𝑦 −𝜏𝑥 𝜏𝑧 – y axis 𝜏𝑧 

−𝐵𝑦 𝜏𝑥 −𝜏𝑧 + y axis −𝜏𝑧 

𝐵𝑧 0 −𝜏𝑦 None – x axis 

−𝐵𝑧 0 𝜏𝑦 None + x axis 

𝜕𝐵𝑥

𝜕𝑦
 0 𝑓𝑦 None + y axis 

−
𝜕𝐵𝑥

𝜕𝑦
 0 −𝑓𝑦 None – y axis 

 

  



   

  

 59 

4.4.2 Parallel Magnetization Strategy 

 

Figure 4.7. A case of two manipulators magnetized axially; A. Left and Right Manipulators (base and tip) 

magnetized along its main axis Z. B. Representation of available DOFs in this configuration and wrenches needed to 

actuate each segment. 

 

Another method to independently control two SMMs could be achieved by using the actuation 

method proposed previously in section 2.1. In this scenario a magnetic gradient is applied at 

position 𝒑𝒐. The magnetic actuation at position 𝒑 will be equal to the magnetic gradient applied at 

𝒑𝒐 as well as an induced magnetic field as described by Equation (4.6).  This method allows for 

independent control between two manipulators, by setting 𝒑𝒐 to the position of the static SMM 

(depicted at ‘static’ in Figure 4.7B), and 𝒑 to the position of the SMM that is meant to be actuated 

in a given case. 

Unlike when using homogenous fields to control the torque, with this method we can achieve 

independent control of the SMMs regardless of the magnetization profile of the ‘static’ SMM. This 

is because keeping the SMM stationary relies on having no field present at the position of the 
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stationary SMM. This is in contrast to using homogenous fields, where in order for the SMM not 

to exhibit any torque, its magnetization must be aligned with applied magnetic field direction.   

To evaluate this strategy, two SMMs were magnetized along Z axis (𝜇𝑆𝑀𝑀𝐿𝐵
= 𝜇𝑆𝑀𝑀𝐿𝑇

=

𝜇𝑆𝑀𝑀𝑅𝐵
= 𝜇𝑆𝑀𝑀𝑅𝑇

= 𝜇𝑧), see Figure 4.7A.  The distance 𝜸 is set to the distance between the two 

SMMs, such that 𝜸 = [0 𝐷 0]𝑇. Table 4 shows the magnetic field and gradient applied to 

independently control the two SMMs, along with the focal point selected. 

It is evident that when controlling either manipulator to bend along the Y axis, the applied gradient 

also causes a force along Z axis on both manipulators. However, this force is much smaller than 

the desired torque and thus may be considered to have negligible influence on the resultant 

manipulator motion. The resultant direction of bending for the proposed applied field gradients is 

summarized in Table 4.4. 

Table 4.4. Wrench applied on left and right manipulators under applied gradients and their bending response 

with the Parallel Magnetization strategy. 

 

Focal 

Point 

Wrench applied on agent Direction of Bending 

 

Left 

Manipulator 

Right 

Manipulator 

Left 

Manipulator 

Right 

Manipulator 

Fields 

and 

Gradients 

𝜕𝐵𝑥

𝜕𝑦
 𝑝2 𝜏𝑦 0 + x axis None 

−
𝜕𝐵𝑥

𝜕𝑦
 𝑝2 −𝜏𝑦 0 – x axis None 

𝜕𝐵𝑦

𝜕𝑦
 𝑝2 −𝑓𝑧 − 𝜏𝑥 −𝑓𝑧 

– y axis and 

pulled 

downwards 

Pulled 

downwards 
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−
𝜕𝐵𝑦

𝜕𝑦
 𝑝2 𝑓𝑧 + 𝜏𝑥 𝑓𝑧 

+ y axis 

and pushed 

upwards 

Pushed 

upwards 

𝜕𝐵𝑥

𝜕𝑦
 𝑝1 0 𝜏𝑦 None + x axis 

−
𝜕𝐵𝑥

𝜕𝑦
 𝑝1 0 𝜏 −𝑦 None – x axis 

𝜕𝐵𝑦

𝜕𝑦
 𝑝1 −𝑓𝑧 −𝑓𝑧 − 𝜏𝑥 

Pulled 

downwards 

– y axis and 

pulled 

downwards 

−
𝜕𝐵𝑦

𝜕𝑦
 𝑝1 𝑓𝑧 𝑓𝑧 + 𝜏𝑥 

Pushed 

upwards 

+ y axis 

and pushed 

upwards 

 

4.4.3 Independent Control Characterization 

The motion independence of the parallel multi-segment designs (Figure 4.6 and Figure 4.7) was 

initially evaluated through testing with the dEPM platform. As well as motion independence, the 

tests also evaluated the maximum achievable range of motion and the smallest possible distance 

between the two manipulators before magnetic self-attraction causes adherence, an inherent risk 

with mechanically independent magnetized elements. The testing protocol was repeated for the 

OM and PM strategies to allow direct comparison between the two. 

 

For each experiment, the two manipulators under test were positioned within the magnetic 

workspace with a separation distance D, in mechanical configurations as shown in Figure 4.8. An 
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optical tracking system (OptiTrack, NaturalPoint, USA) was used to track the tip position and 

orientation of both manipulators at all times. The frames with optical markers weigh 0.27 g and 

0.17 g for left and right manipulator, respectively.  For the OM manipulators, magnetic fields 

identified in Table 5 were applied in sequence to actuate segments SMMLB, SMMLT, SMMRB, 

SMMRT consecutively. This actuation process was repeated for decreasing separation distances 𝐷 

ranging from 4 cm to 2 cm in steps of 0.5 cm. This testing process was repeated for the PM 

manipulators through sequential application of the field gradients identified in Table 4.6.  

Table 4.5. Conditions of magnetic fields, their direction and magnitude applied in experiments for Orthogonal 

Magnetization strategy. 

 Direction of 

Bending 

Magnetic Field Conditions (mT and mT/m) 

Left 

Manipulator 

-x; x 𝐵𝑥 = [-3; -4; -5; -6; -7; 3; 4; 5; 6; 7] 

-y; y 𝐵𝑦 = [-3; -4; -5; -6; -7; 3; 4; 5; 6; 7] 

Right 

Manipulator 

-x; x 𝐵𝑧 = [-3; -4; -5; -6; -7; 3; 4; 5; 6; 7] 

-y 𝑑𝐵𝑥/𝑑𝑦 = [-50; -75; -100; -125; -150] 

y 𝑑𝐵𝑥/𝑑𝑦 = [50; 75; 100; 125; 150] 

 

Table 4.6. Conditions of magnetic field gradients, their direction and magnitude applied in experiments for Parallel 

Magnetization strategy. 

 Direction of 

Bending 

Magnetic Field Conditions (mT/m) 

Left 

Manipulator 

-x, x 𝑑𝐵𝑥/𝑦 = [-50; -75; -100; -125; -150; 50; 75; 100; 125; 150] 

-y;y 𝑑𝐵𝑦/𝑦 = [-50; -75; -100; -125; -150; 50; 75; 100; 125; 150] 

Right 

Manipulator 

-x, x 𝑑𝐵𝑥/𝑦 = [-50; -75; -100; -125; -150; 50; 75; 100; 125; 150] 

-y, y 𝑑𝐵𝑦/𝑦 = [-50; -75; -100; -125; -150; 50; 75; 100; 125; 150] 

 

 

The tracked tip positions for the two manipulators during sequential field and/or gradient 

application for the OM and PM strategies are shown in Figure 4.9 and 4.10 respectively. The data 
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illustrate that a level of independent motion is achievable using the two control strategies at a range 

of separation distances. Undesired manipulator motions (those recorded on the un-actuated 

manipulator) are also present and show dependence on control strategy, actuated DoF and 

separation distance. These motions are induced through a combination of influence from the 

applied field (cross-activation) and through magnetic interaction between manipulators (cross-

talk). The latter may extend to a failure point, defined as the minimum distance D between the two 

manipulators at which the attraction force between them cannot be overcome by the application of 

fields or gradients. It is apparent from the manipulator motions (Figure 4.8) that as separation 

distance 𝐷 is reduced, the cross-talk influence increases (even prior to reach the failure point). This 

is most apparent for actuation scenarios where manipulators bend towards each other, thus 

temporarily reducing their effective separation distance and increasing cross-talk.  

 

Figure 4.8. Experimental set-up; A. Bottom view of SMMs with optical marker frames at their tips, with highlighted 

D. B. Lateral View. 
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Table 4.7. Average error of position (mm) from linear trajectory (dashed lines in Figure 4.9) for 

Orthogonal Magnetization strategy. 

 

 

ORTHOGONAL MAGNETIZATION 

Position Error of Actuated SMM from Linear Trajectory (mm) 

 
Direction 

of 

Bending 

D = 4 cm D = 3.5 cm D = 3 cm D = 2.5 cm D = 2 cm 

Left 

SMM 

actuated 

+x, -x 0.7 

 

0.8 

 

1.2 

 

1.0 

 

1.0 

 
+y, -y 0.8 

 

0.8 

 

0.7 

 

1.1 

 

1.1 

 

Right 

SMM 

actuated 

-x, +x 2.9 

 

5.0 

 

4.0 

 

4.65 

 

3.4 

 
-y, +y 1.7 

 

0.9 

 

0.7 

 

0.5 

 

0.6 
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Table 4.8. Average error of position (mm) from linear trajectory (dashed lines in Figure 4.10) for Parallel 

Magnetization strategy. 

 

PARALELL MAGNETIZATION 

Position Error of Actuated SMM from Linear Trajectory (mm) 

 
Direction 

of 

Bending 

D = 4 cm D = 3.5 cm D = 3 cm D = 2.5 cm D = 2 cm 

Left 

SMM 

actuated 

+x, -x 3.95 3.8 4.2 1.3 0.5 

+y, -y 0.6 0.6 0.3 0.3 0.4 

Right 

SMM 

actuated 

-x, +x 1.3 0.8 0.9 1.8 0.7 

+y 0.4 0.8 1.25 

 

0.6 0.2 
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Table 4.9. Numerical value of workspace for left and right manipulator approximated based on maximum 

bending in tested directions as depicted in Figure 4.9 and 4.10. 

 Area (𝒄𝒎𝟐) 

 Orthogonal Magnetization Parallel Magnetization 

D (cm) Left SMM Right SMM Left SMM Right SMM 

2 0.56 0.29 0.08 0.16 

2.5 0.58 0.46 0.17 0.28 

3 0.55 0.23 0.27 0.33 

3.5 0.55 0.23 0.33 0.43 

4 0.55 0.32 0.45 0.56 

 

Table 4.10. Error values for position of the static SMMs (cross-activation) for Orthogonal Magnetization. 

ORTHOGONAL MAGNETIZATION 

Position Error for static SMM (%) 

 
Direction 

of 

Bending 

D = 4 cm D = 3.5 cm D = 3 cm D = 2.5 cm D = 2 cm 

Left 

SMM 

actuated 

+x 5.3 12.8 12.6 8.8 9.7 

-x 15.0 2.0 15.2 16.65   17.65 

+y 198.5 8.2 6.85 50.3 25.1 

- y 7.15 1.98 5.1 19.0 4.1 

Right 

SMM 

actuated 

-x 23.75 7.7 9.1 37 72 

-x 6.8 9.5 7.03 9.8 9.6 

+y 8.4 64.8 54.4 80.65 39.3 

-y 50.4 7.7 7.03 76.7 72.2 
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Table 4.11. Error values for position of the static SMMs (cross-activation) for Parallel Magnetization. 

PARALELL MAGNETIZATION 

Position Error for static SMM (%) 

 
Direction 

of 

Bending 

D = 4 cm D = 3.5 cm D = 3 cm D = 2.5 cm D = 2 cm 

Left 

SMM 

actuated 

+x 9.3 0.65 16.95 56.1 46.3 

-x 9.2 23.2 6.09 26.9 13.2 

+y 21.0 30.0 72.2 57 70 

- y 4.1 5.3 14.6 8.4 12.4 

 Right 

SMM 

actuated 

-x 27.6 26.4 30.6 36.6 35.0 

+y 15.3 11.7 15.3 18.8 29.2 

-y 69 5.5 6.8 10.1 12.3 
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Figure 4.9. Combined results of independence testing at distance D for OM strategy. The colors indicate each 

segment’s motion, and corresponding colors on the opposing manipulator shows its motion, while expected to be 

static. Dashed lines represent ideal linear trajectory. A. Activation of right manipulator. B.  Activation of left 

manipulator. Polygons drawn between maximum bending in each direction, represent approximation of the reachable 

workspace of manipulator 



   

  

 69 

 

Figure 4.10. Combined results of independence testing at distance D for PM strategy. The colors indicate each 

segment’s motion, and corresponding colors on the opposing manipulator shows its motion, while expected to be 

static. Dashed lines represent ideal linear trajectory; A. Activation of right manipulator. B.  Activation of left 

manipulator. Polygons drawn between maximum bending in each direction, represent approximation of the reachable 

workspace of manipulator. 
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Figure 4.11. Combined results of independence testing at distance D. The colors indicate each segment’s motion, and 

corresponding colors on the opposing manipulator shows its motion, while expected to be static. A. Orthogonal 

Magnetizations strategy. B.  Parallel Magnetizations strategy. Polygons drawn between maximum bending in each 

direction, represent approximation of the reachable workspace of each manipulator in all evaluated cases. 
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Figures 4.9 and 4.10 show the results for the independent actuation tests for the left (Figure 4.9A 

and 4.10A) and right (Figure 4.9B and 4.10B) manipulators under the OM and PM strategies 

respectively, for five different separation distances. For comparison, Figure 4.11 shows the 

combined manipulator characterization results for both presented magnetization strategies. Pose 

information collected via motion tracking is projected in the X-Y plane, alongside the ideal 

manipulator trajectory, represented as dashed lines. The data points representing maximum 

deflection in each direction (-x, x, y, -y) are connected to represent the approximated reachable 

area/workspace of each manipulator. Tables 4.7 and 4.8 present position error values for OM and 

PM strategy respectively, calculated through averaging error values in positive and negative 

directions (-x, +x and -y, +y), apart from right manipulator in the PM strategy which was actuated 

only in +y due to workspace limitations, as explained further in the section 4.5. 

 

Manipulators utilizing the PM strategy (Figure, 4.10, 4.11B) show the greatest range of motion at 

the largest separation distance (D = 4 cm) and show a reduction in range of motion as the separation 

distance decreases. This effect is a consequence of the PM strategy. As the proximity of the 

actuated manipulator with respect to the un-actuated manipulator (located at the focal point 𝒑) 

reduces, the field induced at the actuated manipulator will be lower, as expressed by Equation 4.5.  

Additionally, we observe an asymmetry in the reachable workspace between left and right 

manipulator at the same separation distances in the PM strategy (Figure 4.10, 4.11B). This is due 

to limitations in the calibration accuracy, i.e. if the center of the magnetic workspace is not exactly 

located in the middle of the two manipulators, the magnitude of the magnetic field applied on the 

left and right SMMs will not be the same, leading to asymmetrical bending behaviors (Figure 4.11, 

Table 4.9). 
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These effects are not present for the OM strategy (Figure 4.9, 4.11A), where the calculated area 

for actuation of the left manipulator in OM case is similar for all tested distance, and area for the 

right manipulator fluctuates due to the cross-talk at smaller separation distances. 

Specifically, distances D = 2.5 cm and D = 2 cm (Figure 4.9), show disturbance in expected motion 

as well as instability of the non-actuated manipulators, for both left and right manipulator 

actuation. These inaccuracies are caused by attraction between manipulators, which can be 

observed in the Supplementary Video 1. In the same case, inward motion (direction –y) with right 

manipulator was not possible with application of gradient −
𝜕𝐵𝑥

𝜕𝑦
  as expected from Table 4.5. This 

field condition caused torsion about main axis, flipping magnetization direction of the manipulator, 

leading to bending in y direction (outwards), which is actuated by application of gradient 
𝜕𝐵𝑥

𝜕𝑦
. 

From analysis of all collected data and videos, in some field conditions, the right SMM in the 

orthogonally magnetized strategy experiences torsional forces (Supplementary Video 1), when 

expected to be static. This is caused by the unstable condition being realized between the 

magnetization vector (𝜇𝑥) applied field (𝐵𝑦) in this case, aiming to actuate left SMM (described 

in section 2.1). 

Due to axial magnetization of both SMMs in the second strategy, no unstable actuation conditions 

are imposed, hence manipulators do not experience torsional deformation (Table 4.5, 

Supplementary Video 2). 

Analysis of Figures 4.9-11 and Videos 1 and 2 showed that independent control of left and right 

SMMs was possible at all tested distances for both actuation strategies. Therefore, we can conclude 

that ‘the smallest possible distance’ for OM and PM strategies is 2cm. 
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4.4.4 Phantom Testing 

 

Figure 4.12. A horizontal slice of a CT scan from patient ‘Meyer’ used to manufacture skull phantom used in this 

study (source: phacon.de) with highlighted workspace of interest. B. Photographs of the phantom including frontal 

and side view with highlighted entry for an external camera with light source. 

Table 4.12.  Approximated workspace size in the skull base phantom based on the CT scan. 

 Distal nostrils 

width (1) 

Distal nasal cavity, opening to 

the sphenoid sinus (2) 

Workspace width 

(sphenoid sinus) (3) 

Size (mm) 24.7 22.8 31.4 

 

 

Analysis of characterization results shows pros and cons of the two presented actuation strategies. 

Suitability of each strategy should be considered depending on the intended application, including 

requirements range of motion and size of the anatomical cavity. Considering anatomical 

constraints (Figure 4.12) and the desire to maximize range of motion, priority was given to the 

increased range of motion at smaller separation distances offered by the OM strategy (Figure 4.9), 

over providing bending modalities in four directions. 

To produce concept bimanual surgical tools for the endonasal application, two dual-segment 

manipulators based on the OM strategy (Figure 4.6) were integrated with functional components. 

The fabrication technique detailed in Figure 4.5 was adapted to accommodate a 2 mm camera 
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(0.003 g) (160k WLC CMOS, Fujikura, Japan) in the left manipulator and an optical fiber 

(FG105UCA, Thorlabs, USA) in the right manipulator (Figure 4.14).  

 

Figure 4.13. Experimental set up for phantom testing, with a close-up view of a workspace accessed with a camera 

and a light source through an opening in the sella bone. 

 

Using our large workspace dual-arm robotic magnetic field control system (Figure 13), we 

assessed independent manipulators within an anatomically accurate skull phantom manufactured 

using real patient Computer Tomography (CT) scan data (Phacon, Germany) and mechanically 

realistic materials. Our design requirements for this system were based on currently used EES 

tools, as well as analysis of anatomical pathways and workspace within the nasal cavities of basing 

on the CT scan data. 

The phantom was prepared according to the surgical standards for EES procedures by an ENT 

surgeon, by partial removal of nasal turbinates, distal septum, and a part of sphenoid bone to widen 

the workspace for manipulators and for access to access the pituitary socket. A silicone target was 



   

  

 75 

placed in the workspace on the wall of sella turcica, the bone of the pituitary fossa as indicated in 

Figure 4.14.  

Manipulators with camera, fiber and their connections were attached to flexible tubes and fixed on 

a 3D printed holder above the phantom. The distal ends of the manipulators were inserted into the 

nostrils and advanced to position within the target workspace, as seen in Figure 4.14. Once in 

place, the left manipulator with embedded camera was first independently actuated to allow 

inspection of the workspace (Supplementary Video 3). Subsequently, the right manipulator with 

embedded fiber was independently actuated to test its range of motion while the camera (left 

manipulator) was held still. After evaluating that sufficient range of motion can be provided to 

reach the target with the light source, the manipulator was actuated to an optimal pose, the light 

source was turned on and magnetic field was modulated multiple times from 5 mT to 7 mT in X 

direction to create repeated linear motion on the target, mimicking a laser beam ablating an 

adenoma (Supplementary Video 3).  In the Video 3, the position of the laser tip was evaluated as 

a part of post-processing analysis. Each point was determined through identification of the middle 

(maximum brightness) of the laser tip as the manipulator moves in the view of the external camera. 

We found the average error to be 0.13 mm with standard deviation of 9.8 % and the highest 

positional error of 0.34 mm. In this experiment, the manipulators were positioned at the distance 

D between 22.8 to 31.4 mm (based on the CT scan (Table 4.12)). Considering results for OM 

testing (Figure 4.9, Supplementary Video 1), attraction in case of inward bending was expected 

with lowest magnitude conditions (3 mT). However, the anatomical features of the workspace 

provided increased mechanical separation of the manipulators and attraction occurred only with 

higher field magnitude of 7 mT. In this case application of −𝐵𝑦 caused reciprocal attraction and 

the opposite field (𝐵𝑦) was applied to induce their separation (Supplementary Video 4).  
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Figure 4.14. A. View from the endoscopic camera attached in the phantom for bottom view of the site. B. Intra-

operative view of the camera embedded into one of the manipulators. 
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4.5 Discussions and Conclusions 

In this paper, we present for the first time a dual-magnetic manipulator system for medical 

applications in confined workspaces. We developed a geometrically optimized design of a SMM 

to provide preferential bending planes and high angles of deflection. When configured into two 

parallel manipulators (Figure 4.6 and 4.7), independent magnetic manipulation is possible via two 

distinct actuation strategies. These utilize specific manipulator magnetization profiles (OM 

strategy) and local magnetic field gradient control (PM strategy) respectively and are implemented 

using our dEPM robotic platform.  

 

Characterizing the two strategies as a function of manipulator separation, assessing the range of 

motion and the effect of manipulator interacting forces during independent manipulator actuation, 

identified associated advantages and disadvantages for each. The presented PM strategy (Figure 

4.10) shows consistent bi-planar actuation with minimal manipulator cross-talk for all separation 

distances. However, this strategy suffers from a reduction in bending range of motion (and thus 

workspace) for smaller separations due to weaker induced magnetic fields on the actuated 

manipulator. It is also notable that achieving independent actuation via this method is highly 

coupled to the calibration accuracy of the dEPM system and identification and alignment of the 

focal point, with even a small movement in the focal point causing both agents to be 

simultaneously actuated. Additionally, the calibration accuracy can also affect the symmetry in the 

reachable workspace of the left and right manipulator.  To resolve these accuracy issues, the 

calibration methods for the dEPM platform can be improved through implementing more accurate 

optical tracking system in the future. This issue is far less significant for the presented OM strategy 

(Figure 4.9), where actuation is induced primarily via homogeneous magnetic fields, relaxing the 
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accuracy requirements of the dEPM system. Using the OM strategy, the non-actuated manipulator 

will ideally remain stationary until a certain unique magnetic field is applied. However, as 

evidenced through the presented OM independent actuation tests, (Figure 4.9 and Figure 4.11A), 

separation distance influences the level of independent motion achievable due to the effects of 

magnetic interaction (cross-talk) between the manipulators. Furthermore, under the application of 

gradient −
𝜕𝐵𝑥

𝜕𝑦
  to the right manipulator, the desired inward motion (direction –y) is not achieved. 

This is due to the induced magnetic field’s orientation with respect to the manipulator’s 

magnetization causing torsion about its main axis, effectively flipping the magnetization direction 

of the manipulator and leading to undesired bending in +y direction (outwards) instead 

(Supplementary Video 1).  

Independent control was possible at all tested distances, with different levels of cross-talk and 

cross-activation, depending on the actuation strategy and separation distance, where the smallest 

tested separation distance was 2 cm. The smallest possible distance (function of cross-talk) will 

vary with change in manipulator length, diameter, elastomeric properties and amount of magnetic 

material. Therefore, depending on the exact application of the dual-manipulator system, SMM’s 

dimensions will vary and with those – the amount of cross talk and smallest distance at which 

SMMs can still achieve independent control. 

Regardless of the identified limitations of the proposed strategies, independent motion of the two 

parallel manipulators was possible over a large area for both (up to 0.55 cm2 and 0.32cm2 for OM 

strategy and up to 0.45 cm2 and 0.56 cm2 for PM strategy). Although the achievable range of 

motion would increase with the removal of the marker frames (required for tracking), successful 

actuation with this payload indicates potential suitability for surgical tool manipulation with 

confined anatomy. This proposed system was thus evaluated for the scenario of EES (Figure 4.13, 
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4.14), and independent actuation of two manipulators (with camera and optical fiber, respectively). 

This was qualitatively tested in the confined endonasal space of a 3D printed base skull phantom. 

Evaluation of laser tip position showed the average positional error of 0.13 mm. Further feasibility 

tests in terms of clinical application should be performed in future works. Evaluation of maximum 

payload possible to manipulate at the tip is of interest for surgical applications requiring tool-tissue 

interaction such as the use of cutting tools, ultrasound probes or forceps. Moreover, the 

quantification and optimization of speed of tasks performed with the presented bi-manual 

manipulator system will be of interest for any practical application to surgical scenarios. 

Future adaptations may leverage the discrete modular approach proposed to deliver different 

configurations of multiple short segments for increased maneuverability and/or range of motion, 

or to facilitate controlled navigation approaches. To enhance the stability of the system when the 

OM strategy is applied, approaches to increase torsion stiffness of one of both manipulators may 

be explored ([36], [16]). Additionally, integration of proprioceptive and localization feedback 

would aid navigating in visually obscured clinical scenarios (based on pre-operative anatomical 

scans) and allow for stable focal point tracking and independent closed loop manipulator control. 

 

The proposed design approach and actuation strategies demonstrate independent actuation of two 

magnetic continuum manipulators within the same confined workspace. This opens a new 

approach to magnetically controlled surgical tools suited to application within confined, delicate 

anatomy. Coupling the scalability of monolithic magnetic manipulators with independent local 

actuation offers prospects for improving endoscopic procedures currently served by large and rigid 

tools, with associated benefit to the patient and surgeon. 
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Chapter 5 Double Helix Optimization 

 

Chapter source: Selective Geometric Modification for Independent Actuation of Multiple Soft 

Magnetic Manipulators," Z Koszowska, A Bacchetti, P Lloyd, G Pittiglio, J H Chandler and P 

Valdastri, 2023 IEEE International Conference on Robotics and Biomimetics (ROBIO), Koh 

Samui, Thailand, 2023, pp. 1-6, ©[2023] IEEE 

doi: 10.1109/ROBIO58561.2023.10354735 

 

Abstract 

Soft Magnetic Manipulators (SMM) have the potential to improve current endoscopic procedures 

through extreme miniaturization and inherently safe tissue interaction. This relatively new field of 

soft robots is being extensively researched for various medical applications. However, utilization 

of two or more SMMs under stable control within the same workspace is challenging due to their 

exposure to similar or identical applied magnetic fields and field gradients. To improve stable 

independent control of SMMs in a shared workspace, we explore geometric variations to the SMM 

design, consisting of elastomeric double helices wrapped around a cylindrical core. The influence 

of geometrical properties on stiffness in two bending planes is investigated, as well as torsional 

stability across six tested designs. Experimentally acquired data on bending and twisting of 

proposed designs is compared to equivalent soft magnetic cylinders.  Finally, to demonstrate the 

capability of independent actuation, two selected designs are tested in multi-SMM parallel 

configurations, consisting of two and three parallel SMMs within the same workspace 
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5.1 Introduction 

Endoscopic approaches to surgery present with benefits of reduced trauma and fewer 

complications. However, challenges remain due to technological limitations, which can preclude 

endoscopic access to deep anatomical structures. In cases where diagnosis or treatment is needed 

in deeper anatomy, the tool requirements do not only include miniaturization, but also capability 

of high deflection angles and maneuverability within a limited workspace. The field of soft 

robotics may offer solutions to some of the issues faced in endoscopic surgical approaches, 

providing small compliant manipulators with increased Degrees of Freedom (DoF) for superior 

maneuverability and inherently safe  tissue interactions [1], [2]. Of these robotic designs, the 

relatively new field of Soft Magnetic Manipulators (SMMs) presents some notable advantages 

with respect to other approaches (e.g. cable driven or pneumatically actuated soft robots) when 

designing for small scales [3], [4].  

SMMs containing microscopic magnetic particles are entirely soft and can be magnetically pre-

programmed to produce desired deformations under exposure to specific and controlled external 

magnetic fields [5] (Fig. 5.1). External, remote actuation of this type thus enables extreme 

miniaturization without loss of controllable DoFs [6]. This is often impossible to achieve with 

other approaches due to the accommodation of onboard actuation (wiring, tubing, tendons etc.). 

Due to these advantages, magnetically actuated devices can be beneficial in the medical 

environment and have been proposed for many applications [7]–[12]. 

Even though magnetic actuation presents several benefits, applications in surgery can be still 

challenging when procedures require collaborative control of multiple instruments, such as 

camera, forceps, cutting device, suction etc. Two or more identical magnetic agents in one 

workspace respond in the same manner when exposed to external magnetic fields. 
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To allow independent actuation between magnetic agents, researchers utilize geometric [13]–[17] 

or magnetic [18], [19] heterogeneity between agents or inter-agent magnetic interaction [20], [21] 

leading to different responses under application of a uniform magnetic field. Alternatively, two 

homogenous agents can be independently actuated through advanced magnetic control, utilizing 

magnetic field gradients [22]. Research on independent magnetic control up to date has primarily 

focused on untethered microrobots, leaving control of multiple continuum SMMs an open 

challenge.  

 

Figure 5.1. a) Two soft magnetic cylinders with identical magnetization experience the same deflection in a 

homogenous magnetic field, in any orientation. b) Independent actuation based on geometrical heterogeneity of 

agents; two soft magnetic manipulators with helical reinforcement and identical magnetization, when arranged 

orthogonally in one workspace will respond differently to the applied homogenous magnetic field. c) Unstable 

scenario in a case of magnetic heterogeneity of agents, where magnetization vector of SMM2 creates a 90˚ angle with 

applied magnetic field vector leading to a twist along the longitudinal axis. 
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In our recent work [23], we proposed a system where application of two manipulators in the same 

workspace is enabled through specific magnetic profiles and mechanical constraints to allow 

actuation independence at a millimeter scale, using our dual arm external permanent magnet 

(dEPM) system for field generation [24]. The proposed design is a monolithic elastomeric structure 

consisting of a double helix wrapped around a cylindrical core. 

The seam of the double helix structure acts as a planar constraint, leading to a difference in bending 

stiffness between manipulator’s axes (Fig 5.2). This mechanical constraint, together with specific 

magnetization direction, enables selective independent control of available DoFs when exposed to 

the same magnetic field conditions. The previous work included broad characterization of 

independent actuation modes and available workspace, only briefly investigating the effect of the 

double helix design parameters on the desired behavior. 

In this work we investigate the effect of geometrical parameters of presented helical reinforcement 

on bending stiffness and torsional stability (twist) under a homogenous external magnetic field. 

The aim of this study is specifically focused on finding monolithic designs with an optimal trade-

off between high deflection angle in desired actuation planes, and reduced twist in unstable 

scenarios, thus maximizing the potential for independent SMM control in one confined workspace. 

 

5.2 Double Helix Reinforced SMM 

5.2.1 Principles of Magnetic Actuation 

A magnetic agent with magnetization 𝜇 is subject to magnetic force (f) and torque (τ) under an 

applied field B, respectively as 
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𝒇 = 𝛁 (𝝁 ∙ 𝑩)       (5.1) 

𝝉 = 𝝁 × 𝑩         (5.2) 

 

The magnetization vector(s) of an SMM is a crucial element in magnetic actuation of soft 

structures. As seen in (equation 5.2) when the magnetization μ direction of the magnetic body 

aligns with the applied external magnetic field direction, the cross product decays to zero and no 

resultant torque occurs (no actuation). If the direction of μ is misaligned with the external magnetic 

field vector B, a resultant magnetic torque will be present on the body; expressed as the cross 

product of magnetization direction and applied external magnetic field (equation 5.2). Using this 

phenomenon, an SMM can be pre-programmed in a manner to achieve desired motion, when 

exposed to specific external magnetic fields. In cases where the angle between the magnetization 

vector of the SMM and the applied magnetic field reaches beyond 90˚, an undesired torsional 

response may occur. That is, the SMMs twist around their longitudinal axis to align with the 

actuating field, rather than producing the desired bending deformation (Fig. 5.1C). 

Mitigation of this effect is possible through constraints on the magnetization profile and/or 

actuating fields, or through introduction of anisotropic stiffness, as e.g. in [25], through addition 

of two helical fibers into the robot design or as in [26], by embedding a braid. Designs with 

enhanced torsional stability can improve actuation independence of manipulators in multi – SMM 

configurations by allowing for stable actuation over a wider range of manipulator-field conditions. 

For example, in scenarios where the direction of applied magnetic field, meant to actuate SMM1 

(e.g. Fig. 5.1C), would create an unstable condition with the SMM’s 2 magnetization vector, high 

torsional stability and planar reinforcement would ensure little to no movement.  

Another scenario in which the SMM aimed to remain static is magnetized axially; to achieve no 

response under application of perpendicular magnetic field vector, some form of reinforcement is 
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required. This could potentially be achieved by stiffening on demand [27], however, to date, 

stiffening solutions for SMMs have been a challenge due to either scaling [28] or temperature 

issues [29]. 

Depending on the method of magnetic field generation and the manipulator requirements, in 

simple actuation cases it is possible to design a set up that purposefully omits unstable scenarios 

or simply relies on magnetic heterogeneity of agents, leading to a different response. However, 

considering complex configurations with multiple SMMs comprised of a large number of DoFs, 

the utilization of geometrical or magnetic heterogeneity or both, would be greatly beneficial. In 

those cases, geometric reinforcement is fundamental to achieve actuation independence, and the 

design features of the SMMs are critical for torsional stability and planar reinforcement. 

5.2.2 Design and Fabrication 

In this section, we explore six helical designs (Table 5.1) with varied parameters of helix geometry 

including helix thickness (t) and number of revolutions per unit length (R) (Fig. 5.1). Maximum 

number of revolutions is considered a value at which further increase in R would form a cylinder 

instead of a double helix structure, which is specific to each investigated helix thickness (t). The 

inner core diameter (ID) and outer core diameter (OD) were kept constant for all designs. The 

outer diameter of 3.5 mm is close to currently used endoscopic manipulators, while 1 mm ID is 

sufficiently large to allow creation of a tool channel in the helical structure. As a control case, we 

also investigate cylinders of 3.5 mm and 1 mm in diameter.  

The rationale behind the helical designs (Table 5.1) is as follows: The thinnest t value of 0.5 was 

determined by fabrication limits, as it represents the smallest feature we could mold with 

acceptable resolution. On the other end of the spectrum, a t value of 1.5 was selected based on 

initial experiments, which showed that this was the largest size capable of forming the desired 
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helix structure at the maximum R. Further increases in the t value would result in a structure 

resembling a cylinder rather than an intricate helix. The R values were chosen similarly, based on 

the maximum number of revolutions per unit length that could still produce a distinct double-helix 

structure. For each design, we also tested the structure at half the maximum R value.
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Table 5.1. Design parameters of SMMs tested in this study. 

Design OD (mm) ID 

(mm) 

L 

(mm) 

R t 

(mm) 

A  
3.5 1 15 15 0.5 

B  3.5 1 15 30 0.5 

C  3.5 1 15 8.14 1 

D  3.5 1 15 16.28 1 

E  
3.5 1 15 4.71 1.5 

F  
3.5 1 15 9.42 1.5 

G  
3.5 N/A 15 N/A N/A 

H  
1 N/A 15 N/A N/A 

 

Candidate monolithic helical designs and cylinders (Table 5.1) were fabricated in a single-step 

casting process by using 3D printed molds (Grey V4 resin, Form III, Formlabs, USA). Silicone 

(Dragon Skin™ 10, Smooth-On, Inc., U.S.A.) was mixed with 100 wt% (percentage by weight) 

of hard magnetic microparticles (NdFeB with an average 5 µm diameter, MQFP-B+, 

Magnequench GmnH, Germany). The magnetic silicone was then mixed in a high vacuum mixer 

(ARV- 310, THINKYMIXER, Japan) for 90 seconds at a speed of 1400 rpm and a pressure of 

20.0 kPa and injected into closed molds and cured at 45˚C for 30 minutes (Fig. 5.2a). Each design 

was fabricated twice to allow magnetization in an impulse magnetic field of 4 T in two directions: 

along their Z and Y axes respectively, for independent and torsional stability testing. To verify 

resultant magnetization vectors, samples were analyzed using a magneto-optical sensor 

(MagView, Matesy, Germany) (Fig. 5.2b). 
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Figure 5.2. a) Fabrication process. b) Magnetization process, including axial and orthogonal magnetization; Magview 

images confirming desired magnetization profiles post-magnetization. 

 

5.3 Results 

5.3.1 Design Evaluation 

Fabricated designs (Table 5.1) magnetized axially (Z) and orthogonally (Y) were evaluated by 

recording data on manipulator deformation under externally applied magnetic field at 2.5 mT, 5 

mT and 7 mT using a uni-directional Helmholtz coil (DXHC10-200, Dexing Magnet Tech. Co., 

Ltd., Xiamen, China). The samples’ long axes in the experimental set up were parallel with gravity 

(Z). Bottom and side view cameras allowed for collecting data on twist and bending angles 

respectively. All designs were evaluated for bending and twisting performance and the best two 

candidate designs are further evaluated in terms of payload and independent actuation. 
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5.3.1.1 Bending Stiffness 

The samples for deflection testing were magnetized along their longitudinal axis (Z) and subjected 

to a uniform magnetic field 𝐵𝑥. To test SMMs deflection capabilities in XZ and YZ planes, we 

first aligned the XZ plane of an SMM with the magnetic torque and subsequently rotated the 

sample by 90˚ such that the magnetic torque was aligned with the YZ plane of the SMM.  

This was repeated for all samples, separately. Collected data was analyzed as a ratio 𝑅𝑥𝑦 =

 𝛾𝑥 𝛾𝑦⁄  where 𝛾𝑥 is the bending angle in the preferred direction and 𝛾𝑦 is bending angle in 

constrained direction, and as is presented in Fig 5.2. 

 

Figure 5.3. Ratio R_xy across all tested designs. 
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Figure 5.4. a) Bending angle 𝛾𝑥 on the low stiffness plane. (b) Bending angle 𝛾𝑦 on the reinforced plane. 

 

Designs A and E showed ratio 𝑅𝑥𝑦 close to cylinders (G and H), showing negligible difference in 

bending stiffness between their XZ and YZ planes. Design D shows the highest ratio 𝑅𝑥𝑦 of all 

tested samples, approximately 2.5 times higher than two tested cylinders (𝑅𝑥𝑦 = 1 (Fig. 5.3)). 

Additionally, all designs with helical features (A-F) experienced higher bending angle than 

cylinder of the same diameter (H) (Fig. 5.4A). The lowest bending angle at B = 7 mT of all helical 

designs was achieved with design E at 52.3˚, which was still 3.8 times higher than the cylinder H 

(13.75˚); the highest bending angle was achieved with design B at 68.2°, which is 5 times greater 

than cylinder H, and only 1˚ higher than cylinder G. 
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In Figure 5.4B at field 𝐵 = 7𝑚𝑇, we observe designs A, B, C and E to reach approximately the 

same deflection of 54˚on their reinforced plane, while designs D and F showed higher XZ stiffness 

achieving 24.1˚ and 39˚ respectively. 

 

5.3.1.2 Torsional Stability 

To collect information on twisting behavior, the samples magnetized along their Y axes were 

placed in the workspace and a magnetic field in direction perpendicular to magnetization vector of 

the tested sample was applied (𝐵𝑥). This created a scenario of pure instability (twist without 

deflection). 

Twist angle analysis on its own is not a valuable factor for characterization, since we consider an 

optimal SMM to be capable of high deflection angle while experiencing minimal twist. Hence, we 

additionally consider a ratio 𝑅𝑥𝑧 = 𝛾𝑥 𝛾𝑧⁄  where 𝛾𝑥 is bending in a preferred direction and 𝛾𝑧 is a 

twist angle in a purely unstable scenario, as presented in Fig. 5.5 

 

 

Figure 5.5. Ratio 𝑅𝑥𝑧 across all tested designs. 
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We consider 𝑅𝑥𝑧 of the two cylinders as a baseline for this comparison (0.55), in this case meaning 

no torsional reinforcement. Designs A and D showed ratio 𝑅𝑥𝑧 close to cylinders. Design F shows 

the highest ratio 𝑅𝑥𝑧 of 1.6, which is 2.9 times higher than 𝑅𝑥𝑧 of the cylinders (Fig. 5.5).  

 

Analysis of collected data facilitated selection of two designs with desired mechanical features. 

Design D experiences the highest variability in bending stiffness between XZ and YZ axes (𝑅𝑥𝑦), 

while its torsional stability (𝑅𝑥𝑧) is close to a cylinder. Design F shows the greatest torsional 

stability (𝑅𝑥𝑧) of all samples and relatively high bending stiffness variability.  

 

5.3.1.3 Payload 

Additionally, the two selected designs (D and F) were tested with weights attached to their tips 

(0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g) and actuated at 2.5 mT, 5 mT and 7 mT on their preferred bending 

plane. Bending angles achieved with loaded tips were compared to bending angles extracted from 

tests with no payload. We observed similar trends in bend reduction in the two designs with 

addition of load at the tip. The maximum deflection achieved with maximum load (0.5 g) at the 

tip was 16˚ and 19˚ respectively for designs D and F, while unloaded cylinder H achieved 

maximum deflection of 14˚ under the same magnetic field (Fig 5.6). 
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Figure 5.6. Bending angle in the low stiffness axis of designs D (a) and F (b) with payload at tip from 0 g to 0.5 g. 

 

5.3.1.4 Independent Actuation 

Selected Designs D and F were tested in parallel configurations to demonstrate capability of 

independent actuation under uniform magnetic field conditions in the same workspace. The two 

SMMs were placed in the workspace of 1D Helmholtz coil at 2.2 cm distance (center to center) 

and a uniform magnetic field was applied in X direction (Fig.5.7). We tested two actuation cases 

for both designs. The first case demonstrated instability of one manipulator (orthogonally 

magnetized) and bending on its high stiffness plane, while the second case included the same 

instability combined with bending on low stiffness plane in the same workspace.  
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Figure 5.7. Dual Manipulator configuration. a) Design F; b) Design D; black frames represent global reference frame; 

green arrows represent direction of SMM’s magnetization vector; red arrows represent applied magnetic field 

direction. The left side presents view on the YZ plane, showing the separation distance in the workspace, while right 

side of the figure shows view on the XZ plane of the workspace where bending is easier to observe. 

We additionally demonstrated a configuration of three manipulators in one workspace, where two 

of the three manipulators were magnetized axially with their reinforcing planes arranged 

orthogonally (Fig. 5.8). This configuration demonstrates all three basic actuation modes of a 

reinforced SMM in the same workspace: bending on the reinforced plane, pure twist and bending 

on preferred plane. Similarly, as in dual manipulator configuration (Fig 5.7), we observe no inter-

manipulator attraction at this separation distance. We excluded static SMM mode from this 

demonstration, where its magnetization vector aligns with applied magnetic field. 
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Due to no magnetic interaction at tested distance and assumption of uniformity of magnetic field 

in the workspace, the bending angles tested in multi-SMM configurations in this section are 

assumed to be the same as in single-SMM tests in sections IIIA 1) and IIIA 2). 

 

Figure 5.8. Triple manipulator configuration, showcasing three basic actuation modes in the same workspace. Black 

arrows represent global reference frame. 

 

5.4 Discussion and Future Work 

All SMMs reinforced with a double helix showed improved bending capabilities in one of the axes, 

in comparison to a cylindrical SMM of the same diameter (Fig. 5.4). Designs D and F both exhibit 

desired mechanical features showing their suitability to be applied in multiple SMM scenarios. 

Design D was characterized with 2.6 times higher ratio 𝑅𝑥𝑦 than a cylinder, meaning the deflection 

angle on the non-constrained plane is on average 2.6 higher than on the constrained plane. 
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Design F showed the highest ratio 𝑅𝑥𝑧 of 1.6, meaning that on average this design experiences 1.6 

higher deflection in the preferred direction than it experiences twist about its longitudinal axis. 

Moreover Design F is 2.9 times more torsionally stable than cylinders (designs G and H). Both of 

the selected designs feature maximum R values (Table 5.1, Fig. 5.1), leading to the conclusion that 

only designs with high helix density should be considered in future works. Additionally, the two 

selected designs tested with tips loaded with 0.1 g – 0.5 g showed higher deflection than an 

unloaded cylinder of the same diameter under the same magnetic field exposure. 

 

Demonstration of dual SMM configurations of designs D and F confirmed properties tested in 

single-segment studies, showing a better planar reinforcement in Design D and better torsional 

reinforcement in Design F.  

We observed no attraction at the tested separation distance; however, it is expected that reducing 

the spacing will cause some level of attraction between the manipulators, especially when bending 

towards each other (as previously shown in work presented in Chapter 4). 

Additionally, depending on the magnetic profile directions of the SMMs and on their arrangement 

in space, the possibility of attraction might increase e.g. in cases where the south pole of one agent 

will be directly facing north pole of the other. Such interactions will have crucial influence on 

independent actuation when scaling down, as well as in scenarios with small separation distance. 

Understanding and mitigating these inter-manipulator relationships will be a subject of further 

work. 

Since the aim of this study was to characterize the influence of geometrical parameters on SMM 

performance, we have focused on separating motions of bending and twisting. 
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However, in complex actuation scenarios, twists can occur out of plane while the SMM is 

deflecting and therefore a design with both features would be expected to improve overall stability. 

Additionally, to fully characterize the designs, it would be of benefit to investigate bending 

capabilities when magnetic field is applied at a different angle and direction than tested in this 

paper, since this study was limited to uni-directional field application. 

We chose to use a 1D Helmholtz coil for the characterization tests due to its ease of use and 

straightforward setup. However, this system had limitations, particularly a smaller workspace 

compared to more advanced systems like the dEPM. As a result, we were unable to test all bending 

primitives within this experimental setup. Further studies exploring available workspace area with 

all available DoFs with dual and triple SMM set ups should be explored with more advanced 

magnetic field and gradient generating system such as dEPM or 3D electromagnetic coil. 

We also plan to develop a simulation-based optimization to create a more exhaustive search of 

possible designs when arranged in series and in parallel. 

 

  



   

  

 103 

5.5 References 

[1] M. McCandless, A. Perry, N. DiFilippo, A. Carroll, E. Billatos, and S. Russo, “A soft robot 

for peripheral lung cancer diagnosis and therapy,” Soft Robot., vol. 9, no. 04, 2021, doi: 

10.1089/soro.2020.0127. 

[2] P. E. Dupont et al., “A decade retrospective of medical robotics research from 2010 to 

2020,” Sci. Robot., vol. 6, no. 60, 2021, doi: 10.1126/scirobotics.abi8017. 

[3] T. Da Veiga et al., “Challenges of continuum robots in clinical context: A review,” Prog. 

Biomed. Eng., vol. 2, no. 3, 2020, doi: 10.1088/2516-1091/ab9f41. 

[4] M. Runciman, A. Darzi, and G. P. Mylonas, “Soft Robotics in Minimally Invasive 

Surgery,” Soft Robot., vol. 6, no. 4, pp. 423–443, 2019, doi: 10.1089/soro.2018.0136. 

[5] G. Z. Lum et al., “Shape-programmable magnetic soft matter,” Proc. Natl. Acad. Sci. U. S. 

A., vol. 113, no. 41, pp. E6007–E6015, Oct. 2016, doi: 10.1073/pnas.1608193113. 

[6] A. Bacchetti et al., “Optimization and fabrication of programmable domains for soft 

magnetic robots: A review,” Front. Robot. AI, vol. 9, no. November, pp. 1–10, 2022, doi: 

10.3389/frobt.2022.1040984. 

[7] Y. Kim et al., “Telerobotically Controlled Magnetic Soft Continuum Robots for 

Neurovascular Interventions,” Proc. - IEEE Int. Conf. Robot. Autom., pp. 9600–9606, 2022, doi: 

10.1109/ICRA46639.2022.9812168. 

[8] G. Pittiglio et al., “Patient-Specific Magnetic Catheters for Atraumatic Autonomous 

Endoscopy,” Soft Robot., vol. 9, no. 6, pp. 1120–1133, 2022, doi: 10.1089/soro.2021.0090. 

[9] V. K. Michiel Richter, Mert Kaya, Jakub Sikorski, Leon AbelmannVenkiteswaran and S. 

Misra, “Magnetic Soft Helical Manipulators with Local Dipole Interactions for Flexibility and 

Forces,” Soft Robotics, vol. 10, no. 03, pp. 1–13, 2022, doi: 10.1089/soro.2022.0031. 



   

  

 104 

[10] C. M. Heunis, Y. P. Wotte, J. Sikorski, G. P. Furtado, and S. Misra, “The ARMM System 

- Autonomous Steering of Magnetically-Actuated Catheters: Towards Endovascular 

Applications,” IEEE Robot. Autom. Lett., vol. 5, no. 2, pp. 704–711, 2020, doi: 

10.1109/LRA.2020.2965077. 

[11] D. Lin, J. Wang, N. Jiao, Z. Wang, and L. Liu, “A Flexible Magnetically Controlled 

Continuum Robot Steering in the Enlarged Effective Workspace with Constraints for Retrograde 

Intrarenal Surgery,” Adv. Intell. Syst., vol. 3, no. 10, p. 2000211, 2021, doi: 

10.1002/aisy.202000211. 

[12] G. Pittiglio et al., “Personalized magnetic tentacles for targeted photothermal cancer 

therapy in peripheral lungs,” Nat. Commun. Eng., vol. 2, no. 50, pp. 1–13, 2023, doi: 

10.1038/s44172-023-00098-9. 

[13] S. Tottori, L. Zhang, K. E. Peyer, and B. J. Nelson, “Assembly, disassembly, and 

anomalous propulsion of microscopic helices,” Nano Lett., vol. 13, no. 9, pp. 4263–4268, 2013, 

doi: 10.1021/nl402031t. 

[14] E. Diller, J. Giltinan, and M. Sitti, “Independent control of multiple magnetic microrobots 

in three dimensions,” Int. J. Rob. Res., vol. 32, no. 5, pp. 614–631, 2013, doi: 

10.1177/0278364913483183. 

[15] I. S. M. Khalil et al., “Independent Actuation of Two-Tailed Microrobots,” IEEE Robot. 

Autom. Lett., vol. 3, no. 3, pp. 1703–1710, 2018, doi: 10.1109/LRA.2018.2801793. 

[16] J. Giltinan, P. Katsamba, W. Wang, E. Lauga, and M. Sitti, “Selectively controlled 

magnetic microrobots with opposing helices,” Appl. Phys. Lett., vol. 116, no. 13, 2020, doi: 

10.1063/1.5143007. 



   

  

 105 

[17] P. Katsamba and E. Lauga, “Micro-Tug-of-War: A Selective Control Mechanism for 

Magnetic Swimmers,” Phys. Rev. Appl., vol. 5, no. 6, 2016, doi: 

10.1103/PhysRevApplied.5.064019. 

[18] E. Diller, S. Floyd, C. Pawashe, and M. Sitti, “Control of multiple heterogeneous magnetic 

micro-robots on non-specialized surfaces,” Proc. - IEEE Int. Conf. Robot. Autom., vol. 28, no. 1, 

pp. 115–120, 2011, doi: 10.1109/ICRA.2011.5979785. 

[19] S. Miyashita, E. Diller, and M. Sitti, “Two-dimensional magnetic micro-module 

reconfigurations based on inter-modular interactions,” 2013, doi: 10.1177/0278364913479837. 

[20] M. Salehizadeh and E. Diller, “Two-agent formation control of magnetic microrobots in 

two dimensions,” J. Micro-Bio Robot., vol. 12, no. 1–4, pp. 9–19, 2017, doi: 10.1007/s12213-017-

0095-5. 

[21] M. Salehizadeh and E. Diller, “Optimization-Based Formation Control of Underactuated 

Magnetic Microrobots via Inter-Agent Forces,” in International Conference on Manipulation, 

Automation and Robotics at Small Scales (MARSS), IEEE, 2017. doi: doi: 

10.1109/MARSS.2017.8001910. Independent Control of Two Magnetic Robots using External 

Permanent Magnets: A Feasibility Study," 2023 International Symposium on Medical Robotics 

(ISMR), Atlanta, GA, USA, 2023, pp. 1-7, doi: 10.1109/ISMR57123.2023.10130246. 

[23] Z. Koszowska et al., “Independently Actuated Soft Magnetic Manipulators for Bimanual 

Operations in Confined Anatomical Cavities.”, Adv. Intell. Syst., 6: 2300062, 2023 

[24] G. Pittiglio, M. Brockdorff, T. da Veiga, J. Davy, J. H. Chandler, and P. Valdastri, 

“Collaborative Magnetic Manipulation via Two Robotically Actuated Permanent Magnets,” IEEE 

Trans. Robot., pp. 1–12, 2022, doi: 10.1109/TRO.2022.3209038. 



   

  

 106 

[25] P. Lloyd et al., “Feasibility of Fiber Reinforcement Within Magnetically Actuated Soft 

Continuum Robots,” Front. Robot. AI, vol. 8, no. July, pp. 1–10, 2021, doi: 

10.3389/frobt.2021.715662. 

[26] P. Lloyd, O. Onaizah, G. Pittiglio, D. K. Vithanage, J. H. Chandler, and P. Valdastri, 

“Magnetic Soft Continuum Robots With Braided Reinforcement,” IEEE Robot. Autom. Lett., vol. 

7, no. 4, pp. 9770–9777, 2022, doi: 10.1109/LRA.2022.3191552. 

[27] M. Manti, V. Cacucciolo, and M. Cianchetti, “Stiffening in soft robotics: A review of the 

state of the art,” IEEE Robot. Autom. Mag., vol. 23, no. 3, pp. 93–106, 2016, doi: 

10.1109/MRA.2016.2582718. 

[28] Y. J. Kim, S. Cheng, S. Kim, and K. Iagnemma, “A novel layer jamming mechanism with 

tunable stiffness capability for minimally invasive surgery,” IEEE Trans. Robot., vol. 29, no. 4, 

pp. 1031–1042, 2013, doi: 10.1109/TRO.2013.2256313. 

[29] C. Chautems, A. Tonazzini, Q. Boehler, S. H. Jeong, D. Floreano, and B. J. Nelson, 

“Magnetic Continuum Device with Variable Stiffness for Minimally Invasive Surgery,” Adv. 

Intell. Syst., vol. 2, no. 6, p. 1900086, 2020, doi: 10.1002/aisy.201900086. 

 

  



   

  

 107 

Chapter 6 Stability in SMMs 

 

Chapter source: A Pneumatic Anchoring Mechanism for Improved Stability in Soft Magnetic 

Manipulators for Surgery; Z Koszowska, M Brockdorff, P R Lloyd, J H Chandler and P Valdastri; 

2024, Manuscript submitted to Robosoft, IEEE 

 

Abstract 

This paper presents a synergistic soft robotic actuation approach, whereby pneumatically induced 

anchoring is applied to a Soft Magnetic Manipulator (SMM) to enable improved  post navigation 

stability and tip manipulation accuracy.  A SMM is equipped with an integrated pneumatic 

expansion chamber (anchor) and tool channel to enhance stability during interventional 

procedures. The pneumatic anchor is tested for its position-locking effectiveness during SMM tip 

loading. Additionally, tip manipulation stability with and without the anchoring system activated 

is assessed by measurement of the SMM’s ability to trace a parametric circle using an integrated 

laser fiber. The anchoring mechanism showed a mean improvement in tip actuation accuracy of 

73.26%. The system is further demonstrated in the case study of a brain phantom, with the 

prototype equipped with a laser fiber. The SMM was navigated through a brain fold through 

application of external magnetic fields exploiting the dual External Permanent Magnet (dEPM) 

platform. Upon arrival at target site, the anchor was deployed to stabilize the SMM’s tip while 

laser targeting was performed, demonstrating the potential of this approach for procedures 

requiring high precision. 
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6.1 Introduction 

Minimally Invasive surgery (MIS) when accessing brain lesions provides major benefits over an 

open skull surgery. MIS approaches work well for brain tumors or aneurysms located near the 

brain surface or where access is possible via a straight path. However, in cases where tumors are 

in areas of the brain where straight tool trajectory would lead to penetration of brain tissues crucial 

in function, this approach is not feasible. In such cases, surgeons either opt for a traditional open 

craniotomy approach or simply deem the tumor inaccessible [1].  

The field of soft robotics is facilitating expansion of keyhole surgery in the brain, for deeper brain 

access [2], [3]. Soft continuum robots, usually driven by means of pneumatics [4]–[6] or hydraulics 

[7], [8], and manufactured with elastomeric materials offer greater flexibility and less traumatic 

tissue interaction over current endoscopic tools [9]. This can open the possibility of navigating to 

the targeted area, between brain folds (knows as sulci and fissures), as opposed to penetrating 

through the brain volume, allowing access to brain tumors located in difficult areas and 

significantly minimizing invasiveness of such procedures. This ensures that collateral damage to 

brain areas responsible for vital functions is minimized during surgery. While the concept of 

utilizing elastomeric devices is promising to overcome limitations in neurosurgery, there are 

numerous outstanding challenges. The available DoFs using popular actuation methods in soft 

structures are limited, especially at the required scale. Miniaturization of such devices to millimeter 

scale is challenging due to the limits of scaling down the components of actuating systems such as 

air connections, tubing, wires etc. This becomes even more significant in devices requiring high 

maneuverability, where more components are implemented in the design [10]. 

Stimuli-responsive materials can induce shape deformation under external actuation trigger such 

as magnetic field, pH gradient, ultrasonication or temperature. The significant advantage of such 



   

  

 109 

materials is in miniaturization potential, since they often eliminate the need for onboard actuation 

components such as motors, wires, pressure connections or tubing. An example of a smart material 

that can be applied in medical devices is in Soft Magnetic Manipulators (SMMs), where the 

addition of magnetic particles to an elastomeric matrix makes them responsive to external 

magnetic fields. This has been explored in medical applications by multiple research groups [11]–

[13]. The miniaturization potential of SMMs combined with the material modulus close to that of 

soft tissue present clinical benefits including minimized interaction with the surrounding anatomy 

and deep access to human body [9], [14]. SMMs can be divided into two categories: tip magnetized 

and continuously magnetized. Magnetization along the length of the manipulator’s body can be 

either axial or off-axis, providing a signature magnetic profile, e.g. suited for a  specific anatomy 

or  patient as in [15], [16], making them a good fit for navigating in complex paths. Tip magnetized 

manipulators, however, are better suited for applications in less tortuous pathways, where tip 

maneuverability and/or simplicity of operation is prioritized. The advantage of this approach is 

that due to the simple magnetic profile the tip can be easily controlled in multiple Degrees Of 

Freedom (DoFs) with magnetic gradients, even with a handheld magnet as in [17]. This multi-DoF 

tip actuation is challenging for continuously magnetized SMMs, due to the fundamental 

connection between internal magnetization and external applied field. Movement of the whole 

SMM's length when attempting tip only actuation is inevitable. Even if magnetic separation were 

possible, the movement of the tip would lead to uncontrollable movement of the more proximal 

region of the body due to their mechanical connection. Due to this phenomenon, applying 

stiffening approaches in SMMs would not only improve stability for high-payload tasks but also 

enable the highly desirable separation of the tip actuation from actuation of the SMM’s body.  



   

  

 110 

Structural compliance and softness are beneficial during navigation in delicate tissues, however, 

in cases where a procedure requires localized and accurate tip control could present itself as a 

disadvantage. Due to the compliant nature of elastomeric robotic devices, tasks such as biopsy can 

also pose challenges due to material buckling under load. Addressing this pivotal challenge in soft 

robotics has led to numerous efforts aimed at stiffening soft robots on demand. Temperature 

responsive materials [18], various material jamming and locking techniques [19]–[22] and even 

embedded chain mail [23] have all been demonstrated but invariably suffer from difficulties either 

related to unsafe transition temperatures or challenges in miniaturization [24]. For devices to gain 

needed stability to transmit forces essential to perform surgical tasks, researchers have also 

explored mechanical anchoring approaches such as pneumatic balloon [25], mechanical 

expandable structure [26] or magnetic anchoring [27], [28].  

In this work, we present a novel design of a soft magnetic manipulator (SMM) aimed at improving 

movement stability and independent tip control during magnetic actuation. We modified a 

previously presented SMM design [16] by adding a fully integrated pneumatic chamber, inspired 

by balloon catheters used to anchor within anatomical structures. This monolithic design facilitates 

smooth navigation and deployment of the anchor on demand. The inflated anchor allows for 

independent control of the tip, stabilizing the rest of the device in the anatomy, when the tip is in 

motion (Figure 1). Additionally, the tip can be actuated with precision, as the balloon functions as 

a stiffened section, comparable to approaches presented above. This prevents movements from the 

proximal SMM body from being transmitted beyond the balloon to the tip, which would otherwise 

cause disturbances in standard actuation scenarios without an anchoring mechanism. 
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Hence, by combining pneumatic anchoring with magnetic manipulation, our approach improves 

post-navigation stability and tip accuracy, offering a more controlled and stable magnetic actuation 

solution. 

 

Figure 6.1. Proposed Soft Magnetic Manipulator (SMM) with an anchor, in a dEPM set up, enabling potential 

applications in Minimally Invasive Surgery such as biopsy, precise laser ablation and tissue manipulation.  

6.2 Pneumatic-Magnetic Multi-Modal SMM Approach 

The presented prototype is 4 mm in diameter, with a thinner tip (2 mm) for improved deflection. 

The length of the tip is 15 mm, and the whole manipulator is 30 mm long. Design parameters of 

this prototype are guided by the clinical application of navigating through and anchoring in the 

lateral fissure of the brain, which varies between ~5.5 mm to 9 mm in a surgical training simulator 

used in this work (UpSurgeOn, Italy). However, the length of maneuverable tip, as well as balloon 

diameter and wall thickness can be adjusted at the design stage depending on specific application, 

and the size of lumen/cavity in which the anchor will be deployed.  
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6.3 Operational Principles 

6.3.1 Principles of Magnetic Actuation 

A magnetic agent with magnetization 𝝁 ∈  ℝ𝟑 is subject to a magnetic force (f ∈  ℝ𝟑) and torque 

(τ ∈  ℝ𝟑) under an applied field B ∈  ℝ𝟑, respectively as: 

        𝒇 = 𝛁 (𝝁 ∙ 𝑩)     (6.1) 

𝝉 = 𝝁 × 𝑩         (6.2) 

 

where ∇ is the gradient operator. The magnetization vector(s) of an SMM is a crucial element when 

it comes to magnetic actuation of soft structures. According to Equation (6.2) when the 

magnetization µ of the magnetic body aligns with the applied external magnetic field direction, it 

is subject to no resultant torque (no actuation). If the direction of µ is not parallel with the external 

magnetic field vector 𝐵 a resultant magnetic torque will be present on the body; expressed as the 

cross product of the magnetization direction and applied external magnetic field (2). Using this 

Figure 6.2. A. Molding process of the 2 mm magnetic core with a tool channel. B. Molding process of the pneumatic chamber, 

by injecting a layer of clear silicone over the cured magnetic core, in a secondary mold with cavity for chamber of 4 mm in 

diameter. C. Prototyped SMM with the deployed anchor and laser fiber in the tool channel. 
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phenomenon, a SMM can be pre-programmed in a manner to achieve desired deformation, when 

exposed to specific external magnetic fields.  

 

6.3.2 Pneumatic Chamber Design and Fabrication 

Pneumatic actuators commonly feature chambers in the form of hollow silicone structures, 

utilizing their axial space for inflation. However, in the context of functionalizing the core of the 

SMMs a different approach is required. Here, to pass surgical tools, the inflating chamber must be 

either offset from center or placed concentrically around the device. 

Fabricating the chamber separately from the SMM and assembling it with prefabricated magnetic 

segments poses multiple challenges in terms of the process and assembly.  

Therefore, a standard  fabrication technique for magnetic segment with tool channels as in e.g. 

[16] was adapted to cast the balloon around the SMM. This modification additionally enhances 

the versatility of the proposed system, enabling its integration with various types of SMMs. 

The anchor consisting of a pneumatic chamber was designed to fit around a 2 mm magnetic 

segment. The anchor is fully integrated into SMM, meaning that the diameter of the core segment 

defines the diameter of the chamber core. The first step involved fabricating a magnetic segment 

of 2 mm diameter and 15 mm in length, by casting, with 3D printed molds (Grey V4 resin, Form 

III, Formlabs III, USA). Equal parts of elastomer (EcoFlex 30, Smooth-On, Inc., U.S.A.)  A and 

B were mixed with 100 wt\% of hard magnetic micro-particles (Nd-FeB with an average 5 µm 

diameter and intrinsic coercivity of Hci = 9.65 kOe, MQFP-B+, Magnequench GmnH, Germany). 

The magnetic slurry was then mixed in a high vacuum-mixer (ARV- 310, ThinkyMixer, Japan) 

for 90 seconds at a speed of 1400 rpm and pressure of 20.0 kPa. The degassed mixture was injected 
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into closed cylindrical molds with a 0.8 mm NiTi wire fixed concentrically along the length of the 

cavity to create a tool channel. The part was cured at 45˚C for 30 minutes.   

PTFE tape (75 µm thick by 9 mm wide) was wrapped around the mid part of the magnetic segment 

to act as a mask in a second stage of the molding process, as in [25]. The silicone- silicone bond 

can only be achieved in areas where no PTFE is applied, creating a chamber where the mask is 

present, as depicted in Figure 6.2. 

The magnetic segment with applied mask was aligned in the secondary mold, ensuring that the 

vertical NiTi wire was placed in the alignment slots on both sides of the mold. Alignment is crucial 

to create a chamber with even wall thickness, allowing for uniform inflation and concentric balloon 

profile. This was ensured by printing molds with alignment slots using 25 µm resolution in 3D 

printer settings. Additionally steel tubes with (ID) of 0.9 mm were pressure fit into the alignment 

cavities in the molds. The steel tubes accommodate the 0.8 mm NiTi, passing through the segment 

providing concentric alignment of the core in the mold (Figure 6.2). A silicone tube (0.3 mm ID 

and 0.5 mm OD) was aligned on top of the magnetic segment as an air inlet and secured with an 

extra layer of PTFE. This was passed through a hole designed in the mold beforehand. 0.2 mm 

NiTi wire was inserted into the air inlet tube to prevent silicone blocking the tube while injecting. 

The mold was closed and clamped, followed by injection with a clear (undoped) layer of 

DragonSkin 10 Slow (Smooth-On, Inc., U.S.A). Upon careful demolding, NiTi wires were 

removed from the air supply tube and from the core.  

EcoFlex 30 was chosen as the material for the core and tip because of its low elastic modulus and 

consequent capability to achieve high deflection angles, even when mixed with 100% NdFeB [29]. 

The balloon was molded with DragonSkin 10 due to improved durability upon inflation, as 

compared to EcoFlex materials.  
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This fabrication process resulted in a 4 mm SMM with a 2 mm magnetic core, 0.8 mm tool channel 

and inflatable chamber with a wall thickness of 1 mm as shown in Figure 6.2. This process can be 

easily adapted to suit various surgical demands for the SMM, including total diameter, tool channel 

size, as well as different geometries of the balloon. 

6.4 Results 

6.4.1 The Anchor Experiment 

 

 

Figure 6.3. A mass was hung from the inflated SMM anchored in tubes of different diameters and lubrication. Results 

of anchoring evaluation tests where Δd is SMM’s displacement; A. Dry 6 mm silicone tube. B 6 mm (ID) Carotid 

Artery Phantom. C. 10 mm (ID Saphenous Vein Phantom. 
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A representative prototype was evaluated for its anchoring strength by incrementally loading the 

inflated SMM. To simulate clinically relevant experimental conditions, the prototype was tested 

in phantoms with mechanical properties resembling those of human tissues, including a 6 mm (ID) 

Carotid Artery Phantom and 10 mm (ID) Saphenous Vein Phantom (Syndaver.com), as well as a 

dry silicone tube with 6mm ID.  The phantoms were kept in water with dish soap as per 

manufacturers guide, creating a slippery surface on the inside. In each experiment, a phantom was 

secured vertically, and the anchor was deployed by supplying the chamber with 12 ml of air 

volume. The pneumatic connections were maintained the same throughout all experiments. 

Incremental loads (10 g) were added to the tip of the SMM until anchor displacement, Δd (Figure 

6.3).  

Figure 6.3 shows that the tested prototype supported the most mass at the tip in a dry tube of 6 

mm. The anchor failed at 70 g load.  Lower friction in the phantoms in comparison to a dry tube 

caused the balloon to slip out of the lumens at 30 g load in both tested phantoms. 

 

6.4.2 Tip Independence 

 

Figure 6.4. Experimental set-up for testing manipulation independence of the SMM’s tip, including MiniMag 

Workspace, phantom tube, SMM with an inflated anchor and screen for laser tracing. 
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To assess the independence of magnetically manipulating the SMM’s tip with the inflated anchor, 

a series of tests were performed under transient, homogeneous magnetic actuation. The prototype 

manipulator was equipped with a multimode laser fiber with a total diameter of 0.5 mm (0.39 NA 

TECS-Clad Multimode Optical Fiber, ThorLabs, USA). 

The SMM was placed in lumens (as in Section IV A)  aligned in omnidirectional magnetic field 

generation platform  (MGF-100, MagnebotiX, Switzerland) [30] originally along the X axis of the 

platform. An orthogonal field (in the Y-Z plane) was rotated about the SMM’s long axis (|B| = 20 

mT, 0.5 Hz), a field which should theoretically draw a circle with the laser on a flat target oriented 

in the YZ plane. 

The anticipated diameter of the circle was calculated based on a balance between magnetic torque 

(left hand side of equation 6.3) and beam bending torque (right hand side of equation 6.3), adapted 

from [31] 

𝒎 × 𝑩 = 
𝐸𝐼

𝐿
𝜃      (6.3) 

 

Where m is the magnetic moment of the manipulator (𝐴𝑚2), B the applied field (T), E the elastic 

modulus of the beam (𝑁𝑚−2), L the unconstrained length of the beam (15 mm) and I the second 

moment of area of the bending beam (𝑚4), defined as: 

 

𝐼 =  
𝜋𝑑4

64
       (6.4) 

 

The stiffness of the entire beam is the sum of the stiffnesses of the component parts, namely, the 

elastomer (douter = 2 mm, dinner = 0.8 mm, E = 360 kPa [29]), the laser (d = 0.2 mm, E = 50 GPa 

[32]) and the Teflon sheath surrounding the laser (d = 0.5 mm, E = 500 MPa [33]). Theta is the 
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bending angle of the beam giving, assuming linearity, the resultant radius of the laser sketched 

circle of: 

 

𝑟𝑐𝑖𝑟𝑐𝑙𝑒 = 𝑠. sin (𝒎 × 𝑩 . (
𝐿

𝐸𝐼
)      (6.5) 

 

With s the distance from the base of the SMM’s tip to the screen (Fig. 6.4). The data on the laser 

position was continuously captured with a camera (Basler, Germany) and repeated with the 

deflated and inflated anchor (12 ml air volume), in 3 ph antom lumens. Figure 6.5 presents the 

analysis of collected data, comparing laser points captured with camera to an expected circle based 

on Equation 6.5. It can be observed that the unanchored SMM was unable to draw a circle in all 

three tested cases. Collected data with unanchored SMM for “Silicone tube 6 mm” condition shows 

the drawn shape being the closest to the target circle from all tested cases. The Root Mean Square 

Error (RMSE) for the “Anchor OFF” condition was 1.72 mm while for the “Anchor ON” it was 

0.46 mm, showing reduction of the RSME of 73.26%.  

 

 
Figure 6.5. Results of a circle drawing task by anchored and unanchored SMMs in the MiniMag workspace under the 

same rotating magnetic field conditions Bz = 20 mT, 0.5 Hz. A. Silicone Tube 6 mm ID – dry. B. Lubricated Carotid 

Artery Phantom 6mm ID. C. Lubricated Saphenous Vein Phantom 10 mm ID. 
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6.5 Case Study: Demonstration in a Brain Phantom 

 

To demonstrate clinical applicability of the proposed prototype, the system was tested in a brain 

phantom. The clinical assumption was made such that in a real case scenario, the SMM would 

enter through a keyhole in the skull, drilled aligned to a plane of the targeted brain fold, as the 

concept drawing in Figure 6.1 [1]. Following clinical requirements to access brain fold workspace, 

the manipulator in most cases follows a similar trajectory, navigating along the brain fold then 

bending inwards. In this paper we use a simulator of the brain with exposed lateral fissure. Hence, 

in this case we opted for a standard magnetic profile, magnetizing the SMM along its length (Fig. 

6.2). Axial magnetic profile in this case is sufficient, providing needed deflection to bend along 

the lateral fissure and maneuver the tip upon anchor inflation. The magnetic profile, however, 

could readily be generalized for more complex navigations, where off-axis magnetization would 

be required.  

Figure 6.6. A. Experimental set-up including dual External Permanent Magnet (dEPM) platform, optical tracking 

system for calibration, brain phantom and SMM with its connections. B. Results of SMM testing in the brain phantom. 

From the top: navigation into the brain fold with manual insertion and magnetic field application, tip correction and 

inflation. More details in Supplementary Video 1. 
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A neurosurgical brain simulator (upsurgeon.com; model: AneurysmBox) was fixed in the dual 

External Permanent Magnet (dEPM) set up (Figure 6.6). Frames with optical markers were 

mounted at the top of the simulator, and on the permanent magnets, to facilitate calibration of the 

dEPM platform [34]. An external camera was mounted pointing into the fissure for visual feedback 

during the experiment. The SMM with anchor and laser fiber passing through the tool channel, 

was attached to a silicone tube with Silpoxy adhesive (Smooth-On, Inc., U.S.A.). The SMM was 

manually inserted into the workspace while applying magnetic field conditions: By = [20 mT; 25 

mT], (Figure 6.5B) (Table 6.1). At the last insertion step, additional field Bx = [10 mT] was applied 

to straighten the tip into required position (this can be seen in the Supplementary Video 1). 

After insertion, the inflating mechanism was deployed by supplying the chamber with 12 ml of 

air, to stabilize the SMM to achieve actuation independence of the tip. The tip was then actuated 

by applying magnetic field conditions as in Table 6.1. This demonstration showed tip actuation as 

desired, without movement of the rest of SMM body. This can be seen in the Supplementary Video 

1. 

 

  

http://www.upsurgeon.com/
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Table 6.1. Magnetic field conditions applied in the phantom workspace during the three stages of the experiment: 

Insertion, Tip Correction and Tip Actuation. 

 Bx By B

z 

Insertion 0 20 mT 0 

0 25 mT 0 

Tip 

correction 

10 mT 25 mT 0 

 

 

 

 

Tip actuation 

- 5 mT 0 0 

- 5 mT 15 mT 0 

- 5 mT 25 mT 0 

- 5 mT 10 mT 0 

- 5 mT 15 mT 0 

 15 mT 0 

-10 mT 15 mT 0 

5 mT 15 mT 0 

-5 mT 15 mT 0 

 

6.6 Discussion and Future Work 

In this work, we presented a novel anchoring mechanism for SMMs, aiming at stabilizing a 

manipulator’s body during surgical procedures, to allow independent and accurate actuation of the 

tip.  
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The experimental testing to evaluate anchoring strength of the presented approach showed that the 

design can support up to 70 g load at the tip for a dry tube and up to 30 g in lubricated phantom 

lumens. This shows a potential to use the anchor in medical settings where high payload at the tip 

is applied. In the future this capability should be further investigated and exploited by performing 

tasks requiring a payload at the tip, such as biopsy and penetration tasks (e.g. injections) in soft 

tissues. Additionally, the phantoms should be tested for their tribological properties to accurately 

evaluate anchoring properties depending on surface friction. It could be also beneficial to measure 

tissue deformation while the anchor is on. 

The results provided for independent tip evaluation show improved accuracy of targeted motion 

in all tested cases with anchored SMM. Inaccuracies in control without anchor vary depending on 

the size of the lumen, as expected. However, in all presented cases, the anchor improved the 

accuracy of tip motion, 73.26 % on average. The RMSE is larger for unanchored SMM in phantom 

tubes. This is likely caused by the lubrication of lumens, creating more challenging conditions for 

anchoring, as opposed to the dry silicone tube.   

The uneven shape of resultant tracked motion for the “Anchor OFF” condition observed in Figure 

6.4 is caused by rotation of the body length of the SMM under the rotating field. Due to the lack 

of anchor, the whole body of the SMM twists in the tube, allowing for magnetic gradient to pull it 

towards bottom left side of the workspace, while it is turning clockwise and thus creates a skewed 

and noisy shape.  

It should be noted that all results presented in this work correspond to one design of the SMM, 

featuring specific design parameters such as length, diameter, base material, and concentration of 

magnetic particles. Variation of these parameters will likely affect the maneuverability as well as 

stability when the anchor is on.  
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Clinical applicability was further demonstrated in a case study of a brain simulator, showing 

successful navigation with magnetic actuation, inflation in the lateral fissure and independent tip 

actuation. 

For feedback while navigating in clinical scenarios, future research should involve using Fiber-

Bragg sensors or similar running along the main axis of the manipulator. This can provide non-

visual shape-feedback when navigating deep in the brain tissue, and therefore beyond visual range. 

Additionally, since NdFeB particles are cytotoxic, further investigation should involve either 

biocompatible coatings of the whole SMM or magnetic components prior to the fabrication 

process, or an alternative biocompatible hard magnetic material [35]. 

This system shows potential to be applied in a broad range of medical procedures, where stability 

is important, such as laser ablation, biopsies and tissue retrieval. The design is easy to modify, 

depending on application requirements. The placement of the anchor can be adjusted to suit the 

length requirements of segments that need to be separated. For applications where longer SMMs 

would be more beneficial, multiple balloons can be implemented for improved stability in a longer 

body. It would be of interest to implement multiple balloons and depending on required tip length 

in specific application, selectively activate, thus controlling the length of the unconstrained tip. 

The chamber design can be adjusted to anchor in various lumen diameters. 
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Chapter 7 Discussion and Future Directions 

This chapter provides a summary and discussion of the contributions presented in this thesis, as 

well as future directions for the research. 

 

Summary of contributions 

This thesis explores methods to overcome the limitations of endoscopic surgeries by enhancing 

endoscopic technologies using Soft Magnetic Manipulators (SMMs). Through a novel technique 

involving monolithic double helix reinforcement, torsional behavior in unstable actuation 

scenarios is mitigated. Additionally, methods for simultaneous actuation of two SMMs within a 

single anatomical and magnetic workspace are investigated, offering potential for independent 

actuation through specific magnetization profiles and local gradient fields. The extensive 

characterization study of the double helix reinforcement identifies optimal designs for addressing 

unstable actuation cases. Moreover, the integration of an inflatable pneumatic chamber within the 

SMM addresses the challenge of maintaining stability during clinical procedures, demonstrating a 

significant increase in accuracy and potential for precise control in clinical environments. These 

findings contribute to the advancement of endoscopic technologies, paving the way for improved 

surgical outcomes and patient care. 

 

The primary focus of this thesis is to address the gap in research regarding the integration of 

magnetic continuum devices into surgical tasks. While these devices have been thoroughly 

investigated for their navigation methods, their application in surgical scenarios remains 

underexplored. Specifically, our goal is to explore methods for controlling two magnetically 

actuated tools within a single workspace using SMMs.  
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Chapter 4 presented two solutions addressing the challenge of actuating multiple SMMs in one 

magnetic and anatomical workspace. This work explored innovative design of a double helix, 

wrapped around a typical cylindrical shape of a magnetic catheter. The double helix provided 

needed reinforcement to minimize torsional behavior during scenarios of instability. Moreover, 

the resultant planar reinforcement, combined with specific magnetic design, allowed actuation of 

two SMMs in one workspace, for the first time. Additionally, an alternative approach was 

presented that utilized local magnetic gradient application on one of the manipulators, while 

keeping the second SMM static. Both approaches were experimentally evaluated for the available 

workspace. Despite the recognized constraints of the proposed methodologies, both strategies 

enabled independent motion of the two parallel manipulators across expansive areas (up to 0.55 

and 0.32 cm² for the OM strategy and up to 0.45 and 0.56 cm² for the PM strategy). Eliminating 

the marker frames, necessary for tracking, would likely expand the attainable range of motion. 

Nonetheless, the successful manipulation of the tracker payload underlines the potential 

applicability of these methods for surgical tool manipulation within constrained anatomical spaces. 

Clinical applicability of the proposed system was shown in a brain phantom, mimicking laser 

ablation of a lesion in a pituitary fossa. Evaluation of laser tip position showed the average 

positional error of 0.13 mm.  

 

Chapter 5 further investigated the double-helix design presented for the first time in Chapter 4. 

Nine designs were tested by adjusting design parameters, such as number of helix revolutions and 

helical thickness. Out of tested designs, two with the highest ratio of torsion to deflection were 

chosen for further testing. We showed independent actuation in 1D electromagnetic coil of three 

independent segments. This shows promise of multi-tool actuation with SMMs.  
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Apart from multiple tool actuation, as explored in Chapters 4 and 5, stability is another significant 

requirement when utilizing SMMs in surgical tasks. Considering the soft nature of SMMs, 

procedures requiring any force transmission at the tip, or accurate tip control e.g. for laser ablation, 

are challenging due to buckling.  

Chapter 6 explores utilization of a pneumatic chamber embedded in SMM design for improved 

stability in procedures requiring accurate tip actuation. By integrating inflating anchor, we 

successfully showed that the SMM can be locked in position, when arriving at a target and perform 

accurate laser ablation. We showed that the system was 4.7 times more accurate on average than 

SMM without the anchoring mechanism. The design supported up to 30 g weight at its tip before 

it slipped out of a lubricated lumen in which it was anchored. This is a promising result, showing 

that procedures with required payload of 30 g at the tip (or reaction force), could be possible with 

SMMs combined with presented anchoring mechanism.  

 

Remaining challenges and areas of future research that should be investigated following the 

research presented in this thesis are highlighted in more detail below. 
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7.1 Open Challenges 

7.1.1 Miniaturization 

Further miniaturization of endoscopic tools is crucial for moving the advancement of 

interventional endoscopy deeper into the human anatomy. Scaling down beyond sizes presented 

in this thesis (2 mm - 3.5 mm) would allow entry into anatomical structures which are currently 

inaccessible.  

There are fabrication techniques that can produce magnetic structures smaller than current SMMs 

(less than 2 mm), such as aerosol jet printing; [1] or adapted 3D printing techniques [2], [3]. 

However, apart from manufacturing challenges, there are multiple limitations that can arise after 

scaling down the SMMs. 

Main concerns for miniaturization come from scaling down torques and forces that can be 

generated, due to decrease in volume of magnetic elements. As described in section 2.3, magnetic 

actuation heavily relies on the volume of the magnetic element. 

Additionally manufacturing methods presented in this paper have size limitations too. Injection 

moulding techniques explored in this thesis, utilizing SLA 3D printing (Form 3, Formlabs, USA) 

for mould manufacturing, can produce cylindrical SMMs approximately 1mm in size. However, 

considering available technology to instrument the SMM with tools, it is limited at this size. This 

means that the tool channel needs to be at least 1 mm for any currently used endoscopic tools 

(grippers, forceps etc.) other than a functional fiber (e.g. optical fiber, FBG). Implementing such 

tool channel in an SMM can take away significant magnetic volume out of the manipulator, leading 

to further losses in available torque, which is significant at this scale.  
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Alternative to using off shelf surgical tools is to manufacture miniaturized versions that would fit 

our size requirements (less than 1 mm). This, however, presents itself with an issue of available 

payload due to size, as well as e.g. grip force in the case of grippers or cutters.  

7.1.2 Independent and Collaborative SMM actuation 

In Chapter 4, the prototyped sets of manipulators for both control strategies, were tested 

extensively for the available workspace, considering two bending primitives creating a cross 

motion when combined (as in Chapter 4, Section 3.2, Figure 4.10). 

This was done to simplify the experimental process and showcase the constraint of the double 

helix; however, it is possible to actuate the SMMs in more DoFs. In the orthogonal magnetization 

strategy, this can be achieved by overcoming our set maximum field (7.5 mT) that would activate 

the constrained plane of the SMM. This threshold magnitude of 7.5 mT was chosen 

experimentally, for the given set of manipulators. This value will be different depending on the 

material used for manufacturing, concentration of magnetic particles, varied helix parameters, 

diameter or length of the SMM. 

Actuating the manipulator beyond this threshold magnitude would be a first step to develop the 

system further, where apart from independent control, it could provide a level of collaborative 

control when needed, which is important in many surgical scenarios. The available area is expected 

to be comparable in size, through optimizing magnitude of applied fields, as well as their direction, 

to overcome the mechanical constraint of the double helix when bending on the high stiffness 

plane.  

In the Parallel Magnetization (PM) strategy, the main limitation was lower range of motion than 

in the OM case. This can be improved by either increasing NdFeB particle concentration, 
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decreasing the SMM diameter or applying field gradients higher in magnitude (e.g. with bigger 

permanent magnets).   

Moreover, it is important to emphasize that achieving independent actuation (or collaborative 

actuation in the future) using this approach heavily depends on the precise calibration of the dEPM 

system and accurately identifying and aligning the focal point. Even minor deviations in the focal 

point can lead to simultaneous activation of both SMMs. Moreover, calibration accuracy is crucial 

for determining the symmetry of the reachable workspace for both manipulators. To overcome 

these precision-related challenges, future enhancements to the calibration methods of the dEPM 

platform may involve integrating more accurate optical tracking systems. Collaborative control 

with the utilization of magnetic field gradients introduces different challenges than the OM 

strategy. This would require a higher-level magnetic field generating system, which can shift the 

focal point on demand with high precision. Placing the focal point at different locations in between 

the manipulators would allow application of magnetic field gradients varied in magnitude on the 

SMMs, to achieve different deformation of the two SMM simultaneously. 

For both presented magnetization strategies, it is important to test them further with different 

lengths of the SMMs, which will affect the available workspace area. Shorter SMM length is also 

expected to allow independent actuation at smaller distances than tested in this work (less than 2 

cm separation), which would be suitable for applications in smaller anatomical cavities.  

An alternative approach to independent SMM actuation is utilization of the inflating chamber 

presented in Chapter 6 in set-ups with two or more SMMs. Integration of a chamber (or multiple 

chambers) which can stabilize the whole length of the SMM can be beneficial to facilitate 

independent actuation of another, non-stabilized SMM in the workspace.  
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Chapter 4 primarily focused on demonstrating the concept of independent tool manipulation using 

two SMMs. To fully assess the system's reliability, further testing is needed to evaluate 

repeatability through additional experiments and statistical analysis. 

 

7.1.3 Stability in surgical tasks 

Results presented in Chapter 6 showed that tip actuation was 4.7 times more accurate in an 

anchored SMM than in unanchored SMM. Tests performed in this study were limited to three 

different lumens, including dry and lubricated tubes. Even though two of the used tubes were 

mechanically accurate phantoms of human vasculature, more testing should be performed in soft 

tissues in the future. Specifically, since the focus of the work was to stabilize the SMM for surgical 

tasks, more examples of possible procedures should be tested, such as those requiring high 

payloads at the tip or reaction force, e.g. biopsy, tissue grasping, injection.  

A deeper dive into fabrication of the pneumatic chamber should also be investigated to improve 

robustness of the system and fabrication repeatability. The PTFE mask can be laser cut to the 

desired width to more accurately accommodate pneumatic connection fixed along the magnetic 

segment. We found that in some cases, movement of the tube after/during silicone injection 

affected alignment of the chamber, creating nonconcentric placement of the balloon.  

Utilization of the anchor in a longer SMM should also be explored. An additional balloon at the 

distal end can be added for improved stability of the body while actuating the tip. 

7.1.4 Biocompatibility 

The elastomers used in this work were chosen due to their availability, low cost for prototyping 

and ease of use. Even though the range of silicones used in this work (Smooth-on, USA) is not 

cytotoxic, they are not considered biocompatible. Translation of SMMs into clinical practice 
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would require utilization of medical grade materials for device fabrication. The choice of material 

should be guided not only by the need to meet mechanical requirements but also by ensuring the 

material's safety when in contact with tissues. Some candidate materials can include medical-grade 

silicones [4] or  UV-curable flexible materials (e.g. Stratasys, Formlabs). Additionally, the material 

must have the capacity to incorporate sufficient NdFeB microparticles into its matrix to achieve 

the desired behavior, which varies depending on specific use case.  

Apart from the elastomeric matrix, NdFeB particles themselves can pose a risk in the body. 

Although alternative magnetic particles with lower biocompatibility risks, such as iron-based 

compounds, are available, NdFeB microparticles remain the optimal choice for integration into 

SMMs due to their superior coercivity and remnant magnetization [5]. These magnetic properties 

enable magnetic programming through the ability to magnetize the structure or its sections in 

specific directions [6], [7]. To transition NdFeB-doped devices into clinical applications, it is 

imperative to address safety and toxicity concerns. This can be effectively managed by coating the 

devices with biocompatible material. However, standard coating techniques employed in the 

medical device industry are primarily designed for smooth surfaces, such as those of rubber or 

polymer tubes (e.g., catheters, guide wires, cannulas). These conventional methods may present 

challenges when applied to structures with complex geometries, such as SMMs reinforced with 

helical patterns. Recent research has explored methods to coat non-uniform objects, including 

advancements in hydrogel skin technology [8] and hydrogel paint [9]. Coating SMMs could not 

only mitigate biocompatibility concerns but it can also potentially offer additional benefits, such 

as reducing friction coefficients, which is particularly advantageous for navigational purposes.  

An interesting area to explore is drug doped coatings e.g. hydrogels that by dissolving in vivo 

would locally release treatment to the affected area, similarly as in [10], [11], [12]. 
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Alternatively, treating individual particles pre-fabrication could also solve the issue of 

cytotoxicity. As presented in [13], coating NdFeB microparticles in silica prevents particle 

corrosion. Given that silica is inherently biocompatible and noncytotoxic, it can be reasonably 

assumed that the coated NdFeB particles will exhibit similar properties. However, this assumption 

requires further investigation to confirm. 
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