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SUMMARY 14

Magnetically actuated soft robots offer significant advantages for minimally invasive medical pro- 15

cedures by enabling precise control and navigation in confined anatomical environments. This 16

study explores the feasibility of using the gradient fields of a Magnetic Resonance Imaging (MRI) 17

system to actuate a tethered robotic guidewire, demonstrating a novel leader-follower approach 18

for controlled navigation. A spherical low-carbon steel ball, tethered via a medical-grade filament, 19

serves as the actuated magnetic tip, while a flexible silicone sleeve follows the tip trajectory to 20

establish a stable guidewire. By leveraging the MRI’s built-in magnetic gradients, we achieve 21

stepwise actuation and thus pathway formation inside the MRI bore. We analyze the magnetic 22

pulling force, the friction effects of the tether and sleeve combination, and the signal void intro- 23

duced by the presence of ferrous materials in the MRI bore, optimizing the system to minimize 24

imaging distortion while maintaining effective actuation. Experimental results demonstrate suc- 25

cessful free space deformation and gradient-induced forward movement followed by follower 26

navigation through constrained pathways, validating the method’s potential for MRI-guided en- 27

dovascular interventions. 28

KEYWORDS 29

magnetic resonance imaging, soft robotics, robotic guidewire, leader-follower navigation 30

INTRODUCTION 31

In recent years, soft robotics has advanced considerably, offering safer and more adaptable 32

tools for minimally invasive medical procedures. Unlike conventional rigid robotic systems, soft 33

robots are composed of highly compliant and deformable materials that can conform to the 34

body’s complex anatomy. This inherent flexibility makes them especially suitable for delicate 35

operations in confined anatomical regions such as blood vessels, pulmonary airways, and the 36

gastrointestinal tract1,2. By conforming more effectively to biological tissues, soft robotic systems 37

have the potential to overcome limitations of traditional rigid endoscopic and catheter-based 38

instruments, thereby minimizing the risk of tissue injury during navigation3. 39
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One particularly promising area within soft robotics involves magnetic actuation for medi- 40

cal applications. These robots are manipulated using external magnetic fields, eliminating the 41

need for physical connections such as cables or tubing. This remote actuation method supports 42

the development of highly miniaturized robots—down to millimeter or even sub-millimeter di- 43

mensions—enabling less invasive procedures and access to anatomically challenging regions4. 44

Recent research demonstrates that magnetically actuated soft robots can perform intricate tasks 45

in tight spaces, including targeted drug delivery, tissue sampling, and obstruction removal5. 46

Despite these advantages, the widespread clinical adoption of magnetic soft medical robots is 47

hindered by challenges in achieving precise control and reliable feedback. Real-world operation 48

demands advanced sensing and actuation systems capable of enabling accurate navigation and 49

manipulation, particularly at small scales. Magnetic Resonance Imaging (MRI), a widely used 50

clinical imaging technology, offers a compelling solution. Beyond providing high-resolution, real- 51

time, 3D imaging without ionizing radiation, MRI systems can potentially be used to actuate 52

magnetic robots through their built-in magnetic fields and gradients. This integrated approach 53

could facilitate simultaneous visualization and control, a breakthrough capability for the field of 54

medical robotics6. 55

Achieving closed-loop control requires accurate localization and shape estimation, especially 56

in visually occluded or cluttered environments. Several techniques have been explored to ad- 57

dress this, including fiber optic strain sensors, ultrasound imaging, infrared systems7, and fluo- 58

roscopy. However, each comes with drawbacks: fiber optics can stiffen the robot8, ultrasound 59

data is often noisy and incomplete9, and fluoroscopy, though effective, is limited to 2D imaging 60

and involves ionizing radiation, making it unsuitable for frequent use10–13. MRI stands out as 61

a potentially ideal platform for both tracking and actuation, leveraging existing infrastructure to 62

estimate a robot’s position and shape in real time6. Nevertheless, the presence of magnetic ma- 63

terials interferes with imaging, leading to artifacts, distortions, and signal loss, which complicates 64

the concurrent use of MRI for both imaging and actuation14. 65

[R1.1] Over the past two decades, extensive research efforts have focused on leveraging 66

MRI systems for controlled robotic surgeries. Three primary MRI-driven actuation methods have 67

been explored: magnetic gradient pulling using gradient coils15–17, magnetic gradient pulling 68

based on magnet-to-magnet interactions18,19, and Lorentz force-based actuation20,21. Various 69

system designs and clinical applications have also been developed, including magnetic bead- 70

based catheter navigation22–24, MRI-driven hammer robots for tissue penetration25, and capsule 71

robots for drug delivery26,27[R2.2]. Tethered medical robot designs reported in the literature gen- 72

erally fall into two main actuation categories: Lorentz torque and gradient pulling. Lorentz torque 73

approaches, typically implemented through solenoid coil designs20,21, utilize cables to deliver 74

power and generate localized magnetization, offering enhanced control through additional de- 75

grees of freedom (DOF). However, these systems are limited by complex cable arrangements, 76

challenges in device miniaturization, and relatively low force generation6. In contrast, gradi- 77

ent pulling-based designs, which often employ a magnetic bead positioned at the catheter or 78

guidewire tip22, are capable of producing higher forces than their Lorentz torque-based counter- 79

parts. Nonetheless, they introduce greater signal noise into MR images14,22 due to interference 80

with the imaging sequences, and, unlike solenoid coil systems, their magnetization cannot be 81

deactivated to achieve artifact-free imaging. 82

To tackle the challenges of controlled actuation and navigation within the MRI environment, 83

we introduce a novel MRI-driven robotic guidewire system. Building upon prior work in the 84

field14,16,28,29, our approach features a magnetic tip connected by a soft medical suture to a 85

wire housed within an insertion device, functioning as a guidewire (illustrated in Figure 1). By 86

leveraging the magnetic field gradients inherent to MRI systems, we achieve selective actuation 87

of the magnetic tip in arbitrary directions, enabling navigation through complex pathways. The 88

magnetic tip is incrementally advanced (approximately 10 mm) using gradient forces, after which 89
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a sleeve is advanced along the tether to follow the trajectory established by the tip. This tech- 90

nique ensures that the guidewire faithfully tracks the motion path of the tip, allowing for precise 91

control of position and direction. 92

Importantly, we demonstrate for the first time the tangential actuation—aligned with the direc- 93

tion of motion—of a tethered system using MRI gradient forces. By combining this tangential mo- 94

tion with perpendicular steering capabilities, our method enables effective MRI-driven manipula- 95

tion of a tethered milli-robot, specifically designed for endovascular interventions. Furthermore, 96

we investigate how the presence of the robot affects MR image quality, providing experimental 97

insight that lays the groundwork for future development of a closed-loop control system based 98

on this platform. 99

[R1.2] Lalande et al22 proposed a similar design, featuring a guidewire with a chrome-steel 100

bead attached at the tip. Their approach enabled advancement of the guidewire through the 101

anatomy via mechanical push force, while steering was achieved through MRI gradient actua- 102

tion of the magnetic bead. However, there are several key distinctions between their work and 103

the approach presented in this paper. Notably, their system utilized a rigid tool that required 104

mechanical pushing for advancement, whereas our design employs a soft, flexible tool that is 105

actuated purely through magnetic gradient pulling. The rigidity of their system inherently limits 106

navigational capabilities, particularly making retroflection difficult, while our soft tool can nego- 107

tiate sharper anatomical curves, and minimizes the risk of tissue damage. The gradient pulling 108

mechanism is fundamental in enabling the softness of the device, which constitutes a central 109

innovation of our work. Another difference compared to the design in Lalande et al22 is the 110

exploration of multiple materials, systematically analyzing their magnetic responses, and char- 111

acterizing the associated MR signal noise. 112

113

Figure 1. Visualization of an MRI-controlled robot functioning as a guidewire for cardio- 114

vascular navigation within an MRI system. 115

The magnetic tip is actuated using the MRI system’s magnetic gradients to guide navigation 116

toward the targeted pathology. The tether follows the tip, subsequently, the sleeve can reach the 117

area of interest by following the tether. 118

Created in BioRender. Murasovs, N. (2025) https://BioRender.com/c45f936 119

3



RESULTS 120

The leader-follower approach we adopt combines a low material stiffness at the most distal end 121

of the robot (the leader) to minimize potentially harmful mechanical push forces and a flexible 122

sleeve (follower) that advances along the pathway of the leader. In this design (depicted in the 123

popout in Figure 1), a magnetic tip of the leader (we use a steel sphere tethered to a thin silk wire) 124

is guided incrementally along a predefined pathway via gradient actuation of the MRI system. An 125

overlapping sleeve follows the trajectory established by the tip to stabilize the shape of the robot. 126

This process is repeated until the target location is attained. This system establishes a guidewire, 127

allowing for the subsequent addition of more conventional tools through or around the sleeve. 128

The navigation process thus follows an incremental three-step sequence: (a) The tether is 129

released some small distance (∼10 mm) to provide freedom for the tip to move in any direction. 130

(b) The magnetic tip of the leader is pulled by forces generated by magnetic field gradients in 131

3D. (c) The overlapping flexible sleeve (the passive follower) subsequently advances along the 132

trajectory established by the leader, aligning its tip with the magnetic tip’s position to stabilize the 133

system. This process is then repeated as the next navigation step. 134

Imaging and actuation cannot be performed simultaneously but can be interleaved at fre- 135

quencies greater than 1 Hz. In this study, an MR Imaging sequence is performed after each third 136

step to confirm successful step-wise navigation. 137

Principles of MRI Actuation 138

MRI utilizes strong magnetic fields and radiofrequency pulses to generate detailed images of 139

internal tissues. The MRI system consists primarily of a static magnetic field, B⃗0, clinically typ- 140

ically in the range of 1.5T to 3T (our system, a preclinical Bruker BioSpec 70/20 MRI system, 141

produces a background field of 7T), and a set of tri-axial magnetic field gradients, in our case with 142

a maximum magnitude of 660 mT/m, used during imaging to obtain spatial information on the 143

sample. The B⃗0 field provides a uniform magnetic environment that aligns the nuclear spins of 144

hydrogen protons within the body, forming the foundation for image generation. These features 145

are essential for imaging but also form the basis for magnetic actuation in robotic applications. 146

Applying a magnetic gradient field ∇B⃗ (which superposes the main magnetic field but varies 147

linearly in three orthogonal axes) generates a magnetic force on any ferromagnetic body inside 148

the MRI system: 149

F⃗m = V
(

M⃗ · ∇

)

B⃗ (1)

where V is the volume of the ferromagnetic body and (M⃗ ) is the magnetization vector of the 150

ferromagnetic body, (∇) is the vector differential operator, and (B⃗) is the magnetic field vector30. 151

MRI-compatible actuation in soft robots operates by balancing the internal elastic energy of 152

the robot with the influence of an externally applied magnetic field gradient. To date, traditional 153

magnetic robotic systems have relied on hard magnetic remanence stored within the robot’s 154

material, combined with a relatively low externally applied magnetic field10. The interaction be- 155

tween these internal and external fields generates a magnetic torque, which is then translated 156

into deformation for shape forming31 or propulsion32. 157

However, within the bore of a high-field MRI system, the static background field (B⃗0) is suf- 158

ficiently strong that any magnetic remanence in the robot’s material is effectively erased. As a 159

result, robots with remanent magnetization profiles are unable to maintain their intended mag- 160

netization patterns15,33,34 and this renders the concept of “hard magnetization” redundant, mak- 161

ing the well-established approaches to magnetic actuation incompatible with MRI environments. 162
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Consequently, new methods must be devised to leverage the strong, uniform B⃗0 field and dy- 163

namic magnetic gradients (∇B⃗) for precise actuation, while adhering to the unique constraints of 164

the MRI setting. 165

Furthermore, soft-magnetic objects that are not uniformly symmetrical, for instance, shapes 166

with a unique axis of symmetry, will experience the preferential direction of magnetization known 167

as “easy axis”35. This phenomenon will result in a permanent alignment of this axis with the 168

magnetic field (B⃗0) of the MRI system which would fixate the object’s orientation, disallowing any 169

gradient-induced changes. Therefore, following these studied phenomena, we can establish soft 170

magnetics as a material choice for our robot, and a spherical design as the necessary choice of 171

shape14,16,28,29. 172

Due to the magnetic saturation of ferrous objects under the static magnetic field, B⃗0, which is 173

aligned along the z-axis in MRI systems, the magnetization direction of ferrous objects becomes 174

aligned with B⃗0. Consequently, the magnetization vector for any ferrous object in an MRI system 175

can be expressed as: 176

M⃗ =
[

0 0 Ms

]

, (2)

where Ms represents the saturation magnetization of the ferrous object inside the MRI. 177

By substituting Equation (2) into Equation (1) and applying the gradient operator ∇ =
[

∂
∂x

∂
∂y

∂
∂z

]⊤

,178

we derive: 179

F⃗gp = VMs





∂Bz

∂x
∂Bz

∂y
∂Bz

∂z



 . (3)

As B⃗ is dominated by field in the Z direction, magnetic gradients generated by the MRI gra- 180

dient coils are defined as G⃗MRI =
[

∂Bz

∂x
∂Bz

∂y
∂Bz

∂z

]T
. Using this definition, the magnetic gradient 181

pulling force can be expressed as: 182

F⃗gp = VMsG⃗MRI (4)

Equation (4) highlights the ability of an MRI system to generate a magnetic pulling force within 183

the three-dimensional space R
3. 184

Image Distortion 185

The introduction of any ferromagnetic object into an MRI scanner results in image distortions due 186

to the interference of the object’s magnetic field with the main magnetic field6,16,29. This causes 187

artifacts that degrade image quality and spatial resolution. The extent of this distortion is influ- 188

enced by the choice of material, shape, and volume of the object36 but also by the type of imaging 189

sequence/choice of acquisition parameters. Therefore, there is a trade-off: on one hand, larger 190

magnetic materials with higher saturation are desirable for generating greater forces, allowing 191

stronger actuation under the MRI’s gradient fields; on the other hand, these same properties can 192

lead to significant larger artifacts/signal voids on MR images, compromising image quality and 193

diagnostic utility. Figure 2 illustrates a comparison of the image distortions produced during an 194

MR sequence by chrome steel (AISI 5210037) balls and low-carbon steel (AISI 101038) balls of 1 195

mm and 1.5 mm diameters. Figure 2 highlights the differences in signal voids generated by the 196

two materials across both sizes. 197

To quantify the signal voids produced by each ball in Figure 2, we use the pixel spacing 198

of 0.078125 mm × 0.078125 mm, which is given by the image size (’field-of-view’) divided by 199

the number of points in each dimension. This spacing indicates that each pixel has an area of 200
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approximately 0.006104 mm2. Therefore, the signal voids can be determined by counting the 201

number of pixels below a set threshold (here: gray scale value below 50 was used, out of max 202

value of 255) in the generated images and multiplying this count by the corresponding scaling 203

factor. The findings of this analysis are summarized in Table 1, along with the corresponding 204

ratio of void area to object’s maximal cross-sectional area. 205

206

Figure 2. Examples of signal noise in magnetic resonance imaging caused by the pres- 207

ence of ferromagnetic objects. 208

Shown are: (A) a chrome-steel ball (AISI 5210037) with a diameter of 1.5 mm, (B) a chrome- 209

steel (AISI 5210037) ball with a diameter of 1.0 mm, (C) low-carbon steel (AISI 101038) ball with 210

a diameter of 1.5 mm, and (D) low-carbon steel (AISI 101038) ball with a diameter of 1.0 mm. 211

The MR images were generated by embedding the balls in 1% agarose solution, doped with 5 212

nM Gadolinium (Dotarem) and imaged on a preclinical Bruker BioSpec 7T MRI system using a 213

multi-slice, spin echo sequence (TTE/TR = 2.7/1,000 ms, matrix size of 512x512, field-of-view of 214

40x40 mm, slice thickness of 0.5 mm, bandwidth of 500 kHz). 215

Table 1. Summary of the noise area detected in MR images 216

Diameter, Ds (mm) Noise (mm2) Ratio

Chrome Steel 1.5 247 140

1.0 137 175

Low-carbon Steel 1.5 293 166

1.0 142 181

Summary of the noise area detected in MR images for chrome steel and low-carbon steel 217

balls with diameters of 1.5 mm and 1.0 mm, along with the corresponding ratio of noise area to 218

the object’s maximal cross-sectional area. 219

Magnetic Characterization 220

Pure iron or iron-cobalt alloy (such as Fe-49Co-2V) are documented to have the highest mag- 221

netic saturations39, which would result in a stronger response to the MRI’s gradient fields; how- 222

ever, they are impractical as they corrode when exposed to moisture, making them unsuitable (in 223
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their uncoated form) for medical applications. Furthermore, manufacturing pure iron spheres is 224

challenging, as all production methods known to the authors introduce carbon impurities, com- 225

promising the material’s magnetic properties. 226

The magnetic force response of an object in a magnetic gradient depends on its magnetic 227

saturation and volume30. We evaluated the magnetic response of both chrome steel (as used 228

in14 and23) and our low-carbon steel samples. Their magnetization hysteresis curves were mea- 229

sured using a superconducting quantum interference device - vibrating sample magnetometer 230

(SQUID-VSM) - MPNS3 from Quantum Design, UK. The experiments were conducted at a tem- 231

perature of 36.7◦C and under atmospheric pressure to simulate clinical operating conditions. 232

The magnetic saturation of chrome steel occurs at approximately 0.70 emu ( 1.69 T) (see 233

Figure 3), while the magnetic saturation of low-carbon steel is measured at 0.98 ± 0.02 emu 234

(2.37± 0.05 T). With Equation (4) this indicates the magnetic force response of low-carbon steel 235

balls to the MRI gradient is approximately 40% greater than that of chrome steel balls of the 236

same size. The enhanced response of low-carbon steel is likely attributable to the absence 237

of chromium and, therefore higher iron content (a more detailed analysis of the physics of this 238

behavior, whilst undoubtedly interesting, is out of scope for this work). It is relevant to highlight 239

that the low carbon steel balls corrode/oxidize significantly faster than the chrome steel balls - a 240

matter of days as opposed to weeks - which is inconsequential for a disposable guidewire design 241

but inconvenient for experiments conducted over multiple days. 242

The variation in magnetization curves between the two low-carbon steel samples is likely 243

attributed to the low precision in the size and shape of the balls. Further details are provided in 244

Table 2. In contrast, chrome steel balls exhibit minimal diameter error as they are commercially 245

produced for use as mechanical ball bearings, where high sphericity is a strict requirement. 246

Conversely, the low-carbon steel balls were likely manufactured for less exacting use cases, 247

leading to higher errors in their sphericity and measured diameter. 248

−40000 −20000 0 20000 40000
Magnetic Field, H (Oe)

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

M
ag

ne
tic

 M
om

en
t, 

M
 (e

m
u)

Sample 1
Sample 2

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

M
ag

ne
tic

 F
lu

x 
De

ns
ity

, B
 (T

)

−4 −3 −2 −1 0 1 2 3 4
Magnetic Field, H (A/m) × 106

−40000 −20000 0 20000 40000
Magnetic Field, H (Oe)

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

M
ag

ne
tic

 M
om

en
t, 

M
 (e

m
u)

Sample 1
Sample 2

−2

−1

0

1

2

M
ag

ne
tic

 F
lu

x 
De

ns
ity

, B
 (T

)

−4 −3 −2 −1 0 1 2 3 4
Magnetic Field, H (A/m) × 106

249

Figure 3. Magnetization curves of ferromagnetic objects. 250

Shown are: (A) 1 mm chromium steel, (B) 1 mm low-carbon steel, obtained using a commercial 251

SQUID-VSM (superconducting quantum interference device - vibrating sample magnetometer) 252

machine (MPMS3, Quantum Design, UK). The curves for the two repeat samples are shown in 253

black and gray, respectively. Error bars are included but are not visible due to the minimal error 254

at each data point. The plot shows the relationship between the magnetic field (in units of Oe 255

and A/m) and magnetization (in units of emu). Induced magnetic flux density (in units of B) is 256

provided on the right y-axis for reference. 257
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Table 2. Comparison of the manufacturer-specified ball diameters with the measured 258

diameters. 259

Measured values (mm)

Diameter, Ds (mm) Diameter, Dm S.D.

Chromium Steel 1.5 1.4937 0.0048

1.0 0.9930 0.0047

Low-Carbon Steel 1.5 1.4891 0.0079

1.0 0.9975 0.0243

Comparison of the manufacturer-specified ball diameters, Ds, with the measured diameters 260

obtained for chrome and low-carbon steel. The measured diameters, Dm, were determined 261

across 20 samples using a micrometer-scale electronic caliper. The standard deviation errors 262

associated with the measurements are listed in the final column. 263

Magnetic Pulling Force 264

Using the magnetic response results from section above, we can compute the potential range 265

of forces that an MRI system can generate to navigate the robotic guidewire. To convert the 266

magnetic saturation values (Ms) from magnetic flux density (T) to magnetization (A/m), we use 267

the following equation30: 268

Ms = Bs/µ0 (5)

where µ0 = 4π × 10
−7 T ·m · A−1 represents the permeability of free space, and the values for 269

Bs are provided in the section above. 270

As mentioned before, the maximum magnetic gradient strength produced by the MRI system 271

in our experimental setup is 660 mT/m. Consequently, throughout the remainder of the paper, a 272

gradient strength of 30% corresponds to approximately 198 mT/m, while 90% (the maximum gra- 273

dient achievable within the constraints of the duty cycle) corresponds to around 594 mT/m. Table 274

3 summarizes the magnetic gradient amplitudes utilized throughout this manuscript. By inserting 275

these values into Equation 4, the gradient pulling force is determined. The corresponding values 276

are summarized in Table 4. In our system, a 1 mm diameter chrome steel ball experiences a 277

maximum pulling force of 0.41 mN at 90% gradient strength, while a low-carbon steel ball of the 278

same size reaches 0.58 mN under the same conditions. As a result, substituting chrome steel 279

balls with low-carbon steel balls increases the pulling force by roughly 40%. 280

Table 3. Magnetic gradients of the MRI system 281

at 30% at 50% at 70% at 90%

Magnetic Gradient (mT/m) 198 330 462 594

Magnetic gradients of the MRI system at various strengths relative to the maximum gradient 282

strength specified by the manufacturer. 283
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Table 4. Summary of the variables, values, and units used in the calculation of the mag- 284

netic pulling force 285

Material Variable Units Value S.D.

Chromium V m3
5.13× 10

−10
7.28× 10

−12

Steel Bs T 1.69 -

Ms A/m 1.35× 10
6 -

Fgp,30 N 1.37× 10
−4

1.94× 10
−6

Fgp,90 N 4.10× 10
−4

5.82× 10
−6

Low-Carbon V m3
5.20× 10

−10
3.80× 10

−11

Steel Bs T 2.37 0.05
Ms A/m 1.89× 10

6
3.98× 10

4

Fgp,30 N 1.94× 10
−4

1.48× 10
−5

Fgp,90 N 5.82× 10
−4

4.43× 10
−5

Summary of the variables, values, and units used in the calculation of the magnetic pulling 286

force for 1 mm diameter balls. Here, V represents the volume of the ferrous object, Bs and Ms 287

denote the magnetic saturation in terms of magnetic flux density and magnetization, respectively, 288

and Fgp is the gradient pulling force, shown for 30% and 90% gradient strengths. 289

Leader-Follower Friction 290

The effectiveness of the proposed robotic guidewire design relies significantly on the system’s 291

ability to incrementally pull the magnetic tip to a target location, followed by extending the sleeve 292

along the defined pathway. In this navigation approach, the material properties of the sleeve 293

dictate the intrinsic friction forces encountered during the process. These forces affect both the 294

pulling of the magnetic tip and thread from the sleeve, as well as the subsequent sliding of the 295

sleeve along the pre-defined trajectory to reach the intended position. 296

To investigate this, we designed an experiment based on the study conducted by40, where 297

the authors employed tribology research equipment to analyze friction forces generated by the 298

sliding of Vicryl medical suture against porcine tissues. In our case, we developed an experi- 299

mental setup to evaluate the friction forces by pulling the Vicryl suture through a 30 mm segment 300

of our silicone sleeve. The measurements were recorded using a Modular Tribometer (Bruker 301

UMT TriboLab, US) machine. An overview of the experimental setup is provided in Figure 4(a). 302

The data were analyzed using a Fourier transform to identify resonant frequencies of acous- 303

tic oscillation within the frequency range of data acquisition. Once any significant acoustic res- 304

onant peaks were identified, a series of simple-moving-average (SMA) filters were applied in 305

descending order of each identified resonant frequency to remove their influence and isolate 306

a time-averaged trace for frictional resistance. Low-frequency broad-band acoustic oscillations 307

were mostly observed centered around 320 Hz, 200 Hz, 150 Hz, and 125 Hz respectively, with 308

each peak exhibiting a bandwidth full width at half maximum (FWHM) of around 10 Hz. These 309

oscillations originate from localized stick-slip friction regime transitions along the length of the 310

thread-sleeve contact (see Figure 4(b)). From Figure 4(b), we can infer that a force of approxi- 311

mately 0.5 mN is needed to overcome the system’s friction in this arrangement. This corresponds 312

to a 77.42% gradient strength, equivalent to 511 mT/m, for the 1 mm low-carbon steel ball. 313
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314

Figure 4. Summary of the tribology analysis performed for the robotic guidewire. 315

(A) Photograph of the experimental setup, highlighting the pulling rig, holding rig, and labeled 316

components, including the silicone sleeve and medical suture. (B) Time-averaged friction force 317

(after applying simple moving averages at 320 Hz, 200 Hz, 150 Hz, and 125 Hz, sequentially) 318

across lateral displacement from the thread being drawn through the sleeve. The green area 319

denotes the span of observed friction forces. 320

Robot Design & Principles of Navigation 321

A critical consideration in the design of MRI-actuated robotic systems is balancing the trade-off 322

between actuation response and MR image distortion. Effective actuation ensures reliable robot 323

movement while minimizing artifacts is essential for maintaining image clarity. 324

The tether serves as a connection between the robot’s tip and its base, enabling controlled 325

movement. Additionally, a mechanism must be implemented to allow the tether to reliably follow 326

the tip trajectory to the target location. The tether material must be lightweight, exhibit low friction, 327

and be biocompatible. Medical VICRYL (polyglactin 910) suture thread was selected according 328

to these properties. 329

For the follower sleeve, we selected a silicone tube with an inner diameter of 0.51 mm and an 330

outer diameter of 0.94 mm from HelixMark (Ref Number: 60-411-41). This choice was driven by 331

the sleeve’s low stiffness (Tensile strength of 9.55 MPa, Shore Hardness of 55 A, approximate 332

Young modulus of 47 MPa41) which facilitates greater bending flexibility, and its low surface 333

friction (by silicone standards - see section above), which minimizes drag forces between the 334

tether and the sleeving tube, ensuring smooth sliding. 335

The choice of magnetic tip was guided by balancing the considerations of image distortion, 336

pulling strength, and size. Based on consideration of these factors from the previous sections 337

we selected a 1 mm low-carbon steel ball bearing which best meets the imaging and actuation 338

requirements of the options we explored. 339

The magnetic pulling forces exerted on a 1 mm low-carbon steel ball by MRI gradients (as 340

listed in Table 4) align closely with the friction forces measured at 30 mm along the silicone 341

sleeve, as shown in Figure 4. This demonstrates a strong compatibility between the proposed 342

follower design and the selected magnetic tip material and shape, based on the generated pulling 343

forces. The friction forces within the system are directly influenced by the length of the sleeve. 344

If the sleeve is too long, the pulling force may become insufficient to overcome the friction force, 345
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thereby imposing an upper limit on the sleeve length that can be effectively used in this design. In 346

this study, a 30 mm silicone sleeve was used for most experiments, except for the maze phantom 347

navigation (refer to the section below), where a 50 mm silicone sleeve was utilized. 348

Experimental Setup 349

For the actuation and imaging during the experiments, a pre-clinical MRI system, a Bruker 350

BioSpec 70/20, equipped with a 660 mT/m gradient system (inner diameter (id) 120mm) and 351

a quadrature-driven birdcage radio frequency (RF) coil (id: 72mm), was utilized. To document 352

the experimental procedures and validate the resulting MR images, two 3.9 mm diameter 720P 353

MRI compatible endoscopic cameras (Shenzhen Licam Technology Co., Ltd.) were positioned 354

on opposite sides of the workspace, as illustrated in Figure 5(b). These cameras provided de- 355

tailed visual coverage to complement the MRI-based observations. Additional details regarding 356

the experimental setup can be found in Figure 5. 357

To actuate the magnetic tip of the leader, we applied MRI gradients of varying strengths, 358

ranging from 30% to 90% (with specific values detailed throughout the paper), along with a pulse 359

duration of 100 ms and a repetition time of 500 ms. At the maximum gradient strength of 90%, 360

this corresponded to approximately 42% of the MRI system’s duty cycle, which was identified as 361

the system’s operational limit. This actuation sequence enabled the magnetic tip to be pulled 362

for 100 ms, followed by a 400 ms interval before the next cycle. During each actuation step, the 363

magnetic tip was set in motion, and the repeated application of the actuation signal facilitated 364

quasi-continuous navigation. 365

366

Figure 5. Overview of the experimental setup. 367

(A) Bruker 7T pre-clinical MRI system, and (B) the platform inserted into the MRI system, show- 368

ing the insertion tube and sealed capsule; a close-up view of the sealed capsule highlights the 369

phantom (in green) and endoscopic cameras (in yellow). 370
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Manufacturing 371

The manufacturing process for the robotic guidewire, is presented in Figure 6 and involves the 372

following steps: 373

1. A ferromagnetic ball is secured on a microscope glass slide with a sticky surface to prevent 374

the ball from moving. 375

2. The glass slide is viewed under a microscope, and medical silk is attached to the steel ball 376

using water-resistant EverBuild Stick2 Industrial Grade HV superglue. 377

3. The free end of the medical silk (total length of 50 mm, where 30 mm for the silicone sleeve 378

and 20 mm for the unconstrained tether) is attached to a thin nitinol guidewire (McMaster 379

of 0.01 inches outer diameter) with industrial superglue, cured, and then threaded through 380

a thin silicone sleeve (30 mm) with an outer diameter of 0.94 mm. 381

4. Once the silk is threaded through the silicone sleeve, the nitinol guidewire is cut and re- 382

moved. 383

5. The new cut/free end of the silk is glued to a larger nitinol rod (McMaster 0.03 inch of 384

outer diameter), which will act as the mechanism for adjusting the insertion length during 385

operation. 386

6. The nitinol rod and its subsequent connection are threaded into a PTFE tube. The ends of 387

the PTFE tube and the silicone sleeve are secured together using industrial superglue. 388

After every application of industrial superglue, the arrangement is cured in standard atmospheric 389

conditions for 30 minutes at room temperature. Industrial-grade HV superglue from EverBuild 390

was utilized for securing components. See Figure 6 for the overview of the manufacturing pro- 391

cess for the robotic guidewire. All materials, except for the low-carbon steel ball, are biocompat- 392

ible, as low-carbon steel is prone to corrosion in water. 393
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394

Figure 6. Outline of the manufacturing process for the tethered robotic guidewire, detail- 395

ing the sequential steps involved in assembling the components. 396

Shown are: (A) the ball secured on a microscope glass slide, (B) the attachment of the ferro- 397

magnetic ball bearing, (C) threading of the medical silk through the silicone sleeve, (D) cutting 398

the thin nitinol guidewire once the silk is threaded, (E) integration with the nitinol rod, and (F) 399

threading the nitinol rod through the PTFE tube to allow human operation from outside the MRI 400

system. 401

Created in BioRender. Bacchetti, A. (2025) https://BioRender.com/s54f473 402

Deformation Characterization 403

The robotic guidewire’s physical response to MRI gradients is a critical aspect of this navigation 404

method. The magnetic tip achieves magnetic saturation at all times in the MRI bore due to the 405

high background field. The maximum applicable force thus corresponds to the range of magnetic 406

gradients that the MRI system can generate. Achievable deformations and tangential motion are 407

then a function of the robot’s design. 408

To optimize the device’s performance and provide the operator with an intuitive understand- 409

ing of how various gradient strengths influence the magnetic tip and deform the guidewire, we 410
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conducted a deformation characterization study. This study evaluates the system’s response to 411

different MRI gradient strengths. The robotic guidewire was tested in multiple configurations, 412

varying the length of the tether extending from the sleeve (unconstrained tether) and the length 413

of the sleeve itself. The system was actuated under gradient strengths of 30%, 50%, 70%, and 414

90% in the X-direction (see Figure 7(b) for the reference of the basis frame). Both positive and 415

negative gradient strengths were applied to counteract the effects of any manufacturing-induced 416

prebend in the sleeve, with the results representing the average response between positive and 417

negative tests (see Figure 8). 418

To achieve these results, the robotic guidewire was secured within a rigid tube of matching 419

diameter to minimize undesired horizontal motion of the system’s base. This setup allowed 420

manipulation of the lengths of the tether and sleeve, enabling various configurations with differing 421

amounts of tether and sleeving. In total, we evaluated eight different configurations, which can be 422

divided into two groups: (1) setups without an unconstrained tether, consisting of sleeve lengths 423

of 5 mm, 10 mm, 15 mm, and 20 mm; and (2) setups with a constrained tether while maintaining 424

a total length of 20 mm, including combinations of a 15 mm sleeve with a 5 mm tether, a 10 mm 425

sleeve with a 10 mm tether, a 5 mm sleeve with a 15 mm tether, and a configuration with no 426

sleeve (0 mm) and a 20 mm tether. A summary of the achievable range of motion for the system 427

is presented in Figure 8. 428

The experiment was captured using the cameras described in the section on experimental 429

setup, with an example frame of the scene shown in Figure 7(a) for reference. A green back- 430

ground was utilized to enhance the segmentation process, while a checkerboard strip at the top 431

of the frame was employed to transform the scene into the horizontal plane. The captured frame 432

was corrected for physical lens distortions through a camera calibration process using OpenCV 433

Camera Calibration code in Python42, and the checkerboard pattern was used to apply a ho- 434

mography transformation, ensuring the result was represented in a purely horizontal domain to 435

enable the characterization process (see Figures 7(a-b) and note the placement of the purple 436

lines). Once the frame was transformed into the horizontal domain, the robot was segmented 437

by applying Gaussian blur, adaptive binary thresholding (in the HSV color space), and a se- 438

quence of erosion and dilation operations, leaving only the robot with the background removed. 439

Subsequently, curve fitting was performed to digitally reconstruct the robotic guidewire’s shape, 440

leveraging the known real-world lengths of the tether and follower’s sleeve (see Figure 7(c)). The 441

blurriness observed at the tip of the robot indicates uncertainty in its position during operation, 442

which was used to derive the error margins shown in Figure 8. Finally, using the reconstructed 443

shape of the robot in the digital domain, we plotted the range of motion across various MRI gra- 444

dient strengths and different robotic guidewire configurations. A summary of these findings is 445

presented in Figure 8. 446

To explore the relationship between the range of motion of the robotic guidewire and the 447

applied MRI gradient strength, we define three key metrics: 448

1. Final Tip Inclination (FTI): This metric evaluates the position of the sleeve’s tip at the de- 449

formed state of the actuation sequence. It provides insights into the robotic guidewire’s 450

ability to achieve sharp angles during navigation, as the deformed position of the body is a 451

critical factor in directional control. It is measured as the angle between the sleeve tip and 452

the vertical axis. 453

2. Deformation Range (DR): This metric quantifies the robot’s range of motion by measuring 454

the horizontal displacement of the sleeve’s tip between its responses to -90% and 90% 455

gradient strengths. 456

3. Min-to-Max Deformation Ratio (MMDR): This metric represents the ratio of the area cov- 457

ered in the range of motion at 30% gradient strength to that at 90% gradient strength. It 458
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highlights the difference between configurations that allow a broad, fully controllable range 459

of motion and those where the robotic guidewire becomes highly deformed, reducing sta- 460

bility and controllability between referential and deformed states. 461

A depiction of these metrics is presented in Figure 7(d), while Figure 9 provides a comparison 462

between configurations with and without unconstrained tether across various sleeve lengths. 463

Refer to Supplementary Video 1 for the demonstration. 464

465

Figure 7. Overview of the segmentation process used to analyze deformations of the 466

robotic catheter. 467

(A) Real-world image of the experiment conducted for deformation characterization, displaying 468

the raw video stream, with a checkerboard pattern at the top of the screen serving as a reference 469

for plane reconstruction. (B) Processed output frame after applying camera calibration and ho- 470

mography transformation, with purple lines indicating the transformation of the underlying plane. 471

(C) Visual representation of the robotic guidewire (top), intermediate results from the image pro- 472

cessing steps Gaussian blur, dilation, erosion, and binary thresholding (middle), and the final 473

curve-fitting output for the digital reconstruction of the robot (bottom). (D) Results of the defor- 474

mation characterization analysis, illustrating the full range of motion, with blue representing 30% 475

gradient strength and orange representing 90% gradient strength. These regions are utilized to 476

calculate the MMDR metric. The image also includes schematics for the Deformation Range 477

(DR) and Final Tip Inclination (FTI) metrics. 478

479

480
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Figure 8. Summary of the deformation characterization range of motion, showcasing the 481

robotic guidewire configured with varying lengths of sleeving and unconstrained tether. 482

Deformation testing was conducted at four distinct gradient strengths in the X-direction: 30% 483

(blue), 50% (light blue), 70% (orange), and 90% (light orange), using both positive and negative 484

gradient strengths. This approach eliminates the influence of manufacturing-induced prebent 485

deformation of the sleeve. The resulting curves represent the average response between the 486

positive and negative gradient tests. The reference positions of the magnetic tip at the end of the 487

tether are also indicated. The varying thickness of the curves illustrates the positional uncertainty 488

of the robot during frame capture. Where: (A) 5 mm sleeve, 0 mm unconstrained tether, (B) 10 489

mm sleeve, 0 mm unconstrained tether, (C) 15 mm sleeve, 0 mm unconstrained tether, (D) 20 490

mm sleeve, 0 mm unconstrained tether, (E) 15 mm sleeve, 5 mm unconstrained tether, (F) 10 491

mm sleeve, 10 mm unconstrained tether, (G) 5 mm sleeve, 15 mm unconstrained tether, and (H) 492

0 mm sleeve, 20 mm unconstrained tether. 493

w/o silk, GS 30% w/o silk, GS 50% w/o silk, GS 70% w/o silk, GS 90%
494

with silk, GS 30% with silk, GS 50% with silk, GS 70% with silk, GS 90%
495

Best-Fit For Without Silk Best-Fit For With Silk
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5.0 7.5 10.0 12.5 15.0 17.5 20.0
Tube Length (mm)

0

20

40

60

80

Fi
na

l T
ip

 In
cli

na
tio

n 
(∘

)

5.0 7.5 10.0 12.5 15.0 17.5 20.0
Tube Length (mm)

0

5

10

15

20

25

30

35

De
fo

rm
at

io
n 

Ra
ng

e 
(m

m
)

5.0 7.5 10.0 12.5 15.0 17.5 20.0
Tube Length (mm)

0.3

0.4

0.5

0.6

0.7

M
in

-to
-M

ax
 D

ef
or

m
at

io
n 

Ra
tio

497

Figure 9. Overview of deformation characterization metrics relative to sleeve lengths, 498

comparing configurations with medical silk (unconstrained tether) to those without. 499

This plot highlights the impact of the unconstrained tether on the final position of the sleeve, the 500

robotic guidewire’s range of motion, and the controllability of that range. Configurations with the 501

unconstrained tether are represented in green, while those without (where the magnetic tip is 502

positioned at the tip of the sleeve) are shown in red. For (A) and (B), different shades of green 503

and red indicate gradient strengths, with the brightest shades representing 90% gradient strength 504

and the darkest shades representing 30% gradient strength. Where: (A) Final Tip Inclination, 505

(B) Deformation Range, and (C) Min-to-Max Deformation Ratio. 506

Gradient Pulling Analysis 507

The ability of the magnetic tip (steel ball) to be pulled by the gradient is highly influenced by 508

the curvature of the silicone sleeve. To evaluate this dependency, an experiment was designed 509

to demonstrate the feasibility of tangential gradient pulling of the tethered soft robot through a 510

pre-deformed tube. For this purpose, a phantom was constructed with predefined curvature 511

radii (see Figure 10(b) for reference), enabling the assessment of the minimum gradient strength 512

required to pull the magnetic tip. The experiment was conducted using three different phantoms 513

with curvature radii of 15 mm, 20 mm, and 25 mm, with each condition repeated three times 514
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to ensure reproducibility. Additional details on the setup are illustrated in Figure 10, while the 515

results are summarized in Table 5. 516

517

Figure 10. Overview of gradient pulling experiment where robotic guidewire is constrained 518

within pre-curved phantoms. 519

(A) Real-world image of a gradient pulling experiment featuring the robot placed inside a pre- 520

curved phantom with a 25 mm radius. To enhance visual clarity, the sleeve is highlighted in 521

purple, and the magnetic tip is highlighted in yellow. (B) A 3D model of the phantom is provided 522

for reference, with the curvature radius denoted as R. 523

Table 5. Summary of the gradient pulling behavior of the tethered magnetic tip in the 524

robotic guidewire under varying MRI gradient strengths 525

Curvature Radius, R (mm)

Sharp, 15 Medium, 20 Rounded, 25

Gradient Strength (%) 90 ✓ ✓ ✓

80 ✓ ✓ ✓

70 ✓ ✓ ✓

60 ✓ ✓ ✓

50 × ✓ ✓

40 × × ✓

30 × × ×

20 × × ×

10 × × ×

Summary of the gradient pulling behavior of the tethered magnetic tip in the robotic guidewire 526
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under varying MRI gradient strengths, constrained within pre-curved phantoms of different radii. 527

Successful gradient pulling is indicated by ✓, while unsuccessful attempts are marked with ×. 528
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Navigation Through Confined Space 529

For the robotic guidewire to be effective, it must demonstrate the ability to navigate sharp corners 530

within a confined environment. These conditions mimic the complex endoscopic pathways found 531

in the human body, such as the aortic arch, the Circle of Willis, and bronchial bifurcations. This 532

experiment aims to demonstrate the robot’s capability to maneuver such angles. 533

A phantom was designed for this purpose, as shown in Figure 12(H), with the robotic guidewire 534

positioned beside it for scale reference. The phantom was positioned horizontally in the isocen- 535

tre of the MRI bore. The experiment contains a straightforward navigation task, guiding the 536

robot along a straight path from the bottom of the phantom to the North branch (see Figure 537

12(B)). Then navigation into branches sequentially deviated by 45
◦ was demonstrated, North- 538

West branch (Figure 12(A)), West branch (Figure 12(D)), South-West branch (Figure 12(G)). 539

The robot’s ability to navigate the symmetrical set was also demonstrated, navigating into the 540

North-East, East, and South-East branches. Each navigation was successfully performed three 541

times to demonstrate repeatability. A comprehensive overview of the robot’s navigations through 542

all branches of the phantom is provided in Figure 12(A-D, F, G, and I) and Supplementary Video 543

S2. Supplementary Video S1 shows a single example from these navigations (South-West path- 544

way). Additionally, Figure 11 displays a series of MR images of the phantom embedded in an 545

agarose gel, captured under three conditions: with no steel ball, with the 1.0 mm low carbon 546

steel ball positioned at the entrance to the East branch, and with the ball located within the 547

North-East branch of the phantom. This demonstrates the capacity of the MRI system to image 548

both phantom and robot simultaneously, as seen in Figure 11(b-c). 549

550

Figure 11. Set of MR images illustrating the confined-space phantom. 551

(A) the phantom alone, (B) with a 1 mm diameter low-carbon steel ball positioned at the entrance 552

to the East branch, and (C) with a 1 mm diameter low-carbon steel ball located within a single 553

navigation branch. Note, these figures were produced with the objective of demonstrating simul- 554

taneous imaging of the ball bearing and the phantom. Here the ball is not attached to its tether 555

but embedded in the phantom with 1% agarose and 5 nM Gadolinium (Dotarem). This explains 556

the absence of a tether from the MR Images. 557
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558

Figure 12. Overview of navigation within the confined-space phantom. 559

Subfigure (H) presents a real-world photo of the phantom and the robot, providing a reference 560

for scale and branch labels used in the experiment: W for west, N for north, E for east, and inter- 561

mediate directions such as NW for northwest. The central figure (E) depicts the robot positioned 562

at the center of the phantom before selecting any specific branch. The remaining subfigures 563

(A–D, F, G, and I) correspond to the navigations into the branches with directional labels as 564

corresponding in subfigure (H). 565

Maze Navigation Experiment 566

To evaluate the robotic guidewire’s performance, a maze-like phantom, designed to replicate the 567

challenges encountered whilst navigating the tortuous pathways of the human anatomy, was 568

constructed (see Figure 13). The guidewire relied on incremental leader-follower motion and 569

magnetic gradient pulling to guide the tethered magnetic tip along the desired path, with the 570

silicone sleeve following the same trajectory. As per the design, the robot tip advanced piece- 571

wise with the flexible sleeve stabilizing the movement, allowing for navigation through various 572

sigmoidal curves. This experiment further confirmed the system’s ability to leverage magnetic 573

gradient pulling both tangentially and orthogonally. In total, four different routes were used in this 574

phantom, which are shown in Supplementary Video S3. An overview of the maze navigation is 575
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shown in Figure 13(a), with corresponding MR images in Figure 13(b) and a singular example in 576

Supplementary Video S1. 577

578

Figure 13. Overview of the maze phantom navigation. 579

(A) visual images of the three stages of maze phantom navigation, and (B) corresponding MR 580

images of the maze phantom navigation stages shown in (a). The maze navigation stages are 581

displayed in a top-to-bottom sequence, representing the start-to-end progression of the navi- 582

gation. As well as the well-documented plume of signal noise, the MR Image also shows the 583

follower sleeve, a potentially useful guide for any future work on shape reconstruction. 584

DISCUSSION 585

[R1.1] In this study, we present a new approach to gradient-pulling actuation of a soft tethered 586

ball under MR gradients. We began by outlining the fundamental principles of MRI actuation, 587

focusing on the key variables used to calculate the pulling forces exerted on ferrous objects by 588

the MRI magnetic gradient. This included examining the influence of object shape on the robot’s 589

behavior and the importance of maintaining uniform symmetry to avoid the effects of an ”easy- 590

axis.” A comparative analysis was conducted on the MRI signal voids produced by 1.5 mm and 591

1 mm chrome steel, as well as 1.5 mm and 1 mm low-carbon steel, with the magnetic response 592

of these materials analyzed using a commercial SQUID machine. By comparing the MRI signal 593

void against the magnetic saturation limits, we determined that 1 mm low-carbon steel was the 594

most suitable material for gradient pulling (see Equation 4). However, testing was limited to only 595

two materials, and further analysis of other ferrous materials is needed. The higher magnetic 596

saturation of low-carbon steel raised the question of whether this reduction directly correlates 597

with chrome/carbon content or follows a non-linear relationship. 598

We explored the feasibility of leader-follower principles by tethering the ball bearing to function 599

as a guidewire for a flexible sleeve. A system was developed to dynamically adjust the tether 600

length using a nitinol wire inside the inserter (PTFE tube), facilitating smooth ball movement and 601

constraining the guidewire’s shape during gradient orientation changes. This enabled a stepwise 602

navigation strategy, as illustrated in Figure 13(a). 603

For the tether, medical suture was selected for its biocompatibility and low-friction properties, 604
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while a silicone sleeve was chosen for the sleeve due to its flexibility. To evaluate the resistance 605

between the tether and the sleeve, we conducted a tribological analysis, quantifying the friction 606

forces encountered during gradient pulling. 607

These findings underscore the need for further investigation into the friction forces during ac- 608

tuation and potential strategies to mitigate them. Additionally, we conducted experiments to as- 609

sess the robotic guidewire’s deformation under various configurations. By varying both the tether 610

and sleeve lengths and examining the system’s response to different MRI gradient strengths, we 611

gained insights into the interaction between the robotic guidewire configuration and the applied 612

MRI gradient. 613

The results revealed that increased sleeve length led to larger error margins in the final robot 614

position, likely due to resonant frequency effects and interaction with the actuation signal. The 615

deformation range initially remained limited to a few degrees under the highest 90% gradient 616

strength for configurations with a 5 mm sleeve length. However, with longer sleeve lengths, full 617

deformation occurred, even at the lowest 30% gradient strength. A comparison of Figures 8(c, e) 618

indicates that configurations with additional tether resulted in a larger deformation range, likely 619

due to the leverage provided by the extra tether. The deformation metric plots in Figure 9 show 620

that extra tether increases the final tip inclination angle (approaching orthogonality), increases 621

the deformation range for longer guidewire configurations, and leads to less controllable defor- 622

mation, as shown by the correlation between the minimum-to-maximum deformation range and 623

sleeve length in Figure 9(c). 624

We evaluated the ability of the proposed robotic guidewire design to leverage tangential gradi- 625

ent pulling while constrained within pre-deformed tubes of varying curvature sharpness (as seen 626

in Figure 10). Table 5 summarizes the findings of this experiment, illustrating that pathways with 627

sharper curvatures (i.e., smaller radius of curvature) introduce additional friction forces, thereby 628

requiring a higher gradient magnitude to achieve successful pulling. This is important as this phe- 629

nomenon can pose an upper limit on the sharpness of the curvatures that the robotic guidewire 630

can negotiate during a real-world navigation. Therefore, additional experiments to examine this 631

phenomenon further are planned. 632

Finally, we assessed the ability of the robotic guidewire to navigate sharp corners using a 633

phantom where each branch deviated from the vertical axis by increments of 45◦ (Figure 12). 634

In conclusion, the proposed robotic guidewire design generates signal noise in MR images 635

but not so severe that the guidewire cannot be localized. Low-carbon steel only slightly increases 636

the signal noise area (by around 11%), as shown in Figure 2 and Table 1 whilst significantly 637

increasing the available magnetic force (by around 42%). This ensures that the surrounding 638

environment remains visible without obstruction (see Figures 11 and 13(b)). An interesting fu- 639

ture study is to expand the search-space of ferrous materials to try and further optimize this 640

signal void/pull force ratio. The magnetic pulling force exerted on the magnetic tip is sufficient 641

to overcome frictional forces, enabling the ball to be guided to the desired location using MRI 642

gradients, followed by the sleeve, effectively implementing leader-follower navigation. Although 643

friction forces between the tether and sleeve are manageable, further investigation is needed 644

to optimize this aspect. The robotic guidewire has demonstrated the ability to navigate through 645

predefined pathways and confined spaces, showcasing its potential for full-scale navigation. 646

[R1.3]In this study, we utilized a 1 mm diameter magnetic sphere at the tip of the guidewire to 647

demonstrate the feasibility of MRI gradient-based actuation. While effective for initial validation, 648

we recognize that the current bead size imposes limitations on the range of potential intravas- 649

cular applications, particularly in smaller vessels. As part of future work, we aim to miniaturize 650

the magnetic tip via further exploration of materials - both the ferrous sphere and the interface 651

between suture and follower sheath - to enhance compatibility with a broader range of clinical 652

scenarios and improve the overall versatility of the system. 653

[R2.1] Further improvements in the imaging sequence and interpretation methods are neces- 654
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sary. For example, analyzing the shape of signal noise in MR images could assist in pinpointing 655

the magnetic tip’s location, thereby enhancing navigation and enabling partial automation of the 656

procedure. Moreover, by overlaying the 1-mm-diameter spherical shape (associated with the 657

magnetic tip) onto a previously acquired, artifact-free image—and adjusting for any anatomical 658

shifts— it would be possible to develop a real-time MRI guidance system for surgeons. This strat- 659

egy would effectively remove artifacts from the surgical view, offering a much clearer and more 660

user-friendly navigation platform during procedures. Another point of interest is to investigate the 661

options for a corrosion resistant coating for the low-carbon steel ball, this would clearly improve 662

longevity and long-term performance but would also open up the fundamental design to a wider 663

range of possible materials. The experiments were conducted on a pre-clinical MRI system, 664

which features a strong background field B⃗0 and field gradients. In order that clinically relevant 665

demonstrations can increase the technological readiness level of this proof-of-concept design, 666

additional work is required to improve robot performance in MRI systems with approximately 10x 667

lower gradient amplitudes, enabling its compatibility with a clinical routine MRI system. 668

An additional area of interest pertains to interleaved actuation and imaging, which can be 669

achieved by alternating imaging sequences (approximately 50 ms) with actuation sequences (up 670

to 500 ms) to provide real time sensing via MR Images. The work presented here, along with 671

the future studies mentioned, will pave the way for an autonomous, gradient-driven, self-sensing 672

robotic guidewire platform. 673

Finally, this leader-follower robotic system is limited to single-point (tip) control, leaving full- 674

shape control around complex pathways as open challenges10,43–45. Achieving this level of con- 675

trol necessitates advances in both material design and fabrication, as well as sophisticated con- 676

trol algorithms to navigate the complex gradient fields of the MRI system. In future work, we aim 677

to utilize multi-point control shape-forming principles of guidewire navigation, moving beyond 678

leader-follower principles, to achieve more flexible and continuous navigations through complex 679

and constrained environments. 680
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