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Supplementary Figure 1. Schematic illustration of a catheter stuck at a tortuous small 

artery due to its larger size and higher bending stiffness than the guidewire.  
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Supplementary Figure 2. Structural integration and axial tensile testing of the MBF. (a) 

Optical image displaying the integrated components of the MBF, where the magnetic tip, 

phase-change balloon, and PDMS fiber are assembled along the central nitinol core. (b) Axial 

tensile test of the MBF, demonstrating that the assembled connections can withstand a 

maximum tensile force of approximately 4.2 N, confirming their structural integrity 

(Photographed by the authors). 
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Supplementary Figure 3. Experimental verification of the intrinsic phase transition 

temperature (boiling point) of the Novec engineered fluid (Photographed by the authors). 
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Supplementary Figure 4. Evaluation of balloon expansion behavior at different 

environmental temperatures. (a) At 37 °C (below the phase transition threshold), the fluid 

remains in a stable liquid phase and the balloon does not expand. (b) At 42 °C (reaching the 

phase transition temperature), the liquid-to-gas transition is triggered, leading to balloon 

expansion (Photographed by the authors).  
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Supplementary Figure 5. Fabrication of the functionalized balloon of the MBF. a. 

Preparation of the silicone solution for spraying. b. Preparation of the CNT solution for 

spraying. c. The fabrication process of the Ecoflex tube begins with the spraying of the first 

silicone base layer on the stainless steel needle (19G), followed by the spraying of CNT on the 

silicone base layer, and finally the spraying of the silicone sealing layer. 
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Supplementary Figure 6. Microwaves penetrate porcine tissues with bones to heat the 

balloon. (a) Set up of the experiment. (b) The balloon can be effectively heated above 42 ℃ 

while the porcine tissue remains nearly unheated (Photographed by the authors).  
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Supplementary Figure 7. Preferential microwave heating of the CNT-coated balloon 

under tissue-only and blood-containing conditions. (a) Comparison between the CNT-

coated balloon and adjacent porcine tissue under the same microwave irradiation condition. (b) 

Comparison between the CNT-coated balloon and porcine tissue immersed in fresh 

anticoagulated porcine whole blood under the same microwave irradiation condition 

(Photographed by the authors). 
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Supplementary Figure 8. The thermal influence of the heated balloon on contacting 

porcine tissue (Photographed by the authors). 
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Supplementary Figure 9. Macroscopic and microscopic morphology comparison of 

porcine tissue after different thermal treatments. 

 (a–d) Experimental conditions for four groups: untreated porcine muscle tissue kept at room 

temperature for 3 min (a); tissue contacted with the MBF during microwave heating for 3 min 

(b); tissue completely immersed in a 50 °C water bath for 3 min as an upper-limit whole-tissue 

thermal-exposure reference (c); and tissue completely immersed in a 70 °C water bath for 3 

min as a high-temperature whole-tissue thermal-damage reference (d). It should be noted that 

the water-bath treatments in (c) and (d) represent uniform heating of the entire tissue sample, 

which is fundamentally different from the localized tissue contact with the microwave-heated 

MBF in (b). 

(e–h) Macroscopic appearance of the corresponding tissue samples after treatment. The 

untreated control and MBF-contact microwave-heating group retained a normal reddish 

appearance, whereas the 50 °C water-bath group showed slight whitening and the 70 °C water-

bath group showed obvious whitening. 

Bottom row: Microscopic surface morphology of the magnified regions indicated in (e–h). 

Compared with the untreated control, the MBF-contact microwave-heating group showed no 

obvious macroscopic or microscopic thermal alteration under the tested short-duration ex vivo 

condition (Photographed by the authors). 

  



 

11 
 

 

Supplementary Figure 10. Stress-strain curve of the simulated silicone blood vessel using 

Dragon Skin. 
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Supplementary Figure 11. Simulated deflection angle of the MBF as a function of 

magnetic field strength for different balloon lengths (LB). 
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Supplementary Figure 12. Quantitative evaluation of navigation performance in 

branching channels. (a) Schematic diagram of the navigation channels. (b) Operation time 

and success rate of the MBF for navigation from C1 to C2, C1 to C3, and C1 to C4 based on 

10 repeated trials. (c) Comparison of operation time and success rate between the MBF and a 

commercial J-shaped tip guidewire for navigation from C1 to C3 (Photographed by the authors). 
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Supplementary Figure 13. Detailed dimension of vascular pathways in the 3D 

cerebrovascular phantom (Photographed by the authors). 
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Supplementary Figure 14. The biocompatibility of MBF. L-929 cell status after 24 hours in 

100% sample extract, the negative control group, and the positive control group after 48 hours 

at 37 °C are shown in (a), (b), and (c) respectively. The L-929 cells in both solutions exhibited 

no significant differences in 100% sample extract and the negative control group, indicating 

the MBF's good biocompatibility. The viability of L-929 cells after 24 hours of incubation in 

different sample extract and control groups is shown in (d). Typically, a cell viability decreases 

to 70% in a 100% sample extract after 24 hours suggests potential cytotoxicity. However, our 

100% MBF sample extract yielded a 92% cell survival rate, significantly exceeding this 

threshold. This finding highlights the MBF's low cytotoxicity risk and minimal impact on cell 

growth and viability (Photographed by the authors). 
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Supplementary Table 1. Comparisons between existing approaches and our MBF for potential angioplasty application 

 

Category 
Therapeutic 

devices 

Catheter 

requirement 

Navigation 

capability 

Mechanism of 
shape-

expansion 

actuation 

Actuation 

distance 

and power 

Demonstration Reference 

Commercial 

guidewire/catheter 
Starter™ Guidewire 

Additional 

catheter required 

Limited 

(Pre-shaped tip (diameter 

~ 0.63 mm)) 

- - In vivo navigation 
Starter™ Guidewire 

-Boston Scientific 

Magnetic 

guidewires 

Ferromagnetic soft 

continuum robot 

Additional 

catheter required 

High 

(Soft magnetic tip 

(diameter ~ 0.6 mm)) 

- - In vitro navigation [1] 

Ultrahigh field 

magnetic guidewire 

Additional 

catheter required 

High 

(Rigid magnet tip 

(diameter ~ 1.0 mm)) 

- - Ex vivo navigation [2] 

Dexterous helical 

magnetic robot 

Additional 

catheter required 

High 

(Rigid magnet tip 

(diameter ~ 0.7 mm)) 

- - In vivo navigation [3] 

Miniature soft 

robots 

Miniature magnetic 

soft robot 
Catheter-free 

Limited 

(3 mm diameter with 

magnetic manipulation) 

Wireless, 

RF heating and 

phase-change 

expansion 

Inside coil (< 

5 cm), ~10 

kW 

Ex vivo locomoting 

and shape-expansion 
[4] 

Magnetic robots 
Magnetic balloon 

fiberbot 
Catheter-free 

High 

(Soft magnetic tip 

(1mm)) 

Wireless, 

microwave heating 

and phase-change 

expansion 

15 cm, 50 W 

Ex vivo navigation 

and shape-

expansion 

This work 
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Supplementary Table 2. Comparison of heating efficiency between RF heating and microwave heating 

Wireless 

heating 

methods 

Heating Objects 
Temperature 

rise, ΔT (℃) 

Heating power, 

P (W) 

Heating distance, 

D (mm) 

Heating efficiency,  

ΔT / P (℃/W) 
Reference 

 RF heating 

Miniature coiled 

artificial muscle 
40 ~10000 ~15 0.004 [5] 

Pangolin-inspired 

untethered magnetic 

robot 
80 ~10000 50 0.008 [6] 

Bismuth-based metals 40 800 30 0.05 [7] 

Stiffness tunable 

implanted electrode 
20 700 22 0.029 [8] 

Liquid-alloy hot water 

bag 
40 345 ~10 0.12 [9] 

Inchworm-like compact 

soft robot 
30 2000 3 0.015 [10] 

Microwave 

heating 

Multi-degree-of-freedom 

robots 
50 700 400 0.071 [11] 

MWCNTs/polypropylene 

composites 
200 700 ~140 0.29 [12] 

Rocks 80 3000 100 0.027 [13] 

Shape memory polymers 60 750 40 0.08 [14] 

Magnetic balloon 

fiberbot 
55.8 50 150 1.12 This work 
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Supplementary Video 1. 

In situ expansion of the MBF via low-power microwave heating (50 W at a distance of 15 cm). 

Supplementary Video 2. 

Accessibility tests of the MBF, a straight tip guidewire and a J-shaped tip guidewire in planar 

channels. 

Supplementary Video 3. 

Magnetic navigation of the MBF in an in vitro 3D cerebrovascular phantom. 

Supplementary Video 4. 

Magnetic navigation of the MBF in an ex vivo porcine placenta. 

Supplementary Video 5. 

Ex vivo demonstration of angioplasty in small arteries in a porcine placenta. 
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