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Abstract 

Blockages in cerebral arteries restrict blood flow to the brain, leading to several life-

threatening conditions such as stroke. The standard treatment, known as catheter-assisted 

balloon angioplasty, involves threading a mechanical guidewire and catheter-mounted 

Ac
ce

pt
ed

 A
rti

cle

https://creativecommons.org/licenses/by/4.0/
http://www.softscijournal.com/


Page X of 6                                       Surname et al. Soft Sci Year;Volume:Number│http://dx.doi.org/10.20517/ss.2021.xx 

 

balloon to the blockage, where the balloon is inflated to reopen the blocked artery. 

However, this approach struggles with the limited navigation capability of pre-shaped 

guidewires and catheters, especially in tortuous and small arteries with diameters ≤ 2 mm. 

Emerging miniature robots offer a potential alternative for catheter-free angioplasty via 

wirelessly actuated expansion. Still, they typically require high-power electromagnetic 

coils and short actuation distances, limiting their practicality for small-vessel 

interventions. In this work, we introduce a magnetic balloon fiberbot (MBF) that 

synthesizes advanced materials, electromagnetic resonance strategies, and minimally 

invasive magnetic actuation. The MBF incorporates a magnetically deflectable tip for 

navigating complex vasculature, along with a phase-change balloon integrated into a 

nitinol‑cored PDMS fiber. Under low‑power microwave heating (50 W at 15 cm), the 

balloon expands safely within 42-50 °C. This efficient heating stems from a 

carbon‑nanotube coating that absorbs energy effectively, combined with the 

electromagnetic resonance of the optimized nitinol core. The nitinol core thus acts as 

both a structural backbone and a microwave‑coupling element. We validate MBF 

performance in vitro using a 3D cerebrovascular phantom and ex vivo in porcine placenta 

models. With reduced power demands, long-range actuation, and favorable 

biocompatibility, the MBF represents a promising catheter-free strategy for minimally 

invasive treatment of blockages in small arteries. 

 

Keywords: Magnetic balloon fiberbot, catheter-free angioplasty, minimally invasive 

surgery, small arteries, wireless heating 

 

INTRODUCTION 

Arterial blockages due to the plaque buildup inside the artery severely restrict blood flow 

and cause critical health issues. When these blockages occur in the brain, they can result 

in life-threatening conditions such as stroke—one of the leading causes of mortality 

worldwide[1,2]. Currently, the standard treatment for restoring blood flow is catheter-

assisted balloon angioplasty, a minimally invasive procedure where a mechanical 

guidewire and a balloon catheter are sequentially threaded through the artery to the 

blocked lesion and the balloon is inflated to widen the artery[3]. However, this approach 

encounters major limitations when applied to the complex vasculature in the brain. The 

pre-shaped guidewire struggles to navigate tortuous and narrow arteries, especially in 
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small arteries with diameters ≤ 2 mm[4]. Notably, these small vessel blockages are 

responsible for approximately 25% of stroke cases, underscoring the urgent need for 

more effective techniques that can access these hard-to-reach areas[5]. 

Emerging magnetic guidewires with a magnetically bendable tip have shown promise in 

addressing this challenge[6-10]. Distinct from the pre-shaped guidewire, magnetic 

guidewires can swiftly adjust the orientation of their tip by responding to external 

magnetic fields, allowing enhanced navigation through complex vascular branches. 

Pioneering works can be found in Prof. Nelson’s[11-13], Zhao’s[14-16], and Sitti’s[17] groups. 

For example, Dreyfus et al.[12] utilized small integrated magnets, while Kim et al.[16] 

dispersed ferromagnetic particles to achieve magnetically controlled deflection. Tiryaki 

et al.[17] developed a magnetic guidewire that can operate in ultra-high magnetic fields 

produced by magnetic resonance imaging scanners. However, despite the enhanced 

navigation capability of the magnetic guidewire, the subsequent advancement of the 

mechanical catheter and deployment of the balloon in the angioplasty still remains 

challenging, because the larger size and higher bending stiffness of the balloon catheter 

prevent them from effectively following the guidewire through tortuous and small 

arteries (as illustrated in Supplementary Figure 1)[18]. 

 

Recent advances in functional miniature robots offer another potential solution to widen 

arteries, leveraging wirelessly actuated body expansion without needing a traditional 

balloon catheter[19-23]. These miniature robots expand their body in response to external 

stimuli at the targeted site[24-26]. Among these, miniature robots that utilize liquid-to-gas 

phase transition have been extensively reported[27,28]. Most such systems rely on radio 

frequency (RF) heating, in which alternating magnetic fields heat embedded magnetic 

nanoparticles. For instance, Tang et al.[28] developed a miniature magnetic balloon by 

combining the biocompatible liquid of Novec 7,000 with Fe3O4 nanoparticles and 

demonstrated its large volumetric expansion under alternating magnetic fields. While 

effective in generating localized heating, RF heating often has limited actuation distances 

and prohibitively high power. They typically require the target to be positioned within 

electromagnetic coils to achieve sufficient field strength and some even require up to 10 

kW power to operate[29,30]. These requirements are impractical for the safe 

cerebrovascular application where the actuation source is usually required to be placed 

at least 10 cm away from the target inside the brain. In contrast to RF heating, microwave 

heating holds the promise for long actuation distance at relatively low power[31,32]. 
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Numerous studies have demonstrated the potential of microwaves to actuate miniature 

robots recently[33,34]. However, achieving efficient heating within deep tissue such as 

brain yet remains a grand challenge because microwaves are attenuated when passing 

through biological tissues, thereby limiting the volumetric expansion of the miniature 

robots. 

 

In this work, we propose a magnetic balloon fiberbot (MBF) for catheter-free angioplasty 

in small arteries by seamlessly integrating a magnetically bendable tip with a phase-

change balloon [Figure 1A]. The magnetic tip allows for enhanced navigation to the 

complex small arteries, while the balloon is wirelessly inflated via low-power microwave 

heating (e.g., 50 W at a distance of 15 cm) (see Comparison Supplementary Table 1). The 

microwave energy is efficiently absorbed by the carbon nanotubes (CNTs) coating and 

further amplified by optimizing the embedded nitinol core through an electromagnetic 

resonance effect. By carefully controlling the heating power and distance, the 

temperature of MBF can be quickly raised to 42-50 °C, enabling effective balloon 

expansion while limiting excessive heating of surrounding tissue. To ensure targeted 

vascular widening, axial pre-stretching of the balloon minimizes undesired axial 

elongation during inflation, allowing for primary radial expansion. The performance of 

the MBF was validated through in vitro experiments using a 3D cerebrovascular phantom 

and ex vivo studies with porcine placenta models, demonstrating effective navigation, 

controlled balloon expansion, and biocompatibility. 

 

EXPERIMENTAL 

Materials 

PDMS (Sylgard 184) was purchased from Dow Corning Co., Ltd. NdFeB particles (5μm) 

were commercially obtained from Magnequench Co., Ltd. Carbon nanotubes (CNTs) 

were purchased from XFNano Co., Ltd. Ecoflex 0030 and mold release agent (Release 

200) were purchased from Smooth On Co., Ltd. Novec 7000 and Novec 649 were 

commercially obtained from 3M Co., Ltd. Hexane and anhydrous ethanol were 

purchased from Hushi Co., Ltd. Medical-grade polyvinylidene fluoride (PVDF) heat-

shrinkable tubing was purchased from Zhongxin Co., Ltd. The superelastic nitinol wire 

(nitinol core) was commercially obtained from Mingfeng Co., Ltd. The anticoagulated 

porcine whole blood was purchased from Yuechi Co., Ltd. All the chemicals were used 
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without further purification.  

 

Preparation for the MBF 

Fabrication of magnetic tip 

Magnetic tip was fabricated by injecting ferromagnetic composite ink into a mold, 

followed by curing, demolding, and magnetizing. Firstly, Part A and Part B of Sylgard 

184 were mixed in a ratio of 10:1, placed in a planetary mixer (ARV-310, Thinky, Japan), 

and blended at 2,000 rpm for 3 min. Following this, NdFeB particles were added to the 

blended Sylgard 184 with different volume ratios, and then blended at 2,000 rpm for 5 

min to obtain the ferromagnetic composite ink. Finally, the obtained ferromagnetic 

composite ink was injected into a PTFE tubular mold, with a diameter of 1mm. To create 

a channel for the nitinol core, a temporary metal wire was placed in the center of the 

PTFE tubular mold prior to injection. After curing in an oven at 60 °C for 2 h, the tubular 

mold was removed, and the temporary metal wire was extracted, leaving a central hole. 

The resulting slender cylindrical rod was placed into a pulse magnetizer for 

magnetization, ultimately obtaining the magnetic tip. 

 

Fabrication of the phase-change balloon 

The phase-change balloon consists of three integrated components: an inner nitinol core, 

an outer functionalized Ecoflex tube serving as the balloon wall, and an enclosed phase-

change liquid. In this configuration, the nitinol core functions as the central structural 

backbone and also contributes to microwave-heating enhancement through 

electromagnetic resonance, while the functionalized Ecoflex tube, incorporating a CNT 

layer, serves as the microwave-absorbing and heat-generating balloon wall. The phase-

change liquid sealed inside the tube undergoes liquid-to-gas transition upon heating, 

thereby driving balloon expansion. These three components were assembled into an 

integrated balloon structure as described below. 

 

The functionalized Ecoflex tube was prepared as follows: 

Firstly, Part A and Part B of Ecoflex 0030 and hexane were mixed in a ratio of 1:1:3, 

placed in a planetary mixer (ARV-310, Thinky, Japan) and blended at 2,000 rpm for 2 

min to obtain a silicone solution for balloon base layer spraying. The needle, coated with 

mold release agent (Release 200) was fixed to the rotating shaft of the motor (Gelvwei, 

China), set the speed of the motor to 300 rpm. The silicone solution was then injected 
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into the cup of a spray gun (Ustar, China), with the spraying pressure set to 500 kPa, and 

the distance between the spray gun and the needle set to 15 cm. After spraying, the 

needles, which were uniformly sprayed with silicone solution, were placed in an oven at 

60 ℃ to cure for 2 h. 

 

In addition, CNTs were added to the anhydrous ethanol with different volume ratios. The 

CNT solution was placed in an ultrasonic cleaner and shaken for 5 min to evenly 

distribute CNTs in anhydrous ethanol. This CNT solution was then sprayed using another 

spray gun (CNYQ, Japan) onto the needle with the cured silicone fabricated in the first 

step to create a CNT layer. After spraying, the needles uniformly coated with CNT 

solution were placed in the oven at 60 ℃ again to evaporate the anhydrous ethanol as a 

solvent. 

 

Finally, the silicone solution was sprayed again to seal the CNT layer. The needles, now 

coated with both the base silicone layer and the CNT layer, were placed in the oven at 

60 ℃ for a final curing time of 2 h. The preparation of the functionalized Ecoflex tube 

was completed after demolding from the needle. 

 

The phase-change liquid was prepared by mixing Novec 7,000 (boiling point: 34 ℃) and 

Novec 649 (boiling point: 49 ℃) in a ratio of 1:3. 

 

To assemble the phase-change balloon, the prepared functionalized Ecoflex tube was first 

positioned onto the nitinol core, and both ends of the balloon were then tightly secured 

using medical-grade PVDF heat-shrinkable tubing. Afterward, the phase-change liquid 

was injected into the annular cavity between the nitinol core and the balloon wall using 

a 34G ultrafine needle, and the injection site was finally sealed with silicone. Through 

this process, the phase-change balloon was formed as an integrated structure around the 

nitinol core, which helps maintain mechanical continuity during actuation and reduce the 

risk of fluid leakage. 

 

Fabrication of the PDMS fiber and MBF assembly  

The PDMS fiber was fabricated by injecting uncured PDMS into a tubular mold. To 

facilitate the central alignment of the nitinol core (diameter: 0.15 mm), a guiding needle 
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was inserted at one end of the mold. After the PDMS was injected, a 0.12 mm metal wire 

was inserted through the same needle into the uncured PDMS. The inner diameter of the 

needle confined the metal wire to a relatively central region of the mold, keeping the 

positional deviation within the limits of the needle's inner diameter. Following curing at 

60 °C for 2 h, the metal wire was extracted, leaving a longitudinal hole with a diameter 

of 0.12 mm. Finally, the nitinol core was inserted into this slightly smaller hole and glued 

by uncured silicone, creating an interference fit that ensured a tight and secure integration 

between the nitinol core and the PDMS fiber. 

 

Finite element simulation of the MBF 

Electromagnetic thermal simulation of the MBF 

COMSOL Multiphysics was used to study the thermal effects of phase-change balloon. 

Firstly, Microwave Heating was selected in the Select Physics tree, and a Frequency-

Transient, One-Way Electromagnetic Heating study sequence was added. After 

completing the modelling of the CNT-coated balloon, nitinol core, and air domain, set 

the corresponding material parameters for each part separately. For CNT, the relative 

permeability was defined as 1, the density was defined as 1,350 kg/m3, the heat capacity 

at constant pressure was defined as 100 J/(kg·K), the electrical conductivity was defined 

as 1000 S/m, the thermal conductivity was defined as 3,000 W/(m·K). The nitinol core 

and air were sourced from the built-in material library in COMSOL. Secondly, in the 

Electromagnetic Waves, Frequency Domain (emw) section, the air domain boundary 

located directly above the CNT-coated balloon was selected to serve as the microwave 

emission port. Scattering Boundary Condition was added to the air boundary. Variation 

of the heating distance was simulated by adjusting the distance between the port and the 

CNT-coated balloon, and the heating power could also be simulated by setting the port 

power. In the Heat Transfer in Solids (ht) section, set the initial system temperature to 

293.15 K. In the Mesh section, the grids were created. Finally, the microwave frequency 

in the Frequency Domain was set to 2,450 MHz, and the heating time in Transient was 

set to 2 min in this study. Then the model was submitted to calculate and perform post-

processing on the results. 

 

Magnetic deflection simulation of the MBF 

Simulations of the magnetic deflection angles θ of the MBF in uniform magnetic fields, 

with varying field strengths B and angles α, were performed by implementing a user-
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defined element (UEL) in Abaqus/Standard 2023. To optimize computational efficiency 

without compromising modeling accuracy, the external balloon (elastic modulus ~ 100 

kPa) was excluded from the model, as its mechanical resistance during deflection is 

negligible compared to the nitinol core (40 GPa). For the retained structures, the nitinol 

core was modeled as an elastic material with a Young’s modulus of 40 GPa and a 

Poisson’s ratio of 0.3, and was meshed by 856 C3D8R elements. The magnetic composite 

was modeled using a hyperelastic material with a shear modulus of 850 kPa and meshed 

by 15024 UEL elements. Its bulk modulus was set to 1,000 times the shear modulus to 

approximate the material's incompressibility, and its magnetization was defined as 128 

kA m-1. Finally, the strength (field strength B) and direction (angle α) of the magnetic 

fields, along with the magnetization, were incorporated as additional input parameters. 

 

Biocompatibility test of the MBF 

The experimental design for this study aimed to evaluate the biological response of L-

929 cells to the MBF. The test samples (magnetic tip and phase-change balloon) were 

subjected to an extract preparation process under sterile conditions. Specifically, the 

samples were immersed in 75.6 mL of MEM medium containing 10% fetal bovine serum 

at a ratio of 3 cm2 of sample surface area to 1 mL of extractant. The immersion was 

conducted in a sterile, inert container at 37 °C for 48 h with oscillation. After immersion, 

the extract was checked for any changes and stored at 20-30 °C, ready for use within 24 

h without further filtration, centrifugation, dilution, or pH adjustment. Simultaneously, 

blank, negative (high-density polyethylene), and positive (ZDEC) controls were prepared 

under the same conditions. The L-929 cells, sourced from the American Type Culture 

Collection (CCL1, NCTC clone 929), were cultured in MEM medium supplemented with 

10% fetal bovine serum and antibiotics (penicillin and streptomycin) at 37 °C in a 5% 

CO2 incubator. Following cell growth to confluence, the original medium was aspirated, 

and 100 μL of different concentrations of the test sample extract (100%, 75%, 50%, 25%), 

blank control, positive control (100%), and negative control (100%) were added to the 

cells. The cells were then incubated for an additional 24 h at 37 °C in a 5% CO2 

atmosphere. 

 

The evaluation criteria for assessing cell viability and potential cytotoxicity were based 

on the optical density (OD) measurements at 570 nm using a microplate reader, with a 
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reference wavelength of 650 nm. Cell viability was calculated as the percentage of the 

mean OD value of the test sample/negative control/positive control relative to the mean 

OD value of the blank control. 

 

Cell viability (%) =  

 

OD570e - Average optical density of test sample/negative control/positive control. 

 

OD570b - Average optical density of blank control. 

 

A lower viability percentage indicated higher potential cytotoxicity of the test sample. 

Specifically, if the viability decreased to less than 70% of the blank control, the test 

sample was considered to have potential cytotoxicity. 

 

Statistical analysis 

Quantitative data are expressed as the mean ± standard deviation (SD). Unless otherwise 

stated, experimental data were obtained from three independent replicates (n = 3). For 

the branching-channel navigation tests, ten repeated trials were conducted for each 

representative path. For comparisons between two groups, statistical significance was 

evaluated using a two-tailed independent Student’s t-test. A P-value of less than 0.05 (P 

< 0.05) was considered statistically significant. 

 

RESULTS AND DISCUSSION 

Design, fabrication, and working principle of the MBF 

Incorporating the navigation of magnetic guidewires and the volumetric expansion of the 

phase-change balloon, we developed a magnetic balloon fiberbot (MBF) with a diameter 

of 1mm. The MBF consists of three main components: a magnetic tip at the distal end 

(length 2.5 cm), a phase-change balloon (length 2 cm), and a non-magnetized fiber 

(Polydimethylsiloxane, PDMS; length 1.5 m) at the proximal end. These three 

components are connected using a single, continuous nitinol core (diameter: 0.15 mm), 

which acts as a backbone, with their interfaces secured by cured silicone [Figure 1B and 

Supplementary Figure 2]. Notably, the core consists of a superelastic nitinol core with a 
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phase transition temperature of approximately -10 °C. This ensures the wire remains in 

a stable austenite phase across operational temperatures. Consequently, microwave 

actuation does not induce any undesired shape changes or bending via the shape memory 

effect, allowing the design to maintain its intended flexibility and configuration. The 

magnetic tip is fabricated by uniformly dispersing NdFeB microparticles in the PDMS 

matrix. This composite is then injected into a tubular mold and cured, and subsequently 

axially magnetized by an impulse magnetic field (~4 T), enabling the tip to bend when 

an external actuation field B is applied, thus facilitating navigation through tortuous 

vasculature. 

 

The phase-change balloon is constructed by affixing a pre-stretched Ecoflex tube to the 

anchor points on the nitinol core. It is then injected and sealed with 15 μL Novec 

engineered fluid, which serves as the inflation medium. This liquid has an intrinsic liquid-

to-gas phase transition temperature (boiling point) of 42 °C [Supplementary Figure 3]. 

Consequently, when the actual internal temperature of the fluid reaches this 42 °C 

threshold, it triggers the phase transition required for balloon expansion. This specific 

thermal property ensures that the balloon remains unexpanded at normal body 

temperature [Supplementary Figure 4]. For potential biomedical use, the balloon was 

operated within a safety-guided temperature window of 42-50 °C, where the lower bound 

corresponds to the onset of phase transition and the upper bound serves as a conservative 

control limit[35-38]. To enable wireless heating, the balloon is uniformly coated with CNTs 

via a spraying technique [Supplementary Figure 5]. A scanning electron microscope 

(SEM) image of the cross-section is provided in Figure 1C. When exposed to microwave 

energy, the CNTs absorb the energy, triggering the liquid- to-gas phase transition that 

inflates the balloon [Figure 1D]. 

 

The inflation process was further visualized through optical and infrared imaging [Figure 

1E and Supplementary Video 1]. In the absence of biological tissue attenuation, the MBF 

reaches a baseline temperature of approximately 80 °C when positioned 15 cm from a 50 

W microwave irradiator (Baoxing, China). We note that this value was obtained under a 

barrier-free in-air condition and is reported only to characterize the maximum wireless 

heating capability of the device, rather than its intended operating temperature in 

biological applications. Under this condition, the balloon region remains the primary 
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functional heating zone, while limited heating beyond the balloon may also occur, likely 

owing to microwave coupling and heat conduction associated with the embedded nitinol 

core. The microwave operates at 2.45 GHz (wavelength ~12.4 cm), a frequency widely 

used in microwave thermotherapy-related applications[39,40]. 

 

The balloon’s superior wireless heating efficiency is attributed to the excellent heat 

absorption capability of CNTs and the electromagnetic resonance effect of the nitinol 

core (detailed in the next section). This efficiency is quantified by the temperature rise 

per heating power, ∆T / P, and plotted against the heating distance in Figure 1F. The data 

in Figure 1F were compared under broadly similar barrier-free, in-air conditions, thereby 

reducing variability introduced by media attenuation. Under these conditions, the MBF 

shows improved wireless heating performance relative to previous techniques utilizing 

RF heating[41-46] and microwaves[33,34,47,48] (see Comparison Table S2). Note that, the data 

in Figure 1F compares the wireless heating performance under barrier-free, in-air 

conditions, ensuring a fair comparison across different approaches without interference 

from biological tissues. This comparison is intended as a representative reference, since 

∆T / P may still show some dependence on factors such as ambient temperature. 
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Figure 1. Design, fabrication, and working principle of the MBF. (A) Schematic 

illustration of the MBF for catheter-free angioplasty. (B) The fabrication process of the 

MBF by integrating a magnetic tip, a phase-change balloon, and a PDMS fiber. (C) 

Scanning electron microscopy (SEM) images showing the cross-section of the balloon 

with multi-layers. (D) Schematic representation of the balloon expansion mechanism by 

the liquid-to-gas phase change upon microwave heating. (E) The optical and infrared 

images demonstrate the balloon expansion when placed at D = 15 cm from a microwave 

irradiator. The inset shows the zoomed-in view of the balloon. (F) Comparison of heating 

efficiency, defined as the increased temperature normalized by the power ΔT / P, between 

RF heating and microwave heating. 
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Wireless heating performance of the phase-change balloon 

CNTs exhibit excellent electrical conductivity and electromagnetic wave absorption 

properties, making them effective for microwave-induced wireless heating[49-52]. When 

exposed to a microwave electromagnetic field, free electrons in CNTs oscillate rapidly, 

converting the absorbed energy into thermal energy through lattice collisions. To evaluate 

the impact of CNT content on the heating performance, we tested balloons coated with 

varying CNT volume fractions of 10%, 20%, and 30%. As shown in Figure 2A, higher 

CNT content leads to a more pronounced temperature increase, with the temperature 

rising by 15 ℃ within 30 s at a 15 cm heating distance and a 50 W power. 

 

To further enhance heating efficiency, we introduced a nitinol core into the balloon. As 

seen in Figure 2B, under the same conditions, the balloon with the nitinol core achieved 

a significantly higher temperature (P < 0.05, compared to the balloon without the core), 

and the one with 30% CNT content underwent a temperature increase of ∆T = 55.8 ℃. 

We then investigated the effect of nitinol core length on heating performance. The 

optimal temperature enhancement occurred when the length of the nitinol core was close 

to approximately half of the free-space microwave wavelength (~ 6 cm; Figure 2C) under 

the present configuration. This enhancement is attributed to the electromagnetic 

resonance effect that maximizes the core’s ability to absorb and convert microwave 

energy into thermal energy, remarkably amplifying the heating efficiency [Figure 2D]. 

Electromagnetic thermal simulations conducted in COMSOL Multiphysics further 

validate this effect [Figure 2E]. Introduction of the nitinol core dramatically enhances the 

temperature within the balloon, demonstrating the critical role of resonance in optimizing 

wireless heating performance. We note that this ~6 cm value was identified as an 

empirical optimum in the current experimental setup, and the corresponding behavior 

under tissue-loaded conditions should be further examined in more physiologically 

relevant environments. 

 

When considering small-vessel intervention scenarios such as cerebrovascular 

applications, the microwaves need to penetrate biological tissues and the skull to heat the 

balloon. To approximate this tissue-penetration scenario, we examined the effectiveness 

of microwave heating on the MBF after passing through porcine tissues with bone. The 

porcine tissues used in this experiment had a total thickness of approximately 15 mm 

(including both bone and attached soft tissue). This fan-bone specimen was selected 
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because it provided a relatively large and intact tissue–bone area, which facilitated stable 

placement and repeatable microwave-penetration testing. The porcine tissues, placed 7 

cm away from the MBF, approximate controlled ex vivo tissue-barrier condition 

[Supplementary Figure 6]. As shown in Figure 2F, the balloon’s steady-state temperature 

reached 49.3 °C at a 15 cm distance and 50 W power after penetrating porcine tissue with 

bone. This temperature is sufficient to induce the liquid-to-gas phase transition for 

effective balloon expansion. Specifically, we have defined the operational temperature 

window of 42-50 °C as a safety-guided protocol. The lower bound of 42 °C is set to 

correspond with the initiation threshold of the phase-change liquid, while the upper 

bound of 50 °C is established as a conservative guideline to mitigate the risk of thermal 

damage to adjacent vascular and neural tissues. Similar heating effects can be achieved 

by reducing the heating distance or lowering the power output [Figure 2G]. As 

summarized in Figure 2H, by synergistically adjusting the microwave power and heating 

distance, the MBF can be regulated to operate within this predefined target heating 

temperature range under the tested condition. 

 

To examine whether microwave heating is preferentially concentrated in the balloon, we 

compared the thermal response of the CNT-coated balloon with that of adjacent porcine 

tissue under identical irradiation conditions [Supplementary Figure 7a]. Considering that 

blood and ion-containing biological fluids may affect microwave absorption, we further 

repeated the comparison using porcine tissue immersed in fresh anticoagulated porcine 

whole blood [Supplementary Figure 7b]. In both tissue-only and blood-containing 

conditions, the dominant hot spot remained localized at the balloon region, while the 

surrounding tissue or blood-containing medium showed limited heating, supporting the 

preferential microwave-heating behavior of the CNT-coated balloon under the tested 

static ex vivo conditions. 

We further evaluated the thermal influence of the heated balloon on contacting porcine 

tissue [Figures S8 and S9]. Infrared imaging showed that, although the balloon itself 

reached the actuation temperature, the temperature rise in the contacting tissue remained 

much smaller and no obvious extensive overheating zone was observed [Supplementary 

Figure 8]. Tissue-level thermal influence was further assessed by comparing the 

macroscopic appearance and microscopic surface morphology of porcine tissue after 

different thermal treatments [Supplementary Figure 9]. The tissue contacted with the 
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MBF during 3 min of microwave heating retained a normal reddish appearance and 

showed no obvious microscopic structural alteration compared with the room-

temperature control. Together, these results suggest that the balloon temperature should 

not be directly interpreted as the temperature of adjacent tissue, and support limited local 

tissue-level thermal influence under the tested static ex vivo conditions. 

 

Overall, these results show that the MBF can maintain effective balloon actuation after 

tissue penetration while limiting excessive heating of adjacent tissue under the tested 

conditions. A limited local temperature increase may still appear on the porcine tissue 

surface, likely due to partial microwave absorption by the heterogeneous tissue sample 

and local variations in field distribution. Nevertheless, tissue attenuation, together with 

active modulation of power and distance, helps confine the heating effect and supports 

operation within the target 42–50 °C actuation window. 

 

 

Figure 2. Enhanced wireless heating of the phase-change balloon with optimized length 
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of the nitinol core. (A) Temperature rise of the balloon without nitinol core, tested with 

varying CNT content (10%, 20%, 30%) under a 50 W microwave heating at a 15 cm 

distance. (B) Temperature rise of the balloon with the nitinol core under the same 

conditions. (C) Effect of different nitinol core lengths on temperature rise at a 15 cm 

distance and 50W output power, indicating the optimal core length for improved heating 

efficiency. (D) Schematic illustrating the enhanced heating efficiency enabled by the 

electromagnetic resonance effect after introducing the nitinol core. (E) Electromagnetic 

thermal simulations of enhanced temperature distribution before and after introducing 

the nitinol core. (F) Comparison of steady-state temperatures before and after penetrating 

porcine tissues with bone, demonstrating efficient heating at a 15 cm distance and 50 W 

power. (G) Similar steady-state temperatures are achieved with a closer heating distance 

of 10 cm and a lower power of 30 W. (H) By controlling the heating power and distance, 

the temperature of the MBF can be raised to 42-50 °C. For quantitative experimental data, 

error bars represent the standard deviation (SD), with n = 3 independent replicates. 

 

Expansion behavior of the phase-change balloon 

For effective angioplasty, the output pressure to reopen the blocked artery mainly 

depends on the radial expansion, while axial expansion is ineffective and undesired. 

Actually, minimizing axial expansion confines the balloon’s volume, increasing its 

internal pressure during the liquid-to-gas phase change. To achieve this, we implemented 

an axial pre-stretching strategy to control the balloon’s expansion behavior. As illustrated 

in Figure 3A, the Ecoflex tube was stretched before being affixed to the anchor points, 

enabling desired radial expansion while suppressing axial elongation. Let L0, L, and L1 

denote the length of the unstretched Ecoflex tube, stretched balloon, and inflated balloon, 

respectively, and the d0, d, and d1 denote the corresponding diameters (Note d = 1 mm 

for the MBF). The pre-stretch, radial expansion, and axial expansion are defined as L / 

L0, d1 / d, and L1 / L, respectively. 

 

To assess the impact of the pre-stretch, we investigated both radial and axial expansion 

in free space under various internal pressures (denoted as p
free

) which were controlled 

by a pump. As shown in Figure 3B, increasing the pre-stretch increases radial expansion 

while simultaneously reducing axial expansion. This is because axial pre-stretching pre-

consumes the axial elongation that would otherwise occur during inflation, thereby 
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shifting the subsequent deformation mainly to the radial direction. In addition, the 

reduced initial diameter after pre-stretching further increases the apparent radial 

expansion ratio. Specifically, with a pre-stretch L / L0 = 1.6, the radial expansion reaches 

up to d1 / d = 300% at 20 kPa, whereas axial expansion remains nearly unchanged, i.e., 

L1 / L = 1. Compared to the unstretched case, the radial expansion at 20 kPa increases by 

1.6 times while the axial expansion is eliminated [Figure 3C]. Based on these findings, 

the pre-stretch of 1.6 is adopted for the MBF design to ensure optimal expansion 

performance. 

 

Since it is difficult to directly measure the internal pressure of the balloon under 

microwave heating due to its small dimensions, we adopt an indirect method by 

correlating the radial expansion of the heated balloon with the pumped one in free space. 

It was found that the maximum radial expansion of the heated balloon also reaches 300% 

after 40 s of heating at 50 W power and a 15 cm distance [Figure 3D]. This result indicates 

that the maximum internal pressure of the heated balloon is 20 kPa according to Figure 

3B (denoted as p
free
max = 20 kPa). Upon turning off the power, the balloon begins to deflate 

immediately and gradually returns toward its initial dimension. In the present static 

experimental setup, the final stage of recovery occurs on the order of minutes, reflecting 

passive cooling of the sealed phase-change medium. It is also worth noting the balloon’s 

mass remains nearly constant throughout the expansion and deflation cycle, indicating a 

well-sealed assembly with minimal leakage. 

 

When the balloon is microwave-heated in small vessels, it first expands freely until it 

contacts the vessel wall, at which point the internal pressure equals p
free

from Figure 3B. 

Further inflation will exert output pressure (denoted as p
out

) on the vessel. The output 

pressure can be calculated as 

 

 p
out

 = p
confined

 - p
free

 (1) 

 

where p
confined

 is the internal pressure of the balloon in its confined state. Assuming the 

temperature remains unchanged during inflating, the ideal gas law relates the confined 

balloon pressure and freely-expanded balloon at maximum radial expansion of 300% via 
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 p
confined

Vconfined = p
free
 maxVfree

 max (2) 

 

where Vconfined and Vfree
 max are the balloon volumes in the confined and freely expanded 

states, respectively. Considering the unchanged axial length during inflation, the volume 

ratio can be readily expressed as Vfree
 max / Vconfined= (3d / dv)

2
  where coefficient 3 

represents the maximum radial expansion of 300% and  dv is the vessel diameter. Using 

these relationships, the output pressure as a function of the normalized vessel diameter 

d / dv is calculated and presented in Figure 3E. 

 

 

Figure 3. Expansion performance of the phase-change balloon. (A) Schematic 
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illustration comparing the inflating behavior of the balloon with and without axial pre-

stretching. Pre-stretching eliminates undesired axial expansion while enhancing radial 

expansion during inflation. (B) Radial and axial expansion as a function of internal 

pressures under various pre-stretch. At a pre-stretch of 1.6, the balloon achieves optimal 

radial expansion. (C) Quantitative comparison of radial expansion and axial expansion 

of the balloon at 20 kPa internal pressure. (D) The maximum radial expansion and the 

retained mass during a heating-cooling cycle. (E) Output pressure exerted on surrounding 

vessels as a function of normalized vessel diameter, showing strong output pressure for 

angioplasty in small vessels. (F) Sequential images of the balloon’s expansion within a 

simulated silicone vessel with a modulus comparable to that of real blood vessels. For 

quantitative experimental data, error bars represent the standard deviation (SD), with n 

= 3 independent replicates. 

 

Results in Figure 3E clearly suggest that the output pressure increases substantially up to 

180 kPa as the vessel’s diameter decreases. This highlights the MBF’s ability to generate 

sufficiently high pressure to dilate highly narrowed vessels. To further validate this ability, 

we fabricated a simulated vessel with a diameter of 2.5 mm using silicone rubber, with 

Young’s modulus of 250 kPa close to that of real blood vessels[53,54] [Supplementary 

Figure 10]. The MBF was inserted into this simulated vessel and the phase-change 

balloon successfully expanded under microwave heating, generating sufficient pressure 

to widen the vessel [Figure 3F]. 

 

Magnetic deflection and navigation performance of the MBF 

The magnetic deflection capability of the MBF plays a critical role in its navigation 

through complex vasculature. To evaluate its deflection performance, we measured the 

magnetic deflection angle (θ) under varying magnetic field strengths (B) and angles (α). 

As shown in Figure 4A, both experimental results and finite element simulations 

demonstrate a consistent increase in the deflection angle with increasing magnetic field 

strength. The deflection performance was further validated at a specific magnetic field 

with α = 90°, showing excellent agreement between experimental and simulated results 

[Figure 4B]. Importantly, the integration of the phase-change balloon does not 

compromise the MBF’s navigational performance. As shown in Figure 4C, the deflection 

angle remains nearly identical with and without the balloon, confirming that the 

integration of the balloon does not hinder its navigational capability. Nevertheless, 
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navigation is inherently design-dependent. FE simulations [Supplementary Figure 11] 

reveal that longer balloons increase the magnetic moment arm, yielding larger deflections. 

We selected a 20-mm length to optimally balance steering leverage with spatial 

maneuverability in tortuous vessels. Additionally, the nitinol core’s stiffness matches 

commercial guidewires of the same size, ensuring essential pushability without excessive 

bending resistance that impedes magnetic deflection. 

 

To assess the MBF’s ability to navigate through complex branches of small arteries, we 

conducted accessibility tests in a planar model with four 2-mm-wide channels (labeled 

as channels 1, 2, 3, 4). As illustrated in Figure 4D, the MBF successfully accessed all 

four channels under the guidance of an external magnetic field, demonstrating its ability 

to navigate complex and narrow pathways. To further quantify this navigation 

performance, we conducted 10 repeated trials for representative branching paths and 

summarized the operation time, success rate in Supplementary Figure 12. In stark 

contrast, commercial guidewires with a straight tip [Figure 4E] or a J-shaped tip [Figure 

4F] exhibited limited accessibility. The straight tip guidewire was stuck at the entrance 

and unable to navigate through any channels, while the J-shaped tip guidewire showed 

partial accessibility to channels 1 and 3 but failed to navigate to channels 2 and 4. These 

results underscore the MBF’s superior navigation capabilities compared to conventional 

guidewires, particularly in environments with narrow and tortuous pathways, as detailed 

in Supplementary Video 2. 
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Figure 4. Magnetic deflection and navigation performance of the MBF. (A) 

Experimental and finite element simulation results of the deflection angle θ of the MBF 

with different field strength B and angle α. (B) Comparison of experiments and 

simulations at magnetic field angle α = 90°. (C) Comparison of the deflection angle of 

the MBF with and without the phase-change balloon, demonstrating the minimal impact 

of the balloon on navigation performance. (D) Accessibility test of the MBF in planar 

channels, showing successful navigation through all four channels under external 

magnetic fields. (E) Accessibility test of the commercial guidewire with a straight tip in 

planar channels, showing no accessibility to all channels. (F) Accessibility test of the 

commercial guidewire with J-shaped tip in planar channels, showing partial accessibility 

to only channels 1 and 3. For quantitative experimental data, error bars represent the 

standard deviation (SD), with n = 3 independent replicates. 

 

Magnetic navigation and angioplasty demonstration of the MBF 

To comprehensively evaluate the magnetic navigation performance of the MBF, we 
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conducted a demonstration using a 3D-printed cerebrovascular phantom that replicates 

the intricate human cerebral arteries [Supplementary Figure 13], including the Circle of 

Willis (CW), the right internal carotid artery (ICA), and the right middle cerebral artery 

(MCA). Guided by external magnetic fields, the MBF successfully navigated through 

complex and tortuous branches. The navigation sequence, shown in Figure 5A, highlights 

the MBF’s ability to access small and narrow arterial branches. At 00:09, the MBF passed 

the curved ICA with a diameter of 3 mm. At 00:22, it successfully entered CW. 

Remarkably, at 00:38, the MBF navigated through an extremely narrow segment with a 

diameter of 1.6 mm. After that, MBF reached the M2 segment of the MCA at 00:47. The 

MBF continued to navigate seamlessly into even smaller arteries of MCA thereafter. The 

time-sequenced images and Supplementary Video 3 highlight the MBF’s smooth and 

consistent movement, even in highly curved and confined segments of the phantom. This 

demonstration underscores the MBF’s excellent navigation capabilities in small and 

tortuous blood vessels effectively, offering a promising solution for angioplasty in small 

arteries. 

 

Following the demonstration of the MBF’s magnetic navigation capabilities in a 3D 

cerebrovascular phantom, we further performed biocompatibility testing and an ex vivo 

angioplasty demonstration in a porcine placenta model to assess its feasibility in a 

biologically relevant vascular environment. Cytotoxicity tests using L-929 fibroblast 

cells exposed to the MBF’s 100% sample extract, as well as diluted concentrations (25%, 

50%, and 75%) are first performed. As shown in Figure S14, the cells maintained over 

90% viability across all extract concentrations, with no obvious differences compared to 

the negative control group. In contrast, the positive control group exhibited substantial 

cell damage, confirming the cytotoxicity of harmful substances. These results 

demonstrate that the MBF possesses excellent biocompatibility, making it suitable for 

vascular systems. 

 

To validate the MBF’s angioplasty capability in a biologically relevant environment, we 

utilized a porcine placenta model for ex vivo testing. The porcine placenta is well-

recognized for its vascular anatomy, which closely resembles the small arteries of the 

human brain, making it an ideal model for such demonstrations[55]. At 00:08, the MBF 

was steered by a repulsive magnetic field, achieving a 75° counterclockwise deflection 
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to enter a 2 mm diameter vessel branch. After withdrawing from this branch at 00:31, the 

MBF was directed by an attractive magnetic field, producing a 15° clockwise deflection 

into a narrower branch with a diameter of 1.1 mm. Upon withdrawal from this branch at 

00:38, the MBF was repulsed again, with a 15° counterclockwise deflection, successfully 

entering a 1.8 mm diameter vessel branch (Figure 5B and Supplementary Video 4). 

Finally, the MBF’s phase-change balloon was activated via microwave heating to 

perform angioplasty within the porcine placenta’s vessels. As shown in Figure 5C and 

Supplementary Video 5, the balloon expanded radially and widened the vascular lumen, 

demonstrating the feasibility of microwave-triggered balloon expansion in small and 

tortuous vascular pathways. 

 

 

Figure 5. Magnetic navigation and angioplasty demonstration of the MBF. (A) The MBF 

successfully navigates complex and tortuous cerebral arteries such as the Circle of Willis 

(CW), right internal carotid artery (ICA), and right middle cerebral artery (MCA) in a 

3D cerebrovascular phantom. (B) Magnetic navigation of the MBF in an ex vivo porcine 

placenta. (C) Phase-change expansion of the MBF via microwave heating. 
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Discussion 

This study presents a magnetic balloon fiberbot (MBF) for catheter-free angioplasty in 

small and tortuous arteries by integrating a magnetically deflectable tip with a phase-

change balloon in a single platform. The current results from in vitro evaluation using a 

3D cerebrovascular phantom, ex vivo validation in porcine placenta models, and 

biocompatibility tests support the feasibility of this design in the present study. By 

combining vascular navigation and balloon expansion within one device, the MBF 

provides a potential approach to address the limited navigation and delivery capability 

of conventional guidewire–catheter systems in narrow and complex vascular pathways. 

At the same time, the present study is based on in vitro and ex vivo validation, whereas 

in vivo environments involve additional physiological factors such as blood flow, 

pulsatile pressure, vascular compliance, and dynamic device–tissue interactions. These 

factors will be important considerations in the next stage of evaluation. For the 

microwave-heating mechanism, although an empirical resonance-related optimum of the 

nitinol core was identified in the current setup, its behavior under more realistic tissue-

loaded and physiological dielectric conditions still requires further investigation. Future 

work will therefore extend the evaluation to flow-enabled and pulsatile vascular 

platforms, followed by in vivo studies, to further assess thermal safety, including tissue 

viability, vascular-wall injury, local fluid temperature, and coagulation-related responses, 

as well as navigation stability and angioplasty performance under physiological 

conditions. More detailed electromagnetic characterization, including SAR-related 

analysis, will also be pursued to better quantify microwave energy deposition. In this 

process, additional safety-oriented control strategies, such as real-time temperature 

monitoring and automatic microwave shutoff near the upper limit of the actuation 

window, will also be explored to further reduce the risk of overheating. In parallel, the 

present sealed phase-change design and passive-cooling-based deflation mechanism can 

be further improved by enhancing balloon integrity, minimizing leakage risk, and 

integrating active deflation strategies - such as pressure-triggered microchannels - to 

improve procedural efficiency. The integration of real-time imaging and advanced 

electromagnetic navigation may also further enhance device controllability and treatment 

guidance[56,57]. 

 

CONCLUSIONS 
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In summary, we developed a magnetic balloon fiberbot to facilitate catheter-free 

angioplasty within narrow and complex vascular pathways. Experimental evaluations 

demonstrated that the device can be magnetically steered to access highly tortuous 

branches as small as 1.1 mm. Furthermore, the MBF achieved controlled, wireless 

balloon expansion via low-power microwave heating, while exhibiting favorable 

biocompatibility and functional viability in ex vivo tests. These results demonstrate the 

feasibility of integrating magnetic navigation and microwave-triggered balloon actuation 

into a single platform for small-vessel intervention. Further research will focus on 

evaluating the system under more physiologically relevant conditions, and conducting in 

vivo studies to further assess its translational potential. 
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