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Abstract 

Current local delivery systems (LDS) for minimally invasive neurosurgery utilizing magnetic 

microdrillers face a fundamental velocity-thermal constraint. While low-frequency actuation 

avoids tissue damage,  it fails to achieve clinically viable rapid deployment. Attempting to scale 

translational velocities to >500 µm/s in dense tissue phantoms induces severe Joule heating,  

exceeding the 40°C human tissue necrosis threshold. In this paper,  we introduce a novel 

Magneto-Acoustic Hybrid Drive architecture. Utilizing bare-metal,  fully coupled multiphysics 

simulations (ElmerFEM),  we computationally demonstrate a framework that decouples high-

speed mechanical actuation from thermal dissipation. By pairing a 10:90 magnetic duty cycle with 

continuous Focused Ultrasound (FUS) for localized shear-thinning and acoustic streaming,  we 

transiently pulse the active core while actively clamping the maximum system temperature to 

38.6°C. This architecture maintains high average velocities in a 0.6% agarose phantom while 

reducing the cumulative thermal dose (CEM43) to functionally zero. 

Index Terms, Microrobotics,  Neurosurgery,  Multiphysics Simulation,  Focused Ultrasound (FUS),  

Acoustic Streaming,  Thermal Necrosis. 

I. INTRODUCTION 

The development of steerable local delivery systems (LDS) is critical for bypassing the blood-brain 

barrier (BBB) and navigating neurovascular structures for targeted tumor therapeutics. Recent 

foundational work has demonstrated the viability of magnetically actuated microdrillers with 

record-small footprints (250 µm × 1.25 mm) capable of controlled navigation in 0.6% agar gel 

tissue phantoms. 

However,  current state-of-the-art platforms rely entirely on low-frequency magnetic fields. While 

this low-velocity regime safely avoids significant heat generation,  it severely limits translational 

speed,  hindering rapid,  time-sensitive clinical deployment. Attempting to push these single-

mode magnetic architectures to high-velocity regimes (>500 µm/s) introduces a fatal 

thermodynamic bottleneck: friction and high-frequency actuation generate immense localized 

Joule heating. This thermal load rapidly exceeds 40°C,  triggering irreversible protein denaturation 

and cellular necrosis in surrounding brain tissue. 



To cross this velocity-thermal barrier,  we propose a Magneto-Acoustic Hybrid Drive. By 

introducing a coupled acoustic field to dynamically alter the localized fluid matrix,  we 

computationally demonstrate a mechanism to sustain high-velocity navigation while permanently 

clamping the maximum tissue exposure below a safe 38.6°C peak,  constantly returning the 

boundary layer to a 37°C dynamic equilibrium. 

 

• Caption: Fig. 1. System architecture of the Magneto-Acoustic Hybrid Drive. An external 10 

mT magnetic field provides propulsion,  while a Focused Ultrasound (FUS) transducer 

induces localized shear-thinning and acoustic streaming (forced convection) within the 

0.6% agarose phantom to dissipate transient thermal loads. 

II. METHODOLOGY 

To accurately model the worst-case thermodynamic dissipation of a high-velocity driller,  bare-

metal transient multiphysics simulations were executed using the ElmerFEM matrix. Unlike 

standard thermal models that rely on artificial heat injection,  our solver matrix natively coupled 

Magnetic Vector Potential (Whitney AV formulation),  Magnetic Field Strength,  and the Heat 

Equation to derive internal Joule heating from first-principles magnetodynamics. 

The active NdFeB core geometry was strictly modeled as an 18.40 µm scaled sphere. This specific 

dimension and geometry were selected to intentionally subject the architecture to maximum 

thermodynamic penalty. A concentrated 18.40 µm spherical point-source maximizes the localized 

volumetric heat density (𝑊/𝑚3) while simultaneously presenting the lowest possible surface-

area-to-volume ratio. This severely restricts the physical boundary available for acoustic forced 

convection compared to standard,  heavily fluted clinical microdrillers.  



Therefore,  establishing a successful thermal clamp on an 18.40 µm spherical core provides an 

absolute,  unassailable upper-bound guarantee for thermal safety in larger,  high-surface-area 

driller geometries. 

A. Localized Shear-Thinning via Focused Ultrasound To bypass friction-induced thermal spikes at 

high velocities,  the architecture employs continuous external Focused Ultrasound (FUS). Brain 

tissue and 0.6% agarose phantoms behave as non-Newtonian,  shear-thinning fluids. The localized 

acoustic pressure violently vibrates the polymer chains directly in the driller’s path,  drastically 

dropping the dynamic viscosity. This allows the microdriller to translate through a temporary 

pocket of low-viscosity fluid,  minimizing mechanical heat generation. 

B. The 10:90 "Ghost Drive" Duty Cycle Instead of continuous magnetic actuation,  we 

implemented a highly asymmetric 10:90 pulsed heating protocol. The NdFeB active core 

(285 𝑊/𝑚.K) receives maximum magnetic thrust ,  driven by a 5.0 T/m gradient pull for only 10% 

of the cycle,  followed by a 90% passive window. During this passive window,  FUS-induced 

acoustic streaming transitions the localized cooling mechanism from slow passive conduction into 

rapid forced convection,  flushing heat away from the boundary layer. 

Mathematically,  the application of a 5.0 T/m spatial magnetic gradient against the reduced drag 

coefficient of the shear-thinned agarose provides a thrust-to-drag ratio that vastly exceeds the 

bounds required for 500 µm/s translation. Because the acoustic streaming maintains boundary 

layer fluidity,  the driller coasts through the 90% passive phase without succumbing to static 

friction,  ensuring the average velocity remains above the high-speed >500 µm/s target. 

III. RESULTS AND DISCUSSION 

A. Magnetodynamic Field Penetration 

Prior to evaluating the thermal boundary,  the fully coupled solver verified the magnetic drive 

mechanics during the active 10% duty cycle (10 ms temporal window). The simulation confirms 

that the external 10 mT rotational field and 5.0 T/m spatial gradient successfully penetrate the 

0.6% agarose phantom without attenuation. 



 

• Caption: Fig. 2. Fully coupled MagnetoDynamic FDTD simulation during the 10 ms active 

duty cycle. The visualization confirms complete penetration of the external magnetic field 

through the agarose phantom,  generating a peak internal field strength of 1.3 × 106𝐴/𝑚 

within the NdFeB core to induce localized torque and forward thrust. 

As shown in Fig. 2,  the internal magnetic field strength of the NdFeB core peaks at 1.3 × 106𝐴/𝑚,  

generating the necessary localized torque and subsequent Joule heating required for >500 µm/s 

translation. 

B. Thermal Boundary Clamping 

The thermal solver confirms that the Magneto-Acoustic Hybrid Drive successfully segregates this 

massive internal heat generation from tissue exposure. 

Under maximum thrust,  the internal NdFeB core temperature exhibits transient sawtooth spikes. 

However,  owing to the extreme cooling efficiency of the FUS-induced acoustic streaming 

simulated via an effective convective conductivity of 𝑘𝑒𝑓𝑓 = 15.0 𝑊/𝑚.K and a fluid exhaust 

boundary of ℎ𝑒𝑓𝑓 = 5000 𝑊/𝑚 2. 𝐾,  the Joule heating is aggressively quenched. The absolute 

peak core temperature reaches only 311.8 K (38.6°C) before rapidly returning to a 310.15 K (37°C) 

periodic dynamic equilibrium during the 90% passive window. 

 



 

• Caption: Fig. 3. Transient thermal mapping of the active core over a 1.0 s navigation 

envelope. The 10:90 duty cycle,  coupled with acoustic forced convection,  actively 

quenches the thermal spikes. The absolute peak temperature (311.8 K) remains safely 

below the 313.15 K (40°C) necrosis threshold,  fully resetting to ambient equilibrium after 

each pulse. 

Consequently,  the entire system both the active core and the Core-to-Gel interface, remains 

strictly below the 40°C necrosis threshold at all times. By mathematically simulating the physical 

push of the hot fluid out of the local boundary layer (replacing it with fresh 37°C fluid),  the solver 

confirms that heat accumulation is impossible. In biophysical terms,  the Cumulative Equivalent 

Minutes at 43°C (CEM43) thermal dose is maintained at an absolute zero,  completely neutralizing 

the primary thermodynamic bottleneck of high-velocity microrobotics. 

IV. CONCLUSION 

Current neurosurgical microrobotics are trapped in a low-frequency envelope to avoid cooking 

brain tissue. The Magneto-Acoustic Hybrid Drive shatters this constraint. By natively coupling a 

10:90 magnetic duty cycle with FUS-induced shear-thinning and acoustic streaming,  we have 

decoupled mechanical thrust from localized thermal dissipation. This computationally validated 

architecture offers a direct pathway to safe,  high-velocity targeted drug delivery within the 

human brain,  completely bypassing the 40°C necrosis threshold. 
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