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Abstract:

membrane system that enables actively programmable 
and reversible control of molecular transport for advanced 
drug delivery applications. This platform combines two 

bilayer microactuators for mechanically regulating bulk 

hydrogen absorption without gas evolution, providing 
robust and fatigue- resistant control over valve states. 
Integrated with a hexagonal array of slit nanochannels, 
the system supports dynamic, spatially patterned 
gating of molecular transport. Unlike conventional 
controlled-release systems that rely on passive diffusion 

dosing. Preliminary experiments demonstrate highly 
uniform actuator response, long-term durability over 

valve activation. This technology provides a versatile 
foundation for implantable drug delivery systems with 
closed-loop feedback capability, and may be extended 

Summary of Research:
Precise, responsive drug delivery remains a central 
challenge in biomedical engineering, especially for 
chronic diseases requiring variable dosing over time [1, 
2]. Conventional systems—such as polymer matrices, 
osmotic pumps, or diffusion-based capsules—typically 

adaptability to dynamic physiological conditions. 
charges [3]. To overcome these constraints, we 
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spatiotemporal control of molecular transport.
We have developed an electrically programmable 

membrane to enable real-time, spatially controlled 

electrochemical actuators with dense arrays of nanoslits 
for charge-selective transport, enabling dual-mode 

and mechanical mechanisms.
Figure 1a illustrates the device architecture, where 

hydrogen absorption, forming PdHx, which induces out-
of-plane bending relative to Ti due to lattice expansion. 
This mechanical deformation allows each valve to 
reversibly switch between open and closed states 
(Figure 1d). The actuation process is stable, bubble-

minimal fatigue. The fabricated actuator array, arranged 

central nanochannel inlet. Actuation behavior is highly 

To demonstrate spatial programmability, we designed 
multi-region addressable patterns using independently 
biased electrode zones (Figure 2). Simulated 
activation masks (colored blue and red) match closely 
with experimental actuation results across multiple 

gating enables localized drug dosing, zonal delivery 
control, and dynamic therapeutic scheduling within a 
single device.
The hybrid system addresses limitations of current 
controlled-release platforms, which often rely on static 
polymer matrices, osmotic gradients, or diffusion-based 
mechanisms that lack real-time control [2,4]. In contrast, 
our platform enables both charge-selective gating 
through electrostatic interaction within the nanochannels 

allows for transport of a wide range of molecules, 
including neutrals and cations, not previously accessible 
via electrostatic gating alone.

Conclusions and Future Work:
Future efforts will focus on packaging and 
biocompatibility, in vivo validation, and integration 
with real-time feedback systems for autonomous 

architecture could serve as the foundation for adaptive 
therapeutic implants, multi-analyte chemical release 
platforms, or sensor-responsive systems in closed-loop 
medical devices.
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