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Background 

• Neuromorphic circuits seek low-power neuronal dynamics, 
where memory devices help merge storage and 
computation. 

• Real neurons have deformable double-layer membranes; 
effective capacitance and energy vary with polarization and 
stimuli. 

• Memcapacitors provide history-dependent capacitance, 
enabling circuit-level modeling of membrane adaptation and 
deformation. 
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Main content 

• Build a FitzHugh–Nagumo (FHN)-type neural circuit with a 
capacitor (inner membrane) and a memcapacitor (outer 
membrane) coupled by a resistor. 

• Derive a dimensionless neuron model with two capacitive state 
variables and a memcapacitor internal state under forcing/noise. 

• Formulate field energy and convert it to an equivalent Hamilton 
energy, validated via Helmholtz decomposition criterion. 

• Reveal bifurcation and firing modes versus memcap parameters 
and stimulus amplitude/frequency. 

• Link mode transitions to average energy and energy components, 
and then regulate transitions via an adaptive control strategy. 
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Circuit overview: physical circuit mapped to a 4D neuron 
model 
 

Fig. 1  Neural circuit with a memcapacitive 
membrane 

Circuit equations 
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Memcapacitor state variable 
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Theoretical model and control law 
 

Mapping  
• x: inner-membrane capacitive voltage  
• z, w: memcapacitor charge & memory 

state 
• y: inductive-channel variable 
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Memcapacitive neuron model 

Statistical analysis 

Adaptive law  
Hamilton energy function 
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Scientific contribution and conclusions  

• Propose a physically grounded memcapacitive neuron 
capturing outer-membrane deformation and dual-membrane 
energy interaction. 

• Show memcapacitive energy, dominates total energy, and 
serves as an indicator of firing regularity and resonance 
strength. 

• Demonstrate channel-dependent noise thresholds; outer-
membrane (memcap) perturbation yields stronger 
coherence resonance. 

• Verify numerics with an analog circuit implementation, 
reproducing periodic/chaotic patterns and supporting 
hardware feasibility. 
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