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Action potentials generated by the classical Hodgkin-Huxley 
circuit and computer model 
We implemented a circuit that replicated the Hodgkin-Huxley model. We also 
implemented the computer model (see Methods) and compared the spike shapes 
generated by both under constant current stimulation (Fig. S1). 
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Figure S1. Spikes generated by the circuit (cyan) and computer model (green) of the 
Hodgkin-Huxley system of equations.   

Fractional order of super-capacitors used in the Hodgkin-
Huxley circuit 
Following the same measurements performed in the main text we measured the 
fractional derivative order of a super-capacitor stack (Fig. S2). 

 
Figure S2.  Voltage across a stack of super-capacitors after a current step stimulus. 
Measurement in black, fit from analytical solution in dashed gray.  
 
 

The complex spikes in the fractional order Hodgkin-Huxley 
circuit and model 
In what we describe as the critical state of the fractional Hodgkin-Huxley circuit the 
system generates complex spikes. The complex spikes were replicated with the 
computer model when considering fractional order dynamics in the n-gate (Fig. S3). The 
phase plane analysis shows two distinct oscillatory patterns that are consistent with a 
canard (Fig. S4). See main text for details.  
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Figure S3. Complex spikes generated by the fractional order Hodgkin-Huxley circuit 
and computer model. The fractional order was implemented in the n-gate in both cases.  

 

 
Figure S4. Phase plane analysis of the complex spikes generated by the Hodgkin-
Huxley circuit (black) and compute model (gray.  

 

 

The CMOS circuit 
We used a CMOS implementation of the mathematical description of a fractional order 
capacitor. A photograph of the circuit and general description are in Figure S5. A 
detailed explanation has been previously published(1).  
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Figure S5. The fractional order CMOS circuit. 
 

Implementing the fractional Hodgkin-Huxley circuit using 
other fractional order materials 
 
It is widely known that fruits, plants, and vegetables have fractional order capacitance(2-
7). We implemented the fractional Hodgkin-Huxley (HH) circuit using a pitted prune 
(Sunsweet, CA). The fractional order of the pitted prune was 0.67 ± 0.03 95% 𝐶𝐶𝐶𝐶.  We 
connected the prune to the circuit by inserting electrodes on the prune. For one 
configuration (Fig S6A) we needed to inject current in the hundreds of micro-Amperes to 
generate spikes (Fig. S6B). Depending on the input current the inter-spike interval (ISI) 
varied randomly (Fig. S6C). In contrast with the super-capacitor circuit the firing rate 
decreased as a function of input current with an increase in the variability (Fig. S6E). 
We repeated the measurements in a second configuration with electrodes farther apart 
(Fig. S6F). In this configuration we used less than 8 𝜇𝜇𝜇𝜇 to generate action potential that 
resembled complex spikes (Fig. S6G). As in the first configuration, the ISI appeared 
random (Fig. S6H) and had a long tail distribution (Fig. S6I). The firing rate decayed as 
a function of input current (Fig. S6J).  
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Figure S6. The fractional order 
Hodgkin-Huxley circuit with a 
dried fruit. A) The circuit 
generated spikes when 
connected to a dried pitted 
prune. B) The circuit generated 
action potentials. C) The spike 
trains showed random activity. 
D) The inter-spike-interval. E) 
The average firing rate as a 
function of input current. F-J) 
same measurements as in A-E 
when the electrodes were 
inserted farther apart on the 
prune.  
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