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            Abstract
Progress towards the integration of technology into living organisms requires electrical power sources that are biocompatible, mechanically flexible, and able to harness the chemical energy available inside biological systems. Conventional batteries were not designed with these criteria in mind. The electric organ of the knifefish Electrophorus electricus (commonly known as the electric eel) is, however, an example of an electrical power source that operates within biological constraints while featuring power characteristics that include peak potential differences of 600 volts and currents of 1 ampere1,2. Here we introduce an electric-eel-inspired power concept that uses gradients of ions between miniature polyacrylamide hydrogel compartments bounded by a repeating sequence of cation- and anion-selective hydrogel membranes. The system uses a scalable stacking or folding geometry that generates 110 volts at open circuit or 27 milliwatts per square metre per gel cell upon simultaneous, self-registered mechanical contact activation of thousands of gel compartments in series while circumventing power dissipation before contact. Unlike typical batteries, these systems are soft, flexible, transparent, and potentially biocompatible. These characteristics suggest that artificial electric organs could be used to power next-generation implant materials such as pacemakers, implantable sensors, or prosthetic devices in hybrids of living and non-living systems3,4,5,6.
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                    Figure 1: Morphology and mechanism of action of the eelâ€™s electric organ and the artificial electric organ.


Figure 2: Fluidic and printed artificial electric organs.


Figure 3: Artificial electric organ morphologies based on thin hydrogel films.
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Extended data figures and tables

Extended Data Figure 1 Charged monomers used in charge-selective â€˜membraneâ€™ gels.
a, 3-Sulfopropyl acrylate, a component of the cation-selective gel. b, (3-Acrylamidopropyl)trimethylammonium, a component of the anion-selective gel.


Extended Data Figure 2 Self-discharge of artificial electric organ over time after contact between all gels, with and without exposure to ambient air.
Curves were fit with a single exponential decay function (dotted curves); the half-time for each was 40â€‰min. The artificial electric organ was assembled as described in Supplementary Information 3. Supplementary Video 1 shows a fluidic implementation of the artificial electric organ which positions gels into contact sequentially rather than simultaneously. Large-scale implementations of similar sequential positioning schemes may be prone to power loss from gradient depletion unless positioning could be accomplished rapidly.


Extended Data Figure 3 The artificial electric organ can be recharged.
Experimental details in Supplementary Information 3. a, Current versus time recordings of ten discharges of a single tetrameric gel cell at short circuit following recharging. Initial discharge shown in black; subsequent discharges in the following order: red, blue, magenta, green, navy, purple, plum, wine, olive. b, Bar graph of normalized integrals of discharge curves.


Extended Data Figure 4 Geometrical arrangement of the printed 45Â° Miura-ori gel cells.
Dotted lines of a single colour indicate gels forming a series. Different colours indicate parallel sequences. This fold geometry is scalable both in series for higher voltage output and in parallel for higher current. In contrast to the 80Â° Miura-ori fold, all gels are located on the same side of the substrate, facilitating fabrication by printing or other methods. (Supplementary Information 5).


Extended Data Figure 5 Internal resistance and power density of tetrameric gel cells as a function of thickness of low-salinity gel.
Internal resistance, black squares; power density, red circles. The thicknesses of all other gels were held constant at 1â€‰mm.


Extended Data Figure 6 Equivalent circuit of an artificial electric organ connected to a load resistance.
The elements within the dotted line represent the contribution of a single tetrameric gel cell; these can be added in series or in parallel. The impedance of the voltmeter that was used exceeded 10 GÎ©; current through this pathway was assumed to be negligible.


Extended Data Table 1 Selectivity of membranes considered in this workFull size table


Extended Data Table 2 Electrical characteristics from fluidic assembly of gel cells in series and parallelFull size table


Extended Data Table 3 Absolute permeability values of membranes considered in this workFull size table
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Supplementary information
Supplementary Information
This file contains seven discussion sections and two supplementary tables. The contents are theoretical background, characterization, fabrication methods, and calculations related to the artificial electric organ presented in this work. (PDF 593 kb)


Fluidic artificial organ implementation
This video shows fluidic artificial organ implementation. (MP4 11160 kb)


Printer depositing gels for serpentine implementation.
This video shows printer depositing gels for serpentine implementation. (MP4 19167 kb)


Miura-ori folding of a gel-bearing substrate
This video shows Miura-ori folding of a gel-bearing substrate. (MP4 2015 kb)
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        Editorial Summary
Eel-y shocking power source
The electric eel can generate electrical discharges of 100 watts to stun prey, but should you X-ray an eel, you wouldn't find a battery pack inside. Instead, thousands of cells called electrocytes are arranged along its body, each producing a small ion gradient and therefore a potential difference across them. Now, Michael Mayer and colleagues have developed a hydrogel-based system that mimics the electrocyte mechanism and could be used as a soft power source for robotics. They arrange sets of ion-selective hydrogels in series to generate ion gradients across a group of four hydrogel droplets. These droplets can either be arranged in series in a microfluidic set-up, or be stacked in parallel by folding up an array of hydrogels using origami principles. The net result is a power source that is able to generate voltages similar to those generated by the electric eel.
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