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Summary

Electrochemical nanoporous actuators have low weight, large specific surface areas and low
voltage operating capabilities (≈ 1V), making them attractive for application in small scale
electromechanical devices. The actuation strain of these materials at the macroscopic scale
is a manifestation of microscopic phenomena occurring at the ligament surface which is
mediated by the nanoporous architecture at the mesoscopic scale. The goal of this thesis is
to investigate the actuation and mechanical properties of these nanoporous actuators through
a multiscale computational modeling approach. We evaluated and compared the performance
characteristics of metallic and graphene actuators having different nanoporous architectures,
and captured their response in simple scaling relations.

Nanowire-resembling ligaments of the bicontinuous architecture of the nanoporous actu-
ators are at the bottom rung of the ladder, playing a fundamental role in the actuation process.
The injected charge on the nano-sized ligament surface is localized to a few atomic layers.
The electron redistribution due to the excess charge at the surface, in combination with the
high surface-to-volume-ratio of the ligaments cause dimensional changes of the ligament.
In chapter 3 we investigated the actuation characteristics of gold nanowires with varying
cross-sectional dimensions and crystal orientations by using MSEAM, a modified surface
embedded atom method fitted to the surface stress-charge coefficients of the Au(100) sur-
face obtained from density functional theory (DFT) calculations. Atomistic simulations with
the modified potential provided useful insights into the effect of size and crystal orientation
on the actuation strain of gold nanowires. We presented a theoretical formulation for the ac-
tuation strain of the wires, which is found to be inversely proportional to the cross-sectional
dimensions and depends only on material parameters of the bulk crystal and the wire sur-
faces for the specific crystallographic orientations. Our theoretical predictions are in close
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agreement to the atomistic results, and contribute to an enhanced understanding of the fun-
damental atomistic mechanisms that couple the injection of charge to structural alterations
in metallic nanowires.

After understanding the actuation behavior of nanowires we studied the actuation and
mechanical properties of ordered and disordered nanoporous gold structures in chapter 4.
The performance of electrochemical actuators depends on the magnitude of the actuation
strain and the mechanical properties of the porous structure which in turn depend on three
parameters: (1) ligament size (2) relative density and (3) morphology of the architecture.
Although ordered structures are within the reach of atomistic simulations, disordered struc-
tures are too large for a detailed atomistic analysis. Therefore, we developed a multiscale
modeling approach that features two scale transitions: (i) from the subatomic scale to the
atomistic scale and (ii) from the atomic scale to the continuum scale. The actuation strain
of all structures scales inversely with the ligament size and is independent of the relative
density. The Young’s modulus and plastic strength of cubic lattices scale linearly with the
relative density, while for gyroidal structures, the modulus and strength scale with the rel-
ative density to the power 2 and 3/2, respectively, indicating that cubic lattices deform by
stretching and the gyroid by bending of the ligaments. However, the disordered nanoporous
gold structures were found to deviate from this with the Young’s modulus scaling with a
power of 4 and the yield strength with a power of 3.5 of the relative density. The higher
exponents of these scaling relations was found to be related to (i) the loss of connectivity of
ligaments at some regions of the architecture (ii) the unusual linear scaling of relative density
with the slenderness of the ligaments. As a result, the work density was found to be smallest
for the disordered nanoporous gold structures and largest for the stretching-dominated cubic
lattice.

Finally, in chapter 5, we have studied graphene-based hexagonal honeycomb actuators.
The struts of the graphene honeycombs consist of stacked graphene layers that feature weak
interlayer van der Waals forces and relatively strong covalent bonding between the atoms in
a single graphene layer. The graphene honeycombs have a higher stiffness in compression
than in tension, due to the asymmetry in the van der Waals forces at small strains. Unlike
conventional (macroscopic) hexagonal honeycombs the stiffness of graphene honeycombs
scales linearly with the relative density, indicating that the struts deform by (affine) stretch-
ing. Since the van der Waals forces are 4 orders of magnitude smaller than the intralayer
covalent forces, the former dictate the failure behavior of the honeycombs by delamination
of the graphene layers in tension and by shear-dominated buckling in compression.
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Our research findings provide insight into the actuation performance of gold and graphene
nanofoams. In the low surface charge density regime where quantum-mechanical effects
dominate, graphene honeycombs generate smaller actuation strains per unit charge than gold
nanoporous structures with ratios being equal to −0.082, −0.117 and −0.135, for gold cu-
bic lattices, gold gyroids and nanoporous gold, respectively. For a specific relative density,
graphene honeycombs have larger Young’s moduli compared to the gold structures with ra-
tios equal to 10.2, 40 and 1458 for gold cubic lattices, gold gyroids and nanoporous gold,
respectively, at a relative density of 0.1. Although graphene honeycombs have larger Young’s
moduli, the quadratic dependence on strain reduces their work density to be smaller than that
of gold cubic lattices and gold gyroids, with work density ratios of 0.07 and 0.55, respec-
tively. However, the low Young’s modulus of nanoporous gold results in work density ratio
of graphene to nanoporous gold being equal to 27 for a relative density of 0.1.

Our results provide a fundamental understanding of the physical mechanisms that couple
the electrochemical injection of charge at the nanoscale to the overall actuation stroke and
work output of gold and graphene nanofoams. Key mechanisms that set the nanofoams
of graphene apart from that of gold are the ratio between the inherent graphene and gold
stiffness, the subatomic quantum-mechanical actuation mechanism of the graphene ribbons
and gold surfaces and the different architectural morphologies that control bending versus
stretching dominated mechanical properties. The results can be used as guidelines for the
synthesis of nanoporous actuators having optimal actuator strokes and work densities.






