REVIEW

on A

www.advintellsyst.com

Novel Stimuli-Responsive Turbostratic Oxides/Hydroxides

for Material-Driven Robots

Kin Wa Kwan, Runni Wu, Wenrui Ma, and Alfonso H. W. Ngan*

Herein, a novel class of high-performing actuating oxides/hydroxides with tur-

1.2. Stimuli-Responsive Actuating
Materials

bostratic crystal structures is reviewed. These materials, including nickel

hydroxide/oxyhydroxide, cobalt oxides/hydroxides, nickel-doped cobalt oxides/
hydroxides, and manganese oxides, exhibit a volume-changing redox reaction,
rendering them an electrochemical actuation behavior. Also, due to their tur-
bostratic crystal structures, they typically exhibit light-driven actuation due to
water deintercalation from the crystal structure induced by light. Compared with
other actuating materials, these oxides/hydroxides actuate with high stress and
strain at fast rates, under very low stimuli requirements. Furthermore, they are
easily printable on different substrates, thus allowing flexible robots with

demodularized muscle-skeletal designs to be made.

1. Introduction

1.1. The Demodularized Muscle-Skeletal Approach to Robotics

Robots are traditionally conceived as devices that mimic the
muscle-skeletal constructs of humans or animals, in which
load-bearing members are moved by prime movers. Humanoid-
scale robots are often constructed with modularized skeletal ele-
ments moved by motors at localized power points, thus resulting
in motions which, although easily programmable, are limiting in
terms of degrees of freedom. Not only in humans or large ani-
mals are the muscle-skeletal structure much less well defined
and localized, but for robots in the insect scale, such a structure
may become very limiting, as conventional prime movers such as
electric, hydraulic, or pneumatic motors would be too big to be
deployed. Robotic design will therefore benefit from a more
general approach in which the muscle-skeletal structure is made
demodularized and smoothly distributed in an optimized way to
enable complex, multimorphic motions.
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As shown in Table 1 and Figure 1, a
number of actuating materials have been
developed which can be used to drive
insect-scale robots using the abovemen-
tioned demodularized muscle-skeletal
approach. Piezoelectric ceramics or poly-
mers!"™) are responsive to high electric
fields on the order of MVm ™' to induce
movements of charge centers to cause
straining in a “dry” environment
(Figure 1la). Dielectric elastomers are
passive dielectric films strainable by the
electrostatic force between a pair of sand-
wiching electrodes.®'# Other actuating
materials responsive to electrical signals require a “wet” electro-
chemical environment to operate: conducting polymers!**=*" rely
on a redox reaction in an electrolytic environment to induce ionic
transport within the material to produce straining (Figure 1b),
and nanostructured carbon materials [carbon nanotubes (CNTs)
and graphene]["* " and noble metals?®*~*% also actuate in a liquid
electrolyte by virtue of electric double-layer formation on the
solid wall to induce straining of the latter (Figure 1c). In addition
to electrical or electrochemical stimuli, other materials are
responsive to water/humidity, heat, or light. Water-absorbing
materials such as hydrogels*” ™ or cellulose materials!** swell
by uptake of water, although with very slow response rates. In
terms of heat stimuli, shape-memory polymers*>™*% are
“trained” by mechanical stretching above the glass-transition
temperature followed by cooling below it to produce a metastable
low-entropy state, and “actuation” is by reheating the polymer to
above the glass transition to recover the original high-entropy
shape (Figure 1d). Heat-induced actuation is also conveniently
achievable in a composite system with components of different
thermal expansivities, where a heat stimulus will produce ther-
mal-mismatch straining of the composite.’>" A response to
light is often achieved via a photo-coupled effect with the mech-
anisms mentioned earlier; for example, photostrictive piezoelec-
tric materials rely on a photovoltaic effect in the material system
to generate the electric field required by the piezoelectric effect to
produce actuation.**! Similarly, the photothermal response of
a material component in a composite system can be used to
induce thermal mismatch straining upon receiving light stimu-
lation.!”*®) Liquid-crystal elastomers are a class of actuating mate-
rials that are multistimuli responsive; here, straining is due to
alignment/dealignment of the liquid crystals which form an
intrinsic part of the polymer network, and such reorganization
can be induced by temperature (Figure le), electric field, or
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Figure 1. Mechanisms of various actuation materials. a) Piezoelectric f-crytalline polyvinylidene fluoride —(C,H,F,),— with polarized molecular chains:
an electric field antiparallel to the molecular polar direction thins and lengthens the chain, and vice versa. Reproduced with permission.l”! Copyright 2017,
American Institute of Physics. b) Conducting polymer: redox induces ion insertion and deinsertion to cause volume change. Adapted with permission.l'”!
Copyright 2012, Elsevier. c) Electric dipole layer (EDL)-induced actuation: when a clean metal is positively charged in a liquid electrolyte, EDL forms to drive
away free electrons from the metal surface. Internuclear repulsion in surface causes the metal bulk to expand. d) Shape memory polymer: mechanical defor-
mation atabove glass-transition temperature Ty aligns the molecules and lowers the entropy, then cooling to below T, retains this low-entropy configurationas a
metastable state; reheating to above T, recovers the original shape with high entropy. Reproduced with permission.*”! Copyright 2007, Elsevier. e) Liquid-crystal

elastomer: temperature change induces liquid-crystal alignment/dealignment

light."***) Magnetic field is also a well-known form of stimuli for
moving powders of ferromagnetic materials, which can then be
used to drive small robots into which they are embedded./*"
However, of the various stimuli surveyed here, heat/temperature,
water/humidity, and magnetic field are less easily delivered to
compact robots than electrical or light signals.

1.3. Turbostratic Oxides/Hydroxides

This article reviews a new class of high-performing actuating
metal oxides/hydroxides with crystal structures that are “turbo-
stratic” (Figure 2a), e.g., nickel hydroxide and oxyhydroxide.
Compared with the actuating materials in Table 1, these
oxides/hydroxides exhibit two distinct actuation mechanisms
simultaneously (Figure 2). The first arises from their turbostratic
crystal structures into which water molecules are normally inter-
calated (Figure 2a), and on receiving stimuli such as light, heat,
or reduced environmental humidity, deintercalation of water
from the crystal structure results in large contractive strains./*"]

Adv. Intell. Syst. 2021, 3, 2000215 2000215 (3 of 13)

causing straining. Reproduced with permission.*® Copyright 2015, Elsevier.

The second actuation mechanism®*®*! is a volume-changing
redox reaction in an electrolytic environment (Figure 2b,c).
These two mechanisms render such materials multiresponsive
to various stimuli, including electrical, light, heat, and humidity
signals in both “dry” and “wet” environments. Another signifi-
cant advantage of these oxides/hydroxides is that they are
easily electrochemically printable on different substrates at low
costs, and so they can be integrated within a flexible robot body
in tailor-made distribution, to realize the aforementioned
demodularized muscle-skeletal approach for achieving multi-
morphic shape changes. In the following, the microstructure
and actuation responses of this family of actuating oxides/
hydroxides are first reviewed, followed by the engineering means
for making robotic devices.

2. Turbostratic Oxides/hydroxides

This class of newly discovered actuating materials has a number
of attractive properties over the existing materials, as shown in

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 2. Actuation mechanisms in turbostratic Ni(OH),/NiOOH (NHO).

a) Electron micrograph showing the turbostratic crystal structure of Ni(OH),,

into which water molecules are intercalated in ambient conditions. Light, heat, and decreased environmental humidity cause water removal and shrinkage
strain. Reproduced with permission.!®?! Copyright 2018, Wiley-VCH. b,c) Oxidation of Ni(OH), by proton deinsertion results in NiOOH phase with
reduced crystal volume, and vice versa. b) Cyclic voltammogram of Ni(OH),/NiOOH 1M NaOH. Reproduced with permission.®"! Copyright 2018,
American Association for the Advancement of Science. c) Crystal structures (Adapted with permission.’* Copyright 2016, 10P publishing Ltd.),
and lattice constants!”*>”® of B-Ni(OH), and B-NiOOH phases in the redox reaction.

Table 1. Table 2 shows the material systems studied to-date,
which are abbreviated as NHO, COH, CNH, and MnO,, hereaf-
ter. Of these, the NHO denoting the Ni(OH),/NiOOH redox cou-
ple is used here as a prototypic system for discussion.

2.1. Volume-Changing Redox in NHO

The p-Ni(OH), phase of the NHO system has a hexagonal crystal
structure, in which the (001) basal planes are outlined by layers of
the Ni—O—H groups (Figure 2c). On oxidation, the p-Ni(OH),

Table 2. Stimuli-responsive turbostratic oxides/hydroxides.

phase transforms into the p—NiOOH phase, in which every pair
of the previous O—H groups in adjacent (001) basal planes of the
B-Ni(OH), structure join to form a single O—H—O group
following the deinsertion of a proton. This process results in
a stretching of the structure along the c-axis but contraction
on the basal plane, with an overall volume reduction of about
15%, or a linear strain of about 5%. The oxidation happens at
a low potential difference of about 0.45V relative to Ag/AgCl
electrode, and reduction back to the p-Ni(OH), phase occurs
at about 0.3V (Figure 2b); thus, the volume switching can be
made to occur within a narrow potential window of much less

Abbreviation Material system Actuation behavior References
NHO Ni(OH),/NiOOH Electrochemical, light [61-63]
COH Mixture of Co(OH),, CoOOH, Co304 and CoO, phases Electrochemical, light [65,67]
CNH Nickel doped COH Electrochemical, light [67]
MnO, MnO, Electrochemical only [66,68]
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than 1V, which is a significant advantage over piezoelectric and
dielectric materials which require kilo-volts to operate (Table 1).
The low operating potential for NHO is evidently due to the easy
insertion/deinsertion of proton in the phase transition.

2.2. Turbostratic Crystal Structure in NHO

The crystal structures shown in Figure 2c are only the ideal struc-
tures for the NHO system, and the actuation strains due to elec-
trochemical stimulation are far less than the abovementioned
~5% for the ideal structures of B-Ni(OH); and B-NiOOH.!**
In practice, the lattice fringes seen in a high-resolution transmis-
sion electron image of the p-Ni(OH), phase (Figure 2a) are wavy,
indicative of the turbostratic character, in which the crystal
planes, especially the (001) basal planes, are misaligned due to
water intercalation, as shown in the inset in Figure 2a.
Furthermore, the (001) peak in the X-ray diffraction (XRD) pat-
tern (especially the reduced state in Figure 3a) is broad, which is
believed to be a textured feature of turbostratic layered hydrox-
ides with finite and random thicknesses of crystalline slabs per-
pendicular to the c-axis intercalated with ions.** Comparing the
XRD patterns of the reduced, p-Ni(OH),-rich state (blue curves)
and the oxidized, B-NiOOH-rich state (black curves) in Figure 3a,
b, on oxidation, the (100) peak of the p-Ni(OH), phase vanishes
while the (101) of the f-NiOOH appears, due to the shear along
the basal planes accompanying the joining of two O—H groups

www.advintellsyst.com

into a single O—H—O group as mentioned earlier (Figure 2c).
Another change in the XRD on oxidization is the sharpening
of the (001) peak, which is also likely due to the increased crystal
thickness along the c-axis./®¥

2.3. Light Stimulated Response in NHO

On light stimulation, NHO exhibits shrinkage (Figure 4a) only in
normal-humidity ~environments but not in vacuum.'®®
Furthermore, the material also contracts as it is heated, or as
the environmental humidity is reduced.®® As shown in
Figure 3a,b, in situ light stimulation in the X-ray diffractometer
does not alter the intensities of the peaks, and so the light-
induced actuation is not due to a phase change. Rather, as shown
in Figure 3c, on light stimulation (red curve), the (001) broad
peak undergoes asymmetrical broadening toward the right side,
indicating collapse of the (001) lattice spacing. This suggests that
light induces water deintercalation from the crystal structure,
and explains the contractive response on light stimulation. In
Figure 3¢, the light stimulation only causes the right half of
the (001) peak to right-broaden, while the left half is not affected.
This is likely due to the small penetration depth of the visible
light, so that only the top-surface layer of the sample, in which
the (001) spacing is smaller due to dehydration, is stimulated by
the light, while the deeper material with more water intercalated
and hence larger (001) spacing is not triggered by the light.[®!

(@) (b) 1000
-—QOxidized , light stimulated
3000 —Oxidized
— Oxidized , light stimulated ~— Reduced
2500 — Oxidized 900 +
—~ (001)  — Reduced . (100)
& 2000 | o | (101)
e M o v
Z21500F N ______ < 800
< 1000 | &
=
500 | R 700 |
Scan rate = 1°/min
0015 20 25 30 35 40 45 Scan rate = 1%/min
Ertviaideg) 60032 3¢ 36 38 40

(c

)

2-theta (deg)

600

—Light stimulated
background subtracted

500 |-—Oxidized,
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400

300 +

200
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100 |
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10 12 14 16

18 20 22 24
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Figure 3. Stimuli-responsive microstructural changes in Ni(OH),/NiOOH (NHO). a,b) XRD spectra under in situ light stimulation in the oxidized state (red),

and oxidized (black) and reduced (blue) states without light stimulation. c) XRD
lation (red), and without light stimulation (black). Extra peaks due to the Au s
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spectra (background subtracted) of the oxidized state under in situ light stimu-
ubstrates are labeled. Adapted with permission.®®! Copyright 2020, Elsevier.
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Figure 4. Typical actuation responses in turbostratic oxides/hydroxides.
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a) Light-triggered fast actuation response in COH (scale bar =10 mm).

Reproduced with permission.!®®! Copyright 2019, Wiley-VCH. b) Electrochemical actuation in NHO with the typical electrochemical setup for the actuation
tests, and appearance of actuator in reduced and oxidized states (scale bar =5 mm). Adapted with permission.[® Copyright 2017, Elsevier.

2.4. Other Oxides/hydroxides

Apart from the NHO system, COH and MnO, are the only two
other systems reported to exhibit electrochemical and/or light
actuation.!®>=*® COH is a mixture of cobalt oxides (CoO,) and
hydroxides (Co(OH),)!***! with similar turbostraticity in their
crystal structures as NHO. The COH system exhibits both
electrochemical and light actuation,®” and its light-induced
actuation is intrinsically better than that of NHO (see Figure 6b
and discussion in Section 3). MnO, is known to exhibit only
electrochemical but not light actuation.[*®8]

2.5. Composite Systems

In general, it may be possible to improve the actuation perfor-
mance by forming composites between the individual oxide/
hydroxide systems. For example, nickel doping into COH, to
obtain the CNH system in Table 2, is found to significantly
improve the stability of the light actuation, compared with both
the individual NHO and COH systems.*”) As mentioned earlier,
the light actuation is due to light-induced water deintercalation
from the turbostratic crystal structure, but if and when the
turbostratic structure crystallizes,*” the light actuation behavior
will be lost. In the CNH system, nickel doping into COH retards
the crystallization of COH,”%”" and accordingly, the stability of
the actuation is improved.!*”)

Adv. Intell. Syst. 2021, 3, 2000215 2000215 (6 of 13)

3. Chemomechanics

3.1. Bimorph Actuators

The basic construct involving turbostratic oxides/hydroxides in
material-driven robots is a bimorph configuration comprising
a thin layer of the active material (thickness h,, Young modulus
E,) coated on top of a passive layer (thickness hg, Young modulus
E,), as shown in Figure 5a. The reason for this choice is twofold.
First, although the active material typically has a limited actu-
ation strain on the order of 1% (see Figure 4a), large bending
curvature on the order of 1Tmm ' can be achieved in the
bimorph configuration (see Figure 7b), as will be explained later.
Also, in terms of fabrication, the turbostratic oxides/hydroxides
are conveniently electrodeposited on substrates, so the bimorph
structure is natural. The bimorph configuration is not limited to
the active layer being a uniformly coated layer on the substrate,
but can be in a patterned form to achieve complex actuation
motion (see Section 4).

3.2. Theory

Figure 5a show a bimorph cantilever actuator stimulated at the
top surface of the active layer.!®” The active material is quite
generally representable by a mixture of an expanded and a
contracted state in chemical equilibrium

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 5. a) Chemomechanical equilibrium of surface-triggered bimorph actuator. Adapted with permission.!®! Copyright 2019, Wiley-VCH. Surface

stimuli induces a plastic actuation strain eSh®™ within the active layer

to bend the bimorph actuator, thus setting up a surface stress o,

—gchem /C, at mechanical equilibrium. At chemical equilibrium, reaction constant Keq is affected by the surface stress o,, and dictates the volumetric

strain 3es"*™. Simultaneous satisfaction of the two conditions gives the sol
¢) w = 5.9. d) Chemomechanical instability: a large contractive eghe™

éa
the active material toward the contractive state as (AEg,em — 0,€2) increases.

ution for o, and e"*™. b,c) Plots of the K(a, ) surface for b) @ = 0.55 and

within the active layer produces a compressive surface stress o, which further drives

Unstable actuation with very large magnitude occurs when @ > 2, as shown

in the case in (c). b-d) Adapted with permission.”? Copyright 2020, Elsevier.

expanded state = contracted state (1)

The stimuli received at the surface induce a chemical force
AE g,em to drive the aforementioned reaction toward the direction
of the contracted state, but as the actuator bends, a local stress o,
(positive if tensile) is set up at the surface which modifies the
effective driving force to (AEgem — 6,Q), where Q is the activa-
tion volume. Chemical equilibrium is therefore represented by

«a = [Contracted state]

= exp (_ AEchem — Gag)

kT
where the reaction constant K. defines the ratio of the equilib-
rium concentrations of the expanded and contracted states, and
is therefore related to the volumetric strain 3eSh™ of the active
material (gghem: linear actuation strain). For small actuation,
Equation (2) reduces to

(£)o-s
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[Expanded state]

~
~

(1 + 3ehem) ~ K,

2)

e,ghem ~

G)

2000215 (7 of 13)

where ¢ = AEgem/(3kT), o = E,Q/(3kT), and kT is the
thermal energy.

On the contrary, the actuation stress o, and strain '™ are
also governed by the elasticity of the bimorph cantilever.
As shown in Figure 5a, the actuation strain eP*™ is effectively
a self, plastic strain within the active layer that deforms
the bimorph cantilever in an elastic manner, and mechanics
considerations®* lead to the following conditions for mechanical
equilibrium

(haths) | EW3+Ehe (1 1
Cagh) . BB 1 4 o1y
2 6 thy) \EF, T
0, = =€/ C,, €, = Eahgigfh; E,h, (4)
Ohy(hythy) — 2
e sghem K, = (ha + h,s) Eahg + Eshg ( 1 4 1 ) (5)
K, 2 6(h, +hy) \Eh, | Eh

where « is the equilibrium bending curvature of the cantilever.
From Equation (2), (4), and (5), the equilibrium curvature « is
given in a normalized form as follows!®”!
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kh
¢1

5/3 = K(a,p,w)

6aﬁ2/3(1 +(1) (6)

(1+ap)(1+a’f) + o[l — B3+ 2a)] + 3ap(1 + a)?

where a = h,/h, and § = E,/E. Plots of the K(a, ) surface for a
small (0.55) and a large (5.9) value of @ are shown in Figure 5b,c.
Equation (6) shows that, for the same thickness ratio @, modulus
ratio f#, and normalized activation volume w, the bending curva-
ture of the actuator « is proportional to the normalized chemical
driving force ¢; therefore, ¢ is an important figure of merit of the
actuating material as used in a bimorph actuator.

3.3. Experimental Verification

Figure 6 shows experimental data supporting the aforemen-
tioned theory. Figure 6a shows data of o, and e5**™ for different
bimorph actuator systems calculated from the experimental
actuation curvature x using Equation (4) and (5). The slopes
and intercepts of the plots in Figure 6a enable the parameters

(a)

www.advintellsyst.com

w and ¢ to be evaluated according to Equation (3). Figure 6b
shows the estimated ¢ for COH and NHO at different light inten-
sities; it can be seen that COH has higher ¢ values than NHO,
and so COH is an intrinsically higher performing actuating
material than NHO. Finally, the normalized curvature K for
different material systems is calculated from the experimental
curvature k as K = khg/$p/? according to the definition in
Equation (6), and is plotted as discrete symbols in Figure 6c.
The curves in Figure 6¢ show the theoretical trends K(a, f, w)
according to Equation (6), which fit the experimental data well.

3.4. Summary

For surface-stimulated, bimorph cantilever actuators, an
important figure of merit for the actuation performance of the
active material is the normalized chemical driving force
¢ = AEqern/(3kT), which can be measured from the actuation
strain "™ at zero actuation stress according to Equation (3) and
Figure 6a. The actuation curvature x of the bimorph actuator
depends on the thicknesses and moduli of the active and passive
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Figure 6. Intrinsic actuation responses. a) Plots of actuation stress and strain. Adapted with permission.®®! Copyright 2019, Wiley-VCH. b) Normalized
chemical driving force. Reproduced with permission.!® Copyright 2019, Wiley-VCH. c) Normalized comparison of different material systems.

Reproduced with permission.l’”?! Copyright 2020, Elsevier.

Adv. Intell. Syst. 2021, 3, 2000215 2000215 (8 of 13)

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

layers, as well as the activation energy and volume of the active
material according to Equation (6). In other words, Equation (6) can
be used to design actuators for specific actuation requirements.

4. Engineering Strategies for Device Design and
Fabrication

To deploy turbostratic oxides/hydroxides in the abovementioned
bimorph configuration, a number of enabling technologies
developed are reviewed later.

4.1. Chemoelastic Instability

Equation (6) embodies a condition where the normalized curva-
ture K can theoretically approach infinity, thus resulting in huge
bending actuation of the bimorph configuration.”?! As shown in
Figure 5d, a large (plastic) contractive strain 5™ within the
active layer will cause the bimorph actuator to bend severely, thus
establishing a compressive stress o, on the stimulated surface.
The effective chemical force (AEqen — 0,Q) for the stimulation
therefore increases, driving the active layer further toward the
contractive state to make £X"*™ even more contractive. A situation
of positive feedback therefore arises, causing the actuation to
become unstably large. In Figure 5a, the instability occurs when
the mechanics characteristics in Equation (4), now in the third
quadrant of the 5, — "™ plot as both 6, and £P*™ are contrac-
tive, become parallel to the chemical characteristics in
Equation (3) so that no solution for ¢, and £**™ would exist; this
condition arises when —E,C, = . Further analysis shows that
the quantity —E,C, is lower-bounded by two regardless of the
thickness and Young’s modulus of the active and passive
layers,”? and so in general, the instability can occur only when
@ > 2. In Figure 5b, w is <2, and the K(a, ) surface is always
well behaved without singularity; however, in Figure 5¢, the con-
dition for w > 2 is met and then K becomes singular on the curve
pa?(2a +3) =1 in the a—f domain.””?

The instability is also demonstrated in Figure 6¢ for the COH
and NHO actuators on microporous polycarbonate (MPPC)
substrates, for which @ is larger than 2. For these actuators,
the K value becomes very large when the thickness ratio a is
between ~0.3 and 0.6. However, for COH and NHO actuators
made on nickel-film substrates, < 2 and K do not exhibit insta-
bility. The chemomechanical instability here offers a means to
design bimorph actuators with very large bending actuation;
to do this, the following conditions should be met: 1) select a
material system with @ > 2 and a large value of ¢, and 2) choose
a and f to fall into the instability range by considering
Equation (0).

4.2. Microriveting

The MPPC substrates shown in Figure 6c¢ are a type of polycar-
bonate (PC) membranes with micron-sized through-thickness
pores available commercially as desalination filters, which were
found to be excellent substrates for bimorph actuators.[®® As
shown in Figure 6c, COH or NHO actuators made on MPPC
substrates have w > 2, thus the chemomechanical instability

Adv. Intell. Syst. 2021, 3, 2000215 2000215 (9 of 13)

www.advintellsyst.com

may occur to achieve large bending actuation. Why this is so
is believed to be partly due to the heat insulation effect of PC,
so photothermal effect of the light stimuli results in a larger acti-
vation volume for water deintercalation.”” However, while
oxide/hydroxide materials electrodeposited on metal (nickel)
substrates exhibit good adhesion to allow several thousands of
bending actuation cycles without degradation,®>%”! the intrin-
sic adhesion between oxides/hydroxides on polymers is weak.
Therefore, compared with solid PC substrates, the micropores
in the MPPC membranes offer an important function—during
fabrication of the bimorph actuators, the active material is depos-
ited into the pores to form microrivets, as shown in Figure 7a.
For the NHO active material, deposition onto solid PC without
pores does not result in a strongly adhered bimorph actuator,
which exhibits negligible actuation with immediate delamination
of the NHO coating (Figure 7b). Pore sizes of 0.2-3 pm in the
MPPC substrate with longer deposition time of the active mate-
rial result in better actuation, as shown in Figure 7b. Bimorph
actuators made this way can also undergo several thousands
of actuation cycles without showing significant degradation in
performance.®®!

4.3. On-Demand Robot Printing

A significant advantage of the turbostratic oxides/hydroxides as
actuating materials is that they can be printed onto different
metallized substrates by conventional bath electrodeposition
and “open” electrodeposition. Masked electrodeposition in an
electrolyte bath allows a single pattern of the active material to
be printed on a substrate as a single electrode in one go.
However, for more complicated designs with the demodularized
muscle-skeletal approach mentioned in Section 1, the substrate
as the skeletal body of the robot may need to be connected to
different muscle groups that need to be of different active mate-
rials or stimulated independently. For such robots, the single-pat-
tern, single-electrode requirement in the bath electrodeposition
method will be too limiting. Conversely, the open electrodeposi-
tion method, illustrated in Figure 7c, allows muscle groups of
different materials or on different electrodes on the substrate
to be written independently. This method is slower than the bath
method, but is more versatile. Figure 7c shows a tailor-made
printer which delivers the electrolyte via a syringe needle to
the required location on the substrate.l*®”*! Upon application
of a potential bias between the needle and the metallized sub-
strate, the electrodeposition reaction happens at the gap between
the needle and the substrate, and programmed movement of the
needle then allows a pattern of the active material to be printed
on the substrate.

5. Examples of Demodularized Muscle-Skeletal
Devices Built

Utilizing NHO, COH, CNH, and MnO,, a series of robotic
devices have been fabricated and demonstrated,®¢*%5=%7] and
a few examples are shown in Figure 8. Figure 8a shows a device
mimicking an untethered insect powered by visible light.®!
Here, two strips of NHO were printed as actuating muscles
on a folded nickel foil as the robot body. On receiving blinking
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Figure 7. a,b) “Microriveting” for improving adhesion between active and passive layers in bimorph actuators. a) Schematic and scanning electron
micrographs showing the microrivets on an NHO/MPPC actuator. b) Effects of pore size of the MPPC substrate, and deposition time (0.5, 1, or 2 h)
of the NHO active material, on the bending curvature during electrochemical actuation. c) Direct writing of oxide materials on substrates by open
electrodeposition, illustrating the example of NHO.”?! a—c) Reproduced with permission.®® Copyright 2020, Elsevier.

light stimulation from a remote source, the illuminated NHO
muscle actuates and recovers, causing a leg of the insect to fold
and unfold. Due to the asymmetry of the friction with the
ground, the insect craws toward the light source. This application
illustrates the concept of wireless delivery of power to a material-
driven small-scale robot.

Figure 8b shows origami robots with active folding creases
made by mask-patterned electrodeposition of NHO on MPPC
substrates as the robot bodies.®® The robots are operable
under electrochemical and light actuation as shown. Due to
the demodularized muscle-skeletal architecture of the origami
concept, very large device strains up to ~60% are achievable.!®!

Figure 8c shows an electrochemically actuated microhand
with independently controlled finger joints made by direct writ-
ing of MnO, on a flexible MPPC hand-shaped substrate coated
with independent gold-sputtered electrodes./*® The MnO,, joints
are independently controlled by connecting the Au electrodes to
independent potential switches, enabling the hand to display dif-
ferent signals. As mentioned earlier, because of the multielec-
trode requirement, the finger joints in this application cannot
be made by bath electrodeposition in one go, and this application
illustrates the versatility of on-demand writing by the open-
electrodeposition method in Figure 7c.

6. Outlook

The turbostratic oxides/hydroxides reviewed here are high-
performing actuating materials that can be stimulated by
multiple means, including light, electrochemical, heat, and
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humidity signals. As shown in Table 1, these materials exhibit
a holistically attractive set of actuation performances compared
with existing materials. In terms of stimuli requirements, they
need low potentials (<1V) for electrochemical actuation, as
similar to other electrochemical actuators such as CNTs and
noble metals, and low intensities (<1 sun) in the visible range
for light actuation, while other light actuators such as liquid-
crystal elastomers require the UV regime in high intensitives.
Yet, the turbostratic oxides/hydroxides exhibit rather good
actuation performances. Their stress range, in tens of MPa, is
comparable with piezoelectric materials and conducting
polymers, while their strain (=1%), although falling short of
the polymeric material systems, is rather high among inorganic
materials. The response time of <1s is also much faster com-
pared with conducting and shape-memory polymers, or hydro-
gels. A particular benefit is their easy printability on various
substrates, which is a key enabling factor for constructing robots
with a demodularized muscle-skeletal architecture. Future work
may focus on exploring other materials of this family, and the
design methodology to integrate different actuating materials
into the same device to achieve intelligent functionalities. The
present oxides/hydroxides are usually printed as thin films on
substrates to form bimorph actuators, but arising from their
printability on different substrates, scaling up of the actuating
capability may be possible by exploring 3D substrate constructs
with a high compliance, say, those with a microporous architec-
ture. As mentioned previously, of the various stimuli, light and
electric signals are more readily delivered in a targeted manner
than others such as heat, humidity, and magnetism, yet the
electrochemical actuation of the present turbostratic oxides/
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Figure 8. Exemplary robotic devices powered by turbostratic oxides/hydroxides. a) A robotic insect with NHO muscles on a nickel-foil substrate wirelessly
powered by blinking light from a remote source on the right side. Actuation and recovery of muscle flexes the front leg to make the robot to craw toward
the light source. Adapted with permission.®! Copyright 2018, American Association for the Advancement of Science. b) Origami robots with NHO self-
folding creases actuated electrochemically or by light. Reproduced with permission.[*! Copyright 2020, Elsevier. c) Robotic hand with MnO, finger joints
independently controlled by electrochemical actuation. Adapted with permission.l®® Copyright 2020, Elsevier.

hydroxides requires an electrolytic environment. However, the
required electrolyte can be packaged in an actuator assembly
for operation in a dry condition,®® and as future work, effective
packaging methods can be studied. As mentioned, the oxide/
hydroxide-based bimorph actuators studied in the past under-
went thousands of actuation cycles without significant degrada-
tion, but longer term stability and effective means to achieve
high adhesion strength between the active and passive layers
need to be further investigated. Finally, in terms of the scientific
basis of the actuation, the stimuli-induced water deintercalation
mechanism is rather unknown at present. For instance, how the
turbostraticity of oxides/hydroxides affects their chemical driving
force AEgem Or ¢, and activation volume Q or w, needs to be
quantitatively understood.
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