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Abstract

Programmable mechanically active materials (MAMSs) are defined as materials that can sense
and transduce external stimuli into mechanical outputs or conversely that can detect mechanical
stimuli and respond through an optical change or other change in the appearance of the material.
Programmable MAM s are a subset of responsive materials and offer potential in next generation
robotics and smart systems. This review specifically focuses on hydrogel-based MAMs because
of their mechanical compliance, programmability, biocompatibility and cost-efficiency. The review
first discusses the composition of hydrogel MAMs along with the top-down and bottom-up
approaches used for programming these materials. Next, we discuss the fundamental principles
for engineering responsivity in MAMS which includes optical, thermal, magnetic, electrical,
chemical, and mechanical stimuli. We compare some advantages and disadvantages of different
responsivities. Then, to conclude, we summarize the emerging applications of hydrogel-based
MAMs from recently published literature, as well as the future outlook of MAM studies.
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1. Introduction

In nature, there are numerous examples of how programmed mechanical forces help

1duosnuey Joyiny

organisms adapt to their environment. Mimosa pudica folds its leaves inwards upon touching
or shaking as a defense mechanism[l, caterpillars use waves of deformation to movel?],

and the Venus flytrap closes its trapping leaves in response to the minute force of an

insect landing on itl3]. Hydrogel-based mechanically active materials (MAMs)—also called
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artificial muscle, actuators, or force sensing materials—can either generate mechanical force
or respond to mechanical force, and have been heavily inspired by nature. By definition,
hydrogel-based MAMs respond to mechanical inputs or alternatively generate a mechanical
output upon receiving an input signal. Other responsive materials or systems that fail to
incorporate a mechanical signal will not be discussed and are not considered MAMs.

Hydrogel-based MAMs are the most diverse and intensely studied, and have potential

to be programmed with various responding behaviors and have broad applications in

areas ranging from biomedical engineering to robotics. Hydrogel programmability, in

some literature, refers to the fine-tuning of hydrogel deformation patternst4l. Other works
define programmability of hydrogels as molecular sequencing or arrangement within gel
networksl®]. To provide a more consistent overview of programmable hydrogel-based
MAMs, this review defines programmability as the ability to tune the input-output response
function of the MAMs through either molecular design or patterning of the material across
multiple length scales. There are MAMS that are responsive but the response function
cannot be easily altered or tuned. For example, a conventional hydrogel that can swell and
deswell by controlling the humidity. But without spatially patterning the material or without
doping certain copolymers into the gel, this type of conventional material is not inherently
programmable. We will further discuss the approaches to integrate programmability into
MAMs in section 3.

In this review, we first describe the chemical components of hydrogel-based MAMs and
their fabrication, followed by specific approaches towards programmability. Then, a detailed
classification of responsivity mechanisms is provided, along with discussion of the intimate
relationships between material structure and their responsive behaviors. We then end by
summarizing current applications of MAMs across multiple disciplines, and the future
directions and applications of mechanically responsive hydrogels.

2. Components of Hydrogels

Mechanical responsivity has been observed in nearly all types of materials both hard and
soft materials, spanning from metals to ceramics and polymers. Popular examples include
shape-memory metal alloy!8], piezoelectric ceramicsl’], thermoresponsive polymers[l.
However, this review will exclusively discuss programmable MAMs that are hydrogels

or composites primarily comprised of hydrogel polymers. Hydrogel materials are great
candidates for flexible devices and bio-engineering studies, and this has inspired multi-
disciplinary research and numerous potential applications. To be more consistent, inorganic
nanoparticles, plastic, rubber, ceramics, polymer micelles/capsules, will not be discussed in
this review since these types of materials are not hydrogels.

Hydrogels are defined as hydrophilic polymer networks—synthetic, naturally derived, or a
composite of the two—which can swell and retain water within their volumel®]. As such,
most hydrogels are considered intrinsically mechanically responsive to hydration stimuli,
creating strain by swelling and deswelling, dependent on available water. Moreover, many
hydrogels also respond to other external stimuli (detailed in Section 4 of this review), thus
offering versatility in the types of triggers that generate a mechanical response. Hydrogels

Adv Mater. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dong et al.

Page 3

are highly tailorable and procedures to decorate these polymers with diverse chemical
modifications have been reported, hence offering a wide range of applications in industrial,
medical, and research arenas. Some examples of polymers used in MAM synthesis are
shown in Figure 1.

Though there are many benefits of hydrogel materials, they are subject to distinct
limitations. Notably, responsive hydrogels must be kept in a wet or humid environment

to maintain their characteristic high water content. Though humidity levels can be leveraged
as a way to trigger a mechanical deformation in a hydrogel material (as discussed later in
Section 4), in general removing moisture deswells a hydrogel, removing its ability to deform
and respond. Despite sensitivity to ambient humidity, hydrogel MAMs remain versatile,
programmable materials that are of great interest to scientists in many fields.

Synthetic hydrogels, and synthetic polymers in general, are often selected for their ease of
availability, as well as their ability to be chemically modified for unique applications[2°l.
This is especially true of MAMSs, where the ability to manipulate chemical and

mechanical properties allows for diverse applications and tuned responsiveness. Synthetic
polymers can be intrinsically responsive to external stimuli, such as the responsivity of
N-isopropylacrylamide (NIPAm) and N-isopropylmethacrylamide (NIPMAm) to heating!*!],
or the sensitivity of polyethylene glycol (PEG) hydrogels to humidity[12].

Programmable MAM s can also be made entirely or partially of naturally derived materials.
While these types of polymers can be subject to sourcing concerns, naturally derived
materials offer distinct advantages. Polymers such as alginate, chitosan, and hyaluronic

acid are highly sensitive to the ionic strength and the electrochemical environment of their
medium[23]. Thus, naturally derived materials will generally actuate based on cation content
and pHI4l. Nucleic acids, long studied for their role in information carrying functions in
biology and genetics, can be synthesized and controlled precisely have recently emerged as
a biopolymer building block for the construction of responsive hydrogels[!°]. These gels are
sensitive to their thermal and chemical environment, which can alter force production by
disrupting hybridization[26].

While some hydrogels are responsive in their pure form, mechanical activity is often induced
in gels with the addition of dopants, such as metal nanoparticles or chemical impurities.

(171 Additionally, multiple synthetic and/or naturally derived polymers can be combined to
form composites that leverage the advantages of both materials, enhancing factors such as
programmability, responsivity, and material properties!18]. Several examples of hydrogel-
based MAMSs are shown in Table 1, we compare these MAMSs based on their responsivity,
modulus, and actuation magnitude.

3. Programming MAMs

In order to create a dynamic mechanically active material, one needs to be able to program
an input-output function where either the input or the output is mechanical. Moreover, the
direction of the mechanical response and hence the geometry and shape of the MAM is
highly important to achieve useful mechanical work for specific applications. The following
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sections describe two general strategies to program MAMs such that the material displays
mechanical activity and also such that this activity is most useful.

3.1 Bottom-up patterning: Encoding mechanically active hydrogel materials through self-

assembly

“Bottom-up” is used to describe a synthetic methodology that stresses the fundamental
molecular design of a material, to control its organization and hence control its
mechanical functions. Bottom-up molecular programmability is often used for patterning
hydrogel materials comprised of DNA9], peptides(20], synthetic copolymers(?1], and
polysaccharides[?2]. Controlling the molecular sequence of these polymer building blocks
allows for generating diverse responsivities and mechanical behaviors of MAMs.[19-22]

The self-assembly of DNA and peptides has been well-studied for many decades and this
fundamental insight is being used to program the self-assembly of various MAMs. For
example, Cangialosi et al. generated DNA-acrylamide hydrogels that can be programmed to
swell and collapse in response to specific DNA inputs.[23] The strategy employed the well-
studied hybridization chain reaction to increase the physical length of double strand DNA
crosslinkers. The mechanism of actuation will be discussed further in section 4.3. Another
example of DNA-hydrogel MAMs were constructed using rolling circle amplification by
Merindol et al. to generate force sensing DNA gels[24]. An example of peptide-based MAMSs
is reported by Xue et al.[2%] in which a peptide supramolecular hydrogel based actuator can
be formed in buffer with self-assembly. These cases demonstrate that the self-assembly can
affect the structure and function of the MAM, such as the kinetics and the amplitude of the
response.[24]

In contrast to biologically derived protein and nucleic acid polymers, synthetic polymers

are artificial materials that can be controlled during MAM synthesis to program the
responsivity of the material. For example, our lab generated core-shell MAMs that are
comprised of a gold nanorod core surrounded by a responsive hydrogel shell. The hydrogel
shell itself incorporated reactive groups in the outer layer of the material and this was
synthesized by adding the reactive monomer at a final stage of the polymer synthesis.

In this way, the MAM was programmed with a specific size and composition and this
allows for highly uniform application of forces and uniform response to thermal inputs[26l.
The programmability of MAMs can also be encoded using synthetic copolymers derived
from both types of functional segments and the ratio between different segments in the
copolymersl[42 271 For example, Zheng use poly(acrylic acid-co-N-isopropyl acrylamide) as
the responsive component of MAMs. By adjusting the ratio between P(AAc-co-NIPAm) and
P(AAc-coAAm), the response of MAMS to concentrated saline solution was fine-tuned![4al.
However, in comparison with the synthesis of bio-macromolecules, synthetic copolymers are
less controllable in monomer sequence but more accessible in regards to low cost and facile
synthesis. Further details of MAM programmability will be introduced in later sections.

The precision of bottom-up molecular assembly is ultimately superior in terms of controlling
the nanoscale organization of materials. However, at larger length scales (greater than 1
micron) there are not many examples of materials that can organized using self-assembly

at this length scale. Hence this represents one of the limitations of bottom-up based
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self-assembly and motivates the work using top-down methods for fabrication. Another
consideration is the relatively high cost and low yield associated with nucleic acid

and peptide-based hydrogel materials in comparison to synthetic polymers that lack
sophisticated self-assembly programming.

3.2 Top-down patterning: Tailoring hydrogel architectures into 3D geometries across
multiple length scales

In contrast to bottom-up self-assembly, “top-down” approaches tend to be more labor-
intensive creating structures in a more serial process but providing highly tailored
geometries and configurations for MAMs.[28] These top-down approaches confer
responsivity beyond the molecular structure and properties of the material, leading to

an architecturally-directed responsivity. Indeed, controlling the size and geometry of

a responsive material is a well-reported mechanism for programming MAMs. This is
exemplified by the works of Ye et al., demonstrating that the thickness and aspect ratio of
silk fibroin-based hydrogel nanosheets controls their internal stress production and ultimate
deformation under a specific stimulus[?®l. The size, shape and composition of a MAM can
also adjust its speed of actuation (Table 1). In general, smaller structures are able to respond
more rapidly than larger ones!3% due to the ability to more rapidly move water out of the
hydrogel to induce deswelling[31l. Such parameters can be easily controlled using top-down
fabrication.

Some common “top-down” approaches that program responsive architectures are molding,
lithography, 3D printing, electro-spinning, and gradient control (Figure 2). Although
“top-down” and “bottom-up” approaches are distinct and separate concepts in MAM
programming, they are not exclusive to each other. In fact, it is quite common that
programmable MAMs include both methods to better achieve the desired response,
composition, and form.[32] Nonetheless, the following section describe methods to achieve
top-down patterning of MAMs.

3.2.1 Molding—As perhaps one of the most accessible “top-down” programming
methods, molding has been widely adopted to direct the higher-level architectural design
of MAMs[33]. Molding can be achieved through two mechanisms: casting and forming the
hydrogel inside a pre-fabricated mold, or cutting a piece of bulk hydrogel down to the
desired shape and size. Molding is also a low-cost hydrogel fabrication method, making

it optimal for initial proof of concept testing, as well as large-scale production of such
materials. Also, the materials to fabricate molds can be rather versatile, such as glass,
PDMS, and polymer resin, which can be selected to better accommodate the hydrogel
synthesis. For example, our group used Delrin® mold to fabricate MAMs with required
hydrogel patterns to create smart skin MAMs.[34] The two main advantages of molding—
cost efficiency and diverse options—make molding very common for the fabrication of
programmable MAMs.

Nevertheless, it is important to note that molding technologies are limited to micron-size
resolution in MAM fabrication. For smaller sized MAMs, traditional molding technology
lacks the required spatial resolution. Moreover, as-molded MAMSs are generally 2D rather
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than more sophisticated 3D structures. These disadvantages limit some of the applications of
MAMs generated using molding technologies.

3.2.2 Photolithography—Photolithography is a patterning technology that uses a
patterned light source to control the formation of a photosensitive polymer, leaving a latent
image in the polymer substrate that can be later revealed by dissolving or washing away the
unpolymerized precursor[33]. In contrast to traditional molding methods, photolithography
provides higher spatial resolution that has recently been extended to the sub-50 nm length
scale. Generally, photolithography for fabricating programmable MAMSs can be divided into
two types: masked and maskless. For masked photolithography, as the name suggests, a
photomask designed with a negative of the desired shape and size is required to shade parts
of the precursor solution and only polymerize parts of the MAM in a specific pattern. Shim
et al. [368] reported the photolithography fabrication of tunable microcapsules based on dual
UV exposure with masks, in which case the bending response of these MAMs is mainly
dictated through the pattern-shape transferred by the photomask.

In contrast, maskless photolithography is the patterning of MAMs by physically controlling
the location of the polymerizing light source, i.e. moving a laser beam. One example of this
technique is found in the work of Martella et al.[37], where a “micro-hand” MAM that can
grasp micron-sized objects was fabricated via a pre-programed laser beam that selectively
cured the hand shape into a precursor solution.

Both masked and maskless photolithography have their own advantages and disadvantages

towards programmable MAMs design. For fabrication of large-scale MAMs, or production

of many identical structures, mask-type photolithography is more efficient, as one mask can
be used for the construction of hundreds of MAMs. However, maskless photolithography is
more flexible for rapid, on-demand fabrication of multiple different designs, bypassing the

need for a new mask to be created for each change in pattern.

In comparison with other programming technologies, photolithography provides a high
degree of spatial control. However, the samples produced by photolithography are typically
very thin, which has limited 3D applications. Nonetheless, the use of photomasks can
precisely tune the architecture of a MAM to create complex geometries upon stimulation.
One example of such work introduces holes of varying size and number into thin

hydrogel structures. This created areas of stress concentration within the film, transforming
its response from a simple change in curvature to a complex, multi-step folding into
precisely designed 3D shapes[33¢l. Such rationally designed photomasking strategies,

in combination with novel techniques such as layer-by-layer photolithography, provide
methods to overcome the initial limitations of this technique, though it generally increases
the time and complexity of the protocol.

3.2.3 3D printing—Another method for creating complex material architectures is
additive manufacturing techniques such as 3D printing, which has found cutting edge
applications in biomedical sciences, electronics, and aerospace engineering(38l. In most
work, 3D printing is defined as a technology that produces physical objects through
layer-by-layer deposition of materials, often based on 3D computer-assisted design (CAD)
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models.[3%] Compared with other methods introduced in this review, 3D printing provides
structural control on both large and small spatial scales. As a highly tunable method in
both size, material, and architecture, 3D printing of hydrogel materials is particularly
advantageous for fabricating programmable MAMs. In fact, using 3D printing to create
stimuli-responsive structures has been termed “4D printing” to emphasize the extra
“dimension” of responsivity[4%]. Because 4D printed objects are 3D printed objects, and
because the term 4D printing is not universally adopted in the field, we will use the two
interchangeably in this text.

Zheng et al.[?] reported a type of programmable MAMs produced by 3D printing, in which
the hydrogel precursor was fast-crosslinked by carboxyl-Fe3* coordination complexes and
the bulk gel was knitted by directional hydrogel fibers. 3D printing was used to control

the alignment angle of the fibers, which in turn fine-tuned the deformation profile of the
material. 3D or 4D printing can also be integrated with other fabrication methods. Odent

et al.[4! reported a 4D printing technology based on time-resolved photolithography, which
the MAMs was produced through layer-by-layer deposition of gel precursors, and each layer
in the 3D construct subsequently polymerized into the desired shape via photolithography.
The fabrication of MAMs relies on the precise deposition of hydrogel layers with different
volume expansion properties, thus provided a general platform to produce multi-responsive
MAM systems.

Even though 3D printing provides high spatial control of the geometry of MAMs, several
challenges could limit its future applications. First of all, since it produces 3D objects
through deposition of a single layer at a time, the complexity of the MAM’s design will
limit the efficiency of this method. Additionally, for hydrogel-based materials, 3D printing
requires a fast curing mechanism which would limit the material types to those that can be
rapidly cured through remotely-controlled process such as photopolymerization. However,
as additive manufacturing technologies improve and become more widely available, these
challenges may be overcome and open new applications for 3D printed MAMSs.

3.2.4 Electro-spinning—Electrospinning is a method related to 3D printing that
provides a simple and versatile method for generating ultrathin fibers from a rich variety
of materials including polymers, composites, and ceramics [42]. This method has been
extensively studied for potential biomedical applications, such as tissue engineering[43l.
Electrospinning works to program MAMs by controlling the directionality and alignment
of hydrogel fibers, which in turn influences the mechanical properties and directional
responsivity of the material. Liu et al.[*4] reported the fabrication of a two layered

MAM with oriented hydrogel fibers through electro-spinning. The MAM naturally bends
at different temperatures, due to the temperature responsive behavior of an interwoven
pNIPAM layer.

Electro-spinning is a facile method to produce programmable MAMs. However, materials
produced by electro-spinning generally requires manual cutting to produce the final sample,
as the spinning method creates a wide mat of fibers without a defined shape. It is similar to
the molding method in this way, and may not be suitable to produce micron-scale MAMS.
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3.2.5 Gradient manipulation—The phrase “gradient materials” was originally
proposed by Japanese scholars in 1980 to describe a class of engineered materials exhibiting
spatially inhomogeneous microstructures and properties.[4>] Compared to layer-by-layer
assembled materials, gradient materials do not have a clear boundary between different
layers or phases within the hydrogel. This creates a unique advantage for gradient materials
over layer-by-layer assembly, providing continuity between material sections of differing
properties. Moreover, gradient materials are usually synthesized with one-step protocols
that do not require multi-step layer synthesis and assembly. Luo et all4é] introduced a kind
of hydrothermal method to synthesize a gradient in porous elastic hydrogels, providing
them with programmable locomotion. Due to the differentiation of NIPAM component, the
hydrogel bent when heated above the material LCST, and this bending feature was related to
the thickness of the hydrogel. After blending with PPy nanoparticles, the hydrogel exhibited
programmable locomotion under laser stimulus.

4. Responsivity

A hallmark of MAM s is their ability to respond to a variety of external stimuli (Figure 3).
These responses are intrinsically tied to the design of the material, and each has unique
advantages and disadvantages, dependent on the intended use of the MAM. In the remainder
of this review, we will discuss these responsive mechanisms and their emerging applications.

4.1 Thermoresponsive Materials

Among the most commonly studied actuating hydrogels are the thermoresponsive polymers,
which undergo conformational changes at the molecular level when heated to specific
temperatures. This temperature is defined as either a lower critical solution temperature
(LCST) or upper critical solution temperature (UCST), as described below.

4.1.1 LCST MAMs—MAMs with a lower critical solution temperature (LCST) are
hydrogels that become less soluble upon increasing the environmental temperature. This
reduced solubility of polymer chains causes the overall hydrogel to shrink or collapse.
Poly(N-isopropylacrylamide) (pNIPAM) and its derivatives have been studied intensively
many decades because of their facile synthesis and well-characterized LCST that is
conveniently above room temperature (~32 °C). By making pNIPAM hydrogels using
different monomers or co-polymers and employing a variety of crosslinking approaches,
the transition temperature of pNIPAM hydrogels can be tuned which leads to the ability to
tune the mechanical force output.

Similar to most hydrogel-based MAMs, in order to acquire programmable bending or
actuating, temperature responsive MAMs are typically designed with multiple components
that produce an asymmetric response profile. In general, two or more layers of materials
with different responsivity may be stacked together, resulting in bending due to the
dissimilar mechanical properties of the different layers. Yao et all47] designed such a bilayer
MAM based on pNIPAM with nanoclay as a crosslinker. The MAM was made of two layers
that were fabricated with different concentrations of nanoclay, which provides each layer
with different mechanical properties during temperature-driven deswelling. As a result, the
material bends towards the more rigid side, which contain more nanoclay. Interestingly,
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during initial heating MAM s displayed a counter-intuitive response where the MAM bent
toward the side with less nanoclay but this was due to the mis-matched deswelling kinetics.
MAMs that are fabricated with this pNIPAM/nanoclay system eventually demonstrated
robust mechanical properties that can easily lift small cargos, such as plastic beads or PTFE
blocks, as a result of patterning the material into specific shapes as a claw.

Creating a multi-layer hydrogel system with different mechanical properties is not the
only way to fabricate MAMs that generate bending or twisting motions. There are other
methods, such as gradient manipulation!8], evaporation[4%], and fiber implantation[>0],
creating programmable MAMs with similar bending behavior. Liu et al.[48] developed

a facile method to fabricate gradient MAMSs by polymerizing N-isopropylacrylamide
(NIPAM) monomer with dispersed montmorillonite which is a type of clay. Montmorillonite
first formed a gradient dispersion by gravity, after which the NIPAM monomer nucleated
around it and began to polymerize. As a result, the hydrogel had a gradient distribution

of pNIPAM, with a higher density near the bottom and lower density near the top. Upon
thermal stimulation, the MAMSs bend towards the side with higher pNIPAM density due to
larger actuation forces.

In addition to incorporating anisotropy in MAMSs by top down method, like gradient
manipulation, anisotropic properties of MAMSs can also be formed through bottom up
method such as molecular stacking/assembly of liquid crystal molecules®1l. Kularatne et al.
reported a programmable shape morphing liquid crystal hydrogel by copolymerizing ionic
dimethacrylate derivative of perylene-3,4,9,10-tetracarboxylic diimide with pNIPAMBL],
The anisotropy of the hydrogel MAMs is based on pre-aligned perylene-3,4,9,10-
tetracarboxylic diimide molecules, which can program the deformation of pNIPAM when
heated above the LCST. This intrinsic molecular-assembly determined anisotropy provided
by liquid crystals inspired a new general approach to manipulate the mechanical responsivity
of thermoresponsive MAMs, and is potentially applicable to others, such as redox, pH, and
light responsivity.

It is worth noting that MAMSs that contain pNIPAM or its derivatives are not only sensitive
to direct bulk heating. Another approach is to produce “indirect heat” to trigger the LCST
response of pNIPAM materials. For example, by incorporating nanomaterials, such as gold
nanoparticles, graphene, Fe3Oy, or other light absorbing materials with pNIPAM hydrogels,
MAMs could be triggered by “indirect heat” that is transferred through light, electrical,

or alternative magnetic field. These are detailed throughout this review as light responsive
MAMs or multi-responsive MAMs.

4.1.2 UCST MAMs—Hydrogel backbones that have an upper critical solution
temperature (UCST) are mostly created through binary polymer networks, in which
polymer-polymer hydrogen bond interactions are stronger than polymer-water bonds
interactions at room temperaturel17: 521, Generally, this kind of polymer-polymer interaction
network can be built through two methods: copolymerization, or interpenetration of different
polymer networks.
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The UCST window and UCST temperature are mainly controlled or fine-tuned by

three different aspects: components of polymer-polymer pairs, ratio between the different
polymers, ionic strength and pH of aqueous medium. At least three types of polymer-
polymer pairs have been reported recently for the fabrication of MAMs. Hua et al.[53]
reported UCST MAMs based on interpenetrating networks of poly(acrylic acid) (pAAC)

and poly(acrylamide) (pAAm). Homogeneous pAAm gel networks were first synthesized by
radical polymerization. Then, to create programmability in the design, an anisotropic MAM
was fabricated by photopolymerizing the pAAc network on one side of pAAm network.
Upon cooling to room temperature, the UCST MAMSs bend to the side that is rich in

pAAc. The temperature responsivity has a wide window of 30-60 °C, and programmable
actuation was realized through partial heating/cooling of specifically designed MAM shapes.
Similarly, Auge et al.[52a studied the UCST volume transition of poly(acrylamide-co-
acrylonitrile) copolymer hydrogel MAMs, and Ding et al.[520] studied the UCST transition
of methyl cellulose-graft-polyacrylamide (MC-g-PAM) hydrogel MAMs.

Due to the fact that acrylamide groups can interact with different ions in the solution, UCST
MAMs with acrylamide groups are highly sensitive to the presence of ions, such as H,PO,4™,
CI~, SCN™, etc.[33] This property either opens the door towards more diverse responsive
mechanisms, or in some applications limits UCST MAM s use, such as in physiological
environments. Compared to UCST MAMSs, LCST MAMs are more ion-independent since
their volume transition does not rely on interactions between different polymers.

A very specific polymer-polymer interaction, DNA double-strand hybridization, can
crosslink or partially crosslink hydrogel MAM s to create UCST-type responsivity based
on duplex structure melting temperature. However, DNA related MAMs are also reported
as pH responsive, ion-responsive, chemical responsive, or multi-responsive, more so than
temperature responsive.

4.2 Light Responsive Materials

One of the most common methods of triggering actuation in mechanically active hydrogel
materials is via illumination with specific wavelengths of light. The light-driven mechanism
offers several advantages: remote actuation, tunable responsiveness, and the potential to use
natural sunlight in some applications. The majority of these MAMSs are composites, with
the inclusion of nanoparticles or specific chemical compounds reacting with the light and
driving the response (Figure 4). In this section, we will detail the current mechanisms used
to attain actuation in this manner.

4.2.1 Infrared and Near-Infrared Light—One mechanism for light-driven hydrogel
actuation is responsivity to far red, near-infrared (NIR) and infrared (IR) light. To
accomplish this, nanomaterials, such as gold nanostructures, are incorporated into a
hydrogel matrix made of thermoresponsive polymers: for example, N-isopropylacrylamide
(NIPAM)[34]. Noble metal nanostructures found in these composite MAMs exhibit distinct
absorption spectra at visible and IR zone of wavelengths that is highly dependent on
particle morphology: larger aspect ratios (length/width) show a demonstrated red-shift in
absorbed IR wavelengths[®®]. This causes a surface plasmonic resonance in the nanoparticle,
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leading to photothermal heating that drives the local volume phase transition of the
thermoresponsive polymer matrix[28: 581 (Figure 4a). One example of this technology is
the optomechanical actuator (OMA) developed by our group[26! where a poly-N-isopropy!
methacrylamide (NIPMAmM) nanoparticle is polymerized around a gold nanorod core to
absorb NIR light. The diameter of these OMAs collapses from ~500 nm to ~250 nm upon
illumination, and can be used to apply forces to external systems, such as living cells and
biomolecules (Figure 4b)[26. 571,

However, metallic nanoparticles are not the only way to achieve IR responsivity in

MAMs. Graphene nanostructures have also been employed, and these provide light-to-heat
conversion similar to metals. Graphene, and graphene oxides, undergo photothermal heating
under numerous wavelengths, including strong absorption peaks in the IR, due to a strong
photoelectric effect(®8] (Figure 4c). Another interesting property that arises from this effect
in graphene-containing MAM s is electrical conductivity (this can also induce mechanical
responsivity, as described later in this section). This was leveraged by Shi and colleagues to
create a light-responsive electrical switch using a NIPAM and graphene oxide composite
(Figure 4d)15. Other actuating hydrogels utilizing this mechanism have incorporated
graphene oxide nanosheets8%, or carbon nanotubes(®1l.

Other semimetallic structures can provide NIR/IR photothermal conversion in MAMs,
though these are less common. Notably, WS, nanosheets have been incorporated with
hydrogel polymers to drive programmable actuation responses(62].

One of the main advantages of using IR or NIR light for actuating materials is that these
wavelengths penetrate many materials. This broadens the locations and scenarios in which
actuating hydrogels can be applied. For example, NIR light is known to penetrate biological
tissues, opening up the use of actuators in clinical applications. Applications of actuating
materials are reviewed in depth in Section 5.

4.2.2 Ultraviolet Light—Another class of light-responsive MAMs that are well-studied

are the ultraviolet (UV) responsive hydrogels. This mechanism of action here still requires a
chromophore with extinction at UV-wavelengths as well as nanomaterials that absorb in this
range. Graphene oxide nanoparticles in particular have a strong absorption in the UV range,
and can be incorporated into hydrogels to provide thermally triggered actuation as described
above.

A commonly used moiety to drive light-to-force conversion is the azobenzene group.

When irradiated at 300-400nm, azobenzenes undergo a photo-isomerization that drives the
conversion from the ground #rans state to the excited cis state. This physically deforms

the molecule (Figure 4e), and may also change its affinity for other molecules to create
reversible host-guest interactions[®3l. One interesting example of a MAM driven using
azobenzene photo-isomerization was reported by Takashima et al., where they showed that
the interaction between azobenzene and cyclodextrin can be controlled with light, leading to
reversible hydrogel actuation [63°] (Figure 4f). Another molecule used for photo-mechanical
conversion is stilbene, which also undergoes photo-isomerization under UV irradiation and
has been demonstrated in MAM systems[®4]. Interestingly, some of these azobenzene-based
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UV responsive materials also respond to longer-wavelengths (> 350 nm), such as blue
lasers[63b],

4.2.3 Visible Light—Though less common, actuating materials can also be programmed
to respond to light at specific visible wavelengths, or to white light. This provides a
desirable specificity to the actuating response, whereas many NIR/IR and UV responsive
MAMs respond to a broader range of wavelengths. These visible-light responsive MAMs
incorporate chromophores and nanomaterials akin to the UV and NIR classes of MAMs.
Typically, these MAMs are comprised of composites of thermoresponsive polymers doped
with nanoparticles such as gold[®], iron oxide[34], and graphene oxidel®8]. To the best of
our knowledge there are not many examples of MAM s that incorporate photoisomerization
using visible light mechanisms to drive actuation. The photothermal heating of a responsive
polymer represents the most commonly employed mechanism to generate actuation in
hydrogels using visible light and the optomechanical actuator (OMA) particle shown in
Figure 4b is a good example. Another unique example of MAMSs driven using visible

light combines gold nanoparticles with titanium-based nanosheets in a NIPAM matrix.
Illumination with blue light (A = 445 nm) drives photothermal heating of the nanomaterials
and the shrinking of pNIPAM hydrogel, while the titanate sheets was pre-aligned by strong
magnetic field so that overall anisotropic response of pNIPAM hydrogel is established[7],
MAM s can also be programmed to respond to white light or even natural sunlight(34],
augmenting their usefulness in practical applications, as described below.

Of note, thermally and photothermally responsive materials exemplify the relationship
between material size and the time of actuation response (Figure 4g). Zhao and colleagues
conducted an analysis of representative publications in this field and found that larger-sized
hydrogels require longer times to deswell. Specifically, the time constant of deswelling
increases linearly with the square of the particle radius. They also note that optically heating
hydrogel particles from the inside, as is the case for the optomechanical actuator particles,
leads to a significant enhancement in the rate of deswelling that deviates from bulk heating
of hydrogels. Fundamentally, a this relationship arises due to the rate of water movement in
and out of the hydrogel systeml®8]. These results emphasize that the geometry of a MAM
and its mechanism of responsivity can both be used to program their response.

4.3 Chemical responsivity

Chemo-responsive MAM s are a class of actuating material that may respond to one or

more of a broad array of chemical inputs. The mechanical response of these MAMs may

be triggered by ion concentrations or the presence of a specific molecule, or through more
complex means such as enzymatic activity or oxidation-reduction reactions. In this section,
we describe the mechanisms involved in each type of chemical responsivity and examples of
MAMs designed within this section of the literature.

4.3.1 pH responsive MAMs—There are two major types of pH responsive MAMSs:
proton-donors and proton-acceptors. A majority of proton-donor type MAMs contain
carboxy! acid[®] as the proton donor. When the environmental pH is less than the pKa of the
material, proton-donating groups lose their charge, resulting in deswelling of the hydrogel.
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Proton-acceptor type MAMs typically have nitrogen or metal complexes in their functional
groups as proton acceptors, such as amines[8% 701 pyridinest”], Fe3*-catechols[33d] and
related molecules’2]. When the environment is more basic (pH>pKa), proton-accepting
groups lose the positive charge and cause hydrogel deswelling.

The programmability of pH responsive MAMs can arise from bottom-up assembly or top-
down design. For example, Zarzar et al.[8%] reported on the role of the architectural design
of submerged hydrogel-actuated polymer microstructures (Figure 5a). These substrates

with microposts or microfins, were first made by creating a mold in epoxy resin, then
copolymerizing acrylic acid and acrylamide to create the pH-responsive structure. Due to the
fact that acrylic acid has a pKa of 4.25, the hydrogel contracts at lower pH such that the
microstructures are actuated and bend in one direction. All the micropillars bend to one side
because the experiment employed unidirectional flow of the buffer within the microfluidic
channel.

Another important class of pH responsive MAMs are based on DNA hydrogels. These
hydrogels show tunable pH responsivity that is controlled by the nucleic acid sequence.
One example is reported by Gibson et all73], in which the pH responsive DNA motif is
formed by Hoogsteen interactions that form a triplex structure due to the protonation of the
cytosine basel”4. The formation of the triplex motif mechanically brings two nanoparticles
in physical proximity within the hydrogel which results in a shift of the spectra absorbance
peak. In another example, it was reported that cytosine-rich domains form interlocking
domains (i-motif) when the environmental pH drops to around 5.0[75]. Such pH-responsive
nucleic acids often incorporate C-rich motifs because the C bases have a pKa ranging from
~4 to ~6 and the protonation can disrupt the conventional Watson-Crick base pairings,

and thus the protonated C nucleobases form C*-C pairings instead of C-G pairings.

This mechanism has inspired work where pH responsive MAMSs were created using DNA-
crosslinked hydrogels. Guo et al.[”>"] reported the synthesis of shape memory hydrogel
MAM s that are made of DNA-crosslinked polyacrylamide. Two different DNA crosslinkers
cooperatively determine the swelling and deswelling states of the hydrogel. The first DNA
strand forms crosslinkers at acidic (pH=5.0) conditions due to its cytosine rich sequence
that forms an i-motif, while the other oligonucleotide is palindromic and forms crosslinks
that non-pH responsive. At higher pH (8.0), the cytosine-rich DNA crosslinker denatures
and the gel adopts a quasi-liquid form because of the reduced overall crosslinking density,
and thus causing swelling of the hydrogel. However, when the pH is 5.0, the cytosine-rich
DNA crosslinker strands are protonated reverting back into interlocking domains (i-motif),
and therefore collapsing and recovering its original shape (Figure 5b and c). The interactions
between protonated cytosine and other DNA bases provide a distinct toolbox to fabricate pH
responsive programmable MAMs.

4.3.2 Oxidation-reduction responsive MAMs—Redox (oxidation-reduction
reaction) responsive MAMs (RRMAMSs) can be triggered by either by reducing/oxidizing
reagentsl’®l or alternatively, such MAM:s can be triggered using an external electric field[23].
Note that electrically triggered MAMs are detailed alongside other electro-responsive
MAMs later in this review (Section 4.5.2).
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In general, redox reactions cause swelling/deswelling changes in RRMAMSs in two ways:
altering the intrinsic hydrophilicity (hydration) of redox groups in the hydrogel, and/or
by modulating molecular interactions between redox groups and other molecules in the
hydrogel. The former aspect can directly change the swelling state through hydrophilicity,
while the latter works to change crosslinking density or molecular assembly.

One of the pioneering examples of RRMAMSs was developed by Yoshida et al., utilizing
the Belousov—Zhabotinsky (BZ) reaction to drive the actuation of RRMAMsL’7]. BZ
reactions are well known for their self-oscillating behavior, in which the catalyst ruthenium
tris(2,2’-bipyridine) (Ru(bpy)s2*) is periodically oxidized into (Ru(bpy)s3*). In MAMS,
the ruthenium complex can be modified, such as with the addition of an alkene group,

and then copolymerized with other monomers to make RRMAMSs. Due to the fact that
(Ru(bpy)33*) is more charged than (Ru(bpy)s2*), the hydrogel follows ion fluxes produced
by the BZ reaction to shrink and expand cyclically (Figure 6a). This self-oscillating hydrogel
was further programmed with a variety of shapes and asymmetric structures for different
applications, such as autonomous mass transportationl”®0. 781 artificial cilial’%, and self-
walking robots[80],

In addition to hydrophilicity manipulation as a result of redox reactions, the host-guest
interaction is another mechanism of actuation in RRMAMSsL7f]. For example, the host-guest
interaction between ferrocene and B-cyclo-dextrin (BCD) is one of the most well studied
redox responsive host-guest pairs, where the two molecules associate and dissociate in
different redox states, which can be harnessed to create actuation [76¢], Nakahata et al.

[76¢] reported a hydrogel MAM crosslinked through ferrocene/BCD pairs. In this system,
oxidization of ferrocene caused the dissociation of the ferrocene/BCD pairs, lowering the
crosslinking density of the hydrogel and therefore causing the gel to swell (Figure 6b).

Recently, the library of RRMAMSs has been further expanded. Novel molecular interactions
such as donor-acceptor pairs8l and r-stacking[762 76d] have been developed and
programmed for hydrogel-based RRMAMSs. These mechanisms are working to address the
slow kinetics and small volume changes exhibited in traditional RRMAMs [76d], to create
more significant and on-demand responsivity for future studies and applications.

4.3.3 Biomolecule responsive MAMs—Biomolecule sensing and subsequent
programmed response are of great interest, particularly in the areas of diagnostics, biological
sensing, and drug delivery[82]. Biomolecule responsive MAMs (BRMAM ) have been
intensively reported over the past few decades, and a variety of responding mechanisms have
been developed to detect the target biomolecules for different purposes. These materials
generate a mechanical response to a variety of target molecules, such as glucosel31: 83],
enzymes(®4, and DNAI[23. 851 among othersl®8. In general, the responsivity of these
BRMANM s relies on engineering the hydrogel such that it incorporates a specific molecular
moiety that generates the response in the hydrogel. This biomolecule interaction typically
results in changes of either the crosslinking density or the overall hydration of the hydrogel.
In the following paragraphs we describe specific examples that harness this general concept.
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Glucose is one of the most well studied target molecules for BRMAMSs[3L. 83.87] a5 the
ability to sense and respond to glucose levels has expansive implications, from diabetes
research to microbiology. Sim et al.[832] designed a self-helical hydrogel fiber made of

a nylon core and hydrogel sheath modified with phenylboronic acid (Figure 7a), which

can reversibly form bonds with glucose. Upon increasing the concentration of glucose

to 1 M, the molecular complex formed by phenylboronic acid and glucose increases the
overall hydrophilicity and water content which leads to swelling of the hydrogel sheath,
and producing a maximum tensile strain of 2.3%. Once the glucose concentration drops, the
BRMAM can reverse the swelling response and recover its original mechanical properties.
This particular hydrogel fiber design also has greater mechanical strength (~1MPa) than
other existing glucose responsive hydrogels due to the nylon core. This is just one example
of a glucose responsive BRMAM that provides a new strategy for designing materials with
greater durability.

Compared with other responsive BRMAMs, enzyme-responsive MAMs rely on the cleavage
of specific moieties to modulate crosslinking density and hydration in hydrogel networks.
This mechanism of responsivity has remarkably high specificity, but is irreversible. A
slightly different example of an enzyme responsive MAM was developed by McDonald

et all84al. The cleavage of target peptide branches by thermolysin creates a more cationic
polymer network, causing swelling (Figure 7b). Importantly, this mechanism is highly
enzyme-specific, as the reported gel structures only responded to thermolysin, but not other
enzymes such as chymotrypsin. Though the density of branched peptide molecules in this
gel system is relatively low, the volumetric change of enzymatic response could reach up

to 30%. Athas et al.[84¢] reported enzyme responsive MAMSs with an even greater response
amplitude (Figure 7¢). In this work, the bulk gel was hybridized by three different “sub-gels
patterned in an asymmetric fashion. The enzyme collagenase specifically degrades the
gelatin-based sub-gel at room temperature, creating a mechanical mismatch that caused
bending towards the cleavage side.

MAMs that can sense specific DNA oligonucleotide sequences are another class of
BRMAM, which have advantages in terms of programmability compared to peptide and
protein-based materials. Moreover, building materials with mechanical response to nucleic
acid inputs has potential utility in diagnostics. For example, Cangialosi et al.[23] designed
DNA responsive MAMSs with a photopatterned bilayer structure (Figure 7d). The hydrogel
was crosslinked by DNA duplexes which triggered a hybridization chain reaction (HCR) in
the presence of two specifically designed DNA hairpin targets. The HCR greatly increases
the length of the double stranded DNA crosslinkers in the gel, inducing the swelling and
actuating of MAMs. Although the responsive Kinetics in this system were relative slow
and the response was irreversible, the MAM was capable of nearly 100-fold volumetric
expansion. To the best of our knowledge, this response represents the greatest volume
change reported in a MAM material, and speaks to the large persistence length of double
stranded DNA (~50 nm) and its high charge density.

4.3.4 Humidity responsive MAMs—AII hydrogels are, to some degree, mechanically
responsive to changes in hydration state due to their defining high water content. However,
some hydrogels are specifically designed to harness or amplify this water responsiveness.
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The responsive moieties of humidity-responsive MAMs (HRMAMS) are mostly made of
poly(ethylene glycol) (PEG)[12. 30. 88] or polyethoxysiloxanel89]. Some of these humidity
responsive MAMs are quasi-hydrogels, where sensitivity to water is enhanced by reducing
the original amount of water contained in the unactuated gel. In comparison to other
chemical responsive MAMs, HRMAMs usually have a more rapid response (responding
within seconds) and facile synthesis. The latter provides more possibilities for higher-level
architectural programming, such as 3D printing[30. 9] and electrospinning[®8al. Furthermore,
since HRMAMs tend to have less water content than common hydrogel MAMs, HRMAMSs
demonstrate better mechanical performance in their strength, fatigue properties, and
locomotive speed[12: 30, 911,

4.3.5 lonic strength (IS) responsive MAMs—Actuation can be achieved in
hydrogel-based MAMs by changing the ionic strength (IS) of their environment[92],
Theoretically, most polyelectrolyte-based hydrogels are IS responsive, such as poly(acrylic
acid)[%3], polypeptides[®2], and alginate[14P]. Generally speaking, the charge shielding effect
of high-salt environments leads ionized groups in the hydrogel to have reduced charge
repulsion, so that deswelling occurs in the bulk gel. However, only a few existing

studies of hydrogel-based MAMs focus solely on IS responsive behavior. Instead, many
studies tend to introduce multi-responsive behavior that includes IS responsel140. 931, For
example, a programmed interpenetrating network hydrogel with poly(acrylic acid) and
poly(N-isopropylacrylamide) was reported by Shang and coworkers93l. Poly(acrylic acid)
can respond both to pH and ionic strength due to the presence of the carboxylic acid group.
Note that the actuating kinetics of IS responsive MAMs are in general slower than other
response mechanisms like pH, temperature, or electric-triggered redox, taking 20-30 min to
reach equilibrium[4b. 921 This is likely due to the hindered transport rate of different ions
within the hydrogel network. Theoretically, the response kinetics are also affected by the
specific size, shape, and chemical components of the hydrogel. IS responsive MAMs with
faster kinetics and better sensitivity are a promising direction for future studies in this area.

4.4 Magnetic field-responsive MAMs

Magnetic field response is a simple and well understood method of remotely driving
actuation[®4. Magnetic field responsive MAMs (MFRMAMs) are mostly composites of
hydrogels mixed with magnetic nanoparticles (MNPs). Typically, MNPs are entrapped,
either covalently or non-covalently, within the hydrogel network of the material. When a
magnetic field is applied, MNPs are drawn along the direction of the field, pulling parts of
the gel structure with them. MNPs encompass a wide variety of magnetic nanostructures,
including single particles, linear arrays, or 2D structures. The application of magnetic fields
during the synthesis of MFRMAMSs can also direct the alignment of MNPs, programming
the gel response by organizing the MNPs into isotropically or anisotropically aligned
structures within the hydrogel matrix.

4.4.1 MFRMAMs with randomly distributed MNPs—MAMs with randomly
distributed MNPs are among the most common MFRMAMs, as they do not require extra
steps during synthesis to align the particles [9]. Without any specific arrangement of the
MNPs, the actuation of these MAMs is simple, and the material moves toward the magnetic
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field. In contrast, spatially organizing the MNP can generate more specific responses

that have an inherent directionality. Such patterned MNP-doped materials are discussed

in detail in the subsequent section 4.4.2. A good example of randomly organized MNP
materials was developed by Haider and coworkers[®8l where they dispersed alginate coated
Fe304 nanoparticles in a polyacrylamide hydrogel (Figure 8a). The strength of the gel
could be modulated through metal-cation crosslinking of the alginate components, here
using Fe3* to obtain an ultimate tensile strength of up to ~1MPa. Though increasing the
nanoparticle content gradually decreased the mechanical strength, the MFRMAM s had a
larger response amplitude with the inclusion of more Fe304 MNPs. The MFRMAMs would
bend to the direction of magnetic field at any orientation, highlighting an advantage of

this MFRMAM strategy. Similar work was conducted by Caykara et al[%P], where MNPs
were randomly distributed in a poly(N-tertbutylacrylamide-co-acrylamide) hydrogel matrix,
creating a magnetically actuatable composite.

Though MFRMAMSs can be directly actuated by magnetic force, a slightly more complex
mechanism to create MFRMAM s is to incorporate MNPs with thermal responsive polymers,
such as pNIPAM. By applying an alternating magnetic field (AMF), heat is produced by
MNPs that triggers the thermal response of the hydrogel matrix[940. 961, Satarkar et al.[96a]
fabricated such a Fe3O4/pNIPAM MFRMAMSs composite. Upon application of AMF, the
hydrogel collapsed and the microfluidic channel was toggled to the open state (Figure

8b). They further demonstrated the responsivity of this material could be tuned by MNP
content and programmed geometry. In comparison with direct magnetic field actuation, the
AMEF-triggered, indirect thermal response of MFRMAMSs tends to have larger actuation
magnitudes.

4.4.2 MAMs with organized MNPs—Offering more precise movement control,
MFRMAMs with organized MNPs represent an emerging area in magnetically responsive
materials. MNPs can be pre-aligned prior to hydrogel formation by applying an external
magnetic field, then polymerizing the MAM to freeze the MNP spatial arrangement into
the gel network. Huang et al. [97] reported the fabrication of soft robot MAMs with
programmable moieties, in which a “head” and “tail” region were separately programmed
with different alignments of MNPs during the photopatterning of the bulk gel (Figure

8c). The authors found that the orientation of MNPs dictated the self-folding behavior of
the different moieties, which determined the final morphology of the material. The MAM
architecture (helical tail vs. flat tail) and magnetic field rotation were found to affect the
movement velocity of the designed soft robot, creating a highly programmable MFRMAM
design.

MAMs programmed by the alignment of MNPs demonstrate a practical way of fabricating
functional soft robots with different geometries and propulsion styles. Compared to those
with randomly aligned MNPs, MFRMAMSs with organized MNPs show great promise in
developing more sophisticated MAMSs with programmable function.
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4.5 Electrical field

Electrical field responsive MAMs (EFRMAMs) are usually responsive to one of two types
of electrical stimuli either static or redox-based. For static electrical stimulation the physical
deformation of the MAM directly results from the application of an electrical voltagel®8l. In
contrast, the redox-based EFRMAMs include a redox active group within the hydrogel that
undergoes an electrochemical reaction by an applied electric field[25 991, Examples of such
materials are given in Figure 9, and the unique mechanisms and advantages of each type of
EFRMAM are described below.

45.1 Static type—Static type EFRMAMSs are triggered by the formation of osmotic
gradients when the material is exposed to static electric field. In these cases, polyelectrolytes
in a material, such as salts, are electrostatically attracted to oppositely charged electrodes.
This disrupts the chemical equilibrium within the material, and causes a difference in
osmotic pressure throughout the material. Water is then drawn along the osmotic pressure
gradient, resulting in anisotropic swelling of the EFRMAMSs that causes material bending.

The bending behavior of static type EFRMAMS can be programmed through the types of
polyelectrolytes in the system (i.e. polyanions or polycations). For example, an electrically
actuated hydrogel walker was developed by Morales et al[10%]. The two “legs” of this MAM
were made of poly(acrylamide-co-sodium acrylate) and poly(acrylamide-co-quaternized
dimethylaminoethyl methacrylate), respectively. Upon switching the electric field direction,
the different legs switched between bending in a “pushing motion” and “pulling motion”,
working like “legs” to propel the walker forward (Figure 9a). This chemical and geometric
programming of the two legs allows the hydrogel walker to keep moving without relying
on ratcheted surfaces or specific external conditions that other soft robotic walkers
typically employ. The response of EFRMAMSs can also be programed by the presence of
counterions to drive differential responses under certain conditions. Jiang et al.[10] studied
the bidirectional bending behavior of EFRMAMs that were made of a copolymerized
hydrogel of acrylic acid and N,N-dimethyl acrylamide. This copolymerization combines
both polycation and polyanion together, and this resulted in a bidirectional bending behavior.
This was found to be due to differential movement speeds of counterions such as H* in

the system, and the kinetic difference in this counterion migration induced the bidirectional
bending.

Recently, studies have begun focusing on making nanocomposite EFRMAMS with
electrically conductive materials such as graphenel192] and carbon nanotubes[%3], Two main
benefits of making nanocomposites with conductive materials have been identified in the
literature. First, the inclusion of conductive materials increases the charge transport rate
inside the EFRMAMSs, leading to more rapid response kinetics. Additionally, nhanocomposite
EFRMAMSs show better mechanical strength than EFRMAMSs without these modifications,
though this may hinder the actuation of hydrogel MAMs at higher concentrations[1030],
Thus, optimizing the content of conductive nanomaterials is important for EFRMAMSs to
obtain better electrical responding performance.

The static mechanism of EFRMAM response also has the advantage of giving remotely
controlled actuation, similar to light responsive or MFRMAMSs. However, the remote control
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of EFRMAM s is less convenient than other remotely actuated MAMSs, due to the specific
requirement of salts in the solution.

4.5.2 Redox type—In contrast to the static type, redox-type EFRMAMSs use an electrical
current to drive a redox reaction within the hydrogel. This modulates the charge and the
hydration state of the material, resulting in actuation. Importantly, this mechanism is distinct
from the chemically-triggered redox responsive MAMs introduced in Section 4.3.2, as the
electrons necessary for reduction are provided by electrical current, not chemical reactions.
However, the response of redox-type EFRMAMS is most similar to that of the chemical
redox MAMs.

For example, Xue et al.[25] reported a supramolecular peptide hydrogel that can

be actuated by electrically-induced redox reactions. The hydrogel was modified with
dihydroxyphenylalanine (dopa) as the redox active moiety that can be oxidized into
dopaquinone through electrochemical reaction (Figure 9b). The oxidation of dopa greatly
decrease hydrophilicity of the material, causing hydrogel deswelling that was easily reversed
by reducing the dopaquinone back to dopa electrochemically. The actuation of these types
of EFRMAMSs does not necessarily rely on the polyelectrolyte composition of the medium,
which can be an advantage in certain systems over static-type MAMs.

In both mechanisms of EFRMAM response, the electrochemical stability of the material
under the applied voltage must be considered, which can limit some of the possible material
components and applications. However, these considerations are necessary to avoid the
production of undesired byproducts or permanent damage to the hydrogel, both of which
could potentially compromise the reversibility of EFRMAMS.

4.6 Bioactuation

A novel example of programming MAM responsivity is the incorporation of biological
components, such as cells or bacteria, to drive mechanical actuation (Figure 10). This is
most often accomplished using muscle cells, with cardiac and skeletal tissues each having
unique responsivity[194]. Both cell types work by creating an electrochemical potential,
called an action potential, across the surface of the cell. This triggers an intracellular
calcium release, which promotes binding of myosin motor proteins to actin fibers. Myosin
then consumes ATP to pull on the resultant complex, resulting in mechanical force on the
material that can be up to mNI[103],

The stimulus to which these MAMs respond is programmed by the cell type that is

included. Actuators that require spontaneous contraction often employ cardiomyocytes,
which generate their own action potentials and will continue to actuate in the presence

of glucose as an energy sourcel19¢]. Cardiac-derived muscle cells are also responsive to
electrostimulation, and many of these “bio-hybrid” MAMs utilize microelectrodes to achieve
a more controlled force producing response. While spontaneous contraction of skeletal
muscle can occurl1%4al it is not as regular and reliable as that of cardiac tissue. Therefore,
skeletal muscle-based bioactuator materials tend to rely on electrostimulation to produce
forces[107], However, this provides more control and programmability of the response,
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allowing for the actuator to be stopped and started as necessary, and to tune the frequency
and magnitude of actuation.

Bioactuators offer unique advantages and challenges as compared to other MAMSs. One
notable limitation is the necessity to maintain the cellular component of these structures
in a medium that provides glucose, salts, and other supplements, and preventing metabolic
wastes from accumulating to toxic levels. These factors do, however, make bioactuated
MAMs particularly well-suited for biomedical applications, such as those discussed in
Section 5 below.

4.7 Mechanical force-responsive MAMs

While the concept of a “mechanically active material” most notably includes materials that
produce mechanical force in response to some stimulus, the ability to sense and respond to
external forces is another type of mechanical activity. In order to be responsive to external
mechanical forces, MAMs have been programmed with different signal outputs, including
structural color[34 1081 voltage production199], changes in electrical resistancel!1%], and
fluorescent signalingl24].

Photonic crystal hydrogel MAMs (PCMAMS) are naturally responsive to mechanical force.
The programmability of PCMAMs is determined by its crystal constant, a parameter related
to the size and distance of periodic structures within the material. Tuning this crystal
constant can allow for the production of structural color within the visible spectrum, making
even small applied forces easy to identify. Any stretching, pressing, poking, or bending
changes the distance between repeating units of the photonic crystal, therefore inducing this
chromatic switching[3#], making PCMAMs a facile tool to identify externally applied forces.

Forster resonance energy transfer (FRET) is a fluorescence technique that has been broadly
used to measure forces and distances in scientific studiesl!1]. Since the application of
external force results in hydrogel deformation, this deformation may change the distance
between two fluorophores embedded in the gel network[!12]. This hypothesis was tested

by Merindol et al.[24] by synthesizing a DNA-based hydrogel with FRET pairs that are
non-covalently bound together. Stretching of the hydrogel separates the quencher and
fluorophore and leads to a FRET-based fluorescence change that is used for imaging force
density within the gel.

In addition to producing a light or color signal that can be easily observed by eye, MAMSs
that can output electrical signal have also been developed for integration into electronic
devices. This electrical signaling includes producing voltage or changing resistance. These
materials, known as triboelectric hydrogel MAMs, are of great interest for mechanical
force sensing and energy conversion. In one example, He and colleagues generated a
polyacrylamide/silk fibroin composite MAM that detected a wide range of strains and
compressions and responded by changing its electrical resistance as well as output voltage
signall113], Despite their sensitivity, these triboelectric MAMSs can only indicate the
magnitude of an applied force, and cannot provide spatial information regarding the force
location. Nevertheless, triboelectric MAMSs could represent an important mechanism in
future applications, such as soft wearable devices.
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4.8 Multi-responsive actuating systems

Recently, the concept of multi-responsive MAMs (M-MAMs), those with responsivity to
several stimuli rather than just one, has been studied with increasing depth[14]. Generally,
the broad responsivity of such MAMSs is programmed by combining different responsive
moieties together in one material system, which brings increased material complexity but
also new applications for MAMs.

There are three major approaches in the existing body of literature toward designing
M-MAMs. The first approach is copolymerization of different functional monomers

or oligomers. For example, Sun et all1142] synthesized poly(N-isopropyl acrylamide-
co-acrylamide) and poly(2-(dimethylamino)ethyl methacrylate-co-2-acrylamido-2-methyl
propane sulfonic acid) to create an M-MAM sensitive to temperature, pH, and s1143alt
concentration. The second approach is to combine hydrogels with different responsivity
together physically, rather than chemically, in order to “add up” their responsivities in

the resultant M-MAM. This method includes making hydrogels with multiple parts or
layers of different hydrogels[214b. 114¢l or by building interpenetrating polymer networks
of responsive polymers[114dl. The final approach is to synthesize hydrogels doped with
various nanomaterials, such as graphenel114e. 1149, 114h] ' Fe,0,[114] carbon nanotubes(114],
and others[114k], These nanostructures can confer responsivities to the hydrogel matrix
surrounding them, such as the carbon nanotube-containing MAM designed by Li et al. that
responds to light, electricity, humidity, and volatile organic compounds [114i], Importantly,
these three approaches are not exclusive to each other, and these approaches are often
combined to create M-MAMs,[1142, 114b, 114¢]

The M-MAMs open a new gateway for high-level design of MAMSs for more complex
applications. While most of the “primary responsivities” have been well-studied, studying
the integration of the multiple responses and enhancing precision in controlling them is a
broad horizon in the future of programmable MAM:s.

5. Applications of MAMs

MAMs encompass a wide variety of materials, sensitivities, and synthesis techniques that

all work to program certain responses. Each unique combination of these factors creates a
MAM with specific advantages and disadvantages that dictate how that material can be used.
Here, we discuss the applications in which certain MAMSs have been demonstrated in the
scientific literature, and their implications for future work in the field.

5.1 MAMs Towards Soft Robotics

A traditional robot is defined as a machine that is capable of carrying out a complex series of
actions automatically215], Soft robotics represents a nascent sub-field of traditional robotics
where the robot is primarily comprised of a compliant or soft material that aims to emulate
biological systems.[116] There is some controversy in the field as how to distinguish a soft
matter actuator from a soft robot. For some researchers, a soft robot is indistinguishable
from a soft actuator(117] while for others soft actuators are a functional component of a

soft robot!118l. In this review, we will adopt a more strict definition of a soft robot as a
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sophisticated system that includes one or more soft actuators to generate a series of actions.
Based on this definition, the vast majority of work self-described as “soft robotics” is more
formally soft actuators. Regardless, we see these more complex MAM actuators as a step
toward constructing soft robotic systems in the near future. In this section, we introduce
hydrogel MAMs that may become components of soft robotic systems through three of the
most common actuation approaches: magnetic, biological, and pressure-based actuation.

5.1.1 Toward Magnetically Actuated Robotic Systems—Magnetic actuation of
robotic systems is well-suited for this application because it affords a convenient method

for remote and untethered actuation of MAMs that has been favored in past studies.

[114f, 116d, 116h] The magnetic actuation can be further classified as paramagnetic actuation
and ferromagnetic actuation. For paramagnetic actuation, the hydrogel robots are exclusively
attracted to the direction where magnetic field is greatest. This process does not distinguish
the polarity of the magnetic field. For example, Tang et al.[1160] reported a “DNA robot”
with magnetic field driven navigational locomotion (Figure 10a). The paramagnetic particles
incorporated within this DNA hydrogel provide efficient actuation, while the DNA network
provides elasticity and biocompatibility. The soft and deformable hydrogel robots were also
demonstrated to move through confined spaces, showing potential applications for drug
delivery.

For ferromagnetic actuation, the hydrogel robots are sensitive to the polarity of the magnetic
field. This sensitivity increases the complexity of the robot’s actuation and enables diverse
multimodal locomotion. For example, a “milli-robot” with a ferromagnetic head and
thermo-responsive tail was reported by Du et all116¢]. The head is made of a pNIPAM
hydrogel with NdFeB microparticles which were magnetized by a strong external magnetic
field. The resultant magnetization and magnetic coercivity of NdFeB particles ensure the
ferromagnetic properties of the millimeter sized “robots”. Diverse multimodal locomotions,
such as crawling, rolling, swinging, and helical propulsion, were observed and studied
(Figure 10b).

5.1.2 Toward Biologically Actuated Robotic Systems—Bio-actuation is a
fascinating yet challenging approach to fabricate hydrogel robotics. By incorporating
mammalian cells or bacteria, hydrogel robots can be actuated by harnessing the power
produced by these biological systems. This does, however, require that the hydrogel be
biocompatible and have sufficient structural stability for the cells and bacteria to attach to.
A self-swimming microbial “robot” has been created and reported by Higashi et al.[116€],
Flagellated bacteria were attached onto the tail of a hydrogel made of bacterial cellulose,
and the flagellar beating provided the desired motility of the MAM. The self-swimming
microbial robot demonstrated a moving speed of 4.8 um/s. However, one disadvantage of
microbial robot is that the direction of locomotion is arbitrary, because it is difficult to
direct the movement of bacteria. A more delicate bio-actuated hydrogel robot was developed
by Morimoto et al.[116f] |n their work, skeletal muscle cells were loaded onto Matrigel (a
biologically derived hydrogel polymer), and the contraction of the cultured muscle tissue
was controlled by applying electrical stimulation with gold electrodes (Figure 10c). In this
way, the bio-actuated hydrogel “robots” was directly guided by the electrical signal input.

Adv Mater. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dong et al.

Page 23

The “robot” also showed large actuation amplitudes (~90°) and the biological components
remained viable for over a week.

5.1.3 Toward Pressure Actuated of Robotic Systems—~Pressure actuation refers
to the locomotion of soft robotic materials caused by altering fluid pressure inside the
MAMs. This kind of soft robot usually has an asymmetrical cavity inside that produces
anisotropic force, which determines the direction of the actuation and locomotion. This
strategy has already been widely adopted in non-hydrogel robotic systems[119]. However,
its implementation in MAM-based hydrogel actuators is challenging, due to the mechanical
softness of hydrogels that may deform or rupture under pressure changes. At least one
group has addressed this concern though, as Zhang et al. strengthened alginate hydrogels
by physically crosslinking polyacrylamide into the composite network[1169]. The hydrogel
was programmed with this characteristic asymmetric cavity, which caused bending under
hydraulic pressure (Figure 10d). This hydraulic pressure-driven hydrogel “robot” was
demonstrated to grip a 7 grams cylindrical simulated cargo underwater.

5.2 MAM Valves in Microfluidics

An emerging application for MAMSs in research and industry is in microfluidics.
Microfluidic devices use micron-sized channels to control fluid flow rates and mixing,
as well as sensing and separating different liquids based on fluid properties. In these
devices, MAMs are applied as valves for flow control (Figure 11). In general, MAMs
are particularly useful for this application due to their rapid response time (less than

1 second[120]), programable sensitivity to a variety of stimuli as described above, and
their ease of incorporation into polymeric microfluidic devices, being hydrogel polymers
themselves.

Hydrogel MAM-based microfluidic valves can be either remotely controlled, or self-
controlled. On the spatial scale of microfluidics, traditional mechanical actuators can be
difficult to implement. Therefore, remotely actuated valves are needed to manually control
flow in these systems. Some groups have used photothermally activated hydrogels to create
microfluidic valves which can be opened and closed with NIR light!220]. The concept

of a photothermally triggered fluid control has been expanded recently to include not

only valves, but microfluidic reservoirs of photothermally triggered material that pumps
fluid into the system under photoactivation[*21]. In this work, Fu and colleagues used a
graphene oxide-pNIPAM system to control flow of fluid through their microfluidic device,
and were able to modulate the pumping rate through changing the intensity and frequency
of illumination with an 808 nm NIR light source. Light responsive MAMs do not only
offer remote control of the system, but also a focused laser light provides a high level

of spatiotemporal control over the valve actuation. Such control can also be achieved in
electro-actuated valves in systems where microfluidics are integrated with microprinted
circuitry[122],

Another application is in creating a valve that responds to chemical stimuli, such as pH
changes or biomolecule concentration, on rapid time scalesl123]. In this way, the system is
able to control its own behavior under the addition of chemical inputs. This self-control is a

Adv Mater. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dong et al. Page 24

unique advantage of MAMs in this application, and could be further developed in the future
to aid in sensing toxins, biomarkers, or system imbalances in water quality testing, industrial
quality control, or medical diagnostics.

5.3 Biomedical Applications of MAMs

Materials with programmable mechanical responses, such as MAMs, can be widely
applicable in the biomedical sciences. From precise mechanical stimulation of cells to
moving drugs toward their targets, MAMSs have important applications in medicine as

well as research and provides a unique niche for these mechanically active hydrogels.

Many of the actuating mechanisms of these materials, such as thermal, IR, or magnetic
stimulation, are compatible with /n7 vivo and clinical work. The programmability of the
material responses also makes them favorable for research applications, where specificity
and spatiotemporal accuracy can enhance our understanding of biology at a molecular level.
Here, we discuss some of the promising new work employing programmable MAMs in the
biomedical sciences.

5.3.1. MAMs Toward the Study of Cell Biology—MAMs have been used for
decades in biological research, with one of the earliest applications being the use of NIPAM-
coated cell culture plates for temperature controlled, non-enzymatic cell release(24]. More
recently developed applications leverage the benefits of specific polymeric actuators, such as
biocompatibility, ease of modification, and spatiotemporal control of response, to study the
roles of mechanical stimuli in cell biology. These technologies can be applied to multiple
cell types and cellular processes. Advances in microfabrication have allowed for integration
of actuators into “on-chip” devices, including a recent example of a thermoresponsive
actuator capable of single-cell mechanical manipulation, placing programmable hydrogel
actuators on the forefront of biological research techniques[25],

Actuatable MAMs are able to profoundly influence biology, particularly in cell types that
are known to exist in mechanically active environments, such as cardiac, musculoskeletal,
and orthopedic tissues. Magnetically responsive MAMSs have been used to mechanically
stimulate stem cells, directing their maturation toward the osteoblastic lineagel126],
Electrostimulation of a carbon nanotube-impregnated composite MAM has also been shown
to direct skeletal muscle growth and differentiation.[127]

Light-responsive MAMs are particularly advantageous for cell studies, as they allow one
to control mechanical inputs at higher spatiotemporal resolution than that afforded by
bulk bioreactors, which are the current standard in the field. One example of this is

the optomechanical actuator (OMA), a light-responsive MAM developed by Salaita et al.
The OMAs, pNIPMAM-AUNR composites nanoparticles (Figure 12a) that collapse when
exposed to 785 nm NIR light (Figure 12b), apply mechanical stimulation to cells through
modification of their surface with cell adhesion ligands (Figure 12c¢). In these studies,
mechanical stimulation with these MAMSs enhanced differentiation and alignment of muscle
progenitor cellsl>7] (Figure 12d), fibroblast actin polymerization (Figure 12e), and T cell
calcium signaling (Figure 12€)[26]. In the study of muscle cells in particular, the spatial
resolution afforded by light responsivity as opposed to other MAM mechanisms allowed
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for study of differentiation mechanisms on a sub-cellular level. Using light also avoids
confounding biological effects, as some chemical as well as electrostimulation have been
known to influence muscle cell growth.

A final application of MAMs in cell biology is studying cancer mechanobiology. Solid
tumor cells are known to be influenced by local mechanical conditions in the body.
Researchers have quite recently begun to incorporate actuating materials with the ability

to specifically program responses to study cancer biology in this way[128]. Lim et al. used a
bilayer, thermoresponsive MAM to apply periodic compressive forces to tumor cell clusters,
enhancing growth factor and angiogenic factor expression and providing novel insight into
the role of force in tumorigenesis.

Using responsive hydrogel MAM s to study the role of mechanical forces in cell biology

is still an emerging approach with these materials. However, as the focus in this field
continues to turn toward providing the most biomimetic environment for cells /n vitro, the
incorporation of mechanical forces with programmable, actuating hydrogels will offer novel
insight into development and disease.

5.3.2. Tissue Engineering Applications of MAMs—As in cell biology, the field

of regenerative medicine is beginning to turn to programmable hydrogel actuators as
biomaterials to promote tissue growth and healing. Natural tissues such as lung, muscle,

and endothelial cells are subject to highly dynamic mechanical environments. However,
current tissue engineering scaffolds are static and hence poorly reproduce this dynamic
property of natural tissues. MAMs offer a solution by provide a material with tunable
mechanical properties. While the use of MAMs in vivois limited at this time, this field

will likely expand as researchers seek mechanisms to apply MAMSs toward solving clinical
challenges. These applications leverage the biocompatibility of gels and polymers with their
tunable mechanical and chemical properties to promote tissue formation through therapeutic
force application. A current example of MAMs used for tissue regeneration is the biphasic
ferrogel, an alginate-based hydrogel material impregnated with iron oxide nanoparticles.
Under an oscillating magnetic field, implanted gels applied cyclic mechanical loading to the
tibialis anterior, and were able to enhance healing in a mouse muscle injury model™29]. As
the tissue engineering field continues to grow, MAMs offer an opportunity to incorporate the
dynamics of the physiological environment for enhanced biomimicry.

In another study, 4D printing was used to create hydrogel structures containing mouse
stromal cells that would change shape from a sheet to a tube conformation in cell media.
While creating microtube structures challenges the spatial resolution of current printing
technologies, the rolled geometry resulting from printing a MAM created capillary-like
structures with internal diameters as small as tens of microns, opening the door to
incorporate vascularization in future tissue engineered constructs(301.

5.3.3. MAMSs as Drug Delivery Vehicles—Another notable application of MAMs

in the biomedical sciences is drug delivery. It is important to distinguish between
non-mechanically mediated drug release mechanisms and mechanically mediated drug
delivery platforms, even though sometimes, this distinction is subtle. For example, protease-
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mediated degradation that releases a drug bound to a hydrogel matrix is not necessarily
mechanicall131]. However, if a enzymatic activity changes the hydrophilicity or crosslinking
density in a polymer, leading to hydrogel swelling that allows for release of an entrapped
drug[132], then this includes a mechanical component. Other examples of mechanically
driven drug delivery include MAMs that physically “grip” the drug, and can be triggered to
release it at a certain site. Here, we highlight several examples of MAMs in drug delivery
that satisfy this distinction from classical delivery mechanisms.

The high degree of programmability and specificity of response conditions makes MAMs
optimal for carrying drug molecules to specific sites in the body and releasing these drugs
under either native or remotely triggered conditions. Remote triggering of drug localization
and release is highly desirable in medical applications, providing high specificity of delivery
without invasive procedures. Many remotely actuatable hydrogels are compatible with
biomedical applications, such as magnetic. Cezar et al. applied the biphasic ferrogel,

a hydrogel MFRMAM containing a gradient of iron oxide for programmed magnetic
responsiveness, for controlled release of the chemotherapeutic drug mitoxantrone, as well

as release of cells for therapeutic purposes[133l. Other groups have employed NIR-driven
molecule release as a remotely actuated delivery mechanism, using light to physically

deform the MAM delivery system and release chemotherapeutic agents at a targeted site
[106¢, 134]

While remote actuation through light or magnetic field manipulation is viable in some
scenarios, another desirable mechanism for drug release is through sensing and self-
actuation of the material without external intervention. This allows the drug to be released
when and where a programmed stimulus is present, even deep inside the body where
external stimulation methods would be ineffective. Indeed, prevalent areas of research for
these materials are in the gastrointestinal system, where dramatic changes in pH at various
stages provide a stimulus to swell hydrogels and trigger drug releasel13%]. Similarly, such
materials can protect protein therapeutics, such as insulin or antibody treatments, from

the denaturing environment of the stomach, providing a potential to increase efficacy and
remove the need for injections of such drugs[13€]. Chemical responsiveness can also be used
to monitor and treat conditions. Li et al. developed a multi-responsive MAM containing the
enzymes glucose oxidase and catalase, and an insulin drug payload as a potential diabetes
therapeutic. In the presence of glucose, the enzymes create a local pH change that unfolds
the protein hydrogel, releasing insulinl37],

By providing the ability to specify the location and conditions of drug release, the unique
properties MAMSs can remove off-target side effects and increase drug efficacy by ensuring
delivery to the appropriate tissue. One example that combines the controlled release of
programmable hydrogel MAMs with their ability for active transport is a recent design

of a bio-hybrid robot for chemotherapeutic delivery. A bio-actuated cardiomyocyte-laden
hydrogel structure was designed move through a fluid medium, powered by the spontaneous
contraction of the embedded cells. At specific laser illumination sites, the construct released
its drug payload through photothermal actuation, allowing it to target specific cells in a
monolayer[106¢]. These examples indicate a strong future for MAMs in drug delivery, where
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their programmable specificity is a desirable characteristic to remove off-target side effects
of drugs while ensuring efficient delivery to targeted cells.

5.4 MAMs as Smart Skin Materials

Mechanically active smart skins refer to hydrogel materials that can sense or produce
mechanical forces. Like other MAMSs, these materials can respond to a wide variety of
inputs, but are unique in their applications and design. In general, smart skin MAMSs

are thin, mechanically robust, compliant, and sometimes biocompatible. For example,

we reported a strain-accommodating smart skin that can change its color in response to
thermal heating, mechanical stretching, as well as illumination including ambient sunlight
(Figure 13a) [341. Similar to the skin structure of the chameleon, the force generated by
responsive domains in the MAM changed the lattice space of photonic crystals. Compare
to conventional chromatic responsive smart skins, which often results large volume change,
our design applies a secondary strain-accommodating matrix to accommodate the photonic
crystal (PC) domains. According to both computational and experimental results, the
strain-accommodating matrix absorbs the strains produced by the PC domains, allowing
the bulk material to remain a constant size. This multi-responsive, strain-accommodating
smart skin MAM is very promising for applications such as camouflage, sensing, and
anti-counterfeiting.

Another example of a MAM smart skin is the triboelectric, energy-harvesting skin reported
by Liu et al.l19] in which the smart skin is considered as a convenient mechanoresponsive
electric generator (Figure 13b). When applied to the skin, the hydrogel MAM senses
bending or stretching, and converts this mechanical energy to electricity through the
deformation of dielectric polymers. This concept of harvesting the energy of everyday
motion into electricity is a novel application for which MAM smart skins are uniquely
suited. It is likely even more work will be conducted in this area, integrating the fundamental
synthesis of smart skins with top-down design parameters to further explore the practical
applications of these MAMs.

5.5 MANMs as Tools for Force Spectroscopy

Another emerging application for force-generating MAMs is in the area of biophysical
chemistry and mechanobiology. To study the response of individual proteins and polymer
chains to the application of external forces, one typically employs single molecule force
spectroscopy tools. These methods include atomic force microscopy, optical tweezers, and
magnetic tweezers. Indeed, single-molecule force spectroscopy has revealed hidden domains
(cryptic domains) within mechano-sensing proteins238] and have measured the growth
kinetics of single metathesis polymer chains[39l. One challenge with single molecule force
spectroscopy methods is that these methods require a dedicated instrument that can only
manipulate a single molecule at a time.

In principle, MAMs that are precisely controlled in space and time offer the potential to
complement single-molecule methods, manipulating the forces applied to many molecules in
parallel. This parallelized control of molecular mechanics allows one to study the dynamics
of molecular unfolding, while also providing enhanced throughput compared to traditional
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mechanical methods on the molecular scale (e.g. atomic force microscopy)4%l. MAMs
can further enhance single molecule force spectroscopy, such as the DNA-based, force
sensitive hydrogel designed by Merindol and colleagues[?4l. These MAMs incorporate
fluorescent reporters which sense and report stresses in 2D and 3D, providing additional
spatial information compared to other force microscopy techniques.

Recently, our group has employed the polymer force clamp (PFC) (Figure 14) to study the
mechanically unfolding of nucleic acid molecules!240l. PFCs are photo-responsive, micron-
scale MAMs designed with a gold nanorod core and pNIPAM as its shell. Upon NIR laser
irradiation, the heat produced by plasmonic effect of gold nanorod triggers the shrinkage

of heat-sensitive polymer shell. The resulting piconewton-scale forces capable of opening
fluorescently labeled DNA hairpin structures. The deformed hairpin then emits a signal

can be observed by traditional fluorescence microscopy, making single molecule-level force
spectroscopy more accessible.

6. Outlooks and Perspectives

In conclusion, programmable hydrogel-based MAMSs have drawn great attentions not only
for their responsivity but also their prospective applications. The component of these
materials could be either derived from synthetic polymer or bio-macromolecules. In order to
program MAMs with mechanical force related behaviors, either bottom-up or top-down
approach has been reported in existing works and there are works adopting the two
approaches at the same time. Generally, hydrogel-based MAMs respond to a variety of
stimuli such as pH, temperature, biomolecules, magnetic field, electric field, etc. There is a
growing trend to fabricate multi-responsive MAMSs so that the response can be tailored more
precisely. Finally, hydrogel-based MAMs have been reported with prospective applications
such as soft robots, microfluidics, biomedical engineering, smart skins, and molecular force
generator. The development of MAMs in future would combine with more sophisticated
responsivity and more specific applications.

What does the future hold for MAMs? Anticipating how the field will evolve over the next
few years is not easy, as there has been a rapid rate of new developments in MAMSs. An
important area for this field is honing the fabrication technologies used to create MAMs.
The vast majority of current MAMs take the form of thin films, rods, and other simple
shapes. While complex architectures have been achieved by assembling these rudimentary
shapes together or creating rationally designed self-assembly structures, it is likely that
improved 3D printers and lithography techniques over the next few years will allow the
manufacture of exciting new MAM geometries.

As scientists begin to create MAMs more efficiently and with more varied architecture, the
practical application of these materials is expected to grow as well. One area of expansion
will be to create more advanced robotic systems, increasing the complexity of their functions
and operations, along with programming more autonomy into these structures. Such self-
actuating soft robots could fill a unique niche in both size and sensitivity that traditional
robotics may not be optimized for.
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Medicine is another area with great potential for future MAM development. As drug
delivery vehicles, MAMs have already shown great promise for specific localization and
release of therapeutics. This could be particularly advantageous for cancer treatment,
carrying toxic chemotherapy drugs directly to tumors and minimizing off-target effects. The
sensing abilities of MAMs may also be further enhanced to develop a self-releasing insulin
delivery platform, which may improve quality of life for diabetic patients. Additionally,
MAMs will likely be further developed for regenerative medicine applications. Many
bio-material strategies work to mimic the physiological environment of a target tissue in
structure and chemical composition, and incorporating native mechanical cues is a logical
next step in the field.

The role model for mechanically active hydrogels are often biological systems such as
skins, muscles, cellular matrices, etc. Many studies are inspired from natural examples,
such as smart skin systems that will likely see increased growth in the coming years, as
their multi-responsive nature lends them to many applications across multiple industries.
Photonic smart skin MAMs have great potential, ranging from microscale force sensing to
next-generation camouflage and cloaking technologies. Biocompatible smart skins may also
see development for medical sensing and diagnostics as at-home and point-of-care testing
continues to gain popularity.
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Figure 1: Schematic of common composition of MAMs.
There are numerous types of hydrogel polymers that can make up programmable

mechanically active materials (MAMS). These include naturally derived polymers, such
as alginate polysaccharides, peptide, or deoxyribonucleic acid (DNA) (left), synthetic
polymers such as N-isopropylacrylamide (NIPAM) or polyethylene glycol (PEG) (right),
or combinations of different polymer types (center).
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Figure 2. Schematic of programming hydrogel-based MAMs.
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Numerous techniques are employed in the creation of MAMSs to control their design

and responsiveness. These are broadly defined as “top-down” techniques that control

the material architecture, such as molding, photolithography, additive manufacturing, and
electrospinning (top), and “bottom-up” techniques that control the composition of the
material, such as DNA self-assembly, peptide sequence engineering, or copolymerization

(bottom).
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Figure 3: Schematics of typical responsivities for hydrogel-based MAMs.
Mechanical actuation in MAMS can be triggered by a variety of stimuli, dependent on

the material design. Different MAM s respond to heating, magnetic or electric fields, light,
hydration state, oxidation state, specific molecules in solution, pH, ionic strength, and even

extrinsic mechanical forces.
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Figure 4: M echanisms of photoresponsivity in MAMs.
Light-responsive MAMSs can be designed to be mechanically active under illumination from

various wavelengths. a) MAMs made of thermoresponsive polymers with the inclusion

of gold nanoparticles is common for inducing IR and visible light responsivity. b) An

Page 40

example of this is the NIPMAm-coated gold nanorod structure designed by Liu et al, which
was demonstrated to apply forces to cells. Reprinted with permission[26l. Copyright 2015,
Springer Nature. c) Graphene oxide nanostructures can induce photoresponsivity at a variety
of light wavelengths, d) such as one example in which graphene oxide-containing MAMs
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were used as an electrical switch controlled by NIR light. Reprinted with permission[>9],
Copyright 2015, American Chemical Society. e) Responsivity to UV light wavelengths can
be programmed by leveraging the photoisomerization of molecules such as azobenzene. f)
This can create mechanical actuation in the presence of specific wavelengths, but not others,
as demonstrated by Takashima and colleagues. Reprinted with permission(83bl. Copyright
2012, Springer Nature. g) Comparison of nanoparticle radius (a2) to actuation time constant
(t) among published thermally and phothothermally responsive materials. Reprinted with
permission[®8l. Copyright 2018 American Chemical Society.
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Figure5. pH responsive MAMs.
a) A chip designed with polymer microstructures that is surrounded by a responsive

hydrogel matrix. Micropillars on the chip deform in response to pH changes sensed by

the responsive hydrogel, driving the actuation mechanism. Reproduced with permission[690],
Copyright 2011, Wiley-VCH. b) DNA hydrogel-based MAMs that have shape memory
function in respond to different pH conditions. Decreased pH causes restructuring of the
DNA base paring, resulting in deformation of the bulk gel. c) This effect is demonstrated

to be highly reversible and repeatable. Reproduced with permissionl”>?1. Copyright 2015,
Wiley-VCH.
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Figure 6. MAMswith chemical-induced redox responsivity.
a) A schematic of the Belousov—Zhabotinsky (BZ) reaction, in which oxidation and

reduction of ruthenium tris(2,2’-bipyridine) changes hydrogel hydrophilicity to swell and
deswell the MAM. drived MAMs. Readapted with permissionl’7]. Copyright 2014, Springer
Nature. b) A schematic of a MAM with host-guest interactions between ferrocene and -
cyclo-dextrin (BCD) in the hydrogel network. The cavity of BCD has better accommodation
to reduced form of ferrocene, causing shrinkage of the gel as ferrocene- and BCD-

modified hydrogel strands are drawn together through this interaction. Readapted with
permission[76¢]. Copyright 2013, Wiley-VCH.
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a) A glucose responsive MAM, comprised of a self-helical hydrogel fiber modified with
phenylboronic acid groups that are repelled from each other in the presence of glucose.
Readapted with permission [83a]. Copyright 2020, American Chemical Society. b) An
enzymatically actuated MAM, in which enzyme cleavage removes charge shielding groups
and causes electrostatic repulsion within the polymer network, causing gel swelling.
Readapted with permission[842], Copyright 2009, Royal Society of Chemistry. ¢) A
structurally programed MAM with large amplitude of enzymatic response that induces
curvature to the material in the presence of an enzyme, due to the multilayered structure

of the MAM. Readapted with permission[84cl. Copyright 2016, American Chemical Society.
d) A sequence-specific DNA-responsive MAM, in which the presence of a specific target
strand triggers a hybridization chain reaction resulting in large volume changes in the gel.
Readapted with permission[23]. Copyright 2017, American Association for the Advancement
of Science.
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Magnetic axis 2

Figure 8. Magnetic field responsive MAMSs.
a) Polyacrylamide hydrogel MAMSs embedded with randomly distributed MNPs. This

material shows a very strong response, bending in the direction of an applied magnetic

field even at low MNP contents. Readapted with permission[958l. Copyright 2015, Royal
Society of Chemistry. b) Fe304/pNIPAM composite (black dot) that can open/close a
microfluidic channel upon the application of alternating magnetic field. This field heats

the iron oxide particles, causing the deswelling of the pNIPAM polymer that opens the
channel. Readapted with permissionl®6al. Copyright 2009 Royal Society of Chemistry. c)
(left) Magnetic responsive MAMSs can also be fabricated with pre-organized MNPs. This
induces sensitivity to the orientation of an applied magnetic field (right), resulting in a
highly sensitive and controllable soft robot. Readapted with permission!®7l, Copyright 20186,
Springer Nature.
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Figure9. Electrical field responsive MAMSs.
a) A two “leg” self-walking EFRMAM, fabricated using top-down design, with different

“legs” that respond to electrical field direction, resulting in locomotion. Readapted with
permission1901. Copyright 2014, Royal Society of Chemistry. b) Structure and function of
dopa-based MAMs, in electrical power induces a redox reaction that deswells the hydrogel.
Readapted with permission[2®l. Copyright 2016, Wiley VCH.
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Figure 10. Robotic MAM s with different actuating mechanisms.
a) An example of a paramagnetic DNA hydrogel soft robot with magnetic field-driven

navigation of its locomotion. Readapted with permission[1162]. Copyright 2020, Wiley-
VCH. b) A ferromagnetic hydrogel MAMs embedded with NdFeB particles. The MAM
is pre-magnetized during fabrication to develop the ferromagnetic response, resulting

in a more sophisticated moving behavior of the soft robot under a magnetic field.
Readapted with permissionl116¢l. Copyright 2020, Wiley-VCH. c) A bio-actuated MAM
comprised of a muscle cell-laden Matrigel scaffold. Actuation of this MAM is activated
by applying electrical stimulation with embedded gold electrodes, triggering contraction
of the cells. Readapted with permission[16]. Copyright 2018, American Association for
the Advancement of Science. d) A hydrogel MAM robot designed with asymmetrical
cavities that change shape under varying hydraulic pressure, resulting in material bending.
Readapted with permission!1169], Copyright 2018, 0P publishing.
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Figure 11: MAMsfor microfluidic control.
MAMs have been recently studied for their use as valves for microfluidic devices. a) Two

mechanisms that have been studied in this application are thermo-responsivity (top) and
electro-responsivity (bottom). In this work, these stimulation mechanisms both work by
shrinking a MAM valve that blocks the microfluidic channel, allowing fluid to pass. b) The
efficacy of these valves is demonstrated through the control of flow of colored liquid, where
closing and opening alternating channels results in a complete change of the color flowing
through the main channel with little mixing observed. ¢) Alternating opening and closing

of upper and lower channels twice per second demonstrates rapid response of the MAM
valves, as evidenced by changing amounts of fluorescently labeled (light) and unlabeled
(dark) liquid in the main channel of the device. Reproduced with permission[12%]. Copyright
2018, Springer-Nature.
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Figure 12: Photoresponsive MAM s direct cell behavior.
a) Optomechanical actuators (OMAs, as described in Section 4.2.1) are gold-pNIPMAmM

composite nanoparticles that contract when exposed to NIR light. TEM image, scale bar = 1
um, inset scale bar = 200 nm. b) Fluorescent labeling of OMAs provides evidence particle
collapse when exposed to NIR light. Scale bar = 1 um. ¢) These MAMs can be modified

to facilitate cell attachment, applying force with high spatial precision to study the role of
mechanics in cell activity across a variety of cell types. d) Repeated stimulation of myoblasts
over 5 days enhanced markers of maturation (left), such as myosin expression (red) and
multinucleation (nuclei, blue), as well as cellular alignment (actin, green; histograms, right).
Scale bar = 50 um. e) Fibroblast cells responded to short-term mechanical stimulation

by extending in the direction of the stimulus, and increasing actin polymerization. Scale

bar = 10 pm. f) Mechanical stimulation of T cells was able to significantly enhance

Fura-2 calcium signaling, an important marker of T cell activation. Scale bar =5 pum.
Figures readapted with permission from: a, c-d) Ramey-Ward et al. (2020) ACS Appl. Mat.
Inter. Copyright 2020 American Chemical Society [571: b,e-f) Liu et al. (2016) Nat. Meth.
Copyright 2016 Springer-Nature [26].
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Figure 13. Smart skin MAMs.
a) (top left) NIPAM hydrogels containing photonic crystals were embedded into a strain-

accommodating material, with tunable toughness via the inclusion of Laponite nanoclay
particles. This created a color changing smart skin that maintains its shape and size during
its sensing. This strain-accommodating smart skin can change its color in response to
(bottom left) bulk heating, (top right) stretching, and (bottom right) sunlight. Such a material
holds potential applications for solar-triggered camouflage, as evidenced by its visual
similarity to natural foliage. Readapted with permission[34]. Copyright 2019, American
Chemical Society. b) A triboelectric energy-harvesting skin that can sense the mechanical
force and transfer the energy into electrical power. (left) A schematic of the MAM, showing
the PDMS electrode layers (blue) and dielectric polymer hydrogel core (yellow). (right)
Demonstration of these thin and compliant smart skins that can be conformally attach on
human skin. Readapted with permission[199]. Copyright 2018, American Chemical Society.

Adv Mater. Author manuscript; available in PMC 2022 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dong et al. Page 51

4NIR light

& Tension-»

F.l. (a.u.)

L B P PR RO L L

Nd

Laser off Laser on 0 1
Time (s)

Figure 14. MAMsfor single molecule for ce spectroscopy.
a) (top middle) Schematic of the polymer force clamp (PFC), a composite MAM

nanoparticle capable of delivering pN-scale forces to attached biomolecules through NIR
illumination. Much like stretching a spring, (bottom) the actuation of PFC MAMs unfolds
fluorescently labeled DNA molecules, resulting in increased fluorescence. b) Actuation of
PFCs was evidenced through fluorescent labeling of the MAM, with increased fluorescence
density under NIR illumination indicating particle shrinkage. c) PFCs provide robust and
repeatable unfolding of attached biomolecules, shown by cyclic increases in fluorescence
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from unfolded DNA structures across multiple NIR laser exposures. Reproduced with
permission.[140] Copyright 2018, American Chemical Society.
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Table 1:

Comparison of several MAMSs examples with different compositions

Page 53

Composition Responsivity Modulus(MPa)  Actuation Magnitude Actuation Speed Reference
Acrylamide-phenylboric acid ~ Biomolecule (glucose) 0.56-0.73 AL =2.3% 1h Sim [78a]
Polyacrylamide-alginate Magnetic (Fe;0,) 0.2 k=0.2/cm Haider [90a]
Poly-L-lysine Redox AV =97% 380s Wang [71d]
Alginate-dimethyl acrylamide Chemical (ion) 0.02-0.05 AV = 40% 48 m Athas [79c]
Acrylic acid-co-acrylamide Chemical (salt) 0.52-0.8 AL = 1.5-24.4% im Zhen [4a]
PEG-DA Chemical (humidity) 0.25 k=0.4/cm 4-10s Lv [12,83]
Alginate Chemical (salt) AV > 50% 0.5-3m Moe [13a]
DNA Multiple AV =76% 30-60 m Zhao [29a]
DNA Multiple 0.002 AV =100x 25h Cangialosi [23]
NIPAM-graphene oxide Light (NIR) 0.05 AV =90% 5-15m Shi [55]

The design of MAMs involves the consideration of several factors, such as material properties and degree of strain applied, dependent on the
desired outcomes and applications. Here, several examples of synthetic polymers (red), naturally derived polymers (blue), and composites of the
two (purple) exhibiting a variety of responsive mechanisms are compared to show a range of potential parameters. Material modulus is given
in MPa. Actuation magnitude is given as either length change (AL), volume change (AV), or bending curvature (k=(rt/180)*(6pend/length)).

Actuation speed is the time to achieve the reported actuation magnitude.

Adv Mater. Author manuscript; available in PMC 2022 November 01.



	Abstract
	Introduction
	Components of Hydrogels
	Programming MAMs
	Bottom-up patterning: Encoding mechanically active hydrogel materials through self-assembly
	Top-down patterning: Tailoring hydrogel architectures into 3D geometries across multiple length scales
	Molding
	Photolithography
	3D printing
	Electro-spinning
	Gradient manipulation


	Responsivity
	Thermoresponsive Materials
	LCST MAMs
	UCST MAMs

	Light Responsive Materials
	Infrared and Near-Infrared Light
	Ultraviolet Light
	Visible Light

	Chemical responsivity
	pH responsive MAMs
	Oxidation-reduction responsive MAMs
	Biomolecule responsive MAMs
	Humidity responsive MAMs
	Ionic strength (IS) responsive MAMs

	Magnetic field-responsive MAMs
	MFRMAMs with randomly distributed MNPs
	MAMs with organized MNPs

	Electrical field
	Static type
	Redox type

	Bioactuation
	Mechanical force-responsive MAMs
	Multi-responsive actuating systems

	Applications of MAMs
	MAMs Towards Soft Robotics
	Toward Magnetically Actuated Robotic Systems
	Toward Biologically Actuated Robotic Systems
	Toward Pressure Actuated of Robotic Systems

	MAM Valves in Microfluidics
	Biomedical Applications of MAMs
	MAMs Toward the Study of Cell Biology
	Tissue Engineering Applications of MAMs
	MAMs as Drug Delivery Vehicles

	MAMs as Smart Skin Materials
	MAMs as Tools for Force Spectroscopy

	Outlooks and Perspectives
	References
	Figure 1:
	Figure 2.
	Figure 3:
	Figure 4:
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11:
	Figure 12:
	Figure 13.
	Figure 14.
	Table 1:

