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MATERIALS FOR AUTONOMOUS TRACKING, GUIDING, MODULATING, AND
HARVESTING OF ENERGETIC EMISSIONS

FIELD OF THE INVENTION
[0001] The present invention relates generally to materials, and more specifically to

tropistic materials, their methods of manufacture and applications thereof.

BACKGROUND OF THE INVENTION

[0002] The capability to efficiently and simultaneously detect, track, and harvest or
modulate signals (e.g., optical, electromagnetic, and acoustic) is vital for a broad range
of optics, photonics, optoelectronics, energy-related technologies, and also national-
security technologies. The current state of the art relies on tuning the physical
properties of materials or employing electronics and computer programmed mechanical
systems, which lack the ability to adaptively interact and engage with the signals. For
example, tuning the refractive index of the coating layer of a photo-detecting panel to
reduce the photon loss at the surface suffers from limited tenability and lacks the
capability of directing the optical beam. Waveguides can direct signals but are normally
cm-scale and made of rigid and heavy metallic materials. Other systems that can both
detect and follow signals typically use a MEMS-based approach or pre-programmed
electronics to mechanically lift and tilt a heavy photo-detecting panel or to fold an
electromagnetic-receiving antenna towards the incident signals. While these systems
attempt to combine the discrete processes of sensing and actuation, the capability
comes with high fabrication and operation costs.

[0003] Further, enhancing the power density of incident energy is critical for most
systems that require energy input maximization, such as emissive energy harvesting or
remote signal sensing. A common problem for such systems is that light and many
other electromagnetic waves often project on planar surfaces obliquely, causing a drop

in input energy per area (power density) and significant energy loss.
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SUMMARY OF THE INVENTION
[0004] The present disclosure provides in accordance with the current invention
embodiments directed to adaptively configurable tropistic materials for real-time
detection, tracking, modulation, and harvesting of incident energetic emissions.
[0005] In some embodiments, the invention is directed to a composite tropistic material
comprising:
at least one responsively deformable polymeric material having at least one
absorber material dispersed therein;
wherein the absorber material is configured to transform an incident energetic
impulse into the specific energetic stimulus; and
wherein the deformable polymeric material undergoes a local expansion or
contraction when subjected to a specific energetic stimulus.
[0006] In other embodiments, the incident energetic impulse is selected from the group
of thermal energy, electromagnetic waves, acoustics waves, or magnetic fields.
[0007] In some other embodiments, the incident energetic impulse is photonic
emission, and the material is phototropic.
[0008] In still other embodiments, the deformable polymeric material is selected from
the group of poly(N-isopropylacrylamide) (PNIPAAm), poly(acrylic acid-co-acrylamide),
poly(2-dimethylaminoethyl methacrylate) (PDMAEMA), liquid crystalline elastomer
(LCE), or azobenzene/spiropyran-based polymer.
[0009] In yet other embodiments, the absorber material is selected from the group of
gold nanoparticles, carbon-based material, metallic nanoparticles, or magnetic
nanoparticles.
[0010] In still yet other embodiments, the invention is directed to a tropistic device
comprising:
at least one elongated body comprised of at least one responsively deformable
polymeric material having at least one absorber material dispersed
therein;
wherein the deformable polymeric material undergoes a local expansion or

contraction when subjected to a specific energetic stimulus, said



WO 2018/191403 PCT/US2018/027148

expansion or contraction causing a deformation of the elongated body;
and
wherein the absorber material is configured to transform an incident energetic
impulse into the specific energetic stimulus.
[0011] In some such embodiments, the incident energetic impulse is selected from the
group of thermal energy, electromagnetic waves, acoustics waves, or magnetic fields.
[0012] In some such embodiments, the incident energetic impulse is photonic
emission, and the device is phototropic.
[0013] In other such embodiments, the deformable polymeric material is selected from
the group of poly(N-isopropylacrylamide) (PNIPAAm), poly(acrylic acid-co-acrylamide),
poly(2-dimethylaminoethyl methacrylate) (PDMAEMA), liquid crystalline elastomer
(LCE), or azobenzene/spiropyran-based polymer.
[0014] In still other such embodiments, the absorber material is selected from the
group of gold nanoparticles, carbon-based material, metallic nanoparticles, or magnetic
nanoparticles.
[0015] In yet other such embodiments, the deformable polymeric material is poly(N-
isopropylacrylamide) (PNIPAAm), and the absorber material is one of either gold
nanoparticles or reduced graphene oxide.
[0016] In still yet other such embodiments, the deformable polymeric material is
electrically conductive graphite-containing ionogel, and the absorber material is
ferroelectric nanocomponents.
[0017] In some embodiments, the elongated body has one of either a pillar or
cylindrical shape.
[0018] In other embodiments, the device has an equilibrium state, where the incident
energetic impulse stops causing deformation of the elongated body.
[0019] In still other embodiments, the incident energetic impulse causes deformation
of the elongated body at an incident zenith angle range of 0° to 150°.
[0020] In yet other embodiments, the incident energetic impulse causes a 90°
deformation of the elongated body in less than 3.5 seconds.
[0021] In still yet other embodiments, the deformable polymeric material has pore

sizes of 10 microns or less.
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[0022] In some such embodiments, the elongated body has a height of 1 cm or less.
[0023] In other such embodiments, the elongated body has a height of 1.5 mm or less.
[0024] In still other such embodiments, a plurality of the elongated bodies are
arranged in an array.

[0025] In yet other such embodiments, the device is a detector and wherein the
elongated body has first and second ends; and

wherein the deformation is such that the position of at least one of the first and
second ends is altered such that the incident energetic impulse is
incident thereon.

[0026] In still yet other such embodiments, the device is a thermal absorber and
wherein the elongated body has first and second ends; and

wherein the specific energetic stimulus is thermal energy.

[0027] In some embodiments, the device is a waveguide and wherein the elongated
body has first and second ends, and a cladding layer disposed on an outer surface
thereof; and

wherein the cladding layer has a refractive index configured to guide the
incident energetic impulse through along the elongated body.

[0028] In other embodiments, the device is an optical diode and wherein the elongated
body has first and second ends, and a cladding layer disposed on an outer surface
thereof, and wherein the device further comprises:

a first light source disposed in relation to the first end such that an energetic
emission from the first light source is incident upon the first end;

a second light source disposed in relation to the elongated body such that an
energetic emission from the second light source is incident upon at least
one portion of the elongated body;

wherein the absorber material is configured to transform an incident energetic
impulse from the second light source into the specific energetic stimulus;
and

wherein the cladding layer has a refractive index configured to guide the
incident energetic impulse through along the elongated body.

[0029] In yet other embodiments, the device is immersed in a water bath.
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[0030] In still other embodiments, the invention is directed to a tropistic material
comprising at least one responsively deformable polymeric material, wherein the
deformable polymeric material undergoes a local expansion or contraction directly in
response to incident stimulus.

[0031] In yet other embodiments, the deformable polymeric material is selected from
the group of polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA),
hydrogel, or liquid crystalline elastomer (LCE).

[0032] In some other embodiments, the incident stimulus is photonic emission, and the
material is phototropic.

[0033] In still yet other embodiments, the incident stimulus is one of either UV light or
visible light.

[0034] In some such embodiments, the deformable polymeric material further
comprises at least one fluorophore material dispersed within the deformable polymeric
material.

[0035] In other such embodiments, the fluorophore material is one of either spiropyran
or azobenzene.

[0036] Additional embodiments and features are set forth in part in the description that
follows, and in part will become apparent to those skilled in the art upon examination of
the specification or may be learned by the practice of the disclosed subject matter. A
further understanding of the nature and advantages of the present disclosure may be
realized by reference to the remaining portions of the specification and the drawings,

which form a part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] These and other features and advantages of the materials will be better
understood by reference to the following detailed description when considered in
conjunction with the accompanying data and figures, which are presented as exemplary
embodiments of the disclosure and should not be construed as a complete recitation of

the scope of the invention, wherein:
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[0038] FIG. 1 provides schematics of heliotropism of sunflowers and tropism in
sunflower-like biomimetic omnidirectional trackers according to some exemplary
embodiments of the invention.

[0039] FIG. 2 provides a schematic of a gold nanoparticle (AuNP)-incorporated poly(N-
isopropylacrylamide) (PNIPAAm) hydrogel pillar formed in accordance with many
exemplary embodiments of the invention.

[0040] FIG. 3 provides a graph showing how the miscibility of PNIPAAmM changes with
temperature.

[0041] FIGS. 4A-4C provide, in accordance with various exemplary embodiments of
the invention, schematics of a AuNP-incorporated hydrogel pillar that deforms due to
incident light, and also provide schematics illustrating the photo-thermal conversion and
mechanics that cause the elongated body to bend toward the incident light in
accordance with some exemplary embodiments of the invention.

[0042] FIGS. 5A-5C provide UV-Vis absorption spectrum information for some
exemplary embodiments of the invention, where: FIG. 5A shows absorbance of a AUNP
aqueous solution; FIG. 5B shows absorbance of a Au-PNIPAAmM hydrogel; and FIG. 6C
shows absorbance of a reduced graphene oxide (rGO)-PNIPAAmM hydrogel in
accordance with some such embodiments.

[0043] FIG. 6 provides a schematic of tropistic operation enabled by self-regulative
actuation in accordance with exemplary embodiments of the invention.

[0044] FIGS. 7A-7C provide schematics of tropistic operation where the input power
under a 90° (zenith) illumination is insufficient (FIG. 7A), within the operation window
(FIG. 7B), and too high (FIG. 7C) according to exemplary embodiments of the invention.
[0045] FIGS. 8A-8C provide data plots of temperature versus x-axis position graphs
for: insufficient power (FIG. 8A), power within the operation window (FIG. 8B), and
power overshoot (FIG. 8C) for exemplary embodiments of the invention.

[0046] FIG. 9A provides a graph showing self-blocking-induced temperature regulation
for an exemplary embodiment of the invention.

[0047] FIG. 9B provides a graph showing temperature regulation due to self-blocking,
resulting in similar temperatures for different input photonic power in accordance with an

exemplary embodiment of the invention.
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[0048] FIGS. 10A and 10B provide graphs showing recorded temperature variation on
the front (FIG. 10A) and back (FIG. 10B) of a tropistic device in accordance with an
exemplary embodiment of the invention.

[0049] FIG. 11A provides a graph relating optical penetration depth and AuNP
(absorber) concentration for an embodiment of the invention.

[0050] FIG. 11B provides a graph showing the temperature gradient across the
elongated body depending on the absorber concentration for an embodiment of the
invention.

[0051] FIGS. 12A-12D provide images of micropillars ($=200um) bending toward the
incident light (500 mW laser at 534 nm) in accordance with exemplary embodiments of
the invention, where FIGS. 12A and 12B (10x) and FIGS. 12C and 12D (20x) and
represent two different samples containing different amounts of nanoparticles.

[0052] FIGS. 12E and 12F provide graphs of measured response bending angles in
relation to various incident light angles for the two different samples (10x and 20x,
respectively).

[0053] FIGS. 13A and 13B provide images showing the incident angle (6i)) and
response angle (Br) for a micropillar in accordance with embodiments of the invention.
[0054] FIG. 14 provides a graph showing the response rate of a bending micropillar
(10) under illumination at varying intensities in accordance with some embodiments of
the invention.

[0055] FIGS. 16A and 15B provide images and a graph showing the response time of
the dynamic process of a micropillar bending towards incident light in accordance with
an exemplary embodiment of the invention.

[0056] FIG. 16A provides a graph showing the final tracked angle in relation to the
incident angle in accordance with an exemplary embodiment of the invention.

[0057] FIG. 16B provides a graph showing the relation of temperature and incident
light power in accordance with an exemplary embodiment of the invention.

[0058] FIGS. 17A and 17B provide SEM (scanning electron microscope) images of

PNIPAAmM hydrogel pore sizes used in exemplary embodiments of the invention.



WO 2018/191403 PCT/US2018/027148

[0059] FIGS. 18A-18C provide schematics and a graph comparing the time-dependent
tropistic locomotion and kinetic deswelling in tropistic devices with different dominating
diffusion mechanisms in accordance with exemplary embodiments of the invention.
[0060] FIG. 19A provides a graph showing experimental and simulation results of the
temperature evolution of the illuminated front and back of a device in accordance with
an exemplary embodiment, when a laser is shined on the side surface and turned off 30
seconds later.

[0061] FIG. 19B provides a graph showing time taken to achieve 90° tracking with
respect to incident light power in accordance with an exemplary embodiment.

[0062] FIG. 20 provides images of a cylindrical tropistic material device in accordance
with embodiments of the invention, illuminated by a laser at various zenith angles.

[0063] FIG. 21 provides images of a tropistic material device in accordance with
embodiments of the invention, demonstrating a self-correction ability.

[0064] FIG. 22A provides a schematic demonstrating the omnidirectional tracking
capabilities of exemplary embodiments of the invention.

[0065] FIG. 22B provides a graph showing the temporal evolution of the
omnidirectional tracking of devices in accordance with some such embodiments.

[0066] FIGS. 23A and 23B provide images of a pillar-shaped phototropic device in
accordance with embodiments exposed to a narrower spot light (FIG. 23A) and a wider
area light (FIG. 23B).

[0067] FIGS. 24A and 24B provide schematics of a pillar-shaped phototropic device in
accordance with embodiments exposed to a narrower spot light (FIG. 24A) and a wider
area light (FIG. 24B).

[0068] FIGS. 25A and 25B provide schematics of the horizontal cross section of a
pillar-shaped phototropic device in accordance with embodiments exposed to a
narrower spot light (FIG. 25A) and a wider area light (FIG. 25B).

[0069] FIG. 26A provides a schematic of a tropistic device with an absorber array in
accordance with some embodiments of the invention.

[0070] FIG. 26B provides a schematic of a control sample, which has a textured

surface but, unlike the device shown in FIG. 26A, does not contain elongated bodies.
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[0071] FIG. 26C provides a schematic of an experimental setup for studying angular-
invariance of solar vapor generation for tropistic material devices formed in accordance
with some embodiments.

[0072] FIG. 27 provides a schematic illustrating oblique loss compensation in
accordance with exemplary embodiments.

[0073] FIGS. 28A and 28B provide schematics of an array of cylindrical elongated
bodies, in accordance with exemplary embodiments, designed to track light incidence
and maintain their tip surface normal to the incident direction, maximizing input power
density.

[0074] FIGS. 29A and 29B provide schematics of a detailed view of an array of
cylindrical elongated bodies, in accordance with exemplary embodiments, and their
bending motion resulting from light incidence.

[0075] FIG. 30 provides a graph comparing time-dependent mass flux of solar vapor
generation under normal illumination and 60° zenith angle illumination for an exemplary
embodiment.

[0076] FIG. 31 provides images of a tropistic device in accordance with some
embodiments containing an array of elongated bodies incorporated with AuUNPs.

[0077] FIGS. 32A and 32B provide graphs showing the measured SVG efficiency of
phototropic devices with an array of elongated bodies under different zenith angles for a
theoretical power density of 1 Sun (FIG. 32A) and 2-Sun illumination (FIG. 32B), for
some exemplary embodiments of the invention.

[0078] FIG. 32C provides a graph showing the SVG of a phototropic material device in
accordance with some other exemplary embodiments of the invention with a rGO-
incorporated array at a zenith angle of 60° and all azimuthal angles for both 1-Sun and
2-Sun systems.

[0079] FIGS. 33A-33E provide schematic diagrams of implementations of self-
adaptively reconfigurable tropistic material devices in accordance with embodiments of
the invention.

[0080] FIGS. 34A-34C provide schematics of an array of cylindrical elongated bodies
each having an antenna on its tip, in accordance with yet other embodiments of the

invention.
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[0081] FIGS. 35A and 35B provide schematic diagrams of self-adaptive optical diode

in accordance with embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0082] The embodiments of the invention described herein are not intended to be
exhaustive or to limit the invention to precise forms disclosed. Rather, the embodiments
selected for description have been chosen to enable one skilled in the art to practice the
invention.

[0083] Turning now to the drawings, tropistic materials incorporating a class of
adaptively configurable materials for real-time detection, tracking, and processing
incident stimulus are provided. In embodiments, incident stimulus can comprise any
energetic emission or signals, such as, for example, electromagnetic waves (UV,
visible, IR, microwaves, milliwaves, etc.), acoustics waves, or magnetic fields. In some
other embodiments, incident stimulus includes temperature, pH, light, or exposure to
chemicals. In various embodiments, the materials comprise a deformable stimuli-
responsive material (e.g., pristine and/or composite), which can adapt configuratively or
physically to a stimulus, and a plurality of absorbers configured to convert external
incident stimuli to a type of stimulus the responsively deformable material is reactive
toward.

[0084] Micron-scale tropistic materials in accordance with embodiments of the
invention may be configured to allow for, among other things: (1) fully autonomous
operation and high energy efficiency with systems that do not rely on programming or
electricity, but rather, directly utilize incident stimulus or light as a power source while
constantly tracking and harvesting the stimulus or light; (2) um-mm level, integratable,
easy and low-cost fabrication; (3) fast response, which may, for example, have a time
scale of 0.5 to 60 seconds; and (4) high-accuracy, real-time tracking, harvesting, and
directing of external signals such as optical beams. Some exemplary embodiments
present a novel soft omnidirectional tracker with a remarkably high tracking accuracy of
> 99.8% and a fast response at 10>-10 second scale. Accordingly, embodiments of the
invention involve adaptively configurable materials configured to automatically detect,

track, and harvest or respond to an energetic emission. In many exemplary
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embodiments, the incident stimulus is photonic energetic emission, and the adaptively
reconfigurable material is phototropic. Using such materials, these embodiments may
be used for a variety of applications including, for example, the harvesting of photons,
and amplification of signals for space telescopes or medical microscope imaging,
electromagnetic systems, optics or photonics and radar, and facilitating or directly
serving as antenna, waveguides, and modulators.

[0085] Many embodiments of the invention provide new solutions and advantages for
conventional electronics for signal detection, regulation, and harvesting via the
autonomously continuous detection-diagnosis-response mechanism. Some such
embodiments provide deformable and micron-scale size, enabling integration with
micro-optoelectronics or micro-optical devices as a thin-film surface coating for
example, which is currently impossible for conventional silicon- or other inorganic
semiconducting material-based electronic systems or devices, such as MEMS, electrical
sensors and controllers. Some other embodiments provide systems that are scalable to
mm or cm sizes and function as well as micron-scale systems. The solution-based
fabrication of such deformable material systems not only allows for thin-film coating, but
can also be used to construct arbitrary geometric shapes and sizes.

[0086] Other such embodiments of the invention provide accurate tracking and fast
response. The response accuracy and rate of systems according to such embodiments
can be well controlled at < 1 degree and tuned at will by adjusting key influencing
parameters in the material systems. In some such embodiments, the material
compositions, such as the soft material body or absorbers, and/or the design, such as
shape and dimension, may be varied. Still other embodiments further provide for self-
adaptive and fully autonomous materials. Compared to active systems that must be
powered by electricity (MEMS) and controlled by computer programs, exemplary
embodiments of the present invention provide a passive system that does not require
other external energy or additional controllers. Instead, with such embodiments, the
system is uniquely directly powered and controlled by the signal that the system

responds to, functioning fully autonomously.

11



WO 2018/191403 PCT/US2018/027148

Embodiments of Tropistic Material Systems

[0087] Many embodiments of the invention are directed to tropistic systems comprising
a composite material system that incorporates a reversibly photo-responsive polymer,
which can be a fluorophore-incorporated polymer such as fluorophore-incorporated
liquid crystal elastomer (LCE) and can also be a photo-thermo-mechanically responsive
polymer that couples photo-thermal and thermal-mechanical conversions into a single
material system. In various such embodiments, the system comprises materials capable
of both photo-thermal and thermal-mechanical conversions. In still other embodiments,
such photo-thermo-mechanical responsive systems are two-component systems
comprising a deformable material that is responsive to a specific physical stimulus (such
as an energetic emission), and an absorber capable of producing or enhancing the
physical stimulus from an external energetic emission.

[0088] Turning to the selection of the responsively deformable material, in various
embodiments of the invention, such materials may comprise any suitable polymeric
material (e.g., gels, elastomers, etc.) capable of exhibiting large deformation in
response to an environmental stimuli, such as, for example, temperature, pH, light,
magnetic signals, or chemical exposure. One exemplary responsively deformable
material according to embodiments may comprise, for example, poly(N-
isopropylacrylamide) (PNIPAAm), a thermally or temperature-responsive hydrogel, that
undergoes volume phase changes and generates large deformation (up to 8 times).
Specifically, it shrinks when its temperature is higher than its lower critical solution
temperature (LCST) and swells at a temperature that is less than the LCST. In various
embodiments, the LCST for such hydrogels is around 32°C. In still other embodiments,
the deformable materials comprise poly(acrylic acid-co-acrylamide) and/or poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA), which are pH-responsive hydrogels
that can shrinks at pH < 4.3 and pH > 7.7, respectively.

[0089] For systems incorporating responsively deformable materials where the
incident stimulus desired to be harvested, detected, etc. does not correspond with the
specific stimulus to which the deformable material responds, a supplemental absorber
can be introduced to bridge the external stimuli to the responsively deformable material

in other embodiments of the invention. In such embodiments, the absorber is rationally

12
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selected according to the nature of the specific incident energy that is required to be
collected. By carefully selecting the absorbers and facially tuning their behavior to a
selected responsively deformable material system, it would be possible to configure the
tropistic system in accordance with embodiments to respond to a wide range of
incoming stimuli and generate significant response accordingly. For example, in some
exemplary embodiments, gold nanoparticles are incorporated into a PNIPAAmM hydrogel,
which is a thermal responsive soft material as discussed above, to absorb incoming
photonic energy and convert it to thermal energy. In such embodiments, the gold
nanoparticles operate to heat the hydrogel above its LCST via a physical phenomenon
called plasmon resonance. In some such exemplary embodiments, most gold
nanoparticles have a particle size of about 50 nm to 100 nm. In another exemplary
embodiment, carbon-based materials, such as carbon black, carbon nanotubes,
graphene, graphene oxides, etc. are used to provide different photonic absorption
characteristics ranging from visible light to near-IR. In still other embodiments, metallic
nanoparticles with unique dimension and/or geometry are used to exhibit different
absorption features. In additional embodiments, by employing magnetic nanoparticles
into the responsively deformable material systems, the material system is sensitized to
respond to magnetic fields.

[0090] It should be noted that, although specific responsively deformable material
systems have been disclosed that work in conjunction with absorbers, deformable
materials systems capable of working intrinsically (for instance, without absorbers) are
provided in other embodiments of the invention. In many such embodiments, a provided
external stimulus corresponds with the specific stimulus requirements of the
responsively deformable material system. For example, although the exemplary
responsively deformable materials, described above, provide embodiments of systems
incorporating temperature- or pH-responsive hydrogels that require incorporation with
absorbers that absorb and convert external photo-signals into thermal energy or pH
change (acid or base) to become photo-thermal/pH-responsive materials, it should be
understood that intrinsic photo-responsive deformable materials may also be used. In
such embodiments, the responsively deformable materials deform directly in response

to incident photo emissions such as UV and visible light. Some exemplary intrinsic
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photo-responsive deformable materials include elastic polymers (e.g., hydrogels, PMMA,
PDMS, etc.) containing fluorophores, which can be small molecules or groups that
change molecular configuration upon illumination of visible or UV light. Fluorophores in
many such embodiments include spiropyran and azobenzene. Other exemplary
embodiments include liquid crystalline elastomers (LCEs) that experience phase
changes and deform when a corresponding photo stimulus shines on it.

[0091] Finally, although the above discussion has focused on the material system
components necessary to achieve energetic emission detecting and tracking, in other
various embodiments of the invention, additional functionalities, such as absorption,
guiding and further modification of signals, can be delivered by carefully designing the
geometry of the material system and employing additional functional materials in the
system. For example, in some such embodiments, a core-clad structure is employed in
the material system to provide the ability to guide and further modify the incident signal
being tracked. In other such embodiments, the core is transparent to incident light to
efficiently guide it after absorption. In still other embodiments, tunable optic media, such
as liquid crystals, is used to further manipulate the guided light signals. In such
embodiments, the cladding may be designed to absorb the incident photonic energy
and thus provide bending/tracking functionality. Using and combining such cladding
structures and other materials in accordance with such embodiments provides self-
adaptive, stimuli-responsive, deformable material systems that are controllable in terms
of bending angle, response rate (bending and recovering speed), tracking accuracy,
and guiding/modulation capabilities.

[0092] Although many of the above examples have described material systems
responsive to photonic signals, it should be understood that the system can be
customized and expanded for broad types of signals. For example, in accordance with
still other such embodiments of the invention, ferroelectric nanocomponents are
incorporated in electrically conductive graphite-containing ionogels to make magnetic-
electro-mechanically responsive materials and achieve electromagnetic-tropism for the
rapid, high-precision detection and engagement of electromagnetic or RF signals.
Similarly, acoustic-tropism is realized with acoustic-electro-mechanical responsive

materials in other embodiments of the invention, which incorporate piezoelectric PVDF
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nanofibers in electrically conductive polymer such as ionogels. Many other such
responsive systems may be implemented in accordance with embodiments of the

invention, as will be clear to one skilled in the art.

Embodiments of Tropistic Devices

[0093] Various other embodiments of the invention are directed to devices that
incorporate the tropistic material systems. Many exemplary embodiments are sunflower-
like biomimetic omnidirectional trackers, as shown in FIG. 1. In some such
embodiments, biological phototropism found in nature is successfully engineered into
adaptively reconfigurable systems and devices that autonomously and precisely detect
and track incident light in arbitrary and constantly varying directions covering the entire
surrounding three-dimensional spherical space at room temperature, without auxiliary
power supply or human intervention. As shown in FIG. 2, many such embodiments of
the invention incorporate tropistic systems into an elongated body (10). In some such
exemplary embodiments, the elongated body (10) has a pillar or cylindrical shape. In
other such exemplary embodiments, the deformable polymeric material (12) has pore
sizes of 10 microns or less. According to some other embodiments, the elongated body
(10) has a height of 1 cm or less, and in still other such embodiments, the elongated
body (10) has a height of 1.5 mm or less. In various embodiments, the elongated body
(10) is fabricated by using a 3D-printed master and PDMS molds. In many exemplary
embodiments of the invention, the polymer (12) is a thermo-responsive hydrogel with
temperature-dependent miscibility. FIG. 3 provides a graph showing how the volume of
PNIPAAmM, one such thermo-responsive polymer, changes depending on the
temperature range. FIG. 3 shows how temperatures below ~ 32°C cause the hydrogel
to be hydrophilic and swell in volume, while temperatures above ~ 35°C cause
hydrophobic behavior. The general design of such a device in accordance with many
embodiments operates as described below.

[0094] For example, as shown in FIGS. 2 and 4A-4C, a gold nanoparticle (AuNP) (14)-
incorporated PNIPAAmM hydrogel (12) pillar (10) formed Iin accordance with
embodiments would reconfigure adaptively to the incident light (16) (incident energetic

impulse), by going through a process whereby: (1) a local temperature lift at the
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illumination site, where the incident emissive light (16) impinges on the pillar (10), and
consequently a temperature gradient forms along the path where the incident light (16)
passes through the pillar (10) (FIG. 4A); (2) the temperature gradient causes the pillar
(10) to shrink at the illumination site when its temperature reaches a level above its
LCST (specific energetic stimulus) (18); (3) the shrinkage at the illumination site causes
the pillar (10) to deform (or bend) toward the incident direction caused by the
unbalanced (local) shrinking (FIGS. 4B-4C); and (4) when the pillar (10) has
substantially deformed such that it directly points toward the incident light (16), it blocks
the photonic energy that was previously heating the side wall of the pillar (10)
terminating further local shrinkage and deformation of the pillar (10) (FIG. 4C).
Removing the light source (16) allows the pillar to return to its original state (FIG. 4A) in
exemplary embodiments.

[0095] By using such a process, phototropic devices in accordance with embodiments
of the invention can accurately track incident light (16). FIG. 4A also provides
schematics illustrating the photo-thermal conversion and mechanics causing the
elongated body (10) to bend toward the incident light (16). Moreover, the bending rate
and recovery rate can be further fine-tuned by the detailed design of material process in
both: (1) the deformable material (12), mainly the stimuli-response ratio and rate
(speed), the mechanical modulus, and the geometry which determines the flexural
modulus (i.e., the bending potential upon certain applied force); and (2) the absorber
(14), specifically the coefficients of energy absorption and conversion, (i.e., the amount,
the distribution, and their interface with the soft material).

[0096] In accordance with some other exemplary embodiments of the invention,
PNIPAAmM with gold nanoparticles, or reduced graphene oxide (rGO), homogeneously
distributed in gel matrix have been tested for monochromatic (532 nm) and broadband
(white light) absorption, respectively, for further analysis and characterization. For
example, FIGS. 5A-5C provide UV-Vis absorption spectrum information for some such
exemplary embodiments. For FIG. 5A, the absorption spectrum of AuNP for some
embodiments was characterized by a UV-Vis spectrometer. For FIGS. 6B and 5C, the
absorption spectrum of Au-PNIPAAmM and rGO-PNIPAAm for some embodiments was

characterized by a UV-Vis-NIR spectrometer. Mechanical properties of Au-PNIPAAm
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and rGO-PNIPAAmM such as a stress-strain curve may be characterized using a
dynamic mechanical analyzer. In many such embodiments, the tropistic material
devices are immersed in a water bath. In various such embodiments of the invention,
photo-absorbers (14) serve as photo-receptors and convertors, which sense the
incoming photonic incidence (16) and convert photonic energy to thermal energy (18)
via surface plasmon resonance (SPR), consequently inducing local heating and
shrinking of the illuminated spot on the elongated body (10). As mentioned previously,
according to exemplary embodiments of the current invention, the local shrinkage of
hydrogel (12) and mechanical bending of the pillar (10) block the optical input (16),
resulting in cooling of the blocked site; the hydrogel (12) then re-swells against the
tendency to keep shrinking and repeats the cycle automatically (as shown in FIG. 6). In
such embodiments, unique self-oscillating behaviors are modulated by the overshooting
protection intrinsically built into the cyclical hydrogel-stimuli interactions.

[0097] More sophisticated than mere actuation, with many embodiments of the
invention, tropism of the devices allow precise recognition of the direction of the
emissive source and spontaneously terminate actuation at a point where the tip of the
elongated body (10) is aligned with and pointing toward the incidence, leaving the tip
surface normal to the emissive source, and balance is achieved (for example, as in FIG.
4C). As provided in FIG. 6, in such embodiments, this equilibrium state subtly balances
thermal diffusion, mass diffusion, input energy (16), and mechanical forces generated
by local deformation. Simple actuation, on the other hand, does not provide control over
the bending or actuation, it tends to bend to arbitrary angles defined by incident power
and mechanical limits, and the state of aiming (toward the incident energy (16)) with the
elongated body (10) is unstable and may be off-balance following condition variations.
In various such embodiments, the devices are phototropic and respond to photonic
incidence, such as from a light source.

[0098] Tropism of embodiments of the invention offer a much larger operation window
where an accurate, stable state of aiming will not be lost when system parameters (such
as incident power, ambient temperature, etc.) are changed. FIGS. 7A-7C provide
schematics of instances where the input power under a 90° (zenith) illumination is
insufficient (FIG. 7A), within the operation window (FIG. 7B), and too high (FIG. 7C) for
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an embodiment of the invention. When the power is insufficient, the input optical power
(16) (50 mW 1 mm-beam diameter laser for this embodiment) cannot generate enough
asymmetric volume change to achieve 90° bending of the elongated body (10), and the
bending will be stopped at a smaller angle as shown in FIG. 7A. On the other hand, if
the incident input power is too high, both front and back-side temperatures of the pillar
(10) would be higher than the LCST, resulting in a power overshooting case as provided
in FIG. 7C (1000 mW for this embodiment); the elongated body (10) would shrink on
both sides, diminishing the tracking ability. FIG. 7B shows that an input power of 200
mW is within the operation window for this embodiment, and the pillar (10) accurately
bends 90° to track the incident energy (16). Although any suitable operational window
may be engineered into the phototropic materials, according to some exemplary
embodiments of the invention, the operation window of input photonic power for
successful tracking by the device is about 50-700 mW, about 100-650 mW, about 200-
600 mW, and about 300-450 mW, for 20°, 55°, 90°, and 120° incident angles (zenith),
respectively. FIGS. 8A-8C show how the temperature-x-axis graph varies depending on
whether the power is insufficient (FIG. 8A), within the operation window (FIG. 8B), or
too high (FIG. 8C). FIGS. 7A-8C highlight the importance of generating an effective
temperature gradient along the light path across the elongated body (10) to achieve
desired bending and tracking.

[0099] Additionally, FIG. 9A provides a graph demonstrating self-blocking-induced
temperature regulation for an exemplary embodiment of the invention. This self-blocking
effect effectively regulates the temperature distribution across the elongated body (10)
in accordance with many such embodiments, allowing stable and accurate aiming-
states to light sources (16) under different input photonic powers. As further provided by
FIG. 9B, exemplary embodiments of the invention are able to generate similar
temperature gradients despite the varying input photonic powers due to the strong
temperature-regulation by the self-blocking effect. Due to such self-blocking,
temperature on the illuminated front and back is reduced while the body (10) bends
toward incident light (16). Without the self-blocking effect, the temperature on the
illuminated front and back would be over the LCST. In many embodiments of the

invention, such stable aiming-states are not changed if the input light power increases
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by a limited value due to the self-blocking-induced negative feedback. FIGS. 10A and
10B also provide graphs showing recorded temperature variation on the front (FIG.
10A) and back (FIG. 10B) of a phototropic device in accordance with an exemplary
embodiment of the invention. In some such embodiments, the time-dependent
temperature of the incident-front and back may be recorded by thermocouples gently in
contact with the positions of interest.

[00100] The nature of photo-thermal energy conversion implies that the absorber (14)
concentration can dramatically affect the temperature gradient formed in the elongated
body (10). The role of absorber (14) concentration can be assessed by Lorenz-Mie
theory and Beer-Lambert Law. For instance, for some embodiments, in an extreme
case when the absorber (14) concentration is quite low (0.1 mg/mL in some exemplary
embodiments), the device will be almost transparent to the incidence (16). A large
temperature difference cannot be maintained in a final equilibrium state, leaving the
hydrogel (12) in a symmetric shrunken state. Thus, many embodiments of the invention
incorporate a high concentration of absorbers (14) in order to generate a large
asymmetry of temperature and a suitable temperature gradient. FIG. 11A provides a
graph relating optical penetration depth (by observing the temperature peak position)
and AuNP (absorber) (14) concentration for an embodiment of the invention. FIG. 11B
provides a graph showing temperature gradients across the elongated body (10) for
different absorber (14) concentrations for some exemplary embodiments of the
invention. Additionally, FIGS. 12A-12D provide images of deformable micropillars (10)
(®=200um) bending toward incident light (16) (500 mW laser at 534 nm) in accordance
with some other embodiments of the invention. Here, the incident light (16) is at a 90°
angle with respect to the longitudinal axis of the phototropic micropillar (10). FIGS. 12A
and 12B (10x) and FIGS. 12C and 12D (20x) represent two different samples containing
different amounts of nanoparticles (14). FIGS. 12E and 12F provide graphs of
measured response bending angles in relation to various incident light (16) angles (10°
to 90 °) for the two different samples (10x and 20x, respectively) in such embodiments.
As shown by FIGS. 12A-12F, the concentration of photo-sensitive nanocomponents
(14) affects the response behavior, such as bending angles and bending speed, in

many embodiments of the invention.
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[00101] FIGS. 13A-13B provide images showing the incident angle (61) and response
angle (Br) for a bending micropillar (10) in accordance with embodiments of the
invention. Further, FIG. 14 provides a graph showing the response rate, or speed, of a
bending micropillar (10) under illumination from 3° to 90° at intensities of 100 mW to 500
mW. In addition, FIGS. 16A and 15B provide images (FIG. 16A) and a graph (FIG. 15B)
showing the response time of the dynamic process of a micropillar (10) bending towards
incident light (16) in accordance with yet another exemplary embodiment of the
invention. As further shown by FIG. 16A, phototropic material devices formed in
accordance with embodiments show remarkable device-light (16) alignment. The
embodiment in FIG. 16A was illuminated by a laser (300 mW, 1 mm diameter) (16) with
a beam diameter equal to the diameter of the pillar (10). FIG. 16B shows the
relationship between temperature and incident light power for the front and back sides
of a pillar (10) in accordance with some embodiments.

[00102] According to various embodiments of the invention, the kinetics of the tropistic
locomotion is jointly defined by the processes of thermal diffusion and the mass (water)
diffusion. Thermal diffusion is normally stable once the hydrogel (12) is formed, as the
thermal conductivity and the specific heat capacity is almost the same in the majority of
the elongated body (10), even during the morphological change process. However,
mass diffusion can be dramatically manipulated in embodiments of the invention by
facially controlling the porous size of the hydrogel (12). FIGS. 17A and 17B provide
SEM (scanning electron microscope) images of PNIPAAmM hydrogel pore sizes used in
some embodiments of the invention. Smaller pore sizes of about 5 to 10 microns (as in
FIG. 17A) lead to a relatively slow water diffusion in and out of the hydrogel matrix,
resulting in a mass-diffusion-dominated device for some embodiments. Larger pore
sizes of around 50 microns (as in FIG. 17B) lead to a much faster water diffusion in and
out of the hydrogel matrix, resulting in a thermal-diffusion-dominated device for other
embodiments. FIGS. 18A and 18B provide schematics comparing the time-dependent
phototropic locomotion in phototropic devices with different dominating diffusion
mechanisms in accordance with some embodiments of the invention. WWhen mass

diffusion is fast (for instance, when water diffusion of the hydrogel matrix can be finished
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as the temperature gradient is formed), the speed for the successful tracking is limited
by thermal diffusion.

[00103] As shown in FIG. 18A, an exemplary embodiment of the invention that is limited
by thermal diffusion achieves 90° tracking in about 3.5 seconds, which is comparable to
the time cost for forming the thermal equilibrium state. Embodiments of mass diffusion
dominated devices, as represented in FIG. 18B, have much smaller pore sizes, leading
to slower water diffusion. Thus, those embodiments will exhibit longer times to achieve
90° tracking — in the embodiment provided in FIG. 18B, it took about 40 seconds, which
is much longer compared to 3.5 seconds for the embodiment of FIG. 18A. As the
macro-scale and micro-structure of the hydrogel (12) matrix provide flexible tenability of
kinetic properties of the phototropic devices formed in accordance with various
embodiments of the invention, once the material system has been fabricated, one can
still readily control the temporal response of the system and device by varying input
photonic power, as discussed above. In some such embodiments, the time cost of
successful 90° tracking varies from hundreds of seconds to seconds, as long as the
input power falls into the operation window previously mentioned. FIG. 18C provides a
graph of a kinetic study comparing the deswelling ratio of devices with different
dominated diffusion mechanisms according to some embodiments of the invention.
[00104] FIG. 19A provides a graph showing experimental and simulation results of the
temperature evolution of the illuminated front and back of a device in accordance with
some embodiments, when a laser is shined on the side surface and turned off 30
seconds later. The solid lines of the graph represent the experimental results, while the
dotted lines show the simulation results. FIG. 19A shows the time cost for the forming of
a thermal equilibrium state, which is comparable to the 3.5 second tracking time of FIG.
18A for such embodiments. FIG. 19B provides a graph showing time taken to achieve
90° tracking with respect to incident light power for some embodiments, further
demonstrating that the temporal response may be controlled by varying input photonic
power.

[00105] According to many exemplary embodiments of the invention, phototropic
behavior exhibited by AuNP-incorporated devices is capable of tracking photonic input

(16) from normal (zenith angle 0°) to 150° to the longitudinal direction of the pillar,
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benefitted from the great swelling ratio of the hydrogel (12). To illustrate, FIG. 20
provides images of a cylindrical phototropic material device in accordance with some
exemplary embodiments of the invention, illuminated by a laser at various zenith angles
(from 20° to 150°). The device in FIG. 20 exhibits significant robustness and tracking
accuracy, with an error less than 0.5%. FIG. 21 provides images of still another
exemplary embodiment, where the device exhibits a self-correction of its original
irregular shape, performing robust tropism. The device was intentionally fabricated to
have an irregular shape, which was a tilted curved cylindrical pillar. As mentioned
above, the device is readily tunable by system parameters such as pillar (10)
dimension, gel LCST, gel rigidity, gel swelling ratio, etc.

[00106] In various exemplary embodiments of the invention, the accurate state of
aiming is also mechanically stable due to the strong clamp at the illuminating site where
the mechanical modulus on-site is dramatically increased owing to the shrinkage of the
hydrogel (12). In such embodiments, the capability to bend to large angles is mostly
powered by the shrinkage on the front of the pillar (10) to the illumination (16), as the
back side does not exhibit much of a stretch. Thus, the wide-angle tracking ability will
not be affected by the tensile strength of the hydrogel, adding to the degree of freedom
in choosing materials for the tropistic system design in accordance with embodiments of
the invention. The limited stretching field on the back side also suggests that the
bending process of the system in accordance with many embodiments is more closely
related to the temperature gradient across the pillar (10) and the water diffusion in and
out of the hydrogel matrix, than a conventional case of flexural beam bending (governed
by the flexural modulus).

[00107] Further, such embodiments track 360° azimuthally in the horizontal plane. A
schematic representing such an embodiment is provided in FIG. 22A. In such
embodiments of the invention, the device instantly responds to varying incident angles
from a laser (16), turning and aiming the tip of its elongated body (10) toward the
incident direction in a time scale of seconds. FIG. 22B provides a graph showing the
temporal evolution of the omnidirectional (azimuthal angles 0° to 360°) tracking of
devices in accordance with some such exemplary embodiments. Further, the device

can aim toward the emissive source (16) without over-bending or under-bending,
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demonstrating extremely precise spatiotemporal control and stable, omnidirectional,
tracking behavior. In still other embodiments, the elongated body (10) is compositionally
and geometrically symmetric, adding to the stability and accuracy of the tropistic device.
In many exemplary embodiments of the invention, when incident emission (16) is off or
changes position, the bent elongated body (10) immediately recovers to its original
shape or quickly adjusts the bending angle adaptively to track the new stimulus position,
performing another tracking cycle and realtime continuous tracking. For such
embodiments, bending is fully recoverable; bending/recovering is morphologically
reversible for a 360-degree tropism.

[00108] In yet other embodiments of the invention, the curvature formed in the
elongated body (10) at final state of aiming can be readily manipulated by area of the
illumination or incident impulse (16). For example, for many embodiments of the
invention, a narrow spot laser would induce small curvature of bending, and incidence
with larger area would result in larger bending curvature when the phototropic
locomotion is complete. FIGS. 23A-24B provide images and schematics of a pillar-
shaped phototropic device in accordance with embodiments exposed to a narrower spot
light (FIGS. 23A and 24A) and a wider area light (FIGS. 23B and 24B). FIGS. 25A and
25B provide schematics of the horizontal cross section of a pillar-shaped phototropic
device in accordance with embodiments exposed to a narrower spot light (FIG. 25A)
and a wider area light (FIG. 25B). The cross sections are at the height that exhibits the
highest temperature and the incident front; the outer circle describes the original
morphology of the cross section of the device. Such morphological control is another
benefit for applications that involve self-adaptive light guiding systems employing total
internal reflection.

[00109] The ambient temperature and LCST also play important roles to the operation
window of the incident power. In some embodiments, when ambient temperature is
much lower compared to the LCST, the required power for initiating bending of the
elongated body (10) is higher, but the operation window for incident power is wider
because it also takes more power to overshoot the backside temperature. On the other
hand, the closer the ambient temperature is to the LCST, the elongated body (10) would

bend with much smaller input power to lift the front temperature over LCST, but the
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operation window of the input power density is narrower. In some exemplary
embodiments, the mechanism to realizing the light-adaptive deformation is to generate
an effective temperature gradient along the light path (16) across each phototropic pillar
(10), which will then allow the phototropic system to precisely point toward and harvest
the incident light (16). In some such embodiments, the elongated body (10) further
comprises a lens-antenna on its tip with high alignment and p-sec response rate.

[00110] Further simulations and modeling may be done by also using finite element
analyzing tools such as COMSOL in addition to Drude and Lorenz-Mie theories, the
heat and mass diffusion equations, and the Beer-Lambert law. Additionally, the tracking
action of hydrogel pillars (10) in many embodiments of the invention is a transient multi-
physics process, mainly involving mass diffusion of water into, or out of, a gel, a large
deformation of the gel network, and a heat transfer process. The complicated behavior
may be modeled by nonlinear field theory coupling large deformation and mass diffusion
in addition to heat transfer theory and commercial multi-physics modeling software
mentioned above. In some embodiments, the intrinsic diffusivity may be obtained from
results of experimental swelling ratio tests of the hydrogels (12). For many exemplary
embodiments, the concentration of lab-made AuNP (14) is determined by inductively
coupled plasma mass spectrometry.

Implementations of Tropistic Material Systems in Devices

[00111] As shown in FIG. 26A, in yet other embodiments of the invention, a plurality of
the elongated bodies (10) are arranged in an array. Some such embodiments allow
angle-independent solar vapor generation (SVG) that maintains the highest vapor
production under white-light illumination of various arbitrary angles as high as 75°,
demonstrating a significant recovery of oblique-incident energy loss up to 400%. In
other such embodiments, oblique energy loss is reduced due to the surface covered
with pillars (10) (the array) that bend toward light (16) and maintain the top surface
normal to the incidence. FIG. 27 provides a schematic illustrating such instances of
oblique loss compensation. Considering an array system formed by a series of
cylindrical devices, the top surface of the elongated bodies (10) would receive less
power density under an oblique illumination compared to an illumination normal to the

top surface, causing the oblique loss (OL) in power density. If the tip surface of the
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device is maintained perpendicular to the light illumination (16), the system is capable of
maintaining the received power density in oblique incidence to that in normal incidence.
Unsurprisingly, it is advantageous for various applications if the pillars (10) can self-
orient to fully autonomously track and aim at the light source (16) when the incident
angle varies, which is in accordance with various embodiments of the invention.
Automatic and omnidirectional compensation would generate the maximum receiving
power density regardless of the incident angle. For some SVG studies, other such
embodiments involve an array of pillars (10) maintained at the water/air interface inside
a container, such as a water bath (as in FIGS. 28A and 28B). These studies may also
use a control sample without the elongated bodies (10) such as that shown in FIG. 26B
for some such embodiments.

[00112] An experimental setup as shown in FIG. 26C may be employed to study
angular-invariance of SVG for some embodiments of the invention. In accordance with
such embodiments, the absorber-incorporated elongated bodies (10) act as photonic
absorbers, so the photonic energy will be absorbed by the device during illumination
and converted into thermal energy. In turn, the rising temperature on the pillar (10)
surfaces elevate the evaporation rate of the system, and mass flux of escaping vapor
can be recorded by a precision scale to evaluate the amount of energy employed for
bulk water molecules to evaporate into vapor form. FIGS. 28A and 28B provide
schematics of such an exemplary array of cylindrical elongated bodies (10) designed to
track light incidence and maintain their tip surface normal to the incident direction,
maximizing input power density. A phototropic device with a photonic absorber array in
accordance with such embodiments of the invention may be designed for
omnidirectional SVG under variable angles of solar illumination. FIGS. 29A and 29B
provide schematics of a detailed view of one such array and the bending motion
resulting from light incidence (16). In some such embodiments, the device contains a
5x7 micropillar (10) array, where the micropillars (10) are 300 uym in diameter and 1 mm
in height.

[00113] With exemplary embodiments of the invention, the tropistic systems and
devices solve the universal issue of oblique incidence-induced power density loss of

almost any energetic emission. Due to the tropism, the tips of the device cylinders (10)
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in the array above can always receive the maximum photonic energy density and thus
compensates for the input energy loss compared to a non-tropistic textured surface.
Such embodiments further demonstrate the versatility of accommodating various light
sources with either a signal wavelength or a broad spectrum. Under normal incidence,
some exemplary embodiments exhibited an efficiency of SVG of 70% for 1-Sun
illumination and 80% for 2-Sun illumination. FIG. 30 provides a graph comparing time-
dependent mass flux of solar vapor generation for an exemplary embodiment under
normal illumination and 60° zenith angle illumination with a control sample. The graph
shows that the device exhibited a SVG performance under 60° illumination that is
comparable to that of normal incidence, while the control sample exhibits a deteriorated
performance. FIG. 31 provides images of a phototropic device in accordance with some
such embodiments containing an array of elongated bodies (10) incorporated with
AuNPs (14). In this embodiment, the array tracks a laser with 532 nm wavelength and a
beam diameter of 10 mm; the zenith angle of the incidence (16) varies from 0° to 90°.
[00114] The efficiency of the SVG at varying incident angles should be defined as:

Nsvg=Ge*hLv/ Pe *Copt,
where Ggis the angular-dependent flux of water vapor, hrv the latent enthalpy of liquid-
vapor phase transition, Pe the actual input power density which varies under different
incident zenith angles 6, and Copt the optical concentration. For some embodiments of
the invention, the normalized SVG is defined as:

Ni=Ge*hLv/Pi*Copt,

where Pj is the input power density under normal incidence (Pi = Pe(6=0)). In this
definition, vapor generation measured at all different zenith incident angles are
normalized by the one input photonic power density at normal incidence, resulting in
angle-dependent values that are comparable to efficiencies previously reported at
normal incidence.
[00115] Under the oblique incidence of 60°, under which the input energy density
should be reduced to 50% of that of normal incidence for a flat surface, devices formed
in accordance with some exemplary embodiments of the invention maintained 90% of
Ge under the normal incidence, compared to 55% for a control sample without an array

of elongated bodies (10). The ni under different zenith incident angles in a -90° to 90°
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vertical plane at 1-Sun and 2-Sun illumination respectively all show enhanced
performance under oblique incidence compared to control samples with non-
phototropic, textured microstructures. The angle-dependent SVG for the devices
manufactured in accordance with such embodiments remained angle-independent from
normal to 60° under 1-sun and to 75° under 2-sun illumination, compared to the
dramatically reduced SVG under higher incident zenith angles, in both theoretical
estimates and control samples. Such an angle-independent SVG demonstrates
significant phototropism-enabled oblique-loss compensation, with an enhancement up
to 400%, attributed to the tropistic behavior of embodiments of the invention. In addition,
some exemplary phototropic array devices formed in accordance with embodiments of
the invention are capable of tracking the incident direction horizontally, performing a
constant SVG throughout the 360° azimuth angle range.

[00116] For example, FIGS. 32A and 32B provide graphs showing the measured SVG
efficiency of phototropic devices with an array of elongated bodies under different zenith
angles for a theoretical power density of 1-Sun (FIG. 32A) and 2-Sun illumination (FIG.
32B), for some exemplary embodiments of the invention, with a control sample having
minor texture but no micropillars (10). FIG. 32C provides a graph showing the SVG of a
phototropic material device in accordance with some other exemplary embodiments of
the invention having a rGO-incorporated array at a zenith angle of 60° and all azimuthal
angles (0° to 360°) for both 1-Sun and 2-Sun systems, compared to a control sample.
The zenith angle may be varied to obtain other experimental data. In many
embodiments of the invention, under 2-Sun, the device exhibits oblique-loss
compensation with wider operational angles, due to the better alignment to the light
source under higher illuminating power density.

[00117] Using the previously described tropistic material systems and associated
devices in accordance with embodiments of the invention (both array and non-array), it
is possible to implement a number of different functional applications such as detectors,
absorbers, waveguides and/or modulators, and receivers and/or harvesters. Many
embodiments are directed to detectors capable of working at low-light conditions by
orienting microstructure (10) tips towards the incident optical or other signals (16) to

minimize the reflection-induced signal loss (as shown in FIG. 33A). Other embodiments
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are directed to absorbers, which allow for the transfer of the incident energy (16) to
thermal energy (18) (as shown in FIG. 33B). An exemplary absorber system, in
accordance with embodiments, could employ nanomaterials with plasmon resonance to
provide high photonic-to-thermal energy conversion, such as Au nanoparticles and
carbon-based nanomaterials. Still other embodiments are directed to implementations
of waveguides (as shown in FIG. 33D) and/or modulators (as shown in FIG. 33E)
capable of guiding and/or modulating incident energy (16) from a number of different
sources, such as, for example, optical, electromagnetic and acoustic waves. Such
waveguides play a key role in guiding the energy to the next step, and they can be
customized to meet different requirements. In cases of light guiding, the refractive
indices and the thicknesses of cladding layers can be tuned based on the maximum
bending angle. Besides sole guiding, designing waveguides with different nano/micro-
structures can further modulate the guided wave to achieve more optimized conditions
for the harvested emissions. In addition, liquid crystals (LCs) can be incorporated into
the core system to provide effective photonic modulations. Finally, embodiments of
receivers and harvesters (as shown in FIG. 33C) may be formed from such material
systems and devices that benefit from above-described adaptive tracking capabilities to
maximize the collection of the incident photon or other signals (16). Some such systems
and devices may further comprise a solar panel unit (30) to act as “artificial sunflowers”.
[00118] In some other embodiments, a plurality of elongated bodies (10) may be used
to support a solar panel and optimize its relative angle to incident light (16). In still other
embodiments, the elongated body (10) further comprises an antenna (19) on its tip to
maximize photo collection. In some such embodiments, as shown by the schematics in
FIGS. 34A-34C, an array of elongated bodies (10) further comprise an antenna (19) on
the tip of each elongated body (10), to maximize collection at different incident angles.
In some exemplary embodiments, the elongated bodies (10) are stem-like pillars that
are of micron to millimeter size. In accordance with yet other embodiments of the
invention, the tropistic material system may be used to design and fabricate optical
fibers or antenna to enhance collection of emissions. In accordance with still other

embodiments of the invention, the tropistic material system may be used to design and
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fabricate soft variable-angle micro-waveguides, smart windows, artificial leaves, solar
panels, or fuel cells.

[00119] By rationally designing the aspects described above, tropistic systems in
accordance with embodiments of the invention can perform several functions to achieve
a variety of applications. For example, the distribution of absorbers in the waveguides
and/or modulators can be varied to satisfy different demands. To make it to function as
a waveguide, the absorbers can be evenly distributed in the whole material structure,
when the absorbers are designed to respond to unwanted frequencies of the incident
energy. The waveguide (with absorbers) is still “clear”, or transparent, to the frequency
ranges that are desired to be harvested or sensed. In another embodiment, when all of
the incident frequencies are required to be guided through the waveguide, the
absorbers can be designed with specific distributions inside the waveguide to induce the
tracking effect while the rest of the waveguide (without any absorbers) performs the light
guiding function.

[00120] Based on above mentioned basic functions, implementations of the tropistic
material system in accordance with embodiments also include several additional
examples of potential application, including photonic absorbers and selective filters, and
optical diodes, as described below.

Photonic Absorbers and Filters

[00121] As discussed above, by marrying plasmon-resonance photonic absorbers (14)
(e.g., AuNPs) and thermo-mechanical responsive hydrogels (12) in accordance with
embodiments, it is possible to provide nanocomposites with rationally designed
geometrical features that can effectively bend and consequently track an incident
emissive source, such as, for example, light. In such embodiments, the nanocomposite
would effectively absorb the incident photonic energy (16) and dissipate it into thermal
energy (18). Thus, a self-adaptive angular-definitive photonic absorber can be achieved.
In an all-optical system, it is of great importance to absorb/filter certain space light (with
specific wavelengths) in order to prevent the cross-talk between closely packed
functional units in the photonic circuits. Currently, there exists no photonic absorber/filter
that is capable to self-adapt and absorb/filter the selective wavelengths as designed.

The disclosed hydrogel-absorber material system, according to embodiments, would
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provide a unique tool to allow for the design of intelligent, all-optical systems and
devices.

Optical Logic Devices

[00122] Optical logic devices are key components to all-optical circuits, silicon
photonics and photonic computers. As a simple analogy to its electronic counterparts,
an optical diode is one of the several fundamental optical logic devices. The disclosed
self-adaptive optical diode operates as described in FIGS. 35A and 35B. In such
embodiments, a phototropic pillar (10), which comprises a light absorbing sidewall
(cladding) and a light guiding core, is fabricated on the top of a laser A (20) and
positioned to point at a light absorber (22). A second laser B (24) shines a beam on the
sidewall of the pillar (10) with an angle # 90°. The phototropic pillar (10), in accordance
with embodiments, will bend to track the emission (16) of laser B with its tip, then
consequently guide the photonic energy from laser A (20) to laser B (24) and form a
“forward-biased” on state from right to left (FIG. 35A). When laser B (24) is off, and
laser A (20) is on, the laser beam (16) from laser A (20) shines at the center of the
bottom of the pillar, but causes no bending effect. The photonic energy (16) will miss the
target of laser B (24) owing to the bending recovery of the hydrogel pillar (10). As a
result, a “reverse-biased” off state, from left to right, is thus formed (FIG. 35B). The
principle of operation lies in the self-adaptive and photo-thermal responsive function
inherited from the hydrogels (12) and absorbers (14). Researchers have reported that
diodes can be achieved by optics nonlinearity, which relies on redundant magnetic,
mechanical or electric fields to introduce. Furthermore, it is proved that it can also be
achieved by breaking time reversal symmetry in a linear optical system, by designing
and fabricating a complicated artificial nanostructure. In contrast, the disclosed
hydrogel-based material system in accordance with embodiments provides a simple
and reliable route to design an optical diode, or one-way waveguide. This optical diode
design requires no complicated nanofabrication and is wavelength and polarization
state independent. It operates based on simple linear optics and is easily scalable. The
system, in accordance with embodiments of the invention, provides an active (self-
adaptive) and, to some extent, passive (requires no other energy input) solution to all

optical logic devices.
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[00123] It should be understood that the above embodiments and limitations are
provided as exemplary; other configurations or materials may be utilized without
departing from the scope of the disclosure. A person skilled in the art will recognize that
additional embodiments according to the invention are contemplated as being within the
scope of the foregoing generic disclosure, and no disclaimer is in any way intended by

the foregoing, non-limiting, examples.

DOCTRINE OF EQUIVALENTS

[00124] Having described several embodiments, it will be recognized by those skilled in
the art that various modifications, alternative constructions, and equivalents may be
used without departing from the spirit of the invention. Additionally, a number of well-
known processes and elements have not been described in order to avoid
unnecessarily obscuring the present invention. Accordingly, the above description
should not be taken as limiting the scope of the invention.

[00125] Those skilled in the art will appreciate that the foregoing examples and
descriptions of various preferred embodiments of the present invention are merely
illustrative of the invention as a whole, and that variations in the components or steps of
the present invention may be made within the spirit and scope of the invention.
Accordingly, the present invention is not limited to the specific embodiments described

herein, but, rather, is defined by the scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A composite tropistic material comprising:

at least one responsively deformable polymeric material having at least one absorber
material dispersed therein;

wherein the absorber material is configured to transform an incident energetic impulse
into the specific energetic stimulus; and

wherein the deformable polymeric material undergoes a local expansion or contraction

when subjected to a specific energetic stimulus.

2. The composite tropistic material of claim 1, wherein the incident energetic
impulse is selected from the group of thermal energy, electromagnetic waves, acoustics

waves, or magnetic fields.

3. The composite tropistic material of claim 2, wherein the incident energetic

impulse is photonic emission, and the material is phototropic.

4. The composite tropistic material of claim 1, wherein the deformable polymeric
material is selected from the group of poly(N-isopropylacrylamide) (PNIPAAm),
poly(acrylic acid-co-acrylamide), poly(2-dimethylaminoethyl methacrylate) (PDMAEMA),

liquid crystalline elastomer (LCE), or azobenzene/spiropyran-based polymer.

. The composite tropistic material of claim 1, wherein the absorber material is
selected from the group of gold nanoparticles, carbon-based material, metallic

nanoparticles, or magnetic nanoparticles.
6. A tropistic device comprising:

at least one elongated body comprised of at least one responsively deformable

polymeric material having at least one absorber material dispersed therein;
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wherein the deformable polymeric material undergoes a local expansion or contraction
when subjected to a specific energetic stimulus, said expansion or contraction
causing a deformation of the elongated body; and

wherein the absorber material is configured to transform an incident energetic impulse

into the specific energetic stimulus.

7. The tropistic device of claim 6, wherein the incident energetic impulse is
selected from the group of thermal energy, electromagnetic waves, acoustics waves, or

magnetic fields.

8. The tropistic device of claim 7, wherein the incident energetic impulse is

photonic emission, and the device is phototropic.

9. The tropistic device of claim 6, wherein the deformable polymeric material is
selected from the group of poly(N-isopropylacrylamide) (PNIPAAmM), poly(acrylic acid-
co-acrylamide), poly(2-dimethylaminoethyl methacrylate) (PDMAEMA), liquid crystalline

elastomer (LCE), or azobenzene/spiropyran-based polymer.

10. The tropistic device of claim 6, wherein the absorber material is selected from
the group of gold nanoparticles, carbon-based material, metallic nanoparticles, or

magnetic nanoparticles.

11. The tropistic device of claim 6, wherein the deformable polymeric material is
poly(N-isopropylacrylamide) (PNIPAAm), and the absorber material is one of either gold

nanoparticles or reduced graphene oxide.
12. The tropistic device of claim 6, wherein the deformable polymeric material is

electrically conductive graphite-containing ionogel, and the absorber material is

ferroelectric nanocomponents.
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13. The tropistic device of claim 6, wherein the elongated body has one of either a

pillar or cylindrical shape.

14. The tropistic device of claim 6, wherein the device has an equilibrium state,

where the incident energetic impulse stops causing deformation of the elongated body.

15. The tropistic device of claim 6, wherein the incident energetic impulse causes

deformation of the elongated body at an incident zenith angle range of 0° to 150°.

16. The tropistic device of claim 6, wherein the incident energetic impulse causes a

90° deformation of the elongated body in less than 3.5 seconds.

17. The tropistic device of claim 6, wherein the deformable polymeric material has

pore sizes of 10 microns or less.

18. The tropistic device of claim 6, wherein the elongated body has a height of 1

cm or less.

19. The tropistic device of claim 18, wherein the elongated body has a height of 1.5

mm or less.

20. The tropistic device of claim 6, wherein a plurality of the elongated bodies are

arranged in an array.

21. The tropistic device of claim 6, wherein the device is a detector and wherein the
elongated body has first and second ends; and
wherein the deformation is such that the position of at least one of the first and second

ends is altered such that the incident energetic impulse is incident thereon.
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22. The tropistic device of claim 6, wherein the device is a thermal absorber and
wherein the elongated body has first and second ends; and

wherein the specific energetic stimulus is thermal energy.

23. The tropistic device of claim 6, wherein the device is a waveguide and wherein
the elongated body has first and second ends, and a cladding layer disposed on an
outer surface thereof; and

wherein the cladding layer has a refractive index configured to guide the incident

energetic impulse through along the elongated body.

24. The tropistic device of claim 6, wherein the device is an optical diode and
wherein the elongated body has first and second ends, and a cladding layer disposed
on an outer surface thereof, and wherein the device further comprises:

a first light source disposed in relation to the first end such that an energetic emission
from the first light source is incident upon the first end;

a second light source disposed in relation to the elongated body such that an energetic
emission from the second light source is incident upon at least one portion of
the elongated body;

wherein the absorber material is configured to transform an incident energetic impulse
from the second light source into the specific energetic stimulus; and

wherein the cladding layer has a refractive index configured to guide the incident

energetic impulse through along the elongated body.

25. The tropistic device of claim 6, where the device is immersed in a water bath.

26. A tropistic material comprising at least one responsively deformable polymeric

material, wherein the deformable polymeric material undergoes a local expansion or

contraction directly in response to incident stimulus.
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27. The tropistic material of claim 26, wherein the deformable polymeric material is
selected from the group of polydimethylsiloxane (PDMS), poly(methyl methacrylate)
(PMMA), hydrogel, or liquid crystalline elastomer (LCE).

28. The tropistic material of claim 26, wherein the incident stimulus is photonic

emission, and the material is phototropic.

29. The tropistic material of claim 28, wherein the incident stimulus is one of either
UV light or visible light.

30. The tropistic material of claim 26, wherein the deformable polymeric material
further comprises at least one fluorophore material dispersed within the deformable

polymeric material.

31. The tropistic material of claim 30, wherein the fluorophore material is one of

either spiropyran or azobenzene.
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