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SYSTEMS AND METHODS FOR
FABRICATING WATER-RESPONSIVE
ACTUATORS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0001] This invention was made with government support
under N0O0OO14-16-1-2449 awarded by Navy/ONR. The U.S.
government has certain rights in the mvention.

CROSS REFERENCE TO RELATED
APPLICATION

[0002] 'This application 1s a division of U.S. Pat. Applica-
tion No. 16/408,659, filed May 10, 2019, which 1s a conti-
nuation-in-part of International Patent Application No.
PCT/US2017/061368, filed Nov. 13, 2017, which claims
the benefit of priority of U.S. Provisional Pat. Application

No. 62/421,014 filed Nov. 11, 2016, which 1s hereby 1ncor-
porated by reference 1n 1ts entirety.

BACKGROUND

[0003] Humidity responsive actuators can be a versatile
technology for various applications from power generation
to soft robotics. Actuation can be maintained by fluctuating
ambient humidity externally or within the limaits of natural
fluctuations.

[0004] Materials such as graphene oxide, polymers, liquid
crystals, paper, and biologically based materials can be used
to create humdity responsive actuators. Certain polymer
based actuators can exhibit limited work density due to
their low Young’s Modulus. Graphene oxide, mn contrast,
can enable stiffer devices but can present challenges when
attempting to pattern complicated geometries 1 a scalable
way. Printing based techniques can be used to achieve pro-
orammable humidity responsive actuators, but such actua-
tors can require long process times to fabricate complicated
oeometries.

[0005] The spatial gradients of relative humidity near eva-
porating surfaces can provide a source for humidity respon-
s1ve actuators, especially for power generation applications.
However, certain actuators exhibit limited resistance to
direct liquid water contact. For example, certain polymer
based and paper based actuators can be prone to taking up
excessive amount of water when soaked 1nside water, result-
ing 1n an irreversible expansion 1 their size. Their function,
shapes and characteristics can be substantially affected by
the water uptake and subsequent drymng. This can make
them prone to failure when operated very close to water
surfaces, which bars their usage nearby the aqueous
environments.

[0006] Additionally, preserving functionality after liquad
water contact can be a challenge for certamn humidity
responsive materials, for example polymer based and
paper based actuators. Some humidity responsive actuators’
function, shape and characteristics change after such hiquid
water contact. Actuators that have limited functionality
retention after liquid water contact can be of limited suitabil-
ity for applications 1n which they come into contact with
liquads, for example, 1n biological applications near skin,
in marine applications near water mcluding 1n the genera-
tion of stroke, 1n outdoor conditions 1n weather, 1n the inter-
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tace between ditferent liquids such as oils, solvents, or

water, among others.
[0007] Accordingly, there exists a need for a technique for

efficiently creating water-responsive actuators that can
respond to humidity or liquid water and can have improved
functionality retention after liquid water contact.

SUMMARY

[0008] Systems and methods for fabricating water-respon-

sive actuators are disclosed herein.

[0009] In some embodiments, methods for fabricating a
water-responsive actuator using a solution including bacter-
1al spores and a UV-curable adhesive suspended 1n a solvent
are disclosed. An example method 1includes depositing the
solution onto a substantially planar layer of flexible material
that substantially maintains its shape in the presence of
water, applymng UV light to the deposited solution to cure
at least a portion of the deposited solution to form a water-
responsive layer, and removing deposited solution which
remains uncured.

[0010] In some embodiments, the bacterial spores are
Bacillus Subtilis or Bacillus Thuringiensis. The bacterial
spores and the UV-curable adhesive can be provided m a
ratio of about 1:1 by volume, about 13:7 by volume, about
3:2 by volume or other suitable ratios. The UV-curable
adhesive can have a Young’s Modulus of about 1-2 GPa.

In some embodiments, the UV-curable adhesive can have a

Young’s Modulus of about 0.5-2 GPa.
[0011] The disclosed subject matter also provides water-

responsive actuators. In some embodiments, an actuator
includes a substantially planar first layer of a flexible mate-
rial that substantially maintains 1ts shape 1n the presence of
water, and a second layer positioned on a surface of the first
layer. The second layer can include a cured solution mclud-
ing a bacterial spore and a cured adhesive, and be water-
responsive to permit repeatable actuation mn the presence
of water.

[0012] The second layer can be a patterned layer. The
actuator can include an electrical heater adapted to atfect
local humdity. The second layer can be adapted to be elec-
trically conductive. The second layer can be adapted for
actuation by contact with liquid water, or by contact with
air, ¢.g., having a relattve humidity of at least 30%. In
some embodiments, the second layer can be adapted for
actuation by contact with air having a first relative humadity
and to return to an mitial shape by contact with air having a
second relative humidity, €.g., the second relative humidity
being at least 10% less than said first relative humadity.
[0013] The disclosed subject matter also provides solu-
tions for making a water-responsive material. In some
embodiments, the solution includes a UV curable adhesive,
a water-responsive bactenal spore, and a solvent. The adhe-
s1ve can be provided 1n a ratio of about 25% to about 50% by
volume to the solution. In some embodiments, the adhesive
can be provided m a ratio of about 0.1% to about 5% by
volume to the solution. The adhesive can be cured by light
having a wavelength between about 200 nanometers and
about 700 nanometers.

[0014] The accompanying drawings, which are incorpo-
rated and constitute part of this disclosure, illustrate embo-
diments of, and serve to explain the principles of, the dis-
closed subject matter.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 1s an illustration of a method for fabricating
a water-based actuator i accordance with some embodi-

ments of the disclosed subject matter.
[0016] FIG. 2 1s an 1llustration of a water-based actuator in

accordance with some embodiments of the disclosed subject

matter.
[0017] FIG. 3 1s an mmage of an example water-based

actuator 1n accordance with some embodiments of the dis-

closed subject matter.
[0018] FIG. 4 1s an 1llustration of a method for fabricating

a water based actuator in accordance with some embodi-
ments of the disclosed subject matter.

[0019] FIG. 5 1s an illustration of a water responsive
actuator 1n accordance with some embodiments of the dis-

closed subject matter.
[0020] FIG. 6 1s a graph of the time trace of an example

actuator before and after 1000 actuation cycles 1 accor-
dance with some embodiments of the disclosed subject

matter.
[0021] FIG. 7 illustrates three example actuators 1n accor-

dance with some embodiments of the disclosed subject
matter.

[0022] FIG. 8 1s SEM cross sectional 1image of an example
actuator 1n accordance with some embodiments of the dis-
closed subject matter.

[0023] FIG. 9 1s a series of images that 1llustrate an exam-
ple actuator being triggered by liquid water contact.

[0024] FIG. 10 1s an illustration of a side view of an exam-
ple actuator i accordance with some embodiments of the
disclosed subject matter.

[0025] FIG. 11 1s a graph of the change 1n the curvature
(V1) and strain of an example actuator in accordance with

some embodiments of the disclosed subject matter.
[0026] Throughout the drawings, the same reference

numerals and characters, unless otherwise stated, are used
to denote like features, elements, components or portions
of the illustrated embodiments. Moreover, while the dis-
closed subject matter will now be described 1n detail with
reference to the Figs., 1t 1s done so 1 connection with the
illustrative embodiments.

DETAILED DESCRIPTION

[0027] Techmiques for making water-responsive actuators,
solutions for such actuators, and water-responsive actuators
are presented. Environmental free energy from evaporation
and humadity gradients 1s signmificant, and water-responsive
actuators can make use of this energy. Water-responsive
materials deposited on substrates can cause those substrates
to move 1 response to water or changes 1 relative humid-
1ty, making a water-responsive actuator. Bacterial spores are
a water-responsive biological material that can demonstrate
a high energy density, high reversibility, and relatively fast
response to variations i water potential. Bacterial spores
can be dormant and change shape during hydration and
dehydration, which can be used to generate mechanical
work. They can also be deposited onto substrates with adhe-
sives that cure 1n the presence of UV light, and 1n patterns by
exposing only some areas to UV light. The patterns can
atfect how the substrate moves when exposed to water.

[0028] Retferring to FIG. 1, an 1llustration of an example
method for fabricating a water-based actuator 1s shown. An
example actuator 100 can include a substantially planer first
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layer 101 of tlexible material that substantially maintains 1ts
shape 1n the presence of water, either in liquid form or 1n the
form of humidity, for example, a plastic tape. For example,
material that changes shape up to 10% can be suitable for
this layer. An uncured solution 101, can be deposited onto
the first layer 101. In certain embodiments, the flexible
material can include fleece, cotton, polyester, nylon, span-
dex, wool, and/or combinations thercol. In non-limiting
embodiments, the flexible material can be a moisture perme-
able material.

[0029] This first layer 101 can be polymmide film, for
example Kapton Tape (Colepalmer). This first layer 101
can be cellulose based film, for example Cellophane film,
mylar, or a silicone based elastomer. The first layer 101
can be cut mto shapes by, for example, a laser cutter such
as the Epilog Mim1 24, CO, laser system. In some embodi-
ments, the solution 102 can be deposited using spray coat-
Ing, spin coating, printing, dipping or as seen 1 FIG. 1,
manual pipetting.

[0030] Retferring to FIGS. 2 and 3, an example actuator
100 1s shown. An actuator 100 can include a first layer 101
as described 1n connection with FIG. 1, and a second layer
102. The second layer 102 can be a water-responsive layer.
The second layer 102 can contract when exposed to dry air,
for example 20% relative humdity, and can thereby bend
the first layer 100 as seen 1n FIGS. 2 and 3. The second
layer 102 can expand when exposed to humid air, for exam-
ple, 90% relative humidity, and can thereby return the first
layer 100 to 1ts original position, as seen m FIGS. 2 and 3. In
some embodiments, the second layer 102 can be patterned.
The patterning can define active and passive parts.

[0031] In some embodiments, a conductive adhesive or
ink can be added to the solution 102 and actuation can be
maintamned through resistive heating of the second layer
201. This adhesive can be UV-curable and can include, for
example, silver. In other embodiments, a conductive poly-
mer can be mixed with the solution 102 to maintain resistive
heating 1 the second layer 201. This conductive polymer
can be, for example, PEDOT:PSS (Poly(3,4-¢thylenediox-
ythiophene)-poly (styrenesulfonate)), and can have conduc-
tivity values between about 1*10-> S/cm and about 1*10°> S/
cm. A light source (not shown) can be utilized to atfect local
humdity. This light can be, for example, a laser or LED and
can be part of the actuator. The wavelength of this light can
be between about 300 nanometers and about 4 micrometers,
1in visible wavelengths or inifrared wavelengths.

[0032] The term “about” or “approximately” means within
an acceptable error range for the particular value as deter-
mined by one of ordinary skill 1n the art, which will depend
1in part on how the value 1s measured or determined, 1.¢., the
limitations of the measurement system. For example,
“about” can mean within three or more than three standard
deviations, per the practice mn the art. Alternatively, “about”
can mean a range of up to 20%, preterably up to 10%, more
preterably up to 5%, and more preferably still up to 1% of a
orven value. Also, particularly with respect to systems or
processes, the term can mean within an order of magnitude,
preferably within five-tfold, and more preferably within two-
fold, of a value.

[0033] Reterring to FIG. 4, an 1illustration of an example
method for fabricating a water-based actuator 100 1s shown.
UV lLight 401 can be applied to the deposited solution 102 by
a light source 400, and through a lithography mask 402. UV
light 401 can be transmitted only through defined areas of a
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lithography mask 402 pattern, curing or coupling only some
of the deposited solution 102 to the first layer 101, making
pattern features 403.

[0034] In some embodiments, the light source 400 can be
Splice Lamp (Norland P/N 5200) which can provide
2,500 uW/cm? mtensity 1n the proximity mode. In some
embodiments, the lithography mask 402 can be kept out of
contact with the deposited solution 102 by using a spacer
(not shown). In some embodiments, the lithography mask
can be mtentionally contacted to the substrate. The litho-
graphic mask 402 can include Chromium, film, or acrylic
sheets, among others. In some embodiments, with an acrylic
sheet, a pattern feature 403 size can range from about 10 um
to about 10 mm and with Chromium masks, the pattern fea-

ture 403 si1ze can range from about 1 um to about 100 um.
[0035] Retferring to FIG. §, an example actuator 1s shown.

The pattern features 403 can bend the first layer 101 1n spe-
cific parts, separating the first layer 101 into moving parts
501 and non-moving parts. Accordingly, the actuator can be
a flat surface when exposed to humid air and fold mto a 3D
structure when exposed to dry air, as seen m FIG. 5. An
electrical heater (not shown) can be used to affect local
humidity. Electrical heaters can include resistive heating
clements that are part of the actuator.

[0036] FIG. 6 1s a graph of the time trace of an example
actuator before and after 1000 cycles. Such actuators can
experience a negligible change 1n performance after
repeated use.

[0037] Reterrning to FIG. 7, three example water respon-
s1ve actuators are shown. In the illustrated example embodi-
ments, pattern features 403 include joints, which can con-
tract when exposed to dry air and can thereby bend the first
layer 100. FIG. 7a shows an example actuator with a flower
shape. FIG. 7b shows an example actuator 1n a pyramid
shape. FIG. 7¢ shows an example actuator 1n a tulip shape.
The pattern features 403 can expand when exposed to humid
air and can thereby return the first layer 101 to 1ts origimal
position.

[0038] In some embodiments, the disclosed method can be
performed on multiple sides of the first layer 101, resulting
1n an actuator that can move 1n more complicated ways, for
example having part of the first layer 101 bend m one direc-
tion and another part bend 1n the other, as seen 1 FIG. 7e.
Example actuators with different designs can be made, for
example, a flower (FIG. 7a) pyramud (FIG. 7a) and tulip
shapes (FIG. 7a). The joints 403 can be patterned with
photolithography and enable folding and untfolding of the
moving pieces S01 upon changes 1n the relative humidity.
[0039] The tulip shape (FIG. 7¢) can be fabricated with a
two-mask process. The first mask can be for patterning the
joints on the topside of the first layer 101, which enables the
larger motion. The second mask can be used for patterning
the joints on the backside of the first layer 101, for creating
the out-of-axis curvature at the edges ot the moving pieces.
It can take approximately 20 seconds for an example relative
humidity testing chamber to vary between 20% to 80%.
Unfolding and folding speed for the samples can match
this time scale. The actuators can return to their initial
state after every cycle.

[0040] FIG. 8 contains SEM 1mages of an example actua-
tor, which shows the two layers 1n an example actuator 101
and 201, as well as the bactenal spores 801 suspended 1n the
adhesive 800. The bacterial spores 801 can include, for
example, Bacillus Subtilis spores, cotE-gerE mutant of
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Bacillus Subtilis, or Bacillus Thuringiensis spores. The
UV cured adhesive 800 can be water mnsoluble.

[0041] Referring to FIG. 9, an example bent actuator 100
“pops up” 1 100 ms after 1t 18 completely submerged mto
water. Alterwards, 1t 1s lifted and dried with blowing dry air.
It goes back to 1ts original condition after drying. Even after
several submerging cycles, the example actuator can return
to 1ts original condition.

[0042] When an example actuator 1s dipped mside liquid
water, the second layer 201 1s saturated with water mole-
cules which can result 1n a fast response time. The moisture
transport need not be solely via airflow, and poroeleastic
swellimg 1n the spores can become the dominant factor
defining the hmmts of actuation speed. After drying, the
example actuator can go back to 1ts original shape, and can
be ready for consecutive actuation cycles. This feature can
occur as follows. First, bacterial spores, which are the
source of humidity responsive behavior, are dormant and
they do not lose their capabilities 1n aqueous media. Second,
the adhesive 1s not water soluble and does not lose 1ts adhe-
siveness mside the water. Hence the example actuator can
keep 1ts integrity and the active layer does not delaminate
from the polyimide substrate.

[0043] FIG. 10 1s an illustration of a side view of an exam-
ple actuator 1n a curved state.

[0044] FIG. 11 1s a graph of the change 1n the curvature
(Y1) and strain of a sample actuator during consecutive
dehydration and hydration cycles of an example actuator.
The example measurements were made during consecutive
dehydration and hydration cycles. Radn of curvature (1) can
be determined by using known techniques, for example, a
suitable circle fitting script. An exponential curve 1s fit to the
data points to obtain time constant (7).

[0045] In certain embodiments, the response time of the
actuator can be controlled by tuning the adhesive-to-solu-
tion volume ratio. For example, by increasing the amount
of adhesive 800 relative to spore 801, or by increasing the
thickness of the deposited solution 102, the response time
can be increased. For example, the adhesive can be provided
1n a ratio of about 0.1% to about 5% by volume to the solu-
tion The response time can be adjusted to be between about
100 mlliseconds and about 3 minutes. In general, increasing
the amount of adhesive, either by mcreasing the volume
ratio of the adhesive to other constituents 1n the solution or
by increasing the thickness of the deposited solution, tends
to slow down response time of the actuator, but also
increases the energy density required to cause activation.
In certain embodiments, mndividual pattern features 403
can be tuned for a specific response time by tuning their
adhesive-to-solution volume ratio ratios. An exemplary
method can include using a mixture of spores 801 and UV-
curable optical adhesives 800 suspended m a solvent. Exam-
ple solvents include acetone or toluene. Example spores
includes Bacillus Subtilis and mutants thereof, or other
spores that change volume when exposed to water or
humidity.

[0046] The wavelength of the UV light 401 that cures the
solution 102 can be varied, for example, based on the adhe-
sive specifications. The adhesives can be cured with low
power UV-light 401, which can simplify the process or
with high power UV-light which can enable faster curing
and speed up fabrication of actuators. For example, light
with any wavelength between about 200 nanometers and
about 700 nanometers can be used.
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[0047] In certain embodiments, the performance, durabil-
ity, and fabrication complexity of the actuators can be
adjusted by adjusting the properties of the adhesive 800.
For example, a stiff and ductile adhesive 800 can increase
force transmussion. In certain embodiments, adhesives 800
with Young’s Modulus 1 0.5-2 GPa range and durability
under high elongation, e.g., an elongation of 35%, can be
used. The mixing ratios are obtaimned by dividing the volume
of the adhesive to the total volume of the spore/adhesive
layer. An adhesive that 1s not water soluble can be used
and can improve the ability of an example actuator to remain
functional after iquid water contact. In some embodiments,
the actuator can remain functional after being exposed to
water multiple times, and maintain substantially the same
functionality and reversibility after such exposure. The
actuator can retain functionality even after extended use,
¢.g., 1000 humidity response cycles. An example actuator
that has improved functionality retention can be used 1 a
range of applications.

[0048] Samples taken out of a UV chamber can exhibat
curvature when acetone 1s substantially evaporated. Sample
actuators can vary the amount they fold as the relative
humidity changes. For example, at 90% relative humdity,
example actuators can be almost completely unfolded, and
at 20% relative humidity, example actuators can be comple-
tely tolded to the pomt of being cylindrical, as seen i FIG.
3. Although a broad change 1n relative humidity can permat
complete folding and unfolding, actuators made 1n accor-
dance with the disclosed subject matter can exhibit actua-
tion, e¢.g., mn the form of partial folding and unfolding,
when operating between even a narrow humidity range,
¢.g., between 30% and 20%, as shown for example in FIG.
7. The fast curing of the adhesive and high evaporation rate
of the acetone can both contribute to swift fabrication.
[0049] In some embodiments, the curing time can be less
than a minute. The curing time can depend on the thickness
of the deposited solution layer 102, but even for a layer more
than 20 micrometers thick, 1 min of total curing time can be
sufficient. In some embodiments, solution that remains
uncured can be removed, for example by dipping into an
alcohol based solvent or wiping with a swap.

[0050] In an example expermmental embodiment, an
energy density (0.83 MJ/m3) was obtained using 50% adhe-
sive content. A power density (91 kW/ m?3), on the other
hand, was achieved with 40% adhesive content samples.
The effect of the adhesive-to-spore mixing ratio can be sali-
ent. Samples with higher adhesive content can have higher
energy densities regardless of the adhesive type. This can be
because the voids between the spores are filled with the
adhesive more densely, which results 1 better energy trans-
mission between spores and the substrate.

[0051] The power densities, however, do not necessarily
show the same trend. Increasing adhesive concentration
can lead to increasing the strain energy, but also 1n slower
actuation. The adhesive filled voids can impede the penetra-
tion of water molecules through the layer, which can explain
why power densities with 40% adhesive content tend to be
larger than the ones with 50%, even though the latter ones
oenerally exhibit higher energy densities. The effect of
thickness on actuator dynamics can also be similar. In
most of the samples, when the spore layer thickness 1s
increased, the total strain energy imcreases. However, 1t
can take more time for water molecules to transport 1nside
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a thicker layer, which results 1n slower actuation and lower
power densities.

[0052] In some embodiments, the location of the neutral
ax1s 1s determined by:

Et" + EE,t,” (3t +4t,) (1)

H =1
’ 6L Byt (31 +1, )

Where H defines the location of the neutral axis at the cross
section 110, t; 1s thickness of the adhesive layer 201, t5 1s the
thickness of the first layer 100. E; and E, 1s the Young’s
Modulus of the adhesive layer 201 and first layer 101
respectively. The arca moment of inertia (I) 1s modified
using the parallel axis theorem:

3 : (2)
Iﬂerh[t—z—HJ
12 2

In some embodiments, the bending strain energy of the
actuators, U can be calculated by:

KT (3)

In (3), E 1s the Young’s Modulus of the first layer 101, r 1s
the radius of curvature 111, L 1s the length of the sample and
I 1s the area moment of 1nertia with respect to the neutral
ax1s. From the measured radius of curvature 111, r, the
total energy transterred to the polyimide substrate can be
determined. Energy density can be defined as the energy
produced by unit volume of spore. Hence, 1t can be calcu-
lated by dividing the strain energy of each actuator by the
spore volume on 1t. Power density can be obtamed by divid-
ing energy density value to the time constant (t). The change
in the curvature with respect to time can be plotted and an
exponential fit can be applied to the data. The time constants
(t) of different samples can be obtamed from exponential
fits. The radius of curvature and time constant can be used
to determine the stramn energy and power of the actuators.
[0053] Energy densities up to, e.g., 1 MJ/m3 can be
achieved with the disclosed subject matter. The disclosed
subject matter can facilitate development of biologically-
based actuators for applications including energy harvest-
ing, construction of complicated 3D folding structures, and
soft robotic applications, among others.

[0054] An example actuator was tested 1 an environmen-
tal room where the RH and temperature was maintained at
20% and 25° C., respectively. An example actuator with a
rectangular geometry (6 mm X 12 mm) was prepared. In the
dry state the example actuator curves and exhibits a cylind-
rical geometry. The sample was attached to pipette tip which
was connected to a motorized linear actuator (Derock Heavy
Duty Linear Actuator, Amazon) to enable smooth soaking
of the sample without any splash. The example actuator was
soaked 1nside the distilled water and lifted back to the mitial
position. The liquid water on the actuator was wiped with a
piece of laboratory wiper (Kimtech Science Kimwipes,
Delicate Task Wipers) and the example actuator dried with
blowing dry air (~5%).

[0055] The flower, pyramd and tulip shaped actuators and
photolithography masks can be designed using Adobe Illus-
trator CS6 software. The geometries can be cut from a 30 cm
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X 30 ¢m polymmde film (Kapton Tape 0.5 mul (12.5 micro-
meters ), Colepalmer) using a laser cutter (Epilog Min1 24,
CO?2 laser system), creating a first layer 101. The lithogra-
phy masks can be machined trom a 3 mm thick black acrylic
piece (McMaster) using the same laser cutter system. An
acrylic mask can be chosen because they can be easy to
machine and low-cost matenals. Acrylic masks can provide
satisfactory resolution and small feature size to fabricate
centimeter scale actuators. Standard photolithography tools
such as film or chromium masks can also be utilized for
smaller feature size requirements.

[0056] The prepared first layers 101 with the unfolded
flower, pyramid or tulip shapes can be placed on a Polydi-
methylsiloxane (PDMS) coated acrylic holder. The PDMS
can provide a sticky surface due to 1ts electrostatic interac-
tion with polyimide tape and can enable fixing of the sample
for the alignment process. The first layer 101 surface can be
cleaned with ethanol and the spore/adhesive suspension 102
can be pipetted on the first layer 101 uniformly, similar to
maskless fabrication. The photolithography mask 402 can
be aligned to the substrate using guidance holes which can
be machined both on the holder and on the mask. The UV
light 401 can be applied with a Splice Lamp (Norland P/N
5200) which provides 2,500 micro W/cm2 mtensity i the
proximity mode. A proximity gap of 50 micrometers can be
achieved with a spacer. After 1 minute of UV exposure the
first layer 101 can be peeled smoothly from the holder with
tweezer and 1t can be dipped mside the IPA for 20 seconds to
remove the uncured parts. Next, the uncured solution 102
can be cleaned with a wet swap do get r1id of any residue.
A second mask process can be conducted for the tulip,

where the same procedure can be applied to the backside

of the first layer 101.
[0057] A chamber can be built to vary humidity around

example actuators quickly and measure the responses of
the actuators. It can be made of acrylic parts which can be
machined with a laser cutter (Epilog M 24, CO2 laser
system). The volume of the chamber can be kept small to
enable fast hummdity change. A stream of air can be passed
through the chamber. The RH of the air can be controlled by
mixig dry air (3%) provided by laboratory air source and
humid air (~95 RH) genecrated by passing laboratory air
through a bubbler (e.g., an airstone from JW Pet Company
can be used to bubble air into water 1 an Erlenmeyer flask)
in a controlled fashion. A second source with lower flow
rate can be mixed with the mam stream to set the mimimum
value to ~10% and maximum value to ~90% and prevent
RH exceed that limit values. A solenoid valve (SMC
NVFES1120-6G-01T valve sol/pilot 12vdc) controlled by a
custom LabVIEW interface can be used to switch between
the humid and dry states. A humidity sensor (Digikey, 480-
3538-ND, Sensor Humadity 5v Anlg 3.3% Sip) can be
placed next to the sample to monitor the humidity inside
the chamber. The sensor also can be connected to the same
LabVIEW mterface. The sample can be attached to a verti-
cal rod mside the chamber with a small piece of double-
sided tape. The response of the actuators to the humidity
change can be recorded with a digital camera.

[0058] Functionality retention after contact with hiquid
water can be desirable for various reasons. A humadity
responsive actuator that retains functionality after contact
with liquad water can be used for adaptive textiles and
clothes. The human skin can be a source of humdity but
since the sweat 1s 1 liquid phase 1t can damage the actuator
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1f 1t 18 not water resistant. This can also enable washing ot
adaptive textiles. Humidity responsive actuators that retain
functionality after contact with liquad water can also provide
a power source for wearable electronics and sensor applica-
tions. Since they can be compatible with the sweat 1n both
liquid and gas phases they can be used to generate work and
power for other wearable devices. For example, this feature
can be used to make sensors to measure a sweat rate of
human users. This can enable continuous monitoring of the
sweat rate of users (e.g., athletes), which can be useful 1n
various contexts.
[0059] Water responsive actuators that retain functionality
after contact with hiquid water can also provide marine
robotics applications. They can also be used for different
outdoor conditions, mcluding rain and snow, for adaptive
architecture designs, and 1n the interface of different liquids
such as o1ls, solvents or water. They can generate force and
displacement when the media surrounding them 1s altered.
This can enable the use of this kind of actuator 1n enclosed
liquids and such embodiments.
[0060] Water responsive actuators that retain functionality
after contact with hiquid water can also be used to create
stroke for naval vehicles i various scales. They can be
stacked and generate stroke when dipped 1nside the water.
For the small scale, they can be used for toy applications.
They can be used for soft robotics applications that require
oripping and handling objects to transter from air to liquid
media or from liquid to air media. A soft robotics gripper
which can work 1n both environments without losing func-
tion 1s desirable and can be achieved using humidity respon-
sive actuator that retamns functionality after contact with
liquid water.
[0061] The description herein merely illustrates the prin-
ciples of the disclosed subject matter. Various modifications
and alterations to the described embodiments will be appar-
ent to those skilled 1 the art in view of the teachings herein.
It will thus be appreciated that those skilled 1n the art will be
able to devise numerous techniques which, although not
explicitly described herein, embody the principles of the dis-
closed subject matter and are thus within 1ts spirit and scope.
1. A method for fabricating a water-responsive actuator,
using a solution mcluding bacternial spores and a UV-curable
adhesive suspended 1n a solvent, comprising:
depositing the solution onto a substantially planar layer of
flexible matenal that substantially maintains 1ts shape 1n
the presence of water;
applying UV light to the deposited solution to thereby cure
at least a portion of the deposited solution to form a
water-responsive layer; and
removing uncured deposited solution, 1f any.
2. The method of claim 1, wherein the bacterial spores com-

prise Bacillus Subtilis.
3. The method of claim 1, wherein the bacterial spores and

the UV-curable adhesive are provided m aratio ofabout 1:1 by
volume.

4. The method of claim 1, wherein the bacterial spores and
the UV-curable adhesive are provided 1n a ratio of about 13:7
by volume.

S. The method of claim 1, wherein the bacterial spores and
the UV-curable adhesive are provided in aratio of about 3:2 by
volume.

6. The method of claim 1, wherein the UV-curable adhesive

comprises an adhesive having a Young’s Modulus of about 1 -
2 GPa.
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7. The method of claim 1, wherein the method further com-
prises removing the water-responsive layer from the substan-
tially planar layer.

8. A water-responsive actuator comprising;

a substantially planar first layer comprising a flexible mate-
rial that substantially maintains its shape 1n the presence
of water:; and

a second layer positioned on a surface of the first layer;

wherein the second layer comprises a cured solution includ-
ing a bacterial spore and a cured adhesive, the second
layer being water-responsive to permit repeatable actua-
tion 1 the presence of water.

9. The actuator of claim 8, wherein the bacterial spore com-

prises a Bacillus Subftilis spore.

10. The actuator of claim 8, wherein the second layer com-
prises a patterned layer.

11. The actuator of claim 8, wherein the water responsive
actuator further comprises an electrical heater adapted to
affect local humidity:.

12. The actuator of claim 8, wherein the second layer 1s
adapted to be electrically conductive.

13. The actuator of claim 8, wherein the cured adhesive
comprises an adhesive having a Young’s Modulus of about
1-2 GPa.

14. The actuator of claim 8, wherein the second layer 1s
adapted for actuation by contact with liquid water.

15. The actuator of claim 8, wherein the second layer 1s
adapted for actuation by contact with liquid water and to
return to an mitial shape by cessation of such contact with
liquad water.
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16. The actuator of claim 8, wherein the second layer 1s
adapted for actuation by contact with air having a relative
humidity of at least 30%.

17. The actuator of claim 8, wherein the second layer 1s
adapted for actuation by contact with air having a first relative
humidity and to return to an nitial shape by contact with air
having a second relative humidity, wherein said second rela-
tive humdity 1s at least 10% less than said first relative
humadaty.

18. A solution for making a water-responsive material
COmprising:

a UV curable adhesive;

a water-responsive bacterial spore; and

a solvent;

wherein the adhesive 1s provided 1 a ratio of about 25% to

about 50% by volume to the solution.

19. The solution of claim 18, wherein the water responsive
bactenial spore comprises a Bacillus Subtilis spore.

20. The solution of claim 8, wherein the adhesive comprises
an adhesive cured by lighthaving a wavelength between about
200 nanometers and about 700 nanometers.

21. The solution of claim 8, wherein the solvent comprises
acetone and/or toluene.

22. Themethod of claim 1, wherein the flexible material1s a
moi1sture permeable material.

23. The method of claim 1, wherein the flexible materal 15
selected from the group consisting ot tleece, cotton, polyester,
nylon, spandex, wool, and combinations thereof.
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