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Scaling up nanoscale water-driven energy
conversion into evaporation-driven engines
and generators

Xi Chen!, Davis Goodnight*, Zhenghan Gao?*, Ahmet H. Cavusoglu3, Nina Sabharwal?, Michael Delay’,
Adam Driks® & Ozgur Sahin'2

Evaporation is a ubiquitous phenomenon in the natural environment and a dominant form of
energy transfer in the Earth’s climate. Engineered systems rarely, if ever, use evaporation as a
source of energy, despite myriad examples of such adaptations in the biological world. Here,
we report evaporation-driven engines that can power common tasks like locomotion and
electricity generation. These engines start and run autonomously when placed at air-water
interfaces. They generate rotary and piston-like linear motion using specially designed,
biologically based artificial muscles responsive to moisture fluctuations. Using these engines,
we demonstrate an electricity generator that rests on water while harvesting its evaporation
to power a light source, and a miniature car (weighing 0.1kg) that moves forward as the
water in the car evaporates. Evaporation-driven engines may find applications in powering
robotic systems, sensors, devices and machinery that function in the natural environment.
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environment! and the wide-ranging adaptations in the

biological world that harness evaporation?=>, the potential
of evaporation to power engineered systems is largely neglected.
Nanoscale confinement of water in hygroscopic materials
provides a means to convert energy from evaporation by
generatinég mechanical force in response to changing relative
humidity®~2!. However, scaling up this phenomenon to create
macroscopic devices faces multiple challenges: unfavourable
scaling of hydration kinetics slows down actuation speeds at
large dimensions; small strains complicate energy transfer to
external systems; and, importantly, the slow rate of change of
relative humidity in the environment limits the power output.

While evaporation carries a significant amount of energy®>23,
it involves a slow rate of water transfer that limits the relative
expansion and contraction of hygroscopic materials. Because the
relative volume of the absorbed and released water is small, the
pressure change generated during this process has to be large for
efficient energy conversion. Water confined to nanoscale cavities
within hygroscopic materials (Fig. 1a) can induce large pressures
in response to changing relative humidity?*~2%; however, these
nanostructures also limit the transport kinetics of water. Simply
scaling up the dimensions of hygroscopic materials would not
increase power, and may even lead to a decrease, because the time
scale of wetting and drying typically depend on the square of the
travel distance of water!’.

Addressing the limitations in transport kinetics alone would
not be sufficient to increase power, because in typical environ-
mental conditions relative humidity changes on daily and
seasonal timescales, which is too slow to generate practically
useful levels of power. However, spatial gradients in relative
humidity established near evaporating surfaces provide an
opportunity. If a small portion of the power generated by the
spores could be used to control the evaporation rate or,
alternatively, move the spores in and out of the high humidity
zone at the surface, the relative humidity experienced by the
spores would change rapidly in a cyclical fashion.

D espite the ubiquity of evaporation in the natural
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Here, working with bacterial spores that exhibit strong
hydration-driven ~ actuation?’, we present strategies to
circumvent these challenges described above to create
macroscale evaporation-driven engines. These engines start and
run autonomously when placed at air-water interfaces, and
operate as long as the air is not saturated. We demonstrate that
these engines are able to power an electricity generator to light up
LEDs and drive a minijature car as the water evaporates.

Results

Design strategies. We follow a hierarchical design strategy to
enhance water transport kinetics in evaporation-driven macro-
scopic systems. We started with bacterial spores deposited on
micrometre-thick plastic films (Fig. 1b,c). These films change
curvature as a function of relative humidity (Fig. 1d). The overall
movement can be made linear by coating alternating sides of
longer tapes with spores (Fig. le). Assembling several tapes
as a stack, while leaving air gaps between each layer facilitates
rapid moisture transport to and from the spores, and results
in a material that can be scaled in two dimensions without
compromising hydration/dehydration kinetics (Fig. 1f). Basically,
the layered architecture maximizes the surface area for
evaporation and condensation and the small thickness of the
spore layer (~ 3 pum) reduces the travel distance of water within
the nanostructured material. Scaling up the size of the material in
two dimensions will proportionally increase the surface area for
evaporation and condensation, while keeping the thickness of the
spore layer constant. Note that the particular wavy design in
Fig. 1f also has the advantage of enhancing the effective actuation
strain.

We used two complementary strategies to expose hierarchically
designed hygroscopic materials to rapidly changing relative
humidity. We will discuss them in detail in the following
sections. Briefly, the first strategy we used was to control the
evaporation rate using a shutter mechanism (Fig. 1g). We will
show that coupling the expansion and contraction of the
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Figure 1 | Scaling up hydration-driven nanoscale energy conversion. (a) Water confined to nanoscale cavities, conduits and surfaces within hygroscopic
materials can induce large pressures in response to changing relative humidity. (b) A scanning electron microscopy image of the cross-section of a

B. subtilis spore. Spores exhibit strong mechanical response to changing relative humidity'® by absorbing and releasing moisture. (¢) A false-coloured s.e.m.
picture of spores (grey) deposited on an 8-micrometre-thick polyimide tape (yellow). (d) The spore-coated films bend and straighten in response to
changing relative humidity. (e) Patterning equally spaced spore layers on both sides of the plastic tape creates linearly expanding and contracting
structures. (f) Stacking the tapes in e with air gaps between them results in a material that can be scaled in two dimensions without compromising
hydration/dehydration kinetics. (g) A shutter mechanism can create oscillations. (h) Photo of a device that exhibit self-starting oscillatory movement when
placed above water. (i) Rotary motion can lead to cyclical changes of relative humidity experienced by the spores. The increased curvature on the dry side
shifts the centre of mass of the entire structure away from the axis of rotation and creates torque. (j) Photo of a device whose continuous rotation is

powered by evaporation from the wet paper within the device.
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spore-coated films to the shutters results in a self-starting
oscillatory movement with net power output. The photo in
Fig. 1h shows a fully assembled device that exhibit oscillations
when placed above water (see Supplementary Movie 1). The
second strategy we used was to move spores in and out of the
humid zone. This can be achieved by coupling hydration-induced
movements to a rotational motion. For example, gradients in
relative humidity near the evaporating surface can induce
different degrees of curvature in spore-coated films assembled
around a freely rotating disk (Fig. 1i). We will show that the
horizontal shift in the centre of mass of the entire structure
creates torque that sustains the rotational motion. The photo in
Fig. 1j depicts one such device that exhibits continuous rotation
when the paper lining the inner surfaces of the device, shown in
white, is wetted (see Supplementary Movie 2).

Hygroscopy-driven artificial muscles. Figure 2a,b shows photos
of an 8 pm-thick polyimide tape coated with an ~ 3 pm-thick
spore layer (using Bacillus subtilis spores missing most of their
outer protein protective layers, due to mutations in cotE and
gerE?’) changing its curvature in humid and dry conditions.
Using the design strategy outlined in Fig. 1c-f, we created longer
tapes and assembled them in parallel (see Methods and
Supplementary Fig. 1 for the details of sample preparation
process). Figure 2c,d shows the resulting dramatic changes in the
overall length of tapes in humid and dry conditions. When
assembled in parallel, these tapes can lift weight against gravity in
dry conditions (Fig. 2e,f and Supplementary Movie 3). Due to
their hygroscopy-driven response, we refer to these actuators as
hygroscopy-driven artificial muscles, or HYDRAs.

We characterized the actuation behaviour of individual
HYDRA strips by placing them inside transparent plastic tubes
and flowing air with changing relative humidity (see Methods).
Figure 2g shows that HYDRAs can quadruple their length as the

relative humidity changes from <30% to >80%, with little
hysteresis in the response curve. The amount of moisture
absorbed by the HYDRAs in this process is <5% by weight
(measured from the differences in strip weights at low and high
relative humidity). The average curvature of individual arcs,
estimated from the overall lengths of strips, vary from 0.7 mm to
2.8 mm. Note that the response curve in Fig. 2g exhibits an ‘S’-like
shape. The response is saturated at high RH, because as the radius
of curvature of each arc increases, the end-to-end distances of
arcs converge to the contour length of the strip. At the lower RH
region, spores approach their fully dehydrated size and this effect
limits the degree of contraction observed in the HYDRA strip.

Tests of the stability of actuation performance showed that the
extension of strips reduces only slightly even after 1 million cycles
and 80 days (Fig. 2h). The strips showed a similar degree of
performance reduction when they were subjected to a load weight
of 0.1 g (Supplementary Fig. 3). Studies of the mechanism of the
observed performance loss would be important as they may allow
determining whether the performance can be recovered
(Supplementary Note 1 and Supplementary Fig. 2). The time-
dependent displacement data given in the inset of Fig. 2h show
that the HYDRA strips can respond to changes in relative
humidity within ~3sec. This is sufficiently fast for practical
applications, as we demonstrate later in this work.

When loaded with increasing weight, the range of motion
reduces, but remains significant even at load weights that are
50 times more than the strips (0.31g versus ~6mg). Using the
force-distance measurements in Fig. 2i, we estimated the work
density of the entire strip (by dividing the area enclosed by the
curves in Fig. 2i to the weight of the strip), to be ~17Jkg ™1,
which is close to mammalian skeletal muscles®®, but comes with
extremely large strain. Taken together, HYDRAs require very
little moisture for activation and they can generate strains and
work densities that can facilitate development of evaporation-
driven engines. Note that these characteristics may permit
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Figure 2 | Hygroscopy-driven artificial muscles. Photos of spore-coated polyimide tapes at high (a) and low (b) relative humidity. Patterning equally
spaced spore layers on both sides of a plastic tape creates linearly expanding and contracting muscles (¢,d). HYDRA strips can work in parallel to lift
weights (e f). (g) Elongation of individual strips as a function of relative humidity shows that HYDRAs can quadruple their length. The inset shows
estimated radius of curvature of the arcs forming the HYDRAs. Markers indicate the average data values with error bars showing the s.d. calculated
from five measurements. (h) The elongation of HYDRASs reduced only slightly after one million cycles. The inset shows the time trace of a muscle
displacement before and after 1 million cycles. (i) The normalized length of a HYDRA strip in dry and humid conditions as a function of load weights.

Scale bars, 2 mm (a,b); 2cm (c-f) and Tcm (g,i).
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Figure 3 | The evaporation-driven oscillatory engine. (a) The oscillator comprises horizontally placed HYDRAs coupled to a load spring and shutters that
control permeation of moisture. Shutters are connected to a beam that is compressed beyond its buckling limit so that it has two stable configurations.
(b) As the beam switches its position due to the force exerted by HYDRAS, the shutters open and close and alter the relative humidity of the chamber.
(¢) Picture of HYDRAs assembled in parallel pulling onto load springs. (d) Four stages of the oscillatory motion: (Stage 1) When the shutters are closed,
the relative humidity of the chamber increases, causing HYDRAs to expand. (Stage II) As HYDRAs expand towards the right, they force the buckled beam
to switch its position. (Stage Ill) Opening of the shutters let the relative humidity of the chamber recede, causing HYDRASs to contract. The cycle is
completed when contracting HYDRASs pull the buckled beam and force it to switch back to the left configuration (stage IV), which then closes the shutters
and brings the system back to stage |. (e) Average period of oscillations as a function of water surface temperature. Markers indicate the average data
values with error bars showing the s.d. calculated from three measurements. (f) Picture of the oscillator connected to an electromagnetic generator. The
inset photo of the LEDs is taken during the operation. (gh) Voltage and power measured across a load resistor of 100 kQ. Scale bar, 2 cm.

HYDRA applications beyond evaporation-driven engines, as
artificial muscles®® and bio-hybrid cell-based actuators®® for soft
robotic systems>’.

The oscillatory engine. Using HYDRAs, we have created oscilla-
tory devices that allow and block evaporation in a cyclical fashion,
so that energy can be continuously extracted from evaporation.
While hygroscopic materials can exhibit spontaneous oscillatory
motion due to turbulence or geometric nonlinearities'>!>, these
movements are difficult to control and use in devices. To induce
oscillations deliberately, we took advantage of the oscillator designs
commonly used in electrical circuits. One particularly robust design
is a relaxation oscillator that relies on a bistable circuit element (for
example, a Schmitt trigger®!) that is held under feedback control.
The relaxation oscillator circuit repeatedly switches between two
internal states. The basic architecture of our hygro-mechanical
oscillator is designed in analogy with this relaxation oscillator.
Figure 3a-d describes how HYDRAs coupled to a buckling beam
and a shutter mechanism form a relaxation oscillator.

In our system, we placed HYDRAs horizontally above the
water surface and coupled them to a beam that is compressed
beyond the buckling limit (bistable element). A load spring holds
the HYDRAs under tension (Fig. 3c). The buckled beam controls
a shutter mechanism that allows or blocks passage of moist
air (feedback) as illustrated in Fig. 3b (see Methods and
Supplementary Fig. 4 for details of device fabrication and
characterization). This device exhibited oscillations with four
key stages (Fig. 3d). As seen in Supplementary Movie 1, this
oscillator was self-starting and it generated a piston-like motion.

Figure 3e shows the average period of oscillations as a function
of water surface temperature (controlled by a heater placed below
the water container). We maintained the temperature and relative
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humidity, and flow rate of the surrounding air at 25 °C, 20% and
0.6ms~ !, respectively. The data show that the increasing of
water surface temperature shortened the period of oscillation
(Fig. 3e). The device exhibited oscillations even with a water
surface temperature well below the air temperature (16 °C versus
25°C). The most rapid oscillations, observed at 31°C, had a
period of ~6s. (We did not record measurements beyond this
temperature to prevent condensation). This trend in Fig. 3e can
be explained by the temperature dependence of the vapour
pressure at the water surface, which affects the evaporation rate
significantly. The period of oscillations observed with this
oscillator shows that despite the slow natural variations in
relative humidity, it is possible to create rapid motions by actively
modulating evaporation rates at surfaces.

The rapid piston-like motion of the oscillator allows it to act as
an engine, supplying power to external systems. To demonstrate
this, we coupled the oscillatory engine to a generator (Fig. 3f) and
supplied electricity to light-emitting diodes (LEDs). Water
temperature was maintained at 30 °C (see Methods). Depending
on the direction of the oscillatory motion, two oppositely
connected LEDs gave light repeatedly and in alternating order
(see Supplementary Movie 4). We then replaced the LED pair
with a resistor and measured the electrical power (Fig. 3g,h). The
time course of the voltage across the 100kQ resistor and the
corresponding power showed that energy was supplied in bursts
at power levels reaching 60 pW. Waiting periods that separate
these bursts bring the average power to 1.8 uW. These waiting
periods could potentially be reduced with more compact designs
so that humidity levels change more rapidly. Nevertheless, the
ability to generate light with LEDs and the microwatt scale power
measured with a load resistor is still significant, especially when
the small area of water covered by HYDRAs (9.6 cm X 7.6 cm) is
considered.
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The rotary engine. Although the oscillatory engine described so
far meets the goal of a scalable device, many devices, particularly
those that are used for locomotion, prefer rotary motion. Using
the design concept in Fig. 1li, we developed a rotary engine
(moisture mill) by assembling HYDRAs around two concentric
rings, laser-cut from acrylic glass. Four or five such structures
were connected in parallel via a central axis. The entire structure
rotates freely around ball bearings (Methods and Supplementary
Fig. 5 describe device assembly and characterization in more
detail). As seen in Fig. 1j and Fig. 4a, the structure was inserted
half way into an enclosure such that the HYDRAs face walls lined
with paper (we left out the outermost wall to allow the HYDRAs
to be viewed). To increase the torque, we attached small blocks
of acrylic at the HYDRAs free ends. Photos (Fig. 4b) and
measurements (Fig. 4c) show that the horizontal displacement of
the acrylic block was as much as 5.5mm when the relative
humidity on the right side was reduced relative to the left side. As
a result of this, the structure began to rotate when the paper was
wetted (Supplementary Movie 2). Measurements in Fig. 4d show
that the rotation speed depends on the relative humidity outside
the chamber and the speed of airflow near the device. The
increase in rotation speed with flow rate can be explained by the
more efficient mixing with the surrounding air. We note that an
airflow specifically directed at HYDRAs can induce torque to
rotate the structure. In our case, this effect was negligible,
since the data show that beyond a certain relative humidity, the
rotations stop despite the presence of airflow.

To demonstrate the application of the rotary engine in
locomotion, we created a miniature car by placing the engine
above a frame attached to two pairs of wheels, and coupling the
engine’s rotation to the front wheels with a rubber belt. As the
water evaporates from the wet paper, the engine pushes the 0.1 kg
car forward (see Fig. 4e and Supplementary Movie 5).

Discussion

In summary, we demonstrate strategies to scale up a nanoscale
energy conversion mechanism to create macroscopic devices.
Many interesting nanoscale phenomena benefit from increased
surface to volume ratios at small-length scales. However, this
property also comes at a price due to slow kinetics that begin to
dominate as one tries to scale up the sizes of the structures. Our
results show that this challenge can be mitigated in the case of

Center
of mass

hydration-driven systems and our findings may also be applicable
to other systems driven by chemical stimuli. In addition, from a
technological standpoint, the demonstrations made here with the
evaporation-driven car and the powering of LEDs highlight the
so-far overlooked capability of water in the environment to
supply useful levels of power. Due to the ubiquity of evaporation
in nature and the low cost of materials involved (plastic tapes,
hygroscopic materials), the engines presented here may find
applications as energy sources for a wide range of off-the-grid
systems that function in the environment.

Methods
Preparation of HYDRA samples. The preparation process of small HYDRA
samples (Fig. 2a,b) starts by cutting 8-pm-thick polyimide sheets (SPEX) into
square pieces (4 mm X 4 mm). 0.8 ul Poly-L-lysine solution (0.1 w/v ratio,
Sigma-Aldrich) was applied to the top surfaces of the samples using a micropipette
and allowed to dry in an environment at an RH of ~40%. A spore suspension
(cotE gerE mutant of Bacillus subtilis) was mixed with a solution of multipurpose
glue (Elmer’s Products; ~2.4 x 10° spores for each 1l of glue) using a vortex
mixer. The mixture containing ~4.8 x 107 spores was applied to the top surfaces
of the Poly-L-lysine-treated polyimide sheets using a micropipette and allowed to
dry in RH of ~40%. Because spores were assembled on polyimide substrates at
their fully hydrated state, these samples presented curvature once the mixture
applied on the top surface dried out. The amount of spores formed an
~ 3-um-thick spore layer on top of polyimide substrates as judged by the weight of
the spore layer (the density of the spores were assumed to be 1.50 gcm ~ 3; ref. 32).
The preparation process of the longer HYDRAs with wavy shapes (Fig. 2c-f)
is illustrated in Supplementary Fig. 1. The process starts by deposition of
poly-L-lysine on alternating sides of 4 mm x 96 mm polyimide tapes leaving equal
spaces between each deposited region (Supplementary Fig. 1a-c). The spore-glue
mixture was applied on the areas coated with poly-L-lysine, first on one side
(Supplementary Fig. 1d). The mixture was allowed to dry in a humid condition
(~90% RH) to prevent curvature of individual regions before these longer
HYDRAEs are fully prepared. Then the tape is flipped over and the same amount of
the mixture was deposited on the other side (Supplementary Fig. le), giving the
tapes their wavy shape (Supplementary Fig. 1f).

Characterization of HYDRA strips. Individual HYDRAs were attached to a
piece of acrylic glass and then vertically placed in a transparent glass tube
(McMaster-Carr). The RH was monitored by placing a humidity sensor
(HIH-4021, Honeywell) near the HYDRAs and recorded to a computer. A stream
of air was passed through the glass tube to vary the RH. Control of the RH was
achieved by mixing dry air (~5% RH) provided by a laboratory air source with
humid air (~90% RH) generated by passing the laboratory air through a bubbler
(An airstone from JW Pet Company was used to bubble air into water in an
Erlenmeyer flask). By controlling the flow rates of dry and humid air sources,
the RH inside the glass tube was varied from ~10% to ~90%. The lengths of
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Figure 4 | The rotary engine. (a) Side view of a rotary engine. Wet paper provides the humidity gradient. Blue plastic blocks weighing 15 mg attached to
HYDRASs increase the amount of mass shifting position relative to the axis of rotation. (b) Photos and (¢) measurements showing the horizontal shifts in
the positions of plastic blocks attached to HYDRAs. Markers indicate the average data values with error bars showing the s.d. calculated from
measurements on five samples. (d) Rotation speed measured as a function of external relative humidity and at two different airflow speeds near the device.
The rotary engine can drive a vehicle forward if its rotation is coupled to the wheels. (&) Snapshots showing the position of a miniature car driven by a
rotary engine (see Supplementary Movie 5). Scale bars, 2cm (a,e); 5mm (b).
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the HYDRA strips were measured with a digital camera. Curvatures of individual
arcs (inset of Fig. 2g) were estimated by assuming that each arc has the same shape.

The amount of water absorbed by HYDRA strips were measured from the
changes in the total weight of 50 HYDRA strips at 10% and 90% RH. Note that
independent of the HYDRA samples, the scale gives different readings at high RH
and low RH, presumably due to increased air pressure at high RH. This component
is separately measured and subtracted from the measurements of HYDRA strips.

The stability of actuation performance of HYDRAs was measured by alternating
RH in the glass tube at a frequency of 0.15 Hz. A solenoid valve (SMC) and a power
MOSFET (NTD4960N) was used to switch the air from dry to humid by supplying
a square wave using a function generator (Siglent SDG1020). Photos taken by a
digital camera monitored the extension of the HYDRA.

To estimate the forces generated by HYDRASs, we tested the motion of HYDRAs
with varying load attached when RH is alternated between ~10% and ~ 90%.
Masses, made of acrylic glasses, were increased during each trial from 0 g to 0.3 g in
increments of 0.02 g. The work density was estimated from the area enclosed by the
displacement curves in dry and humid conditions.

Oscillatory engine assembly. The oscillatory engine is primarily made of stacked
layers of laser-cut, 2-mm-thick, acrylic glasses (McMaster-Carr, TAP Plastics). The
layers are held together by plastic bars going through the layers (plastic LEGO
rods). The bottom components are floating structures that rest on the surface of
water and are free to move horizontally. These floating layers provide support
for HYDRAs and the bistable structure above (Supplementary Fig. 4a). These
structures are made of 1-mm-thick Depron sheets (RCFOAM) and 0.8-mm-thick
balsa wood (Dick Blick Art Materials) cut with a laser cutting system (Epilog
Helix Laser). The protection layer, which is coated by a hydrophobic material
(Hydrobead), allows water vapour to permeate up and meanwhile protect
HYDRAs from wetting (Supplementary Fig. 4b). Above the protection layer is the
frame (another acrylic layer) that both provides physical support for HYDRAs and
connects them to internal or external load (Supplementary Fig. 4c). Eighty-four
HYDRA filaments, which cover a surface area of ~73 cm* (96 mm in

length x 76 mm in width), were assembled on the support layer (Supplementary
Fig. 4d). A balsa bar was attached to the mobile end of HYDRAs to communicate
with top layer controlling the shutter positions. The shutters are fabricated by
gluing (Elmer’s Products) laser-cut balsa wood and acrylic pieces together. The
acrylic pieces on one end of balsa wood surfaces are used to balance the weight of
the shutters. After attaching four individual shutter pieces on an acrylic substrate
using 13 pm polyimide tapes (CAPLINQ) that served as flexible joints, the shutter
layer was placed on the top of HYDRAs with a gap of ~8 mm (Supplementary
Fig. 4e). The oscillatory engine is finished by assembling the final acrylic layer that
consists of a bistable beam structure that can be adjusted using two screws placed at
both ends of this structure (Supplementary Fig. 4f). This final layer advances and
retracts as the bistable beam switches its position. The shutters are coupled to this
layer with two threads pulling in opposite directions. Once the rotating disks are
inserted into the humid enclosure containing wet papers, the rotary engine starts
and runs autonomously as long as papers remain wet.

Rotary engine assembly. Individual HYDRAs for rotary engine were prepared
from 25-pm-thick polyimide tapes (CAPLINQ) that were cut into 6 mm x 14 mm
pieces. To increase the torque, blocks of acrylic with a weight of ~0.015g were
attached to each HYDRAs using multipurpose glue (Elmer’s Products). As shown
in Supplementary Fig. 5a,b, the HYDRAs were assembled on acrylic rings, which
were cut from 1.5-mm-thick acrylic glasses (McMaster-Carr). Individual disks were
placed on a stainless steel shaft (1.98 mm in diameter, McMaster-Carr) along with
2-mm-thick acrylic spacers. The shaft is supported by two ball bearings (VXB) that
are assembled on an acrylic base (Supplementary Fig. 5b). The humid enclosure
consists of cellulose chromatography papers (Sigma-Aldrich) attached to a support
made of 0.8 mm and 2 mm thick acrylic glasses (Supplementary Fig. 5¢,d). Once
the rotating disks are inserted into the humid enclosure containing wet papers, the
rotary engine starts and runs autonomously as long as papers remain wet.

Characterization of the oscillatory engine. The experiment was carried out in an
environmental room where the RH and temperature was maintained at 20% and
25°C, respectively. A water container made of acrylic glasses was placed on a
ceramic top heater (Corning, PC-600D). The temperature of water was monitored
with a digital thermometer (Deltatrak). The flow rate of the surrounding air

was maintained at ~0.6ms~ ! using a computer fan (Sunon) and a hot wire
anemometer (Cole-Palmer, EW-30005-85) was used to measure the air velocity.
The oscillatory engine was placed on top of the water surface inside the container.
While the water temperature was varied from 16 °C to 31 °C, the oscillation
frequency of shutters was recorded using a digital camera (Canon EOS Rebel T51).
During the experiment, the compression applied to the buckling beam was slightly
adjusted to achieve the maximum oscillation rate for different water temperatures.

Characterization of the rotary engine. The five-disk rotary engine was placed in
a closed chamber of 2-mm-thick acrylic glasses. A stream of humidity-controlled
air was pumped into the chamber through plastic tubing. RH and temperature
were measured both in the humid enclose of the rotary engine and in the
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surrounding environment. Humidity and temperature in the chamber was
measured using Vaisala HMP77 Humidity and Temperature Probe. Humidity
inside the humid enclosure was measured using Honeywell HIH-4021 along with a
data acquisition card (NI-USB-6008). The temperature of the wet chromatography
paper was measured using a digital thermometer (Deltatrak). A small electric

fan was placed in the chamber to control airflow surrounding the rotary engine
and the air velocity was monitored using a hot wire anemometer (Cole-Palmer,
EW-30005-85). The rotational speed was recorded using a digital camera (Canon
EOS Rebel T5i). During the experiment, the chromatography paper was fully
saturated with water.

Experimental set-up for electricity generation. The experiment was carried out
in an environmental room where the RH and temperature was maintained at 20%
and 25 °C, respectively, The speed of the airflow was maintained at ~0.3ms ™!
(measured with a hot wire anemometer, Cole-Palmer, EW-30005-85). The
oscillatory engine, along with water container, was placed on top of a ceramic
heater (Corning, PC-600D). The water temperature was monitored using a digital
thermometer and kept at 30 °C. We disconnected the internal spring load and
connected the HYDRAs to an electromagnetic generator with a short thread. The
electromagnetic generator consisted of a stack of magnets rotating between two
copper coils. Copper coils are formed by winding a total of 22K feet of 42-gauge
magnet wire (Polytech Coil Winding, Tacoma, WA, USA). The magnet stack was
composed of two 2" x %" x 1" and two 2" x %" x 1/8" neodymium magnets (K&]J
Magnetics). We used silicon nitride ball bearings (VXB) to allow magnets rotate
with respect to the coils. Two light-emitting diodes (LEDs, HLMP-K155, Avago
Technologies) were oppositely connected to the coils. The oscillatory engine
rotated the generator and provided power to light the LEDs repeatedly in alter-
nating order. The video was recorded using a digital camera (Canon EOS 6D) while
the ambient light was dimmed. The voltage and power generation was measured by
replacing the LEDs with a resistor of 100 k. The voltage across the resistor was
measured using a digital multimeter (34410A, Agilent) controlled by a Labview
program.

References

1. Peixoto, J. P. & Oort, H. A. Physics of Climate (American Institute of Physics,
1992).

2. Pickard, W. F. The ascent of sap in plants. Prog. Biophys. Mol. Biol. 37, 181-229
(1981).

3. Dawson, J., Vincent, J. F. V. & Rocca, A. M. How pine cones open. Nature 390,
668-668 (1997).

4. Elbaum, R,, Zaltzman, L., Burgert, I. & Fratzl, P. The role of wheat awns in the
seed dispersal unit. Science 316, 884-886 (2007).

5. Fratzl, P. & Barth, F. G. Biomaterial systems for mechanosensing and actuation.
Nature 462, 442-448 (2009).

6. Huang, W. M,, Yang, B,, An, L., Li, C. & Chan, Y. S. Water-driven
programmable polyurethane shape memory polymer: demonstration and
mechanism. Appl. Phys. Lett. 86, 114105 (2005).

7. Sidorenko, A., Krupenkin, T., Taylor, A., Fratzl, P. & Aizenberg, J. Reversible
switching of hydrogel-actuated nanostructures into complex micropatterns.
Science 315, 487-490 (2007).

8. Reyssat, E. & Mahadevan, L. Hygromorphs: from pine cones to biomimetic
bilayers. J. R. Soc. Interface 6, 951-957 (2009).

9. Agnarsson, I, Dhinojwala, A., Sahni, V. & Blackledge, T. A. Spider silk as a
novel high performance biomimetic muscle driven by humidity. J. Exp. Biol.
212, 1989-1993 (2009).

10. Park, S., An, J., Suk, J. W. & Ruoff, R. S. Graphene-based actuators. Small 6,
210-212 (2010).

11. Ma, Y. et al. Polyelectrolyte multilayer films for building energetic walking
devices. Angew. Chem. Int. Ed. 50, 6254-6257 (2011).

12. Ma, M., Guo, L., Anderson, D. G. & Langer, R. Bio-inspired polymer composite
actuator and generator driven by water gradients. Science 339, 186-189 (2013).

13. Dai, M. et al. Humidity-responsive bilayer actuators based on a liquid-
crystalline polymer network. ACS Appl. Mater. Interfaces 5, 4945-4950 (2013).

14. Lee, S. W., Prosser, J. H., Purohit, P. K. & Lee, D. Bioinspired hygromorphic
actuator exhibiting controlled locomotion. ACS Macro Lett. 2, 960-965 (2013).

15. Jun Young Chung, H. K. & Mahadevan, L. Evaporative microclimate driven
hygrometers and hygromotors. Europhys. Lett. 107, 64002 (2014).

16. Cheng, H. et al. Moisture-activated torsional graphene-fiber motor. Adv. Mater.
26, 2909-2913 (2014).

17. de Haan, L. T, Verjans, J. M. N., Broer, D. J., Bastiaansen, C. W. M. &
Schenning, A. P. H. J. Humidity-responsive liquid crystalline polymer actuators
with an asymmetry in the molecular trigger that bend, fold, and curl. J. Am.
Chem. Soc. 136, 10585-10588 (2014).

18. Rahman, A, Sarma, A., Gayen, S. & Sanyal, M. K. Asymmetric water diffusion
driven nanotube actuator. RSC Adv. 4, 17573-17578 (2014).

19. Zhao, Q. et al. An instant multi-responsive porous polymer actuator driven by
solvent molecule sorption. Nat. Commun. 5, 4293 (2014).

| 6:7346 | DOI: 10.1038/ncomms8346 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

20.

21

22.

23.

24.

2

wu

26.

27.

28.

2

o

3

[=1

3

—

32.

Chen, X., Mahadevan, L., Driks, A. & Sahin, O. Bacillus spores as building
blocks for stimuli-responsive materials and nanogenerators. Nat. Nanotechnol.
9, 137-141 (2014).

. Geng, Y. et al. A cellulose liquid crystal motor: a steam engine of the second

kind. Sci. Rep. 3, 1028 (2013).

Bowen, L. S. The ratio of heat losses by conduction and by evaporation from any
water surface. Phys. Rev. 27, 779-787 (1926).

Penman, H. L. Natural evaporation from open water, bare soil and grass. Proc.
R. Soc. Lond. A 193, 120-145 (1948).

Tas, N. R,, Mela, P., Kramer, T., Berenschot, J. W. & van den Berg, A.
Capillarity induced negative pressure of water plugs in nanochannels. Nano
Lett. 3, 1537-1540 (2003).

. Wheeler, T. D. & Stroock, A. D. The transpiration of water at negative pressures

in a synthetic tree. Nature 455, 208-212 (2008).

Duan, C., Karnik, R, Lu, M. C. & Majumdar, A. Evaporation-induced
cavitation in nanofluidic channels. Proc. Natl Acad. Sci. USA 109, 3688-3693
(2012).

Driks, A., Roels, S., Beall, B., Moran, C. P. J. & Losick, R. Subcellular localization
of proteins involved in the assembly of the spore coat of Bacillus subtilis. Genes
Dev. 8, 234-244 (1994).

Madden, J. D. W. et al. Artificial muscle technology: physical principles and
naval prospects. IEEE ]. Ocean Eng. 29, 706-728 (2004).

. Carlsen, R. W. & Sitti, M. Bio-hybrid cell-based actuators for microsystems.

Small 10, 3831-3851 (2014).

. llievski, F., Mazzeo, A. D., Shepherd, R. F., Chen, X. & Whitesides, G. M. Soft

robotics for chemists. Angew. Chem. 123, 1930-1935 (2011).

. Jaeger, R. C. & Blalock, T. N. Microelectronic Circuit Design 3rd edn

McGraw-Hill Higher Education, 2008).

Carrera, M., Zandomeni, R. O. & Sagripanti, J. L. Wet and dry density of
Bacillus anthracis and other Bacillus species. J. Appl. Microbiol. 105, 68-77
(2008).

Acknowledgements
This work is primarily supported by the US Department of Energy (DOE), Office of
Science, Basic Energy Sciences (BES), under award no. DE-SC0007999. Additional

support was provided by the David and Lucile Packard Fellows Program (preparation
and characterization of HYDRA samples, development of the rotary engine). The authors
thank Serkan Cabi for helpful comments.

Author contributions

In HYDRA development, X.C. and O.S. jointly conceived and designed HYDRAs;
X.C., Z.G. and D.G. prepared the samples; A.H.C. and M.D. tested the spore samples;
X.C. and O.S. designed the experiments and Z.G. performed the experiments;

Z.G., AH.C. and N.S. analysed the data; A.D. contributed spore samples. In oscillatory
engine development, O.S. conceived the device; X.C. and O.S. designed the engine;
X.C. fabricated and characterized the engine. In rotary engine development, X.C. and
O.S. conceived the device; X.C., D.G. and O.S. designed the engine; D.G. demonstrated
the engine operation; X.C. and D.G. fabricated and characterized the engine; X.C,, Z.G,,
D.G., A.D. and O.S. wrote the paper; O.S. oversaw the project.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: A patent application has been filed by Columbia
University. Patent title: Evaporation-driven Engines.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Chen, X. et al. Scaling up nanoscale water-driven energy
conversion into evaporation-driven engines and generators. Nat. Commun. 6:7346
doi: 10.1038/ncomms8346 (2015).

This work is licensed under a Creative Commons Attribution 4.0

L7 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:7346 | DOI: 10.1038/ncomms8346 | www.nature.com/naturecommunications 7

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Design strategies

	Figure™1Scaling up hydration-driven nanoscale energy conversion.(a) Water confined to nanoscale cavities, conduits and surfaces within hygroscopic materials can induce large pressures in response to changing relative humidity. (b) A scanning electron micr
	Hygroscopy-driven artificial muscles

	Figure™2Hygroscopy-driven artificial muscles.Photos of spore-coated polyimide tapes at high (a) and low (b) relative humidity. Patterning equally spaced spore layers on both sides of a plastic tape creates linearly expanding and contracting muscles (c,d)
	The oscillatory engine

	Figure™3The evaporation-driven oscillatory engine.(a) The oscillator comprises horizontally placed HYDRAs coupled to a load spring and shutters that control permeation of moisture. Shutters are connected to a beam that is compressed beyond its buckling li
	The rotary engine

	Discussion
	Methods
	Preparation of HYDRA samples
	Characterization of HYDRA strips

	Figure™4The rotary engine.(a) Side view of a rotary engine. Wet paper provides the humidity gradient. Blue plastic blocks weighing 15thinspmg attached to HYDRAs increase the amount of mass shifting position relative to the axis of rotation. (b) Photos and
	Oscillatory engine assembly
	Rotary engine assembly
	Characterization of the oscillatory engine
	Characterization of the rotary engine
	Experimental set-up for electricity generation

	PeixotoJ. P.OortH. A.Physics of ClimateAmerican Institute of Physics1992PickardW. F.The ascent of sap in plantsProg. Biophys. Mol. Biol.371812291981DawsonJ.VincentJ. F. V.RoccaA. M.How pine cones openNature3906686681997ElbaumR.ZaltzmanL.BurgertI.FratzlP.T
	This work is primarily supported by the US Department of Energy (DOE), Office of Science, Basic Energy Sciences (BES), under award no. DE-SC0007999. Additional support was provided by the David and Lucile Packard Fellows Program (preparation and character
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




