Nano Energy 90 (2021) 106499

FI. SEVIER

Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen materliodey
Full paper :.)
Moisture induced electricity for self-powered microrobots

Yang Wang ®', Ming Dai ™', Heting Wu ®¢, Lin Xu ¢, Tongtong Zhang *¢, Wenshuai Chen"",

Zhong Lin Wang>® ", Ya Yang >“%""

# CAS Center for Excellence in Nanoscience, Beijing Key Laboratory of Micro-Nano Energy and Sensor, Beijing Institute of Nanoenergy and Nanosystems, Chinese

Academy of Sciences, Beijing 101400, PR China

b Key Laboratory of Bio-based Material Science and Technology, Ministry of Education, Northeast Forestry University, Harbin 150040, PR China
¢ School of Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing 100049, PR China

4 School of Material Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0245, USA

€ Center on Nanoenergy Research, School of Physical Science and Technology, Guangxi University, Nanning 530004, PR China

ARTICLE INFO ABSTRACT

Keywords:

Water harvesting
Self-powered microrobots
Insect-scale robots
Hygroscopic gel

Sustainable operation of microrobots mandatorily needs a continuous supply of energy, which is usually pro-
vided by a battery. However, with the miniaturization of the microrobot, the reduction of weight, and the limited
lifetime of battery, self-powering of microrobot is a key challenge. Inspired by the crawling of cockroaches, we
present an untethered insect-scale robot driven by moisture induced electric power. A moisture-based energy
harvesting device has been exploited and embedded in the microrobot, which can capture and store atmospheric

water under various environmental conditions through a hygroscopic gel and generate electricity based on redox
reaction. The device produces an output voltage of ~1.4 V and an output current of ~43 mA. A combination of
moisture-electricity powered vertical vibration and the asymmetric structural design of the microrobot enables
its forward locomotion at an average speed of ~4.01 cm/s. Our work could facilitate multifunctionality in future
self-powered microrobots and mesoscale devices.

1. Introduction

Microrobots can perform tasks, such as confined space exploration
and actuation with multiple degrees of freedom, which are difficult to
achieve with conventional robots [1-7]. However, providing sufficient
power for sustainable operation of microrobots is challenging.
Lithium-ion batteries (LIBs) are the main power source for conventional
robots [8,9]. However, the LIBs have limited structure and specific en-
ergies, and will create an extra load and some increased volume for the
microrobots, restricting the multifunctionality for future microrobot
development [10,11].

There is growing interest in insect-scale (micro-scale) robots that do
not need LIBs and have effective and complex mobility, such as robotic
flies [12], strider-like robots [13,14] and soft robots [15-18]. These
robots, however, usually need an external stimulus, such as light, heat,
humidity, or magnetism, as an actuation source to realize sufficient
mobility, leading to instability under environmental effects [19-23]. To
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address these issues, our group developed a floating robotic insect that
can harvest energy from water [24]. However, the demand for a water
source restricts its activity. Thus, harvesting energy from ambient hu-
midity is an expectant route that can provide portable and clean energy
for microrobots [25-30], because moisture can be freely obtained any-
where on earth.

Some pioneering studies have explored various advanced materials
and techniques for enhancing the capability of atmospheric water cap-
ture [31-41] and moisture-based electricity generation [42-46]. For
example, polypyrrole chloride/poly N-isopropylacrylamide moisture
absorbing gel exhibits a daily water harvest of 19.2 L/kg of the corre-
sponding xerogel at a relative humidity (RH) of 60% [47]. A hybrid
photocatalysis system that comprises a hygroscopic hydrogel and cupric
oxide and barium titanate nanoparticles can split 36.5 mg of absorbed
atmospheric water to produce a photocurrent of 224.3 yA/cm? [48].
Protein nanowires (NWs) were employed to produce a voltage of ~0.5 V
and a current of ~110 nA under a load of 2 MQ from ambient humidity
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Fig. 1. Robot design, assembly, and working mechanism. (a) Schematics of the microrobot with moisture-electricity powered unit. (b) Comparison of the center of
mass path for a cockroach and that for our robot. (¢) Photograph of the assembled robot. (d) SEM image of Cu foam. e Co304 nanowires coated on Cu foam. (f, g) SEM

images of the surface of hygroscopic gel.

[49]. Bulk graphene oxide was used to exploit a hygroelectric generator
unit to produce electricity from air with an output voltage of ~1.5 V.
These studies stimulated the construction of self-propulsion systems
[50]. However, existing atmospheric water capturing and
moisture-based energy harvesting technologies have not yet demon-
strated powerful ability to drive soft actuators and electric motors. New
strategies for insect-scale robots should be developed along with the

introduction of moisture-based energy harvesting devices.

Here, we present a cockroach crawling-inspired microrobot powered
by moisture induced electric power. The intrinsic structural design en-
ables the integration of multiple functions into a microrobot: moisture
capture, energy harvesting, and actuation. The robot contains a
moisture-based generator that can acquire water from ambient air
through a hygroscopic gel. The absorbed water is used for electricity
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generation to drive a micromotor via redox reactions. The micromotor
transmits mechanical vibration to the asymmetric folding body of the
robot, allowing the robot to rapidly move forward. The microrobot ex-
hibits a power density of approximating 8.5 mW/cm? and an average
forward movement speed of 4.01 cm/s.

2. Experimental section
2.1. Preparation of hygroscopic gel

NFC was individualized from poplar wood powder and its prepara-
tion was referred to the previous work [56]. 20 g of 1 wt% NFC aqueous
suspension was added into a 150-mL beaker. Then, 40 g of 5 wt% LiCl
aqueous solution was slowly added to the NFC suspension along the
beaker wall. The beaker was kept at room temperature for 12 h, which
led to the generation of an NFC/LiCl composite hydrogel. Excess LiCl
solution in the beaker was sucked out and the hydrogel was put into a
freezer for 12 h. Lyophilization was subsequently conducted using a
freeze-drier to yield hygroscopic gel.

2.2. Moisture absorption using the hygroscopic gel

The absorption of water vapor from air using the hygroscopic gel was
carried out for 12 h in a constant-temperature and -humidity chamber
(GDJS-225, Beijing Yashilin Testing Equipment Co. Ltd., China) at 26 °C
and various RH values and at 50% RH and various temperatures. The
moisture absorption of the gel was also evaluated in a normal room, in
which the temperature and humidity slightly fluctuated, for 12 h. The
water uptake of the gel after moisture absorption was calculated as:

Water uptake = (m,, —my)/my (@D)]

where m,, denotes the mass of the wet gel after moisture absorption at a
given time and md is the mass of the dry gel before the absorption of
water vapor from air.

2.3. Storage of the moisture-absorbed gel at various environment

The wet gel that had absorbed plenty of moisture was placed in en-
vironments with a moderate RH of 40% and a moderate temperature of
25 °C, a high RH of 80% and a moderate temperature of 25 °C, a mod-
erate RH of 40% and a high temperature of 40 °C, a high RH of 80% and
a high temperature of 40 °C, room RH and room temperature, and
outdoor RH and outdoor temperature on a normal winter day in Harbin
City, in sequence. The mass of the gel was recorded once per hour. After
12 h in the given environment, the gel was taken out and put into a
hermetic desiccator and stored at room temperature for 12 h. Then, the
gel was placed in the next environment for 12 h.

2.4. Fabrication of Co304 nanowires

Copper foam (thickness: 3 mm) was cut into plates
(10 mm x 10 mm) and cleaned with acetone, ethanol, and deionized
water, in sequence, for 10 min, respectively. The prepared copper foam
plates were immersed in an aqueous solution (50 mL) of 1 M Co(NO3),
and 5M Co(NHjy)2. Next, the solution was put into a Teflon-lined
stainless-steel autoclave, which was placed in an oven at 90 °C for 6 h.
The prepared foam plates were rinsed with deionized water and then
annealed in air at 250 °C for 60 min

2.5. Fabrication of the microrobot

Three acrylic plates (10 mm x 15 mm x 0.25 mm) were used as the
crossbeam and two legs of the robot. Two flexible acrylic films
(5mm x 15 mm x 0.1 mm) were used to connect the crossbeam and
legs via UV-cured glue. During the assembling process, the highest point
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of the hind leg is higher than the highest point of the foreleg. The pre-
pared copper foam was fixed on the crossbeam of the robot via double-
sided tape. A magnesium plate was fixed on a flexible belt connected to
the crossbeam. Then, the hygroscopic gel was sandwiched between the
copper foam and magnesium plate. Finally, an electric motor was
attached on the top center of the robot and connected to the copper foam
and magnesium plate through copper wires.

2.6. Characterization and measurements

The morphology and structure of the hygroscopic gel and copper
foam were investigated using field-emission scanning electron micro-
scopy (Sigma 500, Zeiss, Germany; Apreo S, FEI, USA). The 3D micro-
structure of the gel was acquired using X-ray 3D microscopy
(nanoVoxel-3000, Sanying Precision Instruments Co., Ltd., China) by
transmitting X-rays through the gel with a rotation step of 0.25° and a
pixel size of 0.5 um. Wetting analysis was conducted using a contact
angle meter (DSA100, KRUSS, Germany). The output voltage and cur-
rent of the device were measured using a digital source meter (Keithley,
2611B). The robot COM was tracked by a high-speed camera (Qia-
nyanlang, 2F04).

3. Results and discussion

A prototype 3.2 cm x 1 cm robot with folding body design was
assembled. Its motion is driven by transforming moisture-electricity
powered mechanical vibration to the asymmetric folding body of the
robot (Fig. 1a and c). We used a rigid polyethylene terephthalate (PET)
plate (thickness: 0.25 mm) as the crossbeam and legs of the robot, and
flexible PET film (thickness: 0.1 mm) as the hinge springs. To make the
robot body asymmetric, the highest point of the foreleg is lower than the
highest point of the hind leg. The moisture-based electricity generation
unit, which comprises layers of a copper (Cu) foam, a hygroscopic gel,
and a magnesium (Mg) sheet, is attached on the PET crossbeam. A small
electric motor, used as the vibration unit, is installed at the top center of
the robot. The body of the robot resembles an origami pattern. It un-
dergoes periodic extension and contraction, created by the moisture-
electricity powered vibration motor, to generate a forward force to
drive the robot. The trajectory of the robot’s center of mass (COM) is
very similar to that of a crawling cockroach, as illustrated in Fig. 1b
[51]. Unlike robots driven by the piezoelectric effect under a high
alternating-current driving voltage, our design uses a universal motor
under a low direct-current voltage, avoiding the requirement for
external power sources (Movie S1) [52].

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106499.

Our robot’s energy generation mechanism is modeled after metal-air
batteries (MABs). Cobaltosic oxide (Co304) deposited on Cu foam serves
as the cathode and an Mg sheet serves as the anode. A low-magnification
scanning electron microscopy (SEM) image shows the porous structure
of the Cu foam (Fig. 1d). Co3O4 nanowires freely stand on the foam
substrate, forming a three-dimensional (3D) hierarchical structure
(Fig. 1e). The average length of the CO304 nanowires is approximately
8 um along the growth direction. The Raman spectra confirms the
chemical composition of the Co304 nanowires (Fig. S1). A hygroscopic
gel, which absorbs moisture from the ambient environment, is placed
between the two electrodes. The gel was produced by exchanging a
wood-derived nanofibrillated cellulose (NFC) aqueous suspension
(Fig. S2) with lithium chloride (LiCl) aqueous solution, followed by
lyophilization. The gel has a porous structure with hygroscopic LiCl
microparticles that interpenetrate into the hydrophilic, high-aspect-
ratio, and entangled NFC networks (Fig. 1f and g). The as-assembled
energy generation device shares many of the advantages of MABs,
including low material cost, high energy density, and harmlessness.
Unlike conventional MABs that require a liquid electrolyte, our device
uses a solid hygroscopic gel, which can combine with the robot, capture
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Fig. 2. Absorption of moisture from air using hygroscopic gel. (a) Schematic of the moisture absorption process of the gel. (b) X-ray 3D microscopy image of the gel.
(c) 3D image of spatial pore distribution of the gel. (d) X-ray 3D microscopy image of the gel after it absorbed plenty of moisture from air. Photographs of the gel (e)
before and (f) after moisture absorption upon bending and twisting. The moisture absorption behavior of the gel at various (g) RH values and (h) temperatures and (i)
in a normal room. Inset of (i) shows the corresponding RH value and temperature of the room at a given time. (j) Photographs of the gel at various moisture ab-
sorption times corresponding to (i). (k) The water grabbing ability of the gel when placing the moisture-absorbed gel in environments with a moderate RH (M-RH)
and a moderate temperature (M-T), a high RH (H-RH) and a M-T, a M-RH and a high temperature (H-T), a H-RH and a H-T, room RH (RM-RH) and room temperature
(RM-T), and outdoor RH (OD-RH) and outdoor temperature (OD-T) in winter, in sequence.
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Fig. 3. Schematic and electric output characteristics of moisture-based energy harvesting device. (a) Illustration of electricity generation mechanism. Measured (b)
output voltage and (c) current of the device. (d) Measured output current of the device under various load resistances and the corresponding output powers. (e)

Current output under various RH conditions.

water from air for moisture-based energy generation, and adjust the
corresponding electrical properties [53,54].

The critical step of moisture-based energy harvesting is the capture
of atmospheric water. The moisture absorption process of the hygro-
scopic gel is schematically shown in Fig. 2a. When exposed to air, LiCl
particles at the surface of the gel quickly absorb moisture. The absorbed
water aggregates, liquefies, and gradually dissolves the LiCl. Because the
surface of NFC contains a large number of hydroxyl groups, the porous

NFC aerogel is superhydrophilic (Fig. S3 and Movie S2), leading to rapid
absorption and storage of the liquid water. The liquid water derived
from LiCl-absorbed moisture is transported from the surface to the inner
part of the gel through channels within the NFC networks. The moisture
absorption continues until the gel saturates under the ambient
conditions.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106499.
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Fig. 4. Assembly of microrobot and locomotion analysis. (a) Photographs of assembly process. (b) Movement behavior of the microrobot. (¢) Simplified dynamic
model of microrobot based on a spring-damper system. (d) Simulation results on the actuated switch between two states.

The hygroscopic gel has a porous hierarchical structure. LiCl parti-
cles and NFC are densely packed at the surface but loosely packed in the
inner region (Fig. 2b and Movie S3). The inner part of the gel contains
pores with a size of several hundred microns (Fig. 2c), which contributes
greatly to the large pore volume of the gel. In contrast, the pores on the
gel periphery are very small. The intrinsic inhomogeneous nanofiber/
particle interconnected porous structure is beneficial for moisture ab-
sorption, absorbed water vapor aggregation and liquification, water
transportation, and storage. After a certain amount of moisture is
absorbed, the LiCl particles are completely dissolved, and the wet gel
swells (Fig. 2d, Movie S4, and Movie S5). The gel becomes flexible and
can be repeatedly bent and twisted (Fig. 2f). In contrast, the dry gel is
very brittle and breaks when bent (Fig. 2e).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106499.

The absorption of water vapor from air was measured at various RH
values and temperatures to evaluate the atmospheric water absorption
capacity of the gel. The absorption rate and water uptake increased with
increasing ambient humidity (Fig. 2g). At 90% RH and 26 °C, 0.1676 g
of gel can absorb 0.8061 g of water vapor from air in 12 h (i.e., the gel
can absorb 4.81 times its own weight of moisture). At 50% RH, when the
temperature was increased from 20 °C to 40 °C, the absorption rate of
the gel increased slightly, and the gel became saturated after ~5h
(Fig. 2h). In a normal room, where the temperature and humidity fluc-
tuated, the gel still quickly absorbed moisture with water uptake of
1.68 g g— 1 in 12 h (Fig. 2i). During absorption, the gel became grad-
ually wetted from the peripheral region to the inner region (Fig. 2j,
Fig. S5, S6 and S7). The absorbed water was stored within the super-
hydrophilic nanofiber networks, making the wet gel translucent. The
moisture-absorbed gel was placed in environments with a moderate RH
(M-RH) of 40% and moderate temperature (M-T) of 25 °C, high RH (H-

RH) of 80% and M-T of 25 °C, M-RH of 40% and high temperature (H-T)
of 40 °C, H-RH of 80% and H-T of 40 °C, room RH (RM-RH) and room
temperature (RM-T), and outdoor RH (OD-RH) and outdoor temperature
(OD-T) in winter, in sequence. It quickly absorbed or released water to
adapt the changes of the environment, and always contained a certain
amount of water (Fig. 2k), indicating its universal applicability in
various environments.

Fig. 3a shows a schematic representation of our moisture-based en-
ergy harvesting device. The Mg plate is acted as the anode and the Co304
nanowires deposited on the Cu foam served as the cathode. As the water
in the air are absorbed onto the hygroscopic gel and dissolve the LiCl,

i* and Cl~ ions dissociate and disperse in the water. A reduction re-
action occurs at the cathode (2H' +2e~—H>1) and an oxidation reaction
occurs at the anode (Mg — 2e~—Mg?"). These reactions drive electrons
to flow through an external circuit and produce current, powering the
micromotor that generates mechanical vibration. To evaluate the
operational performance, we subjected the device to repeated cycling
using an ON/OFF switch (Fig. S8). The device produced an output
voltage of approximately 1.4 V and an output current of approximately
42.8 mA (Fig. 3b and c). The output current decreased and the output
power increased as the load was increased from 1 to 100 Q. A maximum
power density of ~8.5 mW/cm? was achieved at an optimal resistance
of ~30 Q (Fig. 3d). The electric performance of the device outstanding
enhanced with increasing the RH, showing its environmental humidity-
dependent features (Fig. 3e). The output current gradually decreased
due to the depletion of harvesting water and electrodes at initial
100 min, and then kept stable (Fig. S9).

For assembling the microrobot, the hygroscopic gel is sandwiched
between the Cu foam and the Mg plate. The whole process is convenient
and repeatable (Fig. 4a). The asymmetric folding body of the robot and
the vertical vibration generate a forward force to drive the robot moving
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Fig. 5. Demonstration of microrobot locomotion. (a) Series of optical images

showing the movements of the microrobot. (b) Vertical (yellow dots) and lateral

displacements (red dots) of the microrobot. (c) Composite image of the microrobot moving on paper. The red dots represent the center of the microrobot at a given
time. (d) Corresponding movement displacements and average speed analysis relative to time.

forward. Flexures are used instead of revolute joints to realize flexible
bending deformation. The center of the robot has three main postures
during movement: original posture, downward motion, and upward
motion (Fig. 4b). In each state, the robot’s body can be either expanding
or retracting depending on the applied force from the motor and the
supporting substrate. In this study, F is the vibration force, which gen-
erates pressure between the robot and substrate. F; and Fs are the sub-
strate reaction forces for the front and hind legs of the robot,
respectively. Because the structure is asymmetric, F» is greater than Fy,
leading to forward locomotion of the robot.

We illustrate the locomotion mechanism of the robot using a dy-
namic mass-spring model (Fig. 4c) [52,55]. In this illustration, the
torsional spring-damper system (ky-dy) represents the mechanical mo-
tions of the flexure. The vertical spring-damper (k-d) represents the
ground contact, which consists of a normal force (F,) and a friction force
(Fs). The normal force is defined as [52]:

Foy = sign( —yev)sign( — kyey — dypy ) (— kyey — dpy) (2)

where ypy represents the position of the force; N = 1 indicates the front
leg and N = 2 indicates the rear part of the robot. The normal force is
considered as a spring-damper system (k-d) and the vertical force is
positive. The motor is the driving source and generates other reaction
forces. The higher effective spring constant of the cantilever stiffness for
the hind leg results in a larger reaction force than that of the fore leg,
leading to a forward force to achieve forward locomotion of the robot.
Finite element method simulations were conducted to illustrate the
stress distribution of the robot during movement. Most of the robot body
is subjected to large pressure during the downward motion. The pressure
gradually decreases during the restoration motion (Fig. 4d).

To locate the positions, we used a high-speed camera to track the
robot COM. In the visual analysis of movement, we consider the center
of the motor as the oscillatory COM to monitor the robot’s motion tra-
jectory. For the one cycle of motor vibration, the corresponding postures
are illustrated as states (I) to (IV) (Fig. 5a). In state (I), the body is in the
original posture. Thereafter, it spreads out, and the center reduces as a
result of the vibration of the motor (state (II)). In state (III), the
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restoration force from the supporting substrate lifts the center, leading
to the upward movement of the robot. In state (IV), the center is at its
highest position. These changes in the shape and the center position, and
the asymmetric force acting on the robot body cause quick forward
movement of the robot. Fig. 5b illustrates the lateral displacement (red
dot) and vertical displacement (yellow dot) of the COM of the robot
powered by the moisture-based energy harvesting device. The vertical
displacement shows clear undulation and the lateral position of the COM
shows incremental forward movement.

We further evaluated the stability of the forward movement of the
microrobot. Fig. 5¢ shows a composite image of the robot moving on the
paper where the red dot represents the COM of the robot (Movie S6). On
the basis of the scaling relation between the lattice and the dots, we
obtained the horizontal and longitudinal displacements. Fig. 5d shows
that the robot can stably move on paper, with a slight deviation. The
robot can maintain a stable speed of ~ 4.01 cm/s during forward
movement.

Supplementary material related to this article can be found online at
d0i:10.1016/j.nanoen.2021.106499.

Our work shows that moisture-based energy harvesting device can be
embedded in the insect-scale robots to provide power. This design makes
it possible to use the surrounding environment as a power source. We
implemented a hygroscopic gel into the safe and established
magnesium-based MAB chemistry, and enhanced the corresponding
output voltage and current by using a cathode made of porous Cu foam
decorated with Co304 nanowires (Fig. S10). The device can operate in
various environments and its output current increases with increasing
RH. Our work could expand applications of current moisture-based en-
ergy harvesting devices [49,50].

Existing microrobots need LIBs or require an external stimulus. In
contrast, our robot harvests energy from ambient humidity, with ad-
vantages of harmless and flexibility. For practical applications, our robot
can operate at a low voltage of ~1.2 V, making it suitable for further
integration with low-power devices. Our robot does not perform
controlled movement because it lacks an onboard system. To enable
remote control, future research will incorporate sensors for position
feedback. Furthermore, the power density and stability of the moisture-
based energy harvesting devices will be further improved.

4. Conclusion

In summary, we demonstrated an untethered self-powered micro-
robot that can move without an external power source. The coupling of
hygroscopic gel and oxygen reduction reaction enabled the microrobot
to harvest energy from environment humidity. The moisture-based en-
ergy harvesting device is embedded into the robot body as a power unit.
The integration of moisture-electricity powered vertical vibration and
asymmetric structural design resulting in the forward movement of the
microrobot. This work paves a way for the development of self-powered
robots for environmental monitoring and exploration.
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