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Dewdrop Metasurfaces and Dynamic Control Based on

Condensation and Evaporation

Rungi Jia, Yongxin Jing, Hongchen Chu,* Ruwen Peng,* Mu Wang,* and Yun Lai*

Dewdrops, the droplets of water naturally occurring on leaves and carapaces
of insects, are a fascinating phenomenon in nature. Here, a man-made array
of dewdrops with arbitrary shapes and arrangements, which can function as
an electromagnetic metasurface, is demonstrated. The realization of the
dewdrop array is enabled by a surface covered by a tailored pattern of
hydrophilic and hydrophobic coatings, where tiny droplets of water can
aggregate and form dewdrops on the former. Interestingly, this metasurface
made of dewdrops can be modulated by the condensation and evaporation
process. By increasing relative humidity and decreasing temperature, the
dewdrop metasurface is gradually formed with increasing amounts of water.
While the reverse operation can make it completely disappear. This idea is
demonstrated through two examples with different functions of dynamically
controllable microwave absorption and scattering. The work shows a principle
to construct functional electromagnetic devices with dewdrops, as well as a
mechanism of dynamic control based on condensation and evaporation,

promising unprecedented applications.

1. Introduction

Metasurfaces, the planar artificial materials composed of sub-
wavelength structures, have attracted an increasing amount of
interest in recent years. By inducing the predesigned resonance
of electromagnetic (EM) waves with metallic or dielectric sub-
wavelength structures,!') metasurfaces exhibit the capability
to conveniently manipulate EM waves.[®®] Traditional passive
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metasurfaces pose limitations in their sin-
gular and fixed functionality. Thus recently,
there has been a dramatically increas-
ing demand for dynamically controllable
metasurfaces, aiming to enhance their
adaptability to diverse scenarios, e.g., elec-
trically tunable metasurfaces,/®3] mechan-
ically tunable metasurfaces,['*] optically
switchable metasurfaces,!?>22 thermal or
chemically switchable metasurfaces,|23-28
etc. Dynamic metasurfaces with thermal
modulation have been mostly based on the
integration of thermally sensitive materials,
such as phase-change materials?>3% and
liquid crystals.31-33]

Condensation and evaporation describe
the transformation of material states be-
tween liquid and gas, which can also be
controlled by thermal modulation. How-
ever, so far, dynamic control of artificial ma-
terials based on these processes has been
seldom discussed. Notably, dewdrops, the
droplets of water, are a ubiquitous dielectric
material with exceptional fluidity and remarkable EM response
characteristics in both microwavel>! and optical spectra.l*’]
Within the natural realm, animals and plants adeptly harness
environmental factors and their inherent surface wettability to
facilitate the condensation and gathering of dewdrops, which
are important to their survival, such as the lotus leaves and
desert beetles!*!! shown in Figure 1. The manipulation of dew-
drops, orchestrated through alterations in both environmental
conditions and surface attributes, is widespread in nature. So
far, many research topics based on water droplets have been
focused on the morphology!*?l and dynamic mechanisms!*}] of
droplets on artificial surfaces, which facilitate the development
of microfluidics.[** Especially, the condensation process of va-
por on artificial surfaces with hydrophilic or hydrophobic prop-
erties has been extensively explored, yielding applications, such
as highly efficient heat transfer surfaces, self-cleaning, antifog-
ging, and antifrosting.[*#%] Nevertheless, the concept of estab-
lishing a real-time controlled environment for the condensation
and evaporation of dewdrops, aiming to create a customizable
and dynamic metasurface, remains unexplored to this day.

In this work, we demonstrate tunable dewdrop metasur-
faces (TDMs) that can manipulate microwave absorption and
reflectance based on real-time controlled condensation and evap-
oration as shown in Figure 1. The TDMs are man-made arrays
of dewdrops realized on a dielectric surface. The shapes and
arrangements of the dewdrops can be controlled by coating the
surface with a designed pattern of hydrophilic and hydrophobic
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Figure 1. Schematic diagram of dewdrops in nature and tunable dewdrop metasurfaces. The states of the dewdrop metasurfaces can be modulated by
the substrate surface properties as well as by the environmental temperature and relative humidity.

materials. Since water exhibits large relative permittivity in the
microwave regime as explained in the Supporting Information,
Figure S1, the EM response of the dewdrops can be tailored
by engineering their geometric parameters, which is similar to
the case of metallic structures. When the metasurface is cooled
and the ambient humidity increases, dewdrops condense on
the predesigned substrate. The structure of the metasurface
changes due to the formation of dewdrops. In contrast, cessation
of cooling and dehumidification result in the evaporation of the
dewdrops, thereby altering the structural state of the dewdrop
metasurface. Through real-time control of ambient temperature
and relative humidity, flexible regulation of the presence and
disappearance of dewdrop metasurfaces is achieved, along with
their functionalities on microwave absorption and wavefront
modulation. Our work thus successfully verifies the feasibility
of artificial materials with dynamic control using condensation
and evaporation.

2. Results

2.1. Constructing TDMs Through Condensation and Evaporation

To achieve TDMs through the condensation process of water
vapor, one critical step is to generate plump dewdrop patterns
on a flat substrate during the condensation procedure. The
condensation of water vapor into dewdrops requires relative
humidity to reach the dew point and nucleation sites on the con-
densation surface.l*’*8] Meanwhile, the wettability of a substrate
surface determines the condensation type,[*”! the morphology of
dewdrops,*2°0-52] and the nucleation rate.l*! For a hydrophilic
surface with relatively higher surface energy, the condensation
type is observed as film condensation!*! where the contact
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angle (the angle between a liquid surface and a solid surface
where they meet) is sharp. The initial dewdrops tend to coalesce
with adjacent droplets and change the growth morphology
from spherical to island-like irregular droplets, and finally, to
plump large dewdrops.l>*! However, the hydrophobic surface has
lower surface energy, and the type of condensation is dropwise
condensation, which results from an obtuse contact angle.
The morphology of dewdrops on hydrophobic surfaces remains
nearly unchanged, consistently maintaining a spherical shape.*]
Besides, according to nucleation theory, the hydrophilic surface
has a higher initial nucleation density, which means the initial
coalescence and growth of dewdrops occur more readily.>3>°]
In order to verify the condensation performance on surfaces of
different wettability, we have tested the volume of condensate
droplets on hydrophobic and hydrophilic regions. We find that,
for hydrophilic-hydrophobic hybrid patterns in our experiments,
the total volume of dewdrops on hydrophobic regions was sig-
nificantly lower than that on hydrophilic regions under the same
condensation duration (see the Supporting Information, Table
S1). Therefore, the dewdrop pattern of a TDM can be realized by
engineering the distribution of distinctive wettability on the sub-
strate surface. Figure 2a schematically shows the fabrication pro-
cesses of a hydrophilic pattern. The substrate of a TDM is com-
posed of a thin copper layer and a hydrophilic dielectric layer. The
front surface of the dielectric layer is used to generate hydrophilic
patterns that support dewdrops. Such a substrate surface is ho-
mogeneously hydrophilic (e.g., SiO, glass (SiO, > 99.9%); soda-
lime glass (SiO, &~ 60%-75%, Na,O ~ 10%-25%, Ca,0 ~ 5%—
15%; 95ceramic (Al,O; > 95%)). A complementary hydrophobic
pattern can be coated on this surface by covering a patterned
mask and then spray painting it with hydrophobic nanoparti-
cles. The component of the hydrophobic layer is Fluorosilane
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Figure 2. Preparation of dewdrop metasurfaces and principle of unit cell manufacture. a) Fabrication processes of dewdrop metasurface using hy-
drophobic nanoparticles spray coating treatment. The pattern mask blocks hydrophobic nanoparticles from depositing on hydrophilic patterns. b) Side
view of real-time controlled dewdrop condensation and evaporation devices. c) Various dewdrop patterns condensed on hydrophilic/hydrophobic hybrid

dewdrop metasurfaces, and all of the scale bars represent 5 mm.

polymer.’738] Areas concealed by the mask remain hydrophilic.
On the contrary, uncovered regions exposed to the spray are
coated with hydrophobic nanoparticles, creating an extremely
thin, grayish-white hydrophobic layer with a thickness of around
15 pm. After removing the patterned mask, a surface with
periodic patterns of hydrophilic and hydrophobic regions is
obtained, which can be utilized for the subsequent condensa-
tion of dewdrops of desired patterns. The detailed fabrication
process and materials involved in hybrid wettability surface
manufacture are illustrated in the Supporting Information,
Figure S2.

In order to realize real-time control over the dewdrop unit cells
on the metasurface, we have designed the dewdrop preparation
device as illustrated in Figure 2b. This apparatus comprises two
distinct functional chambers: a humidified steam preparation
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chamber heated by electrical heating wire, and a connected
dewdrop condensation chamber housing both a thermostatic
condenser and the metasurface substrate we processed. The
temperature (relative humidity) information of the humid air
detected by the temperature (humidity) sensor is transmitted to
the temperature (relative humidity) controller. The controller can
automatically regulate the operational status of the electric heat-
ing wire and the vapor switch to readjust the vapor parameters to
guarantee tunable and stable relative humidity and temperature.
Therefore, tunable and stable morphologies of dewdrop unit
cells can be achieved. In the dewdrop condensation chamber, the
real-time controlled hot vapor would condense on the cold blank
metasurface substrate. Periodic dewdrop structures emerge
on hydrophilic regions and can be observed through the thin
plastic window of the condensation chamber. The picture of
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Figure 3. Tunable ultrabroadband absorption based on a TDM. a) Schematic of the meta-atom of the TDMs. b) Photographs of ultrabroadband absorp-
tion TDMs under different ambient conditions, and the scale bar is 10 mm. ¢,d) Simulation and experimental results of the absorption spectrum c)
under different temperature differences between T, and T, and d) different RH.

real-time controlled dewdrop condensation device is presented
in the Supporting Information, Figure S3. Figure 2c illus-
trates dewdrop unit cells with different morphologies obtained
through the above-mentioned dewdrop metasurface preparation
method. When the relative humidity is increased, dewdrops tend
to condense in the hydrophilic regions due to the distinctive
wetting properties of the hydrophilic and hydrophobic regions.
Thanks to the fluid nature of water, dewdrops transform from
conventional spherical-cap shape to the shape of the hydrophilic
region when the relative humidity reaches a critical value, ie.,
dewpoint, and small dewdrops start to aggregate, enabling
the shaping of dewdrops through designing the hydrophilic
pattern. It is clearly seen from Figure 2c that the transverse
profiles of the dewdrops agree well with the hydrophilic pattern.
Specifically, rectangular, cross, and H-shaped dewdrops are
condensed. Since the transverse profile of the dewdrop can be
tailored almost arbitrarily, the EM response of dewdrop-based
unit cells can then be easily manipulated. Furthermore, as the
condensation process continues further, dewdrops will become
even more plump, and their thickness will increase. Therefore,
the EM response of the dewdrop meta-atom can be tuned by
manipulating the condensation and evaporation processes by
controlling the relative humidity and temperatures of the humid
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air and condenser, as shown in Figure 2b. Such a tunability of the
dewdrop metasurface is verified in the following two examples.

2.2. Tunable Ultrabroadband Absorption Enabled by TDMs

Water exhibits a large imaginary part of permittivity in microwave
regimes and hence is a candidate material for conducting mi-
crowave absorbers. Here we design a real-time TDM that can
be tailored to exhibit different absorption characteristics by
changing ambient conditions with the dewdrop preparation
method mentioned above. Figure 3a presents a meta-atom of
the TDM, which is composed of a layer of copper film (orange),
a hydrophilic glass layer (gray) with hydrophobic patterns, and a
spherical-cap dewdrop (blue) on the hydrophilic region. The lat-
tice constant of the meta-atom is | = 5.5 mm. The thickness and
the relative permittivity of the glass layer are h, = 0.4 mm and ¢,
= 6.5. The radius of the circular hydrophilic region is r = 2.2 mm
and the dewdrop height h is determined by ambient vapor
conditions. The calculated height h was based on the measured
dewdrop volume on circular hydrophilic regions under different
environmental conditions, and the simulation neglected tiny
dewdrops condensed on hydrophobic regions. Here, dewdrops
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with circular profiles are chosen because spherical-cap dewdrops
can meet the impedance matching condition®**! by inducing
magnetic resonance and suppressing the reflection for high
absorption. The calculated H-field distribution of the meta-atom
is shown in Figure S4 (Supporting Information) to explain the
magnetic resonance of TDMs.

By adjusting the different ambient temperature (T,), substrate
temperature (T;), and relative humidity (RH), we obtained a
series of dewdrops with different morphologies, as shown in
Figure 3b, under the same condensation duration of 1 hour. The
small deviation between simulation and experiment results is at-
tributed to tiny dewdrops condensed on hydrophobic regions and
the gravity-induced asymmetric shapes of the dewdrops. Under
condition 1 (T, = T, = 23 °C, RH = 42%), temperature of water
vapor does not reach the dewpoint, and hence there is no dew-
drop on the glass. Compared to condition 1, conditions 2 and 3
possess an increasing temperature difference between T, and T,
and the same RH. Dewdrops are formed under both conditions
2 and 3, and the average volume (V,) of each dewdrop is mea-
sured as 2.2 and 11.2 pL, respectively. For conditions 4 and 5, T,
and T, are fixed at 40 and 4 °C, while RH increases from around
50% to around 60%. The V, in conditions 4 and 5 are separately
5.5 and 7.4 pL. In order to observe the relationship between the
environment and morphology of dewdrops, we record more dew-
drop volume and condensing conditions in the Supporting Infor-
mation. Evolutions of these dewdrops’ size over time (including
conditions 2, 3, 4, and 5) are shown in Figure S5 and Table S2
(Supporting Information). From the experimental results shown
in Figure 3b, we find that, through adjusting environmental con-
ditions including T,, T,, and RH, we can govern the morphology
of dewdrops on the substrate’s surface, which is crucial in tuning
the absorption efficiency of the TDMs.

The full structure of the TDMs supporting tunable
ultrabroadband absorption consists of a 24 x 24 array of
meta-atoms, as shown in Figure 3a. We then examine how the
absorption efficiency of the dewdrop metasurface is modulated
under illumination of normal incidence and different ambient
environmental conditions. The absorption results of the TDMs
are calculated in the asymmetric background via the finite-
difference time-domain (FDTD) method. In the simulation,
unit cell boundary condition is adopted. Two Floquet ports
are used to generate incident microwaves and measure the
reflection and transmission coefficients, i.e., r and t. Then the
absorption rate can be obtained as 1 — [t> — |r|2. The simulated
and experimental absorption spectra of the TDMs are presented
in Figure 3c under conditions 1, 2, and 3 in Figure 3b, where
temperature differentials between T, and T are 0, 26.2, and
43.6 °C, respectively. For case 1, where there is no dewdrop, the
metasurface exhibits negligible absorption for EM waves from
15 to 35 GHz. On the contrary, for case 3, where dewdrops occu-
pying the whole hydrophilic area appear, an average absorption
of 0.79 (0.68) is achieved in the experiments (simulations) in the
frequency band ranging from 15 to 35 GHz, and the measured
(simulated) absorption efficiency is as high as 0.93 (0.96) at
35 GHz. The simulated and experimental absorption spectra of
the TDMs under conditions 4 and 5 are illustrated in Figure 3d.
The average absorptions under condition 4 (RH = 49.7%) and
condition 5 (RH = 58.1%) are very close to each other due to
the small change of the V,. Interestingly, a clear redshift of the
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low-frequency absorption peak, i.e., from 19.1 GHz (red dashed
line) to 17.7 GHz (black dashed line), is observed.

In this example, it is verified that by manipulating environ-
mental conditions, ultrabroadband absorption with tunable
absorbance can be attained through the TDMs. Additionally,
TDM facilitates real-time regulation of EM wave absorption
rates. In high environmental humidity conditions, TDM exhibits
enhanced spectral tuning responses. Moreover, within higher
frequency bands, the absorption rate of this dewdrop metasur-
face increases more rapidly compared to lower frequency bands
(see the Supporting Information, Figure S6). It is worth noting
that the key factor directly affecting the tunable absorption
is the volume of the dewdrop in the meta-atom, which does
not correspond to a certain environmental condition due to the
combined influence of temperature and RH on the condensation
and evaporation processes.

2.3. Tunable Binary-Phase Gratings Enabled by TDMs

Binary-phase grating!®®! is a special type of optical component
that is formed with periodically arranged phase shifters with
two different phases. The intensities of diffraction orders can
be manipulated by changing the phase difference between the
two phase shifters. Specifically, when such a phase difference
equals 7, only odd-order diffractions appear.[**¢!] Here, a tunable
binary-phase grating is constructed by utilizing TDMs, where
the reflection phase difference can be tuned by changing the
ambient conditions.

Two types of dewdrop meta-atoms are shown in Figure 4a,
which correspond to the phase shifter in traditional phase-type
gratings. Meta-atom I, shown in the left panel, is composed of a
layer of copper film (orange), a hydrophilic SiO, layer (pale blue)
with relative permittivity e; = 4.3, and a dewdrop in a cross hy-
drophilic region. Meta-atom II, shown in the right panel, is com-
posed of a layer of copper film (orange), a hydrophilic ceramic
layer (gray) with relative permittivity e;; = 8.9, and a dewdrop in
a rectangular hydrophilic region. The lattice constants of Meta-
atom I and II in the x and y directions are p = 5.0 mm and g =
8.75 mm. The thickness of SiO, and ceramiclayeris d = 1.77 mm.
The parameters of the cross hydrophilic region are n, = 3.8 mm,
n, = 1.6 mm, m, = 1.8 mm, and m, = 4.2 mm. The parame-
ters of the rectangular hydrophilic region are a = 2.9 mm, b =
7.4 mm. The height of Meta-dewdrops I and II are separately h,
= 0.42 mm and h, = 0.43 mm under the ambient conditions of
T, =229 °C, T, = 8.5 °C, and RH = 43.3%, which is referred
to as condition 6. The real-time ambient condition records are
presented in the Supporting Information, Table S3. It is found
that when there were no dewdrops on the metasurface, the re-
flectance phase difference, Ag, between the two meta-atoms is
>, and for both meta-atoms, near-unity reflectivity is achieved.
However, when dewdrops condense on the metasurface under
condition 6, the phase difference A equals x, and the reflectiv-
ity of two meta-atoms decreases slightly. The detailed simulation
results of reflectance coefficients for meta-atoms I and II under
TE-polarized normal incidence at 14 GHz are shown in the Sup-
porting Information, Table S4.

Tunable binary-phase grating based on these two dewdrop
meta-atoms is illustrated in Figure 4b. The grating constant in
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Figure 4. Atunable binary-phase grating enabled by the TDM. a) Schematic of the meta-atoms of the TDM. b) A tunable binary-phase grating composed
of meta-atom | and Il. c) Zoomed-in view of fabricated TDM in two different states with and without dewdrops. d) Simulated electric-field distribution of
the TDM under normal incidences with y-polarization at 14 GHz. Hollow arrows represent the incident beams. e) Simulated and f) measured far-field

scattering patterns of the TDM without and with dewdrops at 14 GHz.

the x direction is L, = 10p = 50 mm. Part views of the fabricated
TDM are illustrated in Figure 4c. Due to the periodic phase distri-
bution along x-direction, the diffraction order obeys the diffrac-
tion equation

L sinf, =mi (1)

where 0, is the reflection angle of the mth reflection order and m
can be integers. A is the wavelength of the incident wave. We then
verified the wavefront-controlling functionalities of the TDM by
numerical calculations and far-field experiments. The simulated
near-field and far-field electric-field distributions of the TDM are
shown in Figure 4d,e. The TDM is excited by a Gaussian beam
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at 14 GHz. The upper and lower panels show the electric-field
distributions of the meta grating without and with dewdrops,
respectively. It is found from both Figure 4d.e. that without
dewdrops on the metasurface, the Oth-order and x1st-order
reflection waves separately propagate toward directions of 6, =
0°and 0, = +25°, which are coincident with the theoretical pre-
diction from Equation (1). However, when condition 6 is applied,
dewdrops condense on the metasurface, and Oth-order diffrac-
tion disappears while the +1st-order reflection is maintained.
We also perform far-field experiments to study the wavefront
control of TDM under in environments. The setup of the far-field
measurements is shown in the supplement in the Supporting
Information, Figure S7. The measured far-field results at 14 GHz
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are shown in Figure 4f, which agrees well with the simulation re-
sults in Figure 4e, demonstrating that when there are dewdrops
on the grating under condition 6, the Oth-order diffraction is
eliminated, and all the reflected energy is split to directions of .

In addition to these two particular states of the TDM grating,
i.e., one without dewdrop and the other suppressing the Oth-order
diffraction, more states revealing the evolution of the Oth-order
diffraction from dominating to vanish can be realized by manip-
ulating the morphology of dewdrops through designing the am-
bient condition. It can be inferred that the dewdrop height could
decrease in less humid conditions, but the scattering pattern still
keeps a portion of energy toward Oth-order diffraction. The de-
tailed far-field simulation results are explained in the Supporting
Information (see Figure S8). In this example, it is verified that
by manipulating the ambient condition, TDMs, functioning as
binary-phase grating, can be tuned to generate diffraction beams
with distinct intensity, demonstrating the potential of TDMs in
wavefront control.

3. Conclusion

The formation and disappearance of dewdrops are common nat-
ural phenomena in life, yet our work here converts them into an
artificial EM material with excellent switching functionality. To
achieve this goal, not only the size but also the shape and lat-
tice of the dewdrops should be tailored. Through the design of
a pattern of hydrophilic and hydrophobic regions, we have suc-
cessfully achieved this goal. The unprecedented switching mech-
anism based on condensation and evaporation can lead to distinct
changes in functionalities, such as between zero absorption and
near total absorption of microwaves.

Compared to previous water-droplet metasurfaces,*”3¥! in this
work, we explored not only the microwave absorption proper-
ties but also the phase-manipulation function via dewdrops of
specific shapes, enabling the tailoring of the microwave wave-
front by a TDM. Unlike previous active metasurface manipula-
tion methods, the approach based on the condensation and evap-
oration processes to control the existence, disappearance, and
morphological transformation of meta-atoms and hence manip-
ulate their EM responses is proposed for the first time. Different
from active water-based metasurfaces utilizing microfluidics!*’!
and mechanical controlling technologies!>-" that rely on closed
containers for water, this approach can be applied in environ-
ments without electrical, optical/thermal, or mechanical stim-
uli. For instance, it can be applied on walls, rocks, and even
leaves to achieve amazing control and switching of microwaves
through the natural condensation and evaporation of water that
happen every day. This method is clean, environmentally friendly,
and has a very low cost of fabrication. This concept can also be
further extended to other frequencies and waves, such as op-
tics and acoustics, impacting various disciplines. In addition, we
note that although only a homogeneous dewdrop metasurface
and a binary-element dewdrop metasurface are demonstrated
here, the concept of TDMs can be easily extended to phase gra-
dient metasurface capable of more flexible manipulation of the
wavefront by introducing more degrees of freedom. For exam-
ple, dewdrops of meta-atoms can be independently controlled
to exhibit various phase shifts by assigning each meta-atom a
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discrete condenser with tunable temperature. The TDMs also
have some limitations, such as the absorption at microwave fre-
quencies and the deformation of dewdrop shapes due to grav-
ity.

In conclusion, we have proposed an intriguing dewdrop meta-
surface and introduced a novel regulating method of adjusting
dewdrops through the condensation and evaporation processes.
The transverse profiles of the dewdrops are realized by modifying
the wettability distributions on the metasurface substrates. The
condensation and evaporation of the dewdrops are controlled by
changing the ambient temperature, the temperature of the sub-
strate of the metasurface, and the relative humidity. It is worth
noting that the dewdrop metasurface exhibits a high sensitivity
to environmental conditions. Ambient temperature directly af-
fects the surface nucleation rate,[®?] while relative humidity di-
rectly influences the growth and coalescence rates of the small
droplets.l] Higher relative humidity and a larger temperature
difference between the environment and the cold surface sub-
strate enable the dewdrop metasurface to achieve faster EM re-
sponses. By using the TDMs, tunable ultrabroadband absorp-
tion and a tunable binary-phase grating in the microwave fre-
quency regime are demonstrated by both numerical simulations
and microwave experiments. Such a method of controlling mi-
crowave metasurfaces based on the phase transformation pro-
cess of water also applies to other liquids and might find po-
tential applications in other frequency bands, such as optical
frequencies, where water causes negligible propagation dissipa-
tion of light, leading to high-efficiency devices. We also note that
at higher frequencies, such as optical frequencies, the dewdrop
metasurfaces require much smaller dewdrops of micrometer or
nanometer scale, thus the dynamic controlling method based
on the condensation and evaporation of dewdrops would be
much more responsive and efficient. The proposed TDMs open
a new route toward future economic, eco-friendly smart tunable
metamaterials.
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