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Photophoretic levitation is a propulsion mechanism by which lightweight objects can be lifted and con-
trolled through their interactions with light. Since photophoretic forces on macroscopic objects are usually
maximized at low pressures, they may be tested in a vacuum chamber in close proximity to the chamber
floor and walls. We report experimental evidence that the terrain under levitating microflyers, including the
chamber floor or the launchpad from which the microflyer lifts off, can greatly increase the photophoretic
lift forces relative to their free-space (midair) values. To characterize this so-called “ground effect” during
vacuum-chamber tests, we introduce a miniature launchpad composed of three J-shaped (candy-cane-like)
wires that minimize the microflyer’s extraneous interactions with the underlying surfaces. We compare our
J-shaped-wire launchpad with previously used wire-mesh launchpads for simple levitating Mylar-based
disks with diameters of 2, 4, and 8 cm. Importantly, we discover that wire-mesh launchpads increase the
photophoretic lift force by up to sixfold. A significant ground effect is also associated with the bottom
of the vacuum chamber, particularly when the distance to the bottom surface is less than the diameter
of the levitating disk. We provide guidelines to minimize the ground effect in vacuum-chamber experi-
ments, which are necessary to test photophoretic microflyers intended for high-altitude exploration and

surveillance on Earth or on Mars.
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I. INTRODUCTION

Microflyers are typically defined as airborne vehicles
with dimensions smaller than approximately 10 cm. Com-
pared with conventional unmanned aerial vehicles (UAVs)
such as weather balloons, drones, and satellites, microfly-
ers are lightweight, low-cost, and use less energy. Some
microflyers can be driven by wind or solar energy and may
not need a battery, engine, or motor. Such miniaturized
aerial vehicles can be dispersed by wind as plant-seed-
inspired microrobots [1] or powered by the Sun using pho-
tovoltaics [2] or photophoretic levitation [3], potentially
enabling applications in ubiquitous sensing and in moni-
toring of the atmosphere, climate, and local environment
[4-6].

Although microflyers are typically intended for uses
far from the ground, they may be tested in close prox-
imity to horizontal surfaces, either solid or very sparse,
such as a wire-mesh launchpad [3,7,8]. These underlying
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surfaces can greatly modify the airflow in the vicinity of
the microflyer, create an area of increased pressure under
the microflyer, and enhance the lift force experienced by
the microflyer in a phenomenon called the ground effect
[9—11]. In the continuum regime, i.e., when the mean free
path is much smaller than the flyer dimensions, the ground
effect has been well studied for three-dimensional hover-
craft and for aircraft that take off or cruise at very low
altitudes. Previous researchers have focused mainly on
how the enhanced lift can be used to address problems
of flight security, fuel consumption [9,12], and control of
minirotorcraft [13].

The ground effect can also be significant in pho-
tophoretic levitation, as previously calculated for pho-
tophoresis of microscopic aerosol spheres close to a solid
plane surface [14] and observed for macroscopic plates
hovering on an air cushion at atmospheric pressure [7].
During testing of photophoretic microflyers, the mean
free path is often comparable to the characteristic dimen-
sions of the system, i.e., the experiments are done in the
transition regime between free-molecular and continuum
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fluid dynamics. Note that the characteristic dimension of
the system is unambiguous only in midair, where it is
defined as the size of the levitating disk. If the disk is
levitating close to another surface, we can define the char-
acteristic size as the distance to that surface, the periodicity
of that surface, etc. This implies that multiple Knudsen
numbers, defined as the ratio of the mean free path to some
characteristic dimension, can be relevant depending on the
details of the experimental setup.

The ground effect results from a combination of
free-molecular back-and-forth bouncing of air molecules
between the flyer and the launchpad and continuum air
flow (e.g., an elevated-pressure air cushion) [7,14]. The
associated increase in the lift force can be particularly large
when tests are done in a typical tabletop vacuum cham-
ber, in which the distance to the nearest horizontal surface
may be comparable to or even smaller than the char-
acteristic size of the levitating vehicle. For macroscopic
photophoretic flyers, the aerodynamic differences between
laboratory test launchpads and the real-world midair envi-
ronment may therefore lead to exaggerated expectations
for the altitude range and payload capability of microflyers.

We present work characterizing the ground effect in
the transition regime in this paper. Given the critical
importance of accurate tests for the future deployment
of photophoretic microflyers on the Earth or Mars, we
quantify the impact of the ground effect for minimal J-
shaped launchpads and the wire-mesh-based launchpads
previously used, as described below.

II. EXPERIMENTAL RESULTS AND
METHODOLOGY

We conduct the experiments in the present work using
simple microflyers consisting of disk-shaped 0.5-pm-thick
Mylar films with diameters of 2, 4, and 8 cm. These
microflyers are chosen due to their ease of fabrication and
adequate mechanical, thermal, and aerodynamic stability
[3]. Our levitation mechanism relies on a difference in
the thermal accommodation coefficient across these films,
made possible by depositing a thin carbon-nanotube (CNT)
film on the underside of the disk [3,15-21]. A representa-
tive 8-cm-diameter disk is shown in Fig. 1(d). We test our
microflyers in an acrylic vacuum chamber positioned over
an array of eight light emitting diodes (LEDs) as shown in
Fig. 1(a), and also in Fig. 7. Our primary experimental vari-
ables are the light irradiance experienced by the microflyer
and the vacuum-chamber pressure. As discussed in the
Appendix, we carefully characterize the light irradiance in
the vacuum chamber as a function of position, elevation,
and any shading factors present (such as the launchpad)
using a photodiode and an optical sensor.

When illuminated by incident light, the microflyer
experiences (1) an upward photophoretic force, which
may be enhanced by the ground effect, (2) a downward

gravitational pull, and (3) an electrostatic stiction force,
which can be either repulsive (upward) or attractive (down-
ward). The photophoretic force increases with the light
irradiance and is typically maximized at pressures such
that the mean free path is comparable to the disk diam-
eter (i.e., for 0.01 < Kn < 10, where Kn is the Knudsen
number) [14]. As a result, for a given microflyer size, an
optimal pressure exists at which the irradiance needed for
liftoff is smallest. In a single experiment, we therefore
increase the light irradiance until the microflyer lifts off,
while holding the chamber pressure constant. This pro-
cess is then repeated at different pressures to allow us to
plot the liftoff irradiance versus pressure and determine the
optimal pressure (Fig. 2). Making such irradiance-pressure
plots for a variety of microflyers and launchpads allows
us to infer the magnitude of the ground effect for each
microflyer-launchpad combination. For instance, consider
a case in which the minimum light irradiance required for
liftoff at a given pressure increases when the launchpad is
altered. Given the approximate linear relationship between
the light irradiance and the photophoretic lift force in the
transition regime [3,15], we can infer that the ground effect
is reduced when the altered launchpad is used compared
with the unmodified launchpad, as discussed below.

Observing liftoff in levitation experiments is facilitated
by launchpads that elevate the microflyer and minimize
electrostatic stiction forces associated with the chamber
floor. Although it is not shown in the figures, we connect
every launchpad to an electrical grounding circuit to min-
imize these electrostatic forces. Previously used launch-
pads [3,7] were composed of sparse steel-mesh grids that
allowed a very high fraction of the incident light to pass
through. The main geometric parameters of the mesh are
the wire diameter d and wire spacing s, resulting in an
open-area fraction ® = s%/(s + d)? for a square mesh, as
shown in Fig. 1(b). Note that as ® approaches unity, the
light shading caused by the mesh disappears, while the
irradiance needed for liftoff should increase because the
ground effect is minimized.

A. Minimizing launchpad-associated ground effect
using minimal J-shaped-wire launchpad

To minimize the ground effect in the experiments
described in this paper, we design a launchpad consist-
ing of three inverted-J-shaped (i.e., candy-cane-like) wires
that minimize the contact area with the microflyer, as
shown in Fig. 1(c). We use wires drawn from previously
used wire-mesh launchpads [as in Fig. 1(b)], but bend
them into “J” shapes with a millimeter-scale radius of
curvature at the top and maintain the same distance from
the chamber floor to the disk as with the previously used
mesh launchpads. A triad of wire canes inserted verti-
cally into an aluminum ring holder provides the necessary
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FIG. 1. Experimental setups for a wire-mesh and a J-shaped-wire launchpad and a microflyer. (a) Schematic diagram of experimental

setup consisting of an acrylic vacuum chamber, an 8-cm-diameter CNT-Mylar-alumina microflyer, a piece of 73%-open steel mesh, and
eight LEDs below the chamber. (b) Schematic diagram of a 0.9-mm-diameter 5.4-mm-spacing steel mesh, showing wire spacing s and
diameter d. (c) Photograph of a triad of 0.9-mm-diameter J-shaped steel sticks and a holder ring. (d) Photograph of an 8-cm-diameter
CNT-Mylar-alumina disk. The electrical grounding circuits for the two types of launchpad are not shown, for simplicity.

stability to support the microflyer before takeoff while min-
imizing the interfacial contact. The effective open area is
greater than 99% even for the thickest (1.6-mm-diameter)
wire and the smallest (2-cm-diameter) disk. Our experi-
ments indicate that these ultrasparse launchpads exhibit
a minimal ground effect due to the underlying J-shaped
wires. In particular, we observe no dependence on the wire
diameter for J-shaped-wire launchpads made from 0.23,

0.9, and 1.6-mm-diameter wires (Fig. 2), in contrast to the
wire-mesh launchpads discussed later.

The absence of a ground effect can also be illus-
trated by looking at the optimal Knudsen number, defined
as the Knudsen number corresponding to the pressure
at which the irradiance needed for liftoff is minimized.
The optimal Knudsen numbers in Fig. 2 are marked by
dark-shaded intervals due to the uncertainty produced by
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FIG. 2. Levitation performance of microflyers on J-shaped-wire launchpads with different wire diameters. The optimal Knudsen
number can be seen to be independent of the microflyer diameter and the wire diameter. The microflyers are (a) 2-, (b) 4-, and (c)
8-cm-diameter alumina-Mylar-CNT disks. The solid lines show LOESS fits, with 99% confidence intervals shown by light shading.

The optimal pressures are shown by darker shading.
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Plots similar to those in Fig. 2, for steel meshes with a fixed wire diameter (0.9 mm) and different wire spacings but plotted

versus the pressure. The optimal pressure can be seen to be independent of the wire spacing and the microflyer diameter. Note that the
range of the irradiance axis is adjusted relative to Fig. 2 to show clearer patterns of the irradiance versus the Knudsen number.

experimental observation error and the locally estimated
scatterplot smoothing (LOESS) algorithm that we use. As
can be seen from the figure, all values overlap within
experimental error. In particular, the optimal Knudsen
number shows no dependence on either the diameter of
the J-wire or the diameter of the microflyer itself, exactly
as predicted by the theory of midair levitation [3]. Specif-
ically, the average optimal Knudsen numbers for 2-, 4-,
and 8-cm-diameter disks are centered around 0.025. Given
the measurement uncertainty, the optimal Knudsen num-
ber is invariant, meaning that the mean free path at the
optimal pressure is about 40 times smaller than the disk
diameter in all cases. It is well known [14] that the midair
photophoretic force is maximized in the transition regime
for Knudsen numbers from 0.01 to 10, in agreement with
our findings.

B. Large launchpad-associated ground effect for
wire-mesh launchpads

In contrast to the J-shaped-wire launchpads described
in Sec. I A, the wire-mesh launchpads that we used
previously in Refs. [3,7] exhibit strong evidence of a
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ground effect when we systematically vary the wire diam-
eter and spacing of the mesh. First, we use three steel
meshes with the same 0.9-mm wire diameter and wire
spacings of 1.0, 3.5, and 5.4 mm, corresponding to open-
area percentages of 28%, 63%, and 73%, respectively. For
these experiments (Fig. 3), we plot the light irradiance ver-
sus the pressure rather than the Knudsen number because it
is difficult to know in advance which characteristic dimen-
sion (diameter, mesh wire diameter, or spacing) should be
used to define the Knudsen number. As can be seen from
Fig. 3, the central values of the optimal pressure for all
three spacings are approximately 12 Pa, with no obvious
dependence on the wire spacing or the diameter of the
microflyer disk.

As discussed in Sec. II A, without a ground effect, i.e., in
midair, larger samples are predicted to have inversely pro-
portionally lower optimal pressures than smaller samples,
i.e., the optimal ratio of the mean free path to the diam-
eter should be constant [14,15]. The fact that we observe
this in Fig. 2 but not in Fig. 3 indicates the presence of a
ground effect for wire-mesh launchpads. In addition, the
minimum light irradiance increases as the steel mesh
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FIG. 4. As Fig. 3, but for steel meshes with a fixed wire spacing (3.5 mm) and different wire diameters. The optimal pressure

decreases with increasing wire diameter (i.e., decreasing open area).
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(b)

Chamber Chamber

FIG. 5. Simplified features of gas dynamics between a
microflyer and neighboring surfaces. (a) Cross-sectional
schematic diagram of molecule trajectories during levitation on
J-shaped steel sticks. (b),(c) Cross-sectional schematic diagrams
of the air flow during levitation when the floor-to-disk distance
is (b) smaller than the disk diameter and (c) greater than the disk
diameter. In (a), red arrows represent molecules bouncing back
and forth between the launchpad wire and the levitating disk,
leading to the ground effect, while blue arrows represent other
trajectories of air molecules.

(c)

becomes more open, because the launchpad-associated
ground effect should vanish as the launchpad tends to
100% open area.

Next, we fix the wire spacing at 3.5 mm and vary
the wire diameter instead (Fig. 4). The open-area per-
centages for the 0.23-, 0.9-, and 1.6-mm-diameter wires
that we select are 88%, 63%, and 47%, respectively. As
shown in Fig. 4, the optimal pressure decreases with both
increasing wire diameter and increasing levitating-disk
diameter, and, again, the minimum irradiance for liftoff
increases as the mesh becomes more open, indicating a
strong ground effect. However, the optimal pressure is not
inversely proportional to either the mesh wire diameter or
the levitating-disk diameter.

Instead, as the wire diameter is reduced by a factor of
7 (from 1.6 to 0.23 mm), the optimal pressure increases
by approximately a factor of 2 for the smallest disk (2-
cm diameter) and a factor of 1.5 for the intermediate-size
disk, and does not significantly change for the largest disk.
Similarly, as the disk diameter is reduced by a factor of 4

2-cm-diameter disks

(a) (b)

Irradiance (kW/m?2)
Irradiance (kW /m?)

O 2-cm distance
O 3-cm distance
A 4-cm distance

2 2

4-cm-diameter disks

(from 8 to 2 cm), the optimal pressure changes by a factor
of approximately 2 for the thinnest-wire mesh (0.23 mm),
but does not change measurably for the two less open
meshes (0.9- and 1.6-mm wire diameter). Therefore, no
single Knudsen number can serve as a nondimensional
invariant, and both of these characteristic dimensions are
important.

Clearly, the ground effect is strongest for the largest
disks and the largest mesh wire diameters. For the thickest
(1.6-mm-diameter) wires, the minimum required irradi-
ances can be seen to be up to 6 times lower for meshes
than for the J-shaped wire launchpads. Since the light
irradiance scales approximately linearly with the pho-
tophoretic lift force in the transition regime [3,15], for
a specific microflyer with a given weight, this sixfold
decrease in irradiance is approximately equivalent to a six-
fold enhancement of the photophoretic lift force due to the
ground effect.

In contrast, for the thinnest-wire mesh (0.23-mm diame-
ter) and the smallest disk size (2-cm diameter), the optimal
pressure and minimum intensity for the wire-mesh launch-
pads in Fig. 4 are very similar to those observed with the
minimal J-shaped-wire launchpads described in Sec. 11 A
(Fig. 2). These results are corroborated by the fact that
we did not detect any large differences between 73%-open
and 85%-open meshes (both high open-area percentages)
in our previous experiments [3], which were also done
with very small samples (with diameters of 0.6 cm). The
decreasing influence of the ground effect with increasing
open area suggests that ideal launchpads should be very
sparse, especially for the largest samples.

The basic mechanism by which a wire mesh increases
the photophoretic lift force on a microflyer, i.e., the ground
effect, can be described as follows. In the slip-flow or
transitional flow regime, air molecules behave as a combi-
nation of free molecules and a continuum fluid depending
on the specific conditions. As shown in Fig. 5(a), for
closely located horizontal surfaces where the mean free

8-cm-diameter disks

(c)
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FIG. 6. As Fig. 2, but for cane-shaped steel sticks with a fixed wire diameter (i.e., 0.9 mm) and different distances to the chamber

floor. The optimal Knudsen number can be seen to be dependent on
disk diameter.

the floor-to-disk distance when that distance is smaller than the
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path is larger than the intersurface spacing, air molecules
can bounce back and forth more frequently between the
two surfaces, imparting recoil forces that are larger than
those experienced by a microflyer in midair. Immediately
before takeoff, the disk rests on the launchpad and the wire
diameter determines the typical distance that the molecules
travel when bouncing back and forth between the levitat-
ing disk and the launchpad; this sets a characteristic length
scale and explains why the optimal pressure depends on
the wire diameter. The magnitude of the ground effect also
gradually decreases with increasing open area of the mesh
and eventually vanishes as the open area approaches 100%.
Therefore, as the underlying surface becomes increasingly
sparse, the dependence on the open-area percentage and
the wire diameter becomes insignificant, the optimal pres-
sure instead begins to depend on the size of the levitating
disk, and the optimal Knudsen number stays at around
0.025. We note that rigorous modeling of the observed
ground effect requires computer-intensive numerical mod-
eling in the transition regime [12,22,23], which is beyond
the scope of this experimentally focused manuscript.

C. Floor-associated ground effect

Even with ultrasparse J-shaped-wire launchpads, which
by themselves produce no measurable ground effect, other
underlying surfaces may produce a floor-associated ground
effect due to their vertical proximity to the microflyer
[24,25]. After the launchpad, the second closest horizontal
surface for any sample is typically the floor of the vac-
uum chamber. To investigate the associated ground effect,
we prepare J-shaped sticks with lengths of 2, 3, and 4 cm
and change the vertical distance between the sample and
the bottom surface of the vacuum chamber while maintain-
ing the vertical distance between the LEDs and the sample
(by moving the chamber itself) to keep the light irradi-
ance on the microflyer constant. Similarly to the case for
large aerial vehicles such as rotorcraft and hovercraft [9—
13], this type of ground effect results from the underlying
surface deflecting the airflow around the microflyer down-
ward and thus creating an area of higher pressure (i.e., an
air cushion) under the microflyer, as sketched in Figs. 5(b)
and 5(c).

As shown in Fig. 6, the smallest (2-cm-diameter) disk
has very similar optimal Knudsen numbers and irradiances
regardless of the floor-to-microflyer distance, while the
4- and 8-cm-diameter microflyers both have higher opti-
mal Knudsen numbers and minimum light irradiances as
the distance grows. In this case, we can denote the two
Knudsen numbers determined by the microflyer diame-
ter and the floor-to-disk distance by Kngjam and Kngg,
respectively. Our experiments indicate that the floor-
associated ground effect due to the chamber bottom gradu-
ally decreases as the distance from the disk to the chamber
bottom increases, and becomes insignificant when that

FIG. 7. Photographs of experimental setup consisting of an
acrylic vacuum chamber, an 8-cm-diameter CNT-Mylar-alumina
microflyer, a piece of 73%-open steel mesh, and eight LEDs
below the chamber. (a) Side view. (b) Top view.

distance exceeds the disk diameter (i.e., Kngiam > Kngjst).
In other words, the larger of the two Knudsen numbers
controls the optimal pressure more, and, in midair, only
the diameter-based Knudsen number matters.

ITII. CONCLUSIONS

Based on these experimental results, we suggest the
following guidelines when testing microflyers in vacuum
chambers. First, the launchpad-associated ground effect
should be minimized by making the launchpad so sparse
that the optimal pressure no longer depends on the param-
eters of the launchpad and instead scales with the size of
the microflyer. Second, the distance between the vacuum-
chamber floor and the microflyer must be increased until
the pressure-irradiance curves cease to show a dependence
on the vertical distance. Typically, this distance needs to
be larger than the largest dimension of the levitating struc-
ture to minimize the floor-associated ground effect. We
note, finally, that the ground effect in the transition regime,
which is typical in photophoretic experiments, exhibits
aerodynamic features of both the free-molecular and the
continuum regimes (Fig. 5).

In summary, we demonstrate that photophoretic
microflyers tested in relatively small vacuum chambers
can experience large ground effects associated with both
the supporting launchpad structure and the chamber bot-
tom, which may lead to greatly exaggerated expectations
of the photophoretic lift force in midair applications. We
develop a minimal launchpad consisting of J-shaped steel
sticks that is nearly 100% open so as to make the impact
of the launchpad-associated ground effect insignificant,
as indicated by the fact that the irradiance—Knudsen-
number graphs are independent of the wire diameter.
We then characterize steel-mesh launchpads with different
wire diameters and spacings, where we observe stronger
ground effects for denser meshes. Furthermore, we vary the
distance between the microflyer disks and the bottom sur-
face of the vacuum chamber, concluding that the distance
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between the microflyer and any other underlying surface
should be at least as large as the diameter of the disk to
minimize the floor-associated ground effect. We highlight
the complexity of choosing the characteristic dimension
and Knudsen number of the system as a function of the
microflyer diameter, the launchpad dimensions, and the
floor-to-microflyer distance. Minimizing the ground effect
in laboratory tests of photophoretic microflyers is impor-
tant for developing realistic expectations for the payloads
of photophoretic UAVs in the Earth’s mesosphere or the
atmosphere of Mars.
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APPENDIX: MATERIALS AND METHODS

1. Procedure for microflyer fabrication

We start with a 0.5-pwm-thick Mylar sheet (DuPont),
whose area density is approximately 0.7 g/m? as measured
on an analytical balance (A&D HR-202). We wrap the film
around a 525-pum-thick silicon wafer and spin-coat a solu-
tion of 0.2% (weight) water-based single-wall CNTs (12
nm in diameter and 5-30 pm in length, NanoAmor) on

the top surface at 300 revolutions per minute for 10 s. We
bake the resulting bilayer structure on a hotplate at 90 °C
for 10 min. By weighing the samples, we determine the
areal density to be 0.9—1.3 g/m? after this step. We then flip
the Mylar-CNT film and deposit a layer of 100-nm-thick
alumina via atomic layer deposition (Cambridge Nanotech
S2000 ALD) at 140 °C using water and Al,(CHj3)g as pre-
cursors. Last, we use laser micromachining (IPG IX280-
DXEF) to cut circular disks with diameters of 2, 4, and 8 cm.
The areal density of the final alumina-Mylar-CNT disks is
typically 1.2—1.6 g/m?.

2. Procedure for vacuum-chamber testing

We use a customized 10-1 cylindrical vacuum chamber
with an acrylic body and steel flanges, as pictured in Figs.
7. A two-stage (roughing-turbo) vacuum pump (Pfeiffer
HiCube 80 Eco Turbo Pumping Station) allows us to reach
chamber pressures between 0.8 and 200 Pa, as measured by
a vacuum-gauge sensor (InstruTech, Inc., CVG101GF). In
the experiments using metal meshes, the meshes are elec-
trically grounded to minimize electrostatic forces. In the
experiments using J-shaped steel sticks, we add a 1-mm-
thick polyethylene terephthalate film coated with indium
tin oxide (Adafruit) underneath the ring holder to provide
electrical grounding. This optically transparent and elec-
trically conductive film forms an effective and convenient
electrical grounding circuit with approximately 85% opti-
cal transparency (we account for this partial absorption
when calculating the actual irradiance on the microflyers).
We set up an eight-LED (LOHAS LH-XP-100W-6000K)
array to create a symmetric, uniform, and sufficiently
intense light source that can be tuned continuously with a
power supply (Teyleten Robot Non-Isolated Step-Up Mod-
ule). Finally, we apply a thin layer of silver paste (Arctic
Silver 5 Polysynthetic Thermal Compound) between the
LEDs and the aluminum base plate to enhance the heat
dissipation from the LED array.

3. Procedure for characterization of light irradiance

The whole LED array can safely provide light irradi-
ances of up to 7 kW/m? (absent any shadowing from the
launchpad), as measured using optical power and energy
sensors. The methodology can be described as follows: (1)
using collimated light from the LED array to establish an
equivalence of the signals from a fully open photodiode
(Vishay Semiconductors Silicon PIN Photodiodes Osram
BPW34) and a partially open optical sensor (Thorlabs,
Inc., S305C and PM100USB); (2) finding the percentage
of light received by the optical sensor by repeating step
1 but using the original light from the LED array; and (3)
measuring the light irradiance with the percentage obtained
in step 2 considered. Note that the shadowing effect of
every launchpad is characterized, and both the photodiode
and the optical sensor are precalibrated.
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4. Experimental results of previous publications

Cortes et al. [7] reported photophoretic levitation of
nanocardboard rectangular plates on a micropatterned 0%-
open glass substrate and an 84%-open wire mesh. The
plates were 6 x 13 mm in dimensions and 0.1 mg in
weight. The levitation height was 10 mm. We argue that
the launchpad and floor-associated ground effects arising
from the glass launchpad were potentially large, while
those arising from the 84%-open wire-mesh launchpad
were much less significant.

Azadi et al. [3] reported photophoretic levitation of cir-
cular disks on a 74%-open wire mesh and an 85%-open
wire mesh. The disks were 6 mm in diameter and 0.03 mg
in weight. The levitation height was about 5 mm. We argue
that the launchpad and floor-associated ground effects aris-
ing from the two meshes were not large and, reasonably,
led to only slight differences in the experimental results.

[1] B. Kim, K. Li, J. Kim, Y. Park, H. Jang, X. Wang, Z. Xie,
S. Won, H. Yoon, G. Lee, and W. Jang, Three-dimensional
electronic microfliers inspired by wind-dispersed seeds,
Nature 597, 503 (2021).

[2] N. Jafferis, E. Helbling, M. Karpelson, and R. Wood,
Untethered flight of an insect-sized flapping-wing
microscale aerial vehicle, Nature 570, 491 (2019).

[3] M. Azadi, G. Popov, Z. Lu, A. Eskenazi, A. Bang, M.
Campbell, H. Hu, and I. Bargatin, Controlled levitation of
nanostructured thin films for sun-powered near-space flight,
Sci. Adv. 7, eabel127 (2021).

[4] 1. Colomina and P. Molina, Unmanned aerial systems for
photogrammetry and remote sensing, J. Photogrammetry
Remote Sens. 92, 79 (2014).

[5] S. Nam and G. Joshi, Unmanned aerial vehicle localization
using distributed sensors, Int. J. Distrib. Sens. Netw. 13,
1550147717732920 (2017).

[6] Y. Cao, W. Yu, W. Ren, and G. Chen, An overview of
recent progress in the study of distributed multi-agent
coordination, IEEE Trans. Ind. Inform. 9, 427 (2012).

[7] J. Cortes, C. Stanczak, M. Azadi, M. Narula, S. Nicaise,
H. Hu, and I. Bargatin, Photophoretic levitation of macro-
scopic nanocardboard plates, Adv. Mater. 32, 1906878
(2020).

[8] C. Powers, D. Mellinger, A. Kushleyev, B. Kothmann, and
V. Kumar, Influence of Aerodynamics and Proximity Effects
in Quadrotor Flight (Springer, Heidelberg, 2013), p. 289.

[9] K. Rozhdestvensky, Wing-in-ground effect vehicles, Prog.
Aerosp. Sci. 42, 211 (2006).

[10] C. Han, J. Cho, Y. Moon, Y. Yoon, and Y. Song, Design
of an aerolevitation electric vehicle for high-speed ground
transportation system, J. Aircr. 42, 93 (2005).

[11] Y. Moon, H. Oh, and J. Seo, Aerodynamic investigation of
three-dimensional wings in ground effect for aero-levitation
electric vehicle, Aerosp. Sci. Technol. 9, 485 (2005).

[12] A. Matus-Vargas, G. Rodriguez-Gomez, and J. Martinez-
Carranza, Ground effect on rotorcraft unmanned aerial
vehicles: A review, Intell. Serv. Robot. 14, 99 (2021).

[13] P. Wei, S. Chan, S. Lee, and Z. Kong, Mitigating ground
effect on mini quadcopters with model reference adaptive
control, Int. J. Intell. Robot. Appl. 3, 283 (2019).

[14] H. Keh and F. Hsu, Photophoresis of an aerosol sphere
normal to a plane wall, J. Colloid Interface Sci. 289, 94
(2005).

[15] H. Rohatschek, Semi-empirical model of photophoretic
forces for the entire range of pressures, J. Aerosol Sci. 26,
717 (1995).

[16] N. Tong, Photophoretic force in the free molecule and
transition regimes, J. Colloid Interface Sci. 43, 78 (1973).

[17] C. Loesche and T. Husmann, Photophoresis on particles
hotter/colder than the ambient gas for the entire range of
pressures, J. Aerosol Sci. 102, 55 (2016).

[18] D. Gilbey, A re-examination of thermal accommodation
coefficient theory, J. Phys. Chem. Solids 23, 1453 (1962).

[19] P. Feuer, Theory of the thermal accommodation coefficients
of a diatomic gas, J. Chem. Phys. 39, 1311 (1963).

[20] W. Trott, D. Rader, J. Castaneda, J. Torczynski, and M.
Gallis, Measurement of gas-surface accommodation, AIP
Conf. Proc. 1084, 621 (2008).

[21] M. Grau, F. Volklein, A. Meier, C. Kunz, J. Heidler, and
P. Woias, Method for measuring thermal accommodation
coefficients of gases on thin film surfaces using a MEMS
sensor structure, J. Vac. Sci. Technol. A: Vac., Surf., Films
34, 041601 (2016).

[22] E. Kadivar and E. Kadivar, Computational study of the
laminar to turbulent transition over the SD7003 airfoil in
ground effect, Thermophys. Aeromechanics 25,497 (2018).

[23] T. Barber and S. Hall, Aerodynamic ground effect: A case
study of the integration of CFD and experiments, Int. J.
Vehicle Design 40, 299 (2006).

[24] Q. Qu, P. Zuo, W. Wang, P. Liu, and R. Agarwal, Numerical
investigation of the aerodynamics of an airfoil in mutational
ground effect, AIAA J. 53, 3144 (2015).

[25] T. Anh, N. Binh, and J. Song, In-ground-effect model based
adaptive altitude control of rotorcraft unmanned aerial
vehicles, IEEE Robot. Autom. Lett. 7, 794 (2021).

044004-8


https://doi.org/10.1038/s41586-021-03847-y
https://doi.org/10.1038/s41586-019-1322-0
https://doi.org/10.1126/sciadv.abe1127
https://doi.org/10.1016/j.isprsjprs.2014.02.013
https://doi.org/10.1177/1550147717732920
https://doi.org/10.1109/TII.2012.2219061
https://doi.org/10.1002/adma.201906878
https://doi.org/10.1016/j.paerosci.2006.10.001
https://doi.org/10.2514/1.95
https://doi.org/10.1016/j.ast.2005.01.005
https://doi.org/10.1007/s11370-020-00344-5
https://doi.org/10.1007/s41315-019-00098-z
https://doi.org/10.1016/j.jcis.2005.03.047
https://doi.org/10.1016/0021-8502(95)00011-Z
https://doi.org/10.1016/0021-9797(73)90349-4
https://doi.org/10.1016/j.jaerosci.2016.08.013
https://doi.org/10.1016/0022-3697(62)90200-7
https://doi.org/10.1063/1.1734432
https://doi.org/10.1116/1.4948527
https://doi.org/10.1134/S0869864318040030
https://doi.org/10.1504/IJVD.2006.009068
https://doi.org/10.2514/1.J054155
https://doi.org/10.1109/LRA.2021.3133932

	I. INTRODUCTION
	II. EXPERIMENTAL RESULTS AND METHODOLOGY
	A. Minimizing launchpad-associated ground effect using minimal J-shaped-wire launchpad
	B. Large launchpad-associated ground effect for wire-mesh launchpads
	C. Floor-associated ground effect

	III. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX: MATERIALS AND METHODS
	1. Procedure for microflyer fabrication
	2. Procedure for vacuum-chamber testing
	3. Procedure for characterization of light irradiance
	4. Experimental results of previous publications

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


