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Abstract

Photophoretic forces could levitate thin 10 centimeter-scale structures in Earth’s stratosphere
indefinitely. We develop analytical models of the thermal transpiration force on a bilayer
sandwich structure in the stratosphere. Lofting is maximized when the layers are separated by an
air gap equal to the mean free path (MFP), when about half of the layers’ surfaces consist of
holes with radii < MFP, and when the top layer is solar-transmissive and infrared-emissive while
the bottom layer is solar-absorptive and infrared-transmissive. We use the models to design a 10
cm diameter device with sufficient strength to withstand forces that might be encountered in
transport, deployment, and flight. The device has a payload of about 285 mg at an altitude of 25
km; enough to support bidirectional radio communication at over 10 Mb/s and limited
navigation. Such devices could be useful for atmospheric science or telecommunications on
Earth and Mars. Structures a few times larger might have payloads of a few grams.

Main text
Introduction

Differences in temperature or accommodation coefficient can induce gas flows when the mean
free path (MFP) of the gas is large compared to the distance over which the temperature or
accommodation coefficients vary. Such flows have been investigated since Crookes
demonstrated his radiometer in 1873. Practical applications of this phenomenon are growing;
they now include holographic displays !, gas pumps without moving parts 2, and photophoretic
particle traps 3. Keith # (2010) suggested that microscale, engineered particles could self-levitate
in the stratosphere using Aa photophoresis, a force caused by an asymmetry in the
accommodation coefficients of the particles’ top and bottom surfaces. Azadi et al. ° (2020)
experimentally demonstrated levitation of a 6 mm illuminated disk using the phenomenon
described by Keith. But a bilayer isothermal structure using this phenomena can only levitate if
the horizontal size is small compared to the MFP, limiting practical structures in the mid-
stratosphere to less than 1 mm. Cortes et al. © (2020) demonstrated levitation of structures
roughly 102 times larger than those proposed by Keith and realized by Azadi et al. Cortes et al.
used fabricated hollow alumina sandwich structures of order 1 cm wide, order 100 pm thick, and
with area density 1 g/m?, termed “nanocardboard,” that develop internal temperature gradients
when illuminated. These gradients generate upward thrust via thermal transpiration, or thermal
“creep” flow, through vertical channels spaced periodically throughout the structures. Thermal
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transpiration can generate much larger total upward forces than Aa photophoresis at a given
pressure. When large payload capacity is desired, nanocardboard-like structures are more
appropriate for atmospheric flight than the microscale structures of Keith and Azadi et al.

Here we develop simple physical models to predict the levitating force on a
nanocardboard-like structure in the stratosphere. We then use these models to provide a
preliminary design of a practical device large enough to communicate with the ground. Our
design is constrained to structures that could be fabricated using current nano-fabrication tools.
In Kim et al. 7, we discuss the fabrication, testing, and structural analysis of the nanocardboard-
like structures used in our practical device. Such a device could expand capabilities for in-situ
atmospheric sensing, remote measurements, and telecommunications to include microscale
technologies that might complement existing aircraft and balloons.

We first present our 1-dimensional analytical models, which calculate the lofting force on
a structure with specified radiative, thermal, and design parameters at a given altitude with
typical equatorial radiative forcing. The middle stratosphere is a good environment for levitation
due to its minimal turbulence and slow settling velocity (of order 1 cm/s) for centimeter-scale
thin plates weighing hundreds of mg. Our proposed disk-shaped device has a 10 cm diameter and
could levitate at an altitude of 25 km while carrying a 285 mg payload. We then provide rough
estimates that suggest that existing technologies could be adapted to enable attitude adjustment,
motion control, deployment, and communication with the ground. Lastly, we explore sensing and
telecommunication applications on Earth and lofting on Mars.

Background. Some background on photophoresis is useful for understanding our
models. Radiative heat transfer induces thermal gradients within a structure and between the
structure and its surroundings. The thermal gradients induce gas flows, and these flows modify
the thermal gradients. The resulting photophoretic forces on a structure may be categorized into
three distinct phenomena: (1) a difference in the thermal accommodation coefficient a over the
surface of an isothermal structure of different temperature than the ambient gas causes a net
momentum transfer to the structure via gas collisions (Aa photophoresis, Fig. 1a), (2) a
difference in the temperature over the surface of the structure also causes a net momentum
transfer to the structure via gas collisions (AT photophoresis, Fig. 1b), and (3) a thermal gradient
between two regions of gas creates a flow from the cold region to the hot region, which transfers
momentum to a nearby structure (thermal transpiration, Fig. 1c) 8°.

Photophoretic forces are only significant when the gas flows that impart them are in the
free-molecular (FM) regime, defined roughly as where the Knudsen number Kn(L) = A/L is
greater than 1, where A is the MFP of the gas and L is a characteristic length scale of the structure
for a particular photophoretic mechanism. For any given structure, L depends on the
photophoretic mechanism in question. For instance, thin structures that could levitate via Aa and
AT photophoresis have L equal to their smallest dimension normal to the force. The thin disks
examined by Keith and Azadi et al., which levitate via Aa photophoresis, had L equal to their
diameters, thus limiting levitation to disks less than roughly 100 um in diameter at the
stratopause. Structures that can levitate via thermal transpiration, like nanocardboard 81°, have
interspaced holes or channels with smallest horizontal dimension equal to L -3, If the holes and
channels satisfy L < A, the only size limit on the entire levitating structure is set by the
mechanical strength of the structure itself. We describe the simplest structure that could levitate
using thermal transpiration in the methods section.



Results and Discussion

Modeling. Figure 1d shows a scanning electron microscope (SEM) image of a structure
we wish to model. This alumina sandwich structure is divided into regions with and without
vertical walls that connect the top and bottom face sheets. We fabricated the region with walls by
directionally etching cylindrical channels into a silicon wafer, atomic layer depositing (ALD)
100 nm of alumina, then etching away the remaining silicon 7. The region without walls was
fabricated by etching holes in the ALD alumina instead of channels in the silicon. If lofted in the
stratosphere, an absorptive coating on the bottom surface would heat the bottom layer relative to
the top layer, creating a downward flow of air that thrusts the structure upward. We aim to study
structures of order 10 cm wide, a feasible fabrication range as discussed in the practical design
section.

Our one-dimensional analytical models represent a horizontally uniform bilayer structure
with two infinitely thin, isothermal, perforated layers separated by a height H. The perforations
have an area filling fraction, f, and the structural walls separating the layers have an area filling
fraction w. The flow through the holes assumes they have dimensions much smaller than A to
satisfy the FM regime criteria. Figure 1e shows a vertical cross-section of the generalized model
structure labeled with heat resistivity terms.

At a distance from the structure equal to the thermal boundary layer thickness d, we
assume the air has ambient temperature T. The distance d is many orders of magnitude larger
than A in the quiescent stratosphere. We assume uniform pressure (see Supplementary
Information).

To calculate the thrust on the structure, we first solve a system of conservation of energy
equations for T, and T, the structure’s bottom and top layer temperatures, respectively (see
methods section). We then solve for T}, ,;,- and T ,;,-, the air temperatures one MFP below and
above the structure (herein called “surface air layers”), respectively, by assuming linear
temperature gradients (T, — T)/d and (T; — T)/d between the horizontal layers and the ambient
air. We developed two analytical models valid in two different limits, H < A and H > 1. We
could not develop an analytical model for H ~ A because the temperature gradient between the
top and bottom layers is poorly defined in this range. The thrust equations for both models are
functions of T}, Ty, Ty 4i-, and T, 4;- and are given in the methods section. For the H >> A model,
we also calculate the air temperatures one MFP below and above the top and bottom layers,
respectively, by assuming a linear vertical temperature gradient (T,—T;)/H between the two
layers.

The energy conservation equations contain the heat transfer terms shown in Fig. 1e. We
compute the net radiative heat transfer to the top (bottom) layer by multiplying its solar band
emissivity €,;5 ¢ (€,5) and longwave thermal-IR band emissivity €, ¢ (€;z ) by the incident
radiative solar flux and terrestrial thermal upwelling, respectively. Initial calculations showed a
roughly 1 % decrease in the thrust on the structure when accounting for a solar reflectivity of
0.05, typical of alumina 4. For simplicity, we assume the structure is not reflective.

We also model the following five conductive heat transfer pathways, shown as resistors
in Fig. 1e: between top and bottom layers via (1) the structural walls and (2) air in the adjacent
hollow spaces, (3) between surface air layers via the air in the vertical regions where there are
holes, and (4,5) from both sides of the structure to the environment via the thermal boundary
layer. For each of these pathways, we account for the change in heat transfer coefficient as a
function of pressure by summing the free-molecular and continuum heat transfer coefficients in



parallel (equation (4) in the methods section), shown explicitly by two resistors in series for each
case of boundary layer conduction in Fig. 1e. We assume the surface air layers have
accommodation coefficients of 1.

We assume the same static boundary layer on both sides of the structure and do not
explicitly calculate convective heat loss. The real boundary layer between a lofted structure and
its surroundings may be poorly defined and will vary with time, especially in turbulence. This is
the largest limitation of our models. Computational fluid dynamics (CFD) could characterize the
boundary layer as a function of time, in more than one dimension, and on both sides of the
structure.

To calculate d, we first assumed the structure was a disk with area density of order 1
g/m? falling at terminal velocity in the stratosphere. For a disk with diameter D on the order of
cm, d is on the order of m (see Supplementary Information). This is unphysical since natural
convection would limit the actual thermal boundary layer to a plume roughly the size of the
structure’s diameter. In fact, d < D only when D = 10 m. Figure 2a shows plots of T}, 4; — Tt qir
and the daily time-averaged lofting force as d varies parametrically. Increasing d from 10 cm to
1 m reduces the time-averaged lofting force by only 0.5 %. The limit d — co maximizes the
lofting force. The force varies by roughly 15 % in the range d > 1 mm. As d decreases below
this range, the lofting force drops significantly due to decreasing T}, 4i — Tt qir- Given the
insensitivity of the lofting force to macroscale boundary layer size, we set d = D = 10 cm for all
results herein. This assumption gives a 15 % uncertainty in the lofting force and applies to the
real macroscale structures we wish to model.

Our 1D models assume that the walls are uniform pillars spaced so closely that the effect
of horizontal heat flow causing non-uniform temperatures in the top and bottom sheets can be
neglected. For our engineering design, we developed a separate 2-dimensional heat flow model
that considers thick walls separating large, horizontal, wall-free regions (see practical device
design and methods sections). This 2D model allows us to compute the local reduction in
temperature gradient between layers, and thus the lofting force, near walls.

Our 1D models apply to (1) structures with hole and wall patterns (i.e. unit cells) that are
small compared to their macroscopic size, (2) nonturbulent environments with minimal airflow
around a structure, and (3) stationary structures.

Optimal parameters for maximum lofting forces. Over the range of all parameters, the
two 1D models converge when H ~ A, or Kn(H) ~ 1. This value of H maximizes the lofting
force. Herein for any given structure, we only report the results of the H << A model for pressures
below the intersection point and the results of the H > A model at higher pressures, effectively
taking the minimum of both models at a given Knudsen number (Fig. 2b). The exact Knudsen
number for maximum flow through a non-isothermal structure depends on the structure’s
geometry and properties of the gas. However, flows are typically maximized in the transition
regime (0.1 < Kn < 10), usually around Kn = 1 1>, For instance, Passian et al. '
experimentally found the lofting force on a similar structure with H = 2 ym in air was
maximized at Kn(H) = 0.9. Our results support these findings.

Figure 2c shows how the altitude of maximum lofting force varies with H. The maximum
lofting force for a structure with H = A is roughly constant throughout the stratosphere,
increasing 9 % from 20 km to 50 km. A structure can stably levitate if the time-averaged lofting
force equals the gravitational force (the structure’s weight) and if the time-averaged lofting force
decreases with altitude. For instance, the structure described in Fig. 2b will levitate between 34
and 54 km, floating stably at 54 km, if its weight is 50 g/m?. Structures with smaller H are



generally less stable in the stratosphere. For instance, because a 52 g/m? structure with H = 2
pm has such a broad range of float altitudes, it would need active navigational control to
maintain an altitude of 25 km.

Figure 2d compares the mechanisms of heat transfer between horizontal layers. Air and
structure conduction are the dominant mechanisms below 60 km. To find the value of the wall
filling fraction w at which the two are equal, we solve k,;, = w k,,,:, Where k;, is the
conductivity of air between the top and bottom layers (given by equation (4) divided by H) and
k.nq¢ is the conductivity of the structure material (in this case, 1.8 W m* K- for ALD alumina
18), Air conduction dominates for w < 1073 and the lofting force is insensitive to w < 1074
(Supplementary Fig. 7). For comparison, nanocardboard has been fabricated with w as low as
0.0018. An adequately stiff supporting structure could hold 100 nm thick alumina membranes a
distance H apart and without walls (w = 0) across horizontal distances on the cm scale 7. Walls
may only be needed to prevent the membranes from bending relative to each other and to provide
adequate shear stiffness. Radiative heat transfer between sides is only dominant at upper
mesospheric altitudes and heat transfer due to thermal transpiration is negligible at all altitudes.

The temperature difference T, — T, and thus the thrust, is proportional to the difference
in the net radiative fluxes on the top and bottom layers. Strict proportionality breaks down when
thermal-infrared radiation (middle and long IR centered at 10 um) becomes an important heat
conduction term in the mesosphere.

Across a range of parameters, we found a hole filling fraction in the range 0.3 < f < 0.5
maximizes the lofting force. Figure 2e shows the value f = 0.47 optimizes stratospheric lofting.
This is close to the theoretical value of f = 50 % calculated by Scandurra 6. Both models
approach this value as H - 1. As f — 0 and f — 1, the lofting force approaches zero as
expected.

Optimizing the optical properties of the structure to maximize lofting is straightforward
in the solar spectral band: the thrust is maximized with a transmissive and nonabsorptive top
layer (e,;5 = 0) and absorptive bottom layer (e,;5;, = 1). In the thermal band, the optimal
parameters depend on the time of day. During the daytime they are €z, = 0 and €, = 1,
corresponding to a perfect radiative cooling top layer and a perfect radiative warming bottom
layer. At night, they are €z, = €z, = 1; a larger €, ;, increases the lofting force at night
because terrestrial thermal upwelling is the only incident radiation. The optimal daytime
emissivities maximize the time-averaged lofting force. A 10 cm diameter disk structure at an
altitude of 25 km with €, = €jrp = 0, €p = €55 = 1, H = A (equal to 2 pm at 25 km), f =
0.47, and w = 0, herein called our "benchmark parameters,” has a time-averaged lofting force of
54 g/m?, compared to 45 g/m? for a structure with emissivities optimized for nighttime levitation.
To account for diurnal fluctuations, we weigh the solar flux by a positive sine wave with a period
of 24 h. We assume lofting at the equatorial equinox; averaging over the year reduces the time-
averaged lofting force by 3 %.

The lofting force generally increases in the stratosphere as the accommodation coefficient
of either top (a,) or bottom («;,) surface decreases (Fig. 2f). When air conduction is the
dominant heat transfer mechanism between layers, the heat flux between surfaces is proportional
to equation (4). The flux is proportional to a; and «;, in the limit H <« A and is unaffected by «,
and a;, in the limit H > A. Various materials and surface treatment techniques have achieved «
near 0.2 °. For all calculations in this paper, however, we assumed a benchmark value of a, =
a, = 0.6, which is low but common for a range of materials in air %21, Assuming otherwise
benchmark parameters at 25 km, setting a; = a;, = 0.2 gives a time-averaged lofting force of 78



g/m?, whereas setting a, = a;,, = 1 gives a force of 43 g/m2. With H = A, radiative heat transfer
between the top and bottom structure layers equals heat conduction through air between the
layers at 30 km when a = 0.05. This value is improbably low for most materials, so air
conduction will always dominate heat transfer between layers in the stratosphere if w < 1073,

Practical device design. A useful device must communicate (at least outward) and carry
a payload. The ability to alter altitude and to fly horizontally are additional useful features
particularly when there is sufficient control to allow station-keeping.

We now describe a reference design 10 cm in diameter that could levitate a payload of
roughly 285 mg at 25 km with navigational control and 2-way communication with the ground.
This device could be fabricated using existing techniques. We also describe advanced designs
and hardware for both communication and attitude adjustment. Additional considerations
regarding vertical and horizontal motion, deployment, and stratospheric exposure are discussed
in the Supplementary Information.

The components of the device are (1) a photophoretically active structure (PAS), (2) a
superstructure (SS) that supports sections or “cells” of the PAS, (3) a rigid, low aspect ratio
“superduperstructure” (SDS) that prevents the device from buckling or fracturing during
transport, deployment, and flight, (4) hardware for attitude adjustment and navigation, (5)
hardware for communication, and (6) the sensing payload.

Consider the following reference design as a basis for analysis. The PAS (Fig. 3a) is a
sandwich of two perforated 100 nm thick alumina sheets spaced 2 um apart. The perforations
(holes) have radii of 100 nm and account for 47 % of the area. Cylindrical support posts with 1
pm radii and 100 nm-thick walls work with the SS to maintain structural integrity of the PAS
sandwich. The posts are patterned hexagonally across the PAS and spaced 60 um apart; close
enough to prevent problematic relative bending of the face sheets and sparse enough such that
w = 10~*% The 1 um post radius is large enough for the posts to be fabricated using ALD but
small enough to prevent the local reduction in AT from significantly reducing the total lofting
force on the PAS. The sheets of the PAS are anchored to the SS (Figs. 3b and 3c), which is a
honeycomb structure with 1 mm wide hexagons made from rectangular alumina tubes that are 1
mm tall, 100 um wide, and made of 1.5 um thick horizontal walls and 300 nm thick vertical
walls.

The PAS and SS could be fabricated simultaneously using ALD on a silicon substrate
(see Supplementary Information). ALD alumina is an excellent material for lofted structures due
to its low thermal conductivity (1.8 W/m-K) and low solar and thermal-band emissivities (both <
0.1 for ~100 nm films) 1822,

The bottom surface of the PAS is coated with a 200 nm thick multilayer of chromium and
aluminum, which is highly solar-absorptive (€,;5, = 0.9) and IR-transmissive (€, , < 0.05)
with area density 0.5 g/m? 2. Solar-transmissive, IR-absorptive coatings are being developed for
a range of applications, Perrakis et al. 2* developed a 850 nm thick solar-transmissive (> 0.99),
IR-absorptive (¢;z = 0.9) multilayer weighing 2.1 g/m?. Theoretically, much lighter (order 0.1
g/m?) coatings with comparable cooling efficacies could be fabricated 2°. We assume a more
conservative top surface coating with €, . = 0.9 and €,;5, < 0.05 weighing 1 g/m?.

At an altitude of 25 km near the equator, this PAS specification generates a time-
averaged lofting force of 51 g/m2. However, this does not account for heat flow through the SS
which will reduce the temperature difference across the PAS near the SS structural members. We
solved Poisson’s equation for AT (x,y) = T, (x,y) — T:(x, y) (Fig. 4a) over a hexagonal xy
domain with boundary condition AT = 0 to simulate perfect vertical heat conduction within the



SS of temperature T,,, (see methods section). The results from one calculation are shown in Fig.
4b. We integrated AT over the domain and divided by the maximum attainable AT (assuming no
SS or posts) to show that our reference design’s 1 mm wide PAS cells reduce the lofting force by
5 % compared to the maximum (Fig. 4c).

We used the same approach to find the local reduction in lofting force near posts due to
structural conduction (Fig. 4d). We imposed periodic boundary conditions around a hexagonal
unit cell that defines the post spacing. Figure 4e shows the results from one calculation. Figure 4f
shows that our reference design’s post spacing of 60 um (w = 104) reduces the lofting force by
1 % compared to the maximum.

Figures 4c and 4e also show the lofting force is less sensitive to the PAS thickness & for
larger spacing between posts or SS walls. A thicker ALD alumina sandwich would increase the
bending stiffness of the PAS cells. For PAS cells > 1 mm per side with post spacing > 60 um,
this would not meaningfully increase structural conduction nor increase the PAS weight relative
to the payload capacity. However, it would decrease the fracture stress of the cells 7 and reduce
the solar-band transmissivity of the top surface.

Together, our PAS and SS designs have an area density of 6.3 g/m?, with 1.5 g/m? from
coatings and 0.5 g/m? from the PAS alumina. Accounting for the reductions in the lofting force
of 10 % from the SS area, 5 % from the 1 mm sided PAS cells, and 1 % from the 60 um post
spacing, the net time-averaged lofting force above the PAS and SS mass is 36.5 g/m?.

Finite element analysis (FEA) shows 1 mm is a reasonable PAS cell width to withstand
transportation, deployment, and flight without fracturing. Road transport and stratospheric
balloon launches can involve up to 2g 2627, where g is gravitational acceleration. A 1 m/s wind
normal to the device would create a Newtonian drag pressure of 0.3 Pa on the PAS. If deployed
from a balloon, 1 m/s is a liberal estimate for the wind load a held structure may encounter as it
becomes exposed to the open air. During flight, however, the PAS will need to lift the total
weight of the device: roughly 40 g/m?, 0.4 Pa, or 80g on the alumina sandwich.

We performed large deformation FEA on a 1 mm square face sheet of 100 nm alumina
fixed on all sides (Fig. 5a) and a 1 mm-wide cantilever beam of our reference SS pattern fixed on
one side (Fig. 5b). Assuming a fracture stress of 1 GPa, Young’s modulus of 170 GPa, and
Poisson’s ratio of 0.21 for 100 nm-thick ALD alumina ?6-%°, a 1 mm sided PAS cell can
withstand roughly 500 times the expected 0.4 Pa before fracturing when rigidly fixed on all
sides. This PAS cell could also withstand 10° times the critical buckling moment of the SS
before fracturing (see Supplementary Information). Our reference PAS design may therefore
seem overbuilt but it is more robust for handling during fabrication while only marginally
decreasing the net lofting force of a practical device.

When fixed on one side with periodic boundary conditions perpendicular to its length, the
SS cantilever beam can withstand at least 40 times its critical buckling moment before fracturing.
In a practical device, the SS would be supported by an adequately stiff SDS such that vertical
shear forces are not the primary failure mechanism of the SS. We therefore ignore shear stresses
and post-buckling behavior and focus on buckling as the primary failure mode. Alternate designs
with improved shear stiffness are discussed in the Supplementary Information. We found our SS
design will buckle under its own weight if its total size is larger than a 12 cm-sided square (see
Supplementary Information). Our reference SS should be stiff enough to manipulate during
fabrication and deployment with only minimal added support from a macroscopic support frame
or an SDS.



Kim et al. " explores the contributions of the face sheets and walls to the mechanical
behavior of generalized nanocardboard plates; our PAS is one example. In that paper and in the
Supplementary Information, we show the maximum stress expected in our reference PAS is
insensitive to the presence of walls. Walls provide little bending stiffness when a force is applied
normal to the face of the PAS and we do not expect significant shear stresses in the PAS due to
the much higher bending stiffness of the SS. Posts need to be spaced < 500 pm apart to prevent
the PAS from fracturing. This spacing violates the “no-straight-line rule,” but still provides
sufficient stiffness for expected loads "1°.

In our reference design, the SDS is a space-filling truss that stiffens the SS. Space-filling
trusses generally provide more mass-specific rigidity than a flat structure. With less mass than a
thicker SS, the SDS prevents SS failure due to encountered loads, residual stresses, and
fabrication defects. We designed an unoptimized truss with three 5 cm-long legs (Figs. 3d and
5c¢) in SkyCiv software. This 10 mg truss, made of carbon fiber reinforced plastic I-beams,
supports roughly 10 times the maximum expected load on the entire device (see Supplementary
Information). An unoptimized 230 mg truss with three 10 cm-long legs (Fig. 5¢) could support a
20 cm diameter disk with the same strength. Larger devices with optimized trusses might achieve
payloads of a few grams. SDSs could be 3D printed with a variety of materials, including
reinforced plastics. While traditional 3D printers have adequate resolution (of order 102 um?®) to
print SDSs, nanoscale direct laser writing (DLW) could create more efficient space-filling
trusses made of reinforced polymers, ceramics, or metals with features on the scale of 100 nm
and densities of order 100 kg/m? 3-32, Regions of silicon retained on the bottom of an SS could
be chemically bonded to an SDS.

In summary, our reference design is a 10 cm disk weighing 30 mg with a payload
capacity of about 285 mg at 25 km. This design is not optimal. It is a compromise between the
goals of maximizing payload, specifying a design that could be fabricated with existing methods,
and analytical simplicity.

Alternate designs include an SDS shaped as a ring along the outside of the smaller
superstructure (Fig. 3e). If this structure is a “supercell,” then multiple supercells might be
combine to form a larger honeycomb. To further support any SDS design, the PAS and SS could
be fabricated with a dome-shaped profile (Fig. 3h). FEA showed a 200 um wide, 20 pum tall half-
spheroid structure has 75 % higher bending stiffness than a flat plate of the same thickness
(Supplementary Fig. 8). The PAS and SS could be constructed atop dome-shaped falsework. A
shallow dome profile minimizes both the horizontal component of the photophoretic force and
any added weight relative to a flat disk.

Attitude adjustment. Concentrating the payload in the bottom center of the structure
will passively align the structure upward via gravity, but we must actively control flight attitude
to steer the device. The most plausible method is to attach a weight (or the bulk of the payload)
to a rigid shaft hanging from the bottom center of the structure, like a pendulum. A micro
electromechanical system (MEMS) actuator could change the hanging angle or horizontal
position of the shaft to tilt the structure as needed (Fig. 3f). Milligram-scale electromagnetic and
piezoelectric linear MEMS actuators can move hundreds of times their own weight 3436 and
could be coupled with rotational MEMS stages to more effectively angle the shaft 373, The shaft
could be made from the 3D printable materials discussed earlier. If L is the length of the shaft
(assumed to be weightless for simplicity) and 6 is the angle between the shaft and vertical, the
torque per unit weight at the end of the shaft is Lg sin 8, which is limited to below 1 Nm/kg for a



10 cm shaft length. This system would restore a vertically aligned structure to horizontal on the
order of a second (the pendulum’s natural period).

A purely active orientation method is to block local thermal transpiration using sliding
plates attached to the PAS and with a matching hole pattern (Fig. 3g). The plates could slide to
“open” or “close” holes in the PAS using linear MEMS actuators. Alternatively, we could
change local temperature gradients. A domed structural profile does this passively with stronger
lofting forces on areas with more solar insolation (Fig. 3h). Analysis in the Supplementary
Information suggests that active attitude adjustment would allow our practical device to station-
keep over a single ground station in some stratospheric regions and remain lofted within a
vertical diurnal range of 700 m.

Communication. Lofted devices without the ability to communicate are useless for
atmospheric sensing unless they can be recovered. While recovery seems implausible,
communication is not. Assume the minimum setup required for communication includes a
transceiving radio antenna, a perovskite or organic solar cell, and any necessary processing and
regulating integrated circuits (ICs). Each component is much lighter than the 285 mg payload
capacity of a 10 cm device. For instance, commercial amplifiers, microprocessors, and power
regulation ICs on the order of 0.1 mg are readily available, and a 1 cm? solar cell of thickness 1
um weighs roughly 0.2 mg. The antenna can be etched directly into the SS 4143,

A device with these components could communicate continuously during the day. A 3
cm? solar cell with 20 % efficiency would source roughly 100 mW at peak daytime. An 80 %
efficient, 10 cm (3 GHz), 0 dB gain antenna at 25 km can send on the order of 10 Mb/s to a 1 m?
aperture on the ground with noise temperature 25 K and 10 dB signal-to-noise ratio (SNR). A 10
W ground transmitter would send data to the device with the same rate, gain, and SNR. Locating
a lofted device requires transmitting into a large solid angle; once its position is known, the data
rate can be increased by focusing the transmitter.

Communication at night requires onboard energy storage. Allocating roughly half our
practical device’s payload, 150 mg, to a supercapacitor with energy density 15 Wh/kg 4446, the
device could communicate 100 kb/s with SNR = 10 dB to the ground at night.

Applications. Stratospheric observation seems the most plausible near-term application.
Nanoscale sensors have been developed for temperature, pressure, humidity, and radiometry
424148 A GPS receiver allows measurement of local stratospheric winds, which could improve
weather prediction. Existing designs suggest it would be possible to develop a simple spectrally
resolved solar-band sensor that scans zenith angles, perhaps to retrieve aerosol properties.
Computation is not likely to be a limit; milligram integrated circuits (1Cs) capable of sourcing
their own power could easily integrate into practical structures 2. Pairs of devices in formation
flight could offer possibility of absorption measurements. Existing stratospheric in situ
observations use aircraft such as the ER-2, which allow simultaneous measurement of chemical
and physical properties along a flight track. A constellation of 100’s of low-cost, long duration
flying structures might compliment the limited aircraft observations despite having much less
capable sensors.

Improved stratospheric sensing would be useful to monitor potential deployment of
stratospheric aerosols for solar geoengineering (SG). Photophoretically lofted structures offer a
few potential advantages as means of SG. They scatter light upwards eliminating the impact of
SG on the visual appearance of the sky. They may allow more control of the latitudinal and
spectral distribution of radiative forcing that is plausible with aerosols 4. Macroscopic levitated
structures are far too expensive for SG using current manufacturing techniques. Levitated



structures for SG may be compared to space-based SG: both require manufacturing methods
beyond current capabilities but may offer significant advantages over stratospheric aerosols.

Arrays of lofted structures could transmit or relay data. Daytime data rates can be high, a
hundred structures that are slightly larger than our reference design could have daytime data rates
comparable to the 10 Gb/s per satellite 4° for current low-earth orbit (LEO) satellite
constellations.

Devices could be remotely illuminated with a ground-based near-IR laser and small (3-10
cm) aperture telescope enabling alternative alignment and navigation techniques. The lofting
force on the structure could also be manipulated independent of attitude allowing a strong control
of the structure’s position. Remote illumination could power onboard components, allowing
sensors to collect and transmit data at night with high rates %°.

Photophoretic devices could be deployed on other planets. On the surface of Mars, for
instance, the time-averaged lofting force on a PAS with H = 2 = 10 um, f = 0.37, €,;5, = 0,
€rt = Evisp = €rp = 1, and otherwise reference parameters is 37 g/m?, roughly equal to the
lofting force in Earth’s stratosphere, assuming ambient temperature 210 K and pressure 640 Pa.
Dust storms might destroy practical structures at Mars’s surface. Because storms are confined to
the troposphere, however, lofted structures at the tropopause may have greater longevity. At the
40 km tropopause, a PAS with f = 0.46 and otherwise the same parameters would have a time-
averaged lofting force of 18 g/m?, assuming ambient temperature 156 K and pressure 10 Pa °.,

In summary, we present analytical models that calculate the photophoretic lofting force
due to thermal transpiration on macroscopic bilayer sandwich structures. We used the models to
find the optimal design, thermal, and optical properties of such a structure to maximize the
lofting force. We analyze the model results to suggest photophoretic flight of a practical 10 cm
diameter device in the stratosphere with capabilities for bi-directional communication with the
ground and limited navigational control.

Methods
Descriptions of symbols used in the main text

E photophoretic lofting force per unit area; positive in the upward direction

14

Ty, T; temperatures of the bottom (top) layer of the structure

Ty air» Teair ~ temperatures of the bottom (top) surface air layer of the structure

Tym> Tem temperatures of the air layers 1 MFP above (below) the bottom (top) structural
layer

RF,, RF, net radiative heat flux on the bottom (top) of the structure

Pb» Pt bottom (top) surface air layer density: for bottom calculated as p, = P/RT)}, q;r

Vp, Uy bottom (top) mean molecular gas speed; for bottom calculated as
Up = \/Zkab,air/(nm)

ap, A bottom (top) surface thermal accommodation coefficient, assumed to be 0.6 for all
calculations except where noted

f hole filling fraction (fraction of the total horizontal area of the structure that is
holes)

w wall filling fraction (fraction of the total internal volume of the structure that is
wall material)

H structure height (distance between top and bottom surfaces)

10
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air

RS

mat

hy, he,

hm’ hm,air

2
S(t)

A
Evis,b' Evis,t
€IR,br €IRE

ambient temperature

ambient pressure

ambient mean gas speed

thermal boundary layer thickness

bulk thermal conductivity of air, 0.0284 W/(m K)

thermal conductivity of the scaffold material, 1.8 W/(m K) for ALD alumina %8
heat transfer coefficients in air (W m2 K1) from the bottom layer to ambient, the
top layer to ambient, between top and bottom layers, and between surface air
layers, respectively

mean free path

solar constant, 1366 W/m?, weighted by a positive half-sine wave with 24 h
period

average terrestrial albedo, 0.3

solar band emissivity of bottom (top) layer

longwave (IR) band emissivity of the bottom (top) layer of the structure
terrestrial thermal upwelling blackbody temperature, 255 K

heat capacity of air, 1000 J/(kg K)

Stefan-Boltzmann constant, 5.67 x 1078 W/(m? K%

Boltzmann constant, 1.38 x 10723 J/K

ideal gas constant for dry air, 287.1 J/(kg K)

mean molecular mass of air, 4.81 x 10726 kg

temperature difference between PAS layers, T, — T, as a function of horizontal
position (x,y)

temperature of superstructure walls

thickness of PAS layers

Force due to thermal transpiration

Consider an infinitely thin, nonconductive, horizontal plate surrounded by a gas of
uniform pressure P, which has different temperatures above and below the plate. Suppose that
the plate has periodically spaced holes with area filling fraction f and radii much smaller than A
(Kn « 1) so that any flow through the holes is rarefied. Suppose further that some external heat
transfer process ensures the gas temperatures adjacent to the top and bottom of the plate are T, ;;,-
and T, 4, respectively.

Thermal transpiration flow through the holes will create an upward force per unit area,
I.e., a pressure, on the plate given by:

E, = vf (ppvp — peve) (1

where p = P/RT,;, is the air density, v = \/ZkBTair/(nm) is the average molecular air speed, R
is the ideal gas constant, kj is the Boltzmann constant, m is the average molecular mass of air,
and the subscripts t and b denote the top and bottom of the plate 2. The two terms in the
parentheses of equation (1) are the mass air flows from the bottom to top regions and vice-versa,
respectively, and v = (v, + v;)/2.

In the free atmosphere the flow exerts a pressure on the plate. If instead the plate divides
two regions of fixed volume, one has a “Knudsen pump,” a device that produces an equilibrium
pressure difference between the gas above and below the plate 25253, The pressure difference
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between adjacent chambers in a Knudsen pump is proportional to equation (1), with the
proportionality determined by the shape of the barrier separating the chambers. Sharipov .53
found that rectangular channels connecting two chambers give pressure differences up to 80 % of
that in equation (1).

Thermal transpiration model equations

To calculate the temperatures T, and T, of the model structure shown in Fig. 1e, we solve

the following conservation of energy equations:
RF, + RF, = (T, — T)hy + (T — T)h; (2)

((RFy = (Ty = Thy) = (RF, = (T, = h)(A = ) = (T, = T,) (kmatg +hy (1= f = w))
+ (Tb,air - Tt,air) (hm,air +cp (Tb - Tt)(vab - ptvt)) f (3)

with
RFy = S(t) €pisp (A + (1 - evis,t)) +€RrpO (Te4 + €rt T -2 Tlf)

RF, = S() €pise (1+A(1 = €4isp) ) + e,R o ((1- e,Rb) T," + €1y Tt = 2T¢)
ne () (5))

_ <( al?") (P v at) > )

o = (< o) () (o))

- _1y —1
=25 425
mar H+ 22 T

All heat conduction terms in the above equations have the general form k AT /1, where k
is a conductivity, AT is a temperature difference, and [ is the length scale describing AT. All
conduction terms involving either structural layer has a heat transfer coefficient k /1 of the form

ky\t Prayt -
(%) (5 ) @
where k,;, is the bulk conductivity of air and « is the accommodation coefficient of the
corresponding horizontal layer. The term on the left dominates when [ > A and the other
dominates when [ « A; the total heat transfer term is equivalent to summing two thermal
resistors in series 4.

Equation (2) describes conservation of energy for the entire system, with the energy input
being the sum of the net radiative forcing terms (left side) and the energy output being the sum of
the thermal conduction terms away from the structure to the ambient atmosphere (right side).

Equation (3) describes conservation of energy among the top and bottom structural layers
and top and bottom surface air layers. The left side describes the difference in losses to the
environment between the structural layers. The right side’s first term describes thermal
conduction between the two layers vertically through, respectively, regions with walls and the

Pvay\~
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adjacent hollow regions with solid top and bottom layers. Since w also represents the area
fraction of the structure containing walls, the term (1 — f — w) describes the area fraction of the
structure that has neither holes nor walls; in other words, where there is an air gap between the
top and bottom layers. Equations containing this term are accurate forw < fandw + f < 1,
which are true for the structures described in this paper. The right side’s second term has two
parts that describe energy flow between surface air layers: (1) The left part describes conduction
between the surface air layers. Accommodation coefficients are only defined for solids and
liquids (not layers of gas) because solids and liquids are thermal reservoirs compared to incident
gas molecules. Our models assume the surface air layers are horizontally uniform in temperature;
thermal reservoirs by definition. Therefore, we assume the surface air layers have
accommodation coefficients of 1, as shown in the term h,,, 4;,-. (2) The right part describes
energy flow due to thermal transpiration, which is insignificant (Fig. 2d) and was therefore
ignored when solving for the structure’s temperatures. The net radiative heat fluxes RF assume
no reflection of incident light.

Next, we assume a linear temperature gradient between the structure and its surroundings

to calculate Ty 4 = T — AT”d_T and Ty i = Ty — ATt;T. In the limit H « A, the lofting force is

calculated using equation (1). In the limit H > A, the lofting force is calculated by first
calculating the temperatures of the air layers one MFP above the bottom surface, T},,, and one
MFP below the top surface, T;,,, assuming a linear temperature gradient between the two sides

of the structure: Ty, = T}, — ATb;Tt and Ty, = Ty + A T”I;Tf. The lofting force is then
+Vpm +Vem
E=f (vb ;b 0oV ~ PomVm) + th (PemVem — Pt%)) /2. (5)

As discussed in the results section, the lofting force at all pressures and structure heights is
assumed to be the minimum of the two F, values returned by equations (1) and (5). Equation (1)
describes the low pressure, small H regime and equation (5) describes the high pressure, large H
regime. Note that the H > A1 model does not explicitly conserve mass between sides. The ratio of
flow through the top layer to flow through the bottom layer is > 99 % for a structure with optimal
parameters in the stratosphere (Supplementary Fig. 6).

The effect of structure conduction on horizontal temperature gradients in the PAS

Structure conduction through the SS. Consider the temperature difference AT = T}, —
T, between a PAS’s two layers as a function of position in the horizontal xy plane. Let the two
layers have thickness § and let an adjacent SS have uniform temperature T,, and infinite thermal
conductivity, so that T, = T; = T, at the junction of the superstructure and PAS (Fig. 3a). For
simplicity, we ignore any effects from holes and the boundary layer. Poisson’s equations on a
bound domain in the xy plane are
RFt -0 kmat Vth(xry) + hm(Tb(x'y) - Tt(xry)) =0
RFb -6 kmat VZTb(er) + hm(Tt(x:)’) - Tb(x»)’)) = 0.
This is a difficult system to solve because of the fourth order terms in RF, and RF;. To linearize
the system, we reduce it to one equation of AT by assuming T, (x,y) = T,, + AT (x,y)/2 and
T:(x,y) =T, — AT (x,y)/2. Raising these terms to the fourth power and expanding, ignoring
second order and higher terms of AT because AT < T,,, gives
Ty (x,y) ~ Tyt + 4T3 AT (x,y)
TA(x,y) = Ty — 4T3 AT(x, ).

13



We solved

RF, — RF, — 8§ V(AT (x,y)) + hy, AT(x,y) =0
over a hexagonal domain shown in Fig. 4b with boundary condition AT (x,y) = 0. We used
benchmark daytime parameters at 25 km. We integrated the results over the domain area and
divided the result by the maximum value of AT attained from a calculation where there was no
structural conduction anywhere. The results are shown in Fig. 4c.

Structure conduction through cylindrical posts. Within the PAS, posts (walls) spaced
far from holes maximize AT near the edges of the holes. We wished to find the reduction in the
local AT near cylindrical posts. Using the same approach as above, we defined posts in the shape
of an open cylinder with 1 um radius and conductivity k,,,; = 1.8 W/(m K) centered at the
origin and at each of the corners of a hexagonal PAS unit cell. We did not consider any SS
effects and we assumed periodic boundary conditions along the edge of the domain. We used
benchmark daytime parameters at 25 km. We again integrated the results over the domain area
and divided the result by the maximum value of AT to produce the results shown in Fig. 4f.

Posts with infinite structure conduction (i.e. AT = 0 at their perimeters) have nonzero
thermal transpiration flow through their openings if their radii are < A. We do not consider this
effect in the above analysis because the post radii are roughly equal to A at 25 km and the area
filling fraction of post holes is insignificant (< 1 %) at a post spacing of 60 um. We discuss this
effect in the Supplementary Information.
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Figure 1. The three photophoretic mechanisms which produce an upward lofting force on an
object when a characteristic length scale L is less than the MFP (a-c) and physical and model
structures that may produce a lofting force via thermal transpiration (d and €). a Aa
photophoresis produced by a difference in a between the top and bottom surfaces of an
isothermal structure that is warmer than the surrounding gas. b AT photophoresis produced by a
difference in temperature between the top and bottom surfaces. ¢ Thermal transpiration caused
by the difference in air temperature above and below the structure. In a and b, L is the minimum
horizontal dimension of the structure, whereas in c L is the horizontal dimension of the hole or
channel. d SEM image of an example structure made of 100 nm thick alumina, showing the
structure height H = 100 pum, wall filling fractions w = 0.006 in the region with walls and w =
0 elsewhere, and hole filling fraction f = 0.4. Holes were not etched in bottom layer of the
structure for clarity. The region with walls varies from our model structure because the walls are
concentric with the holes, which reduces the local temperature gradient T, — T, and the resulting
thermal transpiration flow at each hole. e Generalized heat resistivity diagram for the 1D models.
Each resistor represents a heat transfer term in the models.
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Figure 2. Analytical model results. Unless otherwise specified, all plots assume a structure with
ar=a,=0.6,f =047, w=0,¢€,5¢ = €rp =0, €rs = €ysp =1,andd = 10cm. The
insets depict the structural parameters of interest to each plot. a Plots of daytime T}, 45 — T gir
and the time-averaged (over the diurnal cycle) lofting force as d varies parametrically, with H =
A = 2 um at 25 km. b Time-averaged lofting forces vs. altitude for both H < Aand H »> A
models. We use the minimum of the two models at a given Kn(H) as an estimate of the lofting
force. ¢ Time-averaged lofting forces vs. altitude for structures with H = 2, 10, and 50 pm.
Respectively, the vertical dashed lines correspond to the altitudes of 25 km, 35 km, and 46 km
where Kn(H) = 1. d Comparison of heat transfer terms vs. altitude for a structure with H = A.
For structure conduction (w > 0), we assume walls are made of ALD alumina with thermal
conductivity 1.8 W m* K1, e Time-averaged lofting force vs. f with H = 2 = 2 um at 25 km. f
Time-averaged lofting force vs. altitude for structures with several different values of a; and «;,
with H = A.
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Figure 3. The structural components of a practical levitating structure (a-€) and three possible
attitude adjustment methods (f-h). a An example photophoretically active structure (PAS, not to
scale) and a vertical cross-section with coatings. b Hexagonal cells of PAS (gold) supported by a
honeycomb superstructure (SS, blue) and a vertical cross-section. The PAS cells are flush with
the top of the honeycomb lattice. ¢ SS honeycomb lattice without PAS cells. d Bottom-up view
of a SDS (red) in the form of a truss network. e Top-down view of an SDS in the form of a ring
along the perimeter of the honeycomb network. f A payload attached to a rigid shaft and angled
with a MEMS actuator to adjust the tilt angle. g Panels with the same hole pattern as the PAS
could slide to block local thermal transpiration using linear MEMS actuators. h Time-averaged
insolation creates a restoring torque on a dome-shaped structure tilted away from the horizontal.
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Figure 4. Setup and results from 2D heat models applied to the PAS. a Side view of a junction
between a PAS cell with layers of temperatures T, and T, and infinitely conductive SS of
temperature T,,,. The horizontal layers have thickness §. b AT = T, — T, plotted over a
hexagonal domain representing a model PAS cell, assuming benchmark parameters at 25 km.
We show a hexagonal side length of 0.2 mm to illustrate the transition from AT = 0 at the
boundaries to its maximum value. ¢ Plots of the ratio of average value of AT on the hexagonal
domain to the maximum value of AT (infinitely far from the SS) as a function of PAS cell side
length for different face sheet thicknesses &§. d Side view of a cylindrical post separating the top
and bottom PAS layers. The post walls and the horizontal layers have the same thickness 6. e AT
plotted over a domain representing a unit cell within the PAS that defines the hexagonal post
spacing. Posts are located at the center and all corners of the hexagonal unit cell and the unit cell
side length is the post spacing. We assumed benchmark parameters at 25 km and show a side
length of 20 um to illustrate the transition from AT =~ 0 at the posts to its maximum value. f Plots
of the ratio of average value of AT on the hexagonal domain to the maximum value of AT
(infinitely far from posts) as a function of post spacing for different § values.
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Figure 5. FEA and beam calculations used to find PAS, SS, and SDS designs that would
withstand the expected forces of transport, deployment, and flight. a Stress map of a single 1 mm
by 1 mm PAS face sheet without walls or posts when fixed on all sides and subject to 0.4 Pa. b
Setup and results of FEA on a 0.52 mm-sided honeycomb SS pattern without PAS cells. The
beam at top left is fixed at one end and a bending moment is applied on the other end. Periodic
boundary conditions are applied in the +y direction. Buckling occurs when the flexural rigidity
of the cantilever drops suddenly as the applied moment increases (see Supplementary
Information). ¢ Unoptimized truss designs as SDSs for 10 cm (left) and 20 cm (right) diameter
devices viewed from the side. The leg lengths and height are 5 and 10 cm, respectively. The
trusses are pinned on 3D-hinges at the bases of their legs.
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Supplementary Text

Descriptions of symbols used in the main text and Supplementary Information

E, photophoretic lofting force per unit area; positive in the upward direction

Ty, T; temperatures of the bottom (top) layer of the structure

Tyair Teair  temperatures of the bottom (top) surface air layer of the structure

Tym> Tem temperatures of the air layers 1 MFP above (below) the bottom (top) structural
layer

RF,, RF, net radiative heat flux on the bottom (top) of the structure

Pb» Pt bottom (top) surface air layer density: for bottom calculated as p, = P/RT)}, q;r

Vp, Uy bottom (top) mean molecular gas speed; for bottom calculated as
Up = \/Zkab,air/(nm)

ap, A bottom (top) surface thermal accommodation coefficient, assumed to be 0.7 for all
calculations

f hole filling fraction (fraction of the total horizontal area of the structure that is
holes)

w wall filling fraction (fraction of the total internal volume of the structure that is
wall material)

H structure height (distance between top and bottom surfaces)

T ambient temperature

P ambient pressure

v ambient mean gas speed

d thermal boundary layer thickness

Kair bulk thermal conductivity of air, 0.0284 W/(m K)

Komat thermal conductivity of the scaffold material, 1.8 W/(m K) for ALD alumina !

hy, hy, heat transfer coefficients in air W/(m? K) from the bottom layer to ambient, the
top

oy Ao qir layer to ambient, between top and bottom layers, and between surface air layers,
respectively
A mean free path
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solar constant, 1366 W/m?, weighted by a positive half-sine wave with 24 h
period

average terrestrial albedo, 0.3

solar band emissivity of bottom (top) layer

longwave (IR) band emissivity of the bottom (top) layer of the structure
terrestrial thermal upwelling blackbody temperature, 255 K

heat capacity of air, 1000 J/(kg K)

Stefan-Boltzmann constant, 5.67 x 1078 W/(m? K*)

Boltzmann constant, 1.38 x 10723 J/K

ideal gas constant for dry air, 287.1 J/(kg K)

mean molecular mass of air, 4.81 x 10726 kg

gravitational acceleration on Earth, 9.8 m/s?

settling velocity of a plate

side length of a square plate

dimensionless parameter characterizing the aspect ratio of the area of a plate
normal to a flow of gas

area density of a plate

dynamic viscosity of air

kinematic viscosity of air

diameter of disk structure

structure’s tilt angle with respect to horizontal

temperature difference between PAS layers, T;,, — T;, as a function of horizontal
position (x,y)

temperature of superstructure walls

thickness of PAS alumina sandwich (face sheets and post walls)

Uniform pressure assumption

To check the validity of our assumption that the pressure P is uniform at all regions in the
models, we created a simplified version of the models that assumes the pressure between the two
sides of the structure is a dependent variable and the temperatures Ty, 5;,- and T, 4;,- are
independent variables. T}, and T; are not relevant parameters for this model and are therefore not
defined. Supplementary Figure 1 shows a vertical cross-section of the “three-chamber” structure
represented by this model. We use T}, 4;, = 251 Kand T, 4;,- = 250 K to account for the typical
order 1 K difference between the surface air layers for an optimized structure at 25 km. At this
altitude, the model returned a negligibly larger thrust (a factor of < 10 increase) on the structure
than if P were uniform throughout the model. This indicates that the thermomolecular air
pressure differences caused by a thermal gradient within the structure have a negligible effect on
the thrust and can be ignored.

Boundary layer thickness calculation

We calculate d as the thermal boundary layer thickness given by forced convection on a
heated thin disk aligned horizontally, normal to a laminar airflow:
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Dv 1
d=5[—0.713
2u

where D is the disk diameter, v is the kinematic viscosity of air, u is the airflow speed, and 0.71
is the Prandtl number for air 2. As discussed in the main text, this calculation was supplanted by
the assumption d = D for the structures we model.

Stokes flow regime assumption

Could a tilted structure fly fast enough horizontally to overcome prevailing winds and
maintain a roughly constant position over the ground? If so, this station-keeping structure could
communicate with a single ground station. The horizontal component of the lofting force normal
to a structure determines its horizontal motion. The drag is determined by the Reynolds number
Re, which is highly dependent on small tilt angles about 0°. We calculated Re for a tilted
structure using sin(f) + H cos(p) as the structure’s characteristic length scale (Supplementary
Fig. 2).

Microscale structures are solidly in the Stokes flow regime (Re < 1) for all tilt angles in
the stratosphere 3. Structures of order 10 cm wide, however, enter the transition flow regime
(1 < Re < 1000) when their speed relative to ambient winds is greater than roughly 0.5 m/s or
the tilt angle is greater than roughly 1°. While transitional flow may be common, turbulent flow
(Re = 1000) will be rare. Turbulent patches are highly intermittent in the stratosphere; tracer
particles encounter a new stratospheric turbulent patch on average once daily 4. These patches
are of order 50 m tall to 100 m wide °, small enough for devices with active attitude adjustment
to plausibly navigate. Our calculations therefore assume Stokes flow for both horizontal and
vertical motion.

Stokes drag equations

In the Stokes regime, horizontal drift speed is independent of small tilt angles because the
horizontal components of the lofting and drag forces are both proportional to the inclination 2.
However, the Stokes drag coefficient for slightly tilted plates is not well known. We examined
two formulae, both assuming Stokes drag (see next section), for the settling velocity u of a thin
plate. Cortes et al. ® found that the holes within the nanocardboard structure have no significant
effect on the settling velocity. They give the first formula:

s*(g AD — F,)

(1+%n(s))_1(6,us+2pvsz).

For this paper, we used G = 16, the value reported by Cortez, et al. for a flat, circular plate
normal to the air flow. Since we are not considering a square plate, we assume s? = r (D /2)?
where D is the diameter of our disk structure. The above equation contains an interpolation
between the free-molecular and continuum regime drag force equations and is therefore suitable
for all flow regimes. The second formula for settling velocity, given by Keith 3, is
(9 AD — E,)v
B 4P '
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For the same structure in the absence of photophoretic forces, we found these formulae are
within 20% of each other at all altitudes. Both are suitable for calculating the vertical settling
velocity for our structures, where a structure is aligned perpendicularly to the flow. However,
there is a dearth of data available for plates aligned parallel to or at a shallow angle to the
incident flow. How the Stokes drag coefficient (proportional to G) changes as the angle of the
plate changes is not well studied. We therefore used the above formulae for horizontal motion
calculations while only replacing s — s sin(f) + H cos(f). A more accurate measure of the
horizontal velocity of plates requires CFD calculations where the Stokes drag coefficient as a
function of plate attitude can be determined. To avoid singularities at g AD = F,, we simply
assumed F, = 0 when calculating horizontal and vertical motion as a function of time and d (see
below). CFD calculations would also be able to study the temporal feedback from F, # 0.

Horizontal and vertical motion

The above drag formulae show a 10 cm diameter structure’s horizontal velocity increases
exponentially from order 0.1 m/s at 20 km to 1 m/s at 35 km. There are typically some
stratospheric regions with average total wind speeds below 1 m/s 8 so station keeping using
horizontal motion might be feasible at some times. Alternately, structures might station-keep by
adjusting float altitude to take advantage of wind shear as is done for stratospheric balloons °°,
To control altitude within an operational range, a structure could tilt sufficiently to reduce lofting
force so that adjustment of average tilt angle would allow limited altitude control.

We calculate a structure’s altitude over time by iteratively solving the balance among the
lofting, gravitational, and Stokes drag forces. Our reference device with total area density 40
g/m? will levitate at 25 km indefinitely, bobbing up and down within a vertical diurnal range of
700 m.

FEA of PAS cells

We performed large deformation FEA on different PAS cells to determine (1) what cell
size the expected forces during flight would fracture the alumina, and (2) the effect of walls on
the stress and displacement of the face sheets. For each FEA run we assumed the model structure
was made of 100 nm thick alumina with fracture stress of 1 GPa, Young’s modulus of 170 GPa,
and Poisson’s ratio of 0.21 13,

We first modeled a cell of a preliminary hexagonal PAS design that is 520 um on a side
with H = 40 um, w = 103, f = 0.3, and area density 1 g/m? (Supplementary Fig. 3a). Though
our fabrication procedure can create holes in the face sheets without walls, it can only create
cylindrical posts if they are concentric with circular face sheet holes. Supplementary Figure 3a
shows the preliminary design where every face sheet hole is concentric with a post, which would
be detrimental to the lofting force but is insignificant to this structural analysis (see end of this
section). Applying 10 Pa (100g) to the top surface induces a maximum stress of 17.4 MPa,
roughly 2 % of the fracture stress (Supplementary Fig. 3b). Stress generally scales inversely with
the square of area density, linearly with area, and linearly with pressure in the elastic regime 4.
Therefore, the maximum expected load of 0.4 Pa on our reference PAS (with area density 0.5
g/m? and side length 5 mm) would induce roughly 1 % of the fracture stress.

Next, we modeled a single PAS face sheet as a 1 mm? square with f = 0.4 to represent a
PAS with w = 0 (two membranes separated by H) rigidly fixed on along its perimeter. We
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applied a uniform pressure of 10 g/m?, or 0.1 Pa, to the sheet, resulting in a maximum
displacement of 0.5 um and maximum stress of 0.5 MPa (Fig. 5a). Extrapolating to our reference
structure, the same sheet under the maximum expected pressure of 0.4 Pa would have a
maximum displacement of 2 um and stress of 2 MPa. Though the expected stress is 500 times
smaller than the fracture stress, the displacement is too large for our reference structure with H =
2 um because the face sheets will touch. To keep sheets with separation H = 2 um from
touching when maximally displaced, posts would need to be placed roughly every 500 um apart.
This spacing is sparse enough to (1) insignificantly affect the temperature gradient, and thus the
lofting force, due to horizontal temperature gradients in the top sheet and (2) keep w < 107*
with 1 um radius holes. This is also true for posts spaced as low as 60 um apart; we chose this
value for our reference design.

Note that the maximum stress expected on our reference structure is somewhat
insensitive to the presence of walls. We do not expect significant shear stresses on the PAS so
long as the SS is adequately stiff. Walls provide little bending stiffness when a force is applied
normal to the face of the PAS. So long as walls are spaced adequately close to each other to limit
the local relative bending of the face sheets, the “no-straight-line rule,” a benchmark of high
bending stiffness in nanocardboard-like structures >, need not be satisfied in our reference
PAS.

Lofting force generated by holes concentric with cylindrical posts

We found AT, and thus the lofting force, reached 90 % of their maximum roughly 10 pum
from the edge of the post. The probability density function for a gas molecule’s free path x is

%e‘x/l dx. We multiplied this formula by AT (x, 0), integrated from 0 to infinity, and divided by

f0°° AT (x, 0)dx to calculate the mean temperature of a gas molecule incident on the hole. We

found this mean temperature was 45 % of the maximum value of AT. This indicates that for a
given 100 nm thick post and hole with radius > 100 nm and < 4, the lofting force would be
roughly twice as large in a structure where the post is far (> 10 um) from the hole compared to
concentric with the hole.

FEA of honeycomb SS

As discussed in the practical device design section in the main text, we performed FEA to
determine the maximum size of the SS honeycomb pattern that could withstand being fixed on
one side without itself buckling or fracturing the PAS under gravity.

We modeled our reference SS design; a honeycomb with a height of 1 mm, top and
bottom layer thicknesses of 1.5 pum, vertical layer thickness of 300 nm, area density of 4.3 g/m?,
hexagon width (edge to edge) of 1 mm, and area filling of 10 % as a 1 mm wide cantilever beam
fixed on one side with periodic boundary conditions perpendicular to the beam (Fig. 5b and
Supplementary Fig. 4a). The critical buckling moment of the beam is reached when there is a
sharp drop in its flexural rigidity. The critical buckling moment for the 1 mm wide test cantilever
1S 0.3 N um (Supplementary Fig. 4c).

The same cantilever beam with width s mm would have a critical buckling moment of
0.3s N um. Compare this to a square cantilever beam fixed on one side with maximum bending
moment s3 AD g/2. If this moment exceeds the critical buckling moment of the cantilever, the
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cantilever will buckle. Setting the critical buckling moment equal to the maximum bending
moment and solving gives s = 12 cm. A square made of our reference SS will therefore buckle
under its own weight if its sides are 12 cm or longer.

As discussed in the main text, we ignore shear stresses and post-buckling behavior in our
SS analysis. Should higher shear stiffness be required, one could add semicircular “ribs” at the
midpoints of the hexagonal edges, herein called our modified SS design (Supplementary Fig.
4b). We modeled four cantilever beams under pure bending moments: (1) our reference SS
discussed in the main text (2) a modified SS with 100 um radius ribs and otherwise the same
dimensions as (1), (3) our reference SS but with 1 um layer thickness all around, and (4) a
modified SS with 100 um radius ribs and otherwise the same dimensions as (3). (1) and (2) both
have area densities of about 4.5 g/m? while (3) and (4) both have area densities of about 12 g/m?2.
Supplementary Figure 4c shows how the bending stiffness of each beam changes with the
applied moment. Supplementary Figure 4d shows how the apparent bending stiffness, a
combined metric of both bending and shear stiffness, changes with the beam length. The
apparent bending stiffness is a measure of the relative contributions of shear and bending to the
total displacement of the structure. For beam lengths where the apparent bending stiffness is
constant, bending is the dominant contribution to the deflection. We calculate the apparent
bending stiffness using the method in Kim et al. 8. In general, the modified SS beams have
greater shear stiffness than our reference SS beams, shown by the modified SS beams’ apparent
bending stiffnesses reaching constant values at shorter beam lengths than our reference SS
beams. However, the modified SS designs also have smaller pure bending stiffnesses.

Alumina plates with micron-scale thickness have fracture stresses around 200-300 MPa
17 We found the maximum stress on the reference SS beam under its critical buckling moment is
5 MPa. Since the fracture stress is much greater than the critical buckling stress, we focus on
buckling as the primary failure mode.

The angle of curvature of the beam under its critical buckling moment is 5.7 x 10
radians. We applied this curvature to the PAS sheet of Fig. 5a. The curvature induced a
displacement of roughly 600 nm and maximum stress of roughly 0.6 MPa within the PAS; over
102 times less than the stress needed to fracture it.

Proposed method of fabricating the PAS and SS simultaneously

The PAS and honeycomb SS can be fabricated simultaneously using the following
procedure (Supplementary Fig. 5). (1) We start with a silicon wafer with the same thickness as
the desired superstructure height. (2) Deep reactive ion etching (DRIE) of the silicon creates the
honeycomb superstructure pattern. (3) Further DRIE opens holes along the junction of the
superstructure and PAS regions. (4) ALD deposits alumina of the desired superstructure
thickness on all exposed areas of silicon. (5) Reactive ion etching (RIE) removes the alumina in
the PAS regions where no posts are desired but leaves alumina in the superstructure and junction
regions. DRIE then removes the exposed silicon. (6) The desired absorption layer (e.g.
chromium and alumina) is deposited by alternating sputtering and ALD. Ozone plasma
directionally cleans any holes that were covered by the coating. The desired radiatively cooling
layer is deposited on the top layer, likely using chemical vapor deposition (CVD) depending on
the material. (7) XeF2 gas etches the remaining silicon, leaving our completed structure.

SDS trusses
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SkyCiv structural engineering software was used to find the response of three-legged
SDS trusses (Fig. 5C) to the weight of the entire practical structure, roughly 300 mg. The 10 cm
truss weighed 10 mg and was made of I-beams with 0.25 mm depth and width, and 10 um flange
width, web width, and fillet radius. We also modeled a 20 cm truss weighing 230 mg that used I-
beams with 0.4 mm depth and width, and 16 um flange width, web width, and fillet radius. The
I-beams are assumed to be made of carbon fiber reinforced plastic, with Young’s modulus 150
GPa, Poisson’s ratio 0.2, and density 3500 kg/m3. The trusses are pinned on 3D-hinges at the
bases of their legs. The load was applied as a point force on the top of the trusses. Both trusses
returned a safety factor of about 40, meaning buckling would have occurred if the load were
multiplied by that amount.

The SDS will encounter two major loads throughout the device’s use. The first is 2g on
the entire structure, or roughly 600 mg on the 10 cm diameter structure, during transport. The
second is 60g on the PAS and SS, or 1.2g on the entire structure, during deployment. Forces
encountered during flight will only heavily affect the PAS and SS because the SDS is not fixed
in space. Our analysis shows the SDS trusses above have safety factors of 10 when they
encounter their largest load of 2g.

Deployment and exposure in the stratosphere

Turbulent forces make deployment from aircraft implausible. Deployment might be
achieved using weather balloon technology that can easily lift 1 kg to the stratosphere. Devices
could be fabricated and transported while attached to a carrying frame with piezoelectrically
controlled latches or fusible wax joints.

Lofted structures must endure constant exposure to UV radiation, sulfate aerosols, and
ozone. Inert structural components like the alumina sandwich and SS will be largely unaffected.
However, possible surface coatings and DLW materials such as organic polymers and metals
must be treated to prevent degradation. Sulfate aerosol condensation may accelerate polymer
degradation, damage electrical components, and block holes in the PAS over time.
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Supplementary Figures
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Supplementary Figure 1. “Three-chamber” structure where the temperatures of the top and
bottom surfaces are in thermal equilibrium with their surroundings and the middle chamber’s
pressure is the dependent variable of interest. The heat flow terms are shown with arrows
representing their directionality.
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Supplementary Figure 2. Reynolds number for a 10 cm diameter disk at 25 km as a function of
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Supplementary Figure 3. FEA of a preliminary PAS cell design. a Input model of the design
with all holes concentric with 100 nm-thick posts for FEA. b Stress map of the structure when
fixed on all sides and subject to 10 Pa on the top surface.
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Supplementary Figure 4. FEA of four SS designs. a Reference SS: a honeycomb design made
with beams that have a rectangular vertical cross section. b Modified SS: a honeycomb design
that has semicircular ribs at the midpoint of the sides of the hexagons. ¢ Plots of bending
stiffness divided by the width of the beam as a function of moment applied at the end of the
beam. The four designs are: (pink) our reference SS discussed in the main text, (green) a
modified SS with 100 um radius ribs, (black) our reference SS but with 1 um layer thickness all
around, and (blue) a modified SS with 100 pum radius ribs and 1 um layer thickness all around.
The designs with 1 um layer thickness have area densities of about 12 g/m? while the others have
area densities of about 12 g/m?. The critical buckling moment of each design is the moment at
which the bending stiffness drops suddenly. d Plots of apparent bending stiffness as a function of
beam length; see Kim et al. 6. For beam lengths where the apparent bending stiffness is constant,
bending (rather than shear) is the dominant contribution to the deflection.
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Step 4. Alumina deposition (ALD)
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Supplementary Figure 5. Procedure for fabricating PAS cells and a hexagonal superstructure
concurrently. The materials used are silicon (gray), alumina (blue), a radiatively warming

coating (black), and a radiatively cooling coating (green).
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=== Benchmark parameters:
€Rt = Eis = 1, Eist = €Rp = 0,

1.05 T T T f=045w=0,H=A,
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— = -3
Altitude (km) W=10
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Eisb = ERb = €ERt = 1, Eist =0

Supplementary Figure 6. The ratio of net flow of mass through the bottom layer to net flow
through the top layer,

o+ (== ) (o) (- 25

in the H > A model, plotted for variations in each of the model’s input parameters, all at peak
daytime. Each plot assumes the benchmark parameters except for the noted variations.
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Lofting force (g/m?)
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Supplementary Figure 7. Time-averaged lofting force vs. wall filling fraction for a structure
with benchmark parameters at 25 km.
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Case 2

slope
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Supplementary Figure 8. FEA analysis on four different horizontal profiles with base sheet
thickness of 4 um. Case 2 shows a 200 um wide, 20 um tall half-spheroid structure. We assume
the structure is made of alumina with Young’s modulus of 170 GPa and Poisson’s ratio of 0.2.
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