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Innovation: Figure 2 details our recent proof-of-concept experiments that, for the first time, 
demonstrated photophoretic levitation of macroscopic (centimeter-scale) objects. The levitation 
was made possible by our recently demonstrated nanocardboard plates (Fig. 2A and 2B), which 
feature extremely low mass and thermal conductivity [2]. We coated the bottom side of the plates 
with carbon nanotubes and engineered the channels that connect the face sheets of the 
nanocardboard to maximize the airflow due to a temperature gradient along each channel [3]. As 
a result, the plate induced a jet of air that flowed through the channels of the plate (Fig. 2C), with 
jet velocities exceeding ~10 m/s at ambient gas pressures of ~100 Pa or less. The lift force resulting 
from this jet exceeded the weight of thin plates with areal densities of 1 to 100 grams/m2 
(depending on ambient pressure and plate size), allowing us to levitate plates in mid-air (Fig. 2D). 
Finally, we levitated mock payloads heavier than the plates themselves (silicon pieces with 
milligram-scale mass). Silicon-based "smart-dust" systems with similar mass have been 
demonstrated to have extensive sensing, communications, and power capabilities [4, 5]. 

 
Figure 2. Photograph (A) of a nanocardboard plate with the geometry of ultrathin metamaterial detailed 
in a schematic (B). The plate contains channels (C) that create a jet of air due to thermal transpiration 
when light is absorbed by the carbon nanotubes that coat the bottom of the plate. (D) Screenshot of a video 
of a sustained levitation of a plate with 1 cm size (videos available upon request). The test was performed 
in a vacuum chamber at ~30-Pa pressure under incident optical flux of 0.1 W/cm2 (~solar flux on Earth's 
surface). (E) Theoretically predicted lift forces, illustrating pressures for which the lift force exceeds the 
weight and mid-air levitation is possible. Adapted from Ref. [1]. 
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Nanocardboard is a microfabricated analog of sandwich composites, made of 
nanoscale sheets connected by microscale channels. The channels exploit 
temperature difference created by carbon nanotubes on the bottom absorbing light, 
driving air downward and creating lift, also called the photophoretic force.

Above: Testing set up with LED 
array, steel mesh launch pad, 
and acrylic vacuum chamber for 
levitation tests with varying 
pressure and light intensity.

Left: Theoretical payload 
calculations for small disks on 
the milligram scale, which is 
enough for MEMS sensors, in 
optimal pressures of 1 – 1000 Pa.

The mesosphere has air pressures too low for aerodynamic flight and too high for 
satellites, making in situ measurements, and therefore climate modeling, extremely 
difficult. We propose a flight mechanism using only light, optimal for these air 
pressures, that would allow for kilogram-scale payloads. The lift force is created 
through Knudsen pumping in meter-scale ultralight structures made of 
“nanocardboard.” Applications include GPS tracking of winds, temperature 
measurements, gas species concentrations, and more.

For centimeter-scale disks, the payloads are too small to carry significant scientific 
instruments. However, if we transform the 2D plates and disks into 3D structures, 
the lift force increases by several orders of magnitude. We performed simulations 
and numerical analysis to confirm this at altitudes of 50 to 80 km where the 
Knudsen pumping mechanism is optimized. The characterizing equation is:
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Spherical geometry rendering in the upper 
atmosphere, showing airflow through walls of the 
structure and out the exit for increased lift. The 
walls of the structure are made of nanocardboard, 
and the temperature difference exists between the 
outside and inner chamber.
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Above: Rendering and streamlines 
from ANSYS Fluent simulations 
which were used to characterize 
the lift by simulating various 
geometries with various overall 
dimensions.

Left: Numerical results were then 
used with the characteristic 
equation to optimize the structures 
for the ideal porosity parameters 
for different sized structures, 
showing kilogram-scale payloads 
that scale with surface area.
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Fabrication of the structures involves: (1) spin-coating a film of Mylar with carbon 
nanotubes, (2) depositing 50-100 nm of alumina through ALD, (3) laser-cut the 
desired patterns/shapes, (4) solder together 2D shapes to form 3D geometries. 
Image C also shows an example testing set up for atmospheric solar balloon tests.
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Our newest model considers the structure 
as a solar balloon at lower altitude, where 
the inner decreased density from heating 
results in a buoyant force that increases 
payloads to ~10 kg. This is more than 
enough for atmospheric measurements 
from 0 to 80 km with a meter-scale 
structure.
A) Overall forces vs. altitude (R = 30 m)
B) Inner temperature of structure
C) Thermal model for heat transfer 

mechanisms leading to flight

The results of this work prove the possibilities for a brand-new flight mechanism 
from 0 to 80 km with kg-scale payloads, while remaining cheap and mass-
manufacturable. By deploying several of these structures, mapping of mesosphere 
winds is achievable, as well as many other types of measurements that require 
sensors within the payload, and all that is needed for flight is sunlight.
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