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Abstract–Crookes radiometers have been the subject of numerous 

theoretical, numerical, and experimental studies because of the 

complicated forces they exhibit as well as their potential 

applications to light sensing and actuation. The majority of these 

studies have focused on classical radiometers, which function 

under low vacuum pressures. In contrast, here we report a 

radiometer with microengineered vanes that rotates at 

atmospheric pressure. Its functionality at pressures thousands of 

times higher than previous light mills is due to unique attributes 

of the nanocardboard that forms its vanes: 1) the extremely low 

areal density (0.1 mg/cm2) of nanocardboard reduces the vane 

masses by two orders of magnitude; 2) its lower thermal 

conductivity allows a greater cross-vane temperature difference; 

and 3) its microchannels dramatically increase the thermal 

transpiration flow that drives the rotation. Intriguingly, the 

experimentally observed rotation speeds are substantially higher 

than those theoretically expected. Our device demonstrates new 

possibilities for micromanipulation, propulsion of aerial vehicles, 

and light-powered generators.  

  

 Index Terms–Photophoresis, Mechanical Metamaterials, 

Microfabrication, Radiometer  

I. INTRODUCTION 

 RADITIONAL Crookes radiometers, shown in Fig. 1, are 

well-known examples of opto-thermo-mechanical coupling 

[1]. They usually consist of a low-friction hub and four 

lightweight paper vanes that are colored black and white on 

opposing faces and are placed inside a glass chamber under low 
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vacuum (~1 Pa). When exposed to sunlight, the black sides of 

the vanes are radiatively heated to a higher temperature than the 

white sides. Two forces arise as a result. First, molecules  

 

impacting the hotter black sides on average depart with higher 

velocities than those contacting the white sides; this results in a  

small differential recoil force.  Second, as a result of the 

temperature gradient, gas molecules tend to creep around the 

edges of the vanes from the white sides to the black sides. This 

motion, called thermal transpiration, also causes the vanes to 

move in a direction toward the white sides. However, as the 

pressure rises above ~10 Pa, both the differential recoil and 

thermal transpiration forces decrease and eventually become 

smaller than the static friction and aerodynamic drag forces, 
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Fig. 1. (a) Photorealistic rendering of a traditional radiometer in a vacuum jar. 
Light heats the dark sides of the vanes, inducing a photophoretic force that 

causes the vanes to rotate. (b) Schematic diagram showing forces on 

traditional radiometer vanes.  The differential momentum force arises from 
molecules departing the light and dark-colored faces with different velocities, 

whereas the thermal transpiration force arises from gas molecules slipping 

around the edges of the vanes. 

 
Fig. 2: (a) Top-view photograph of nanocardboard plate with basketweave-
style 5-channel unit cell design. (b) Top-view SEM image of nanocardboard 

channels. (c) SEM perspective-angle image showing height of channels. (d) 

Schematic diagram showing thermal creep-induced gas flow through 
nanocardboard channels. Incident light heats the CNT-coated bottom plate, 

whereas the top plate remains relatively cool.   
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preventing the hub from turning.  

Though a wide variety of radiometer geometries have been 

created, virtually all have been limited to low-pressure 

operation. For example, Han et al. recently constructed a 

radiometer with curved vanes in order to promote asymmetric 

heating and operated it at pressures below 13 Pa [2]. Also, 

Wolfe et al. developed a radiometer with horizontal (rather than 

vertical) vanes in order to explore the relative influence of the 

differential momentum and thermal transpiration forces that 

operated at pressures of less than 35 Pa [3]. However, operation 

at atmospheric pressure would be both interesting from a 

fundamental point of view and more useful in educational 

demonstrations. Additionally, photophoretic propulsion may be 

useful as an alternative locomotion strategy for miniature 

aircraft, requiring this mechanism to operate in a wider range of 

pressures [4,5]. 

For these reasons, we have developed a Crookes 

radiometer that is capable of rotating at atmospheric pressure 

because it has vanes composed of a unique material called 

nanocardboard (Fig. 2) [6]. Nanocardboard is a metamaterial 

composed of two alumina face sheets of nanometer-scale 

thickness connected by thin hollow channels. This architecture 

results in an areal density that is two orders of magnitude lower 

than traditional paper radiometer vanes, and also provides very 

high thermal resistance between the face sheets. By applying a 

thin coating of light-absorbing carbon nanotubes to one of these 

face sheets and exposing the vanes to light, we can induce a 

temperature differential of a few kelvins between the face 

sheets, sufficient to drive a strong thermal transpiration flow 

through the densely arrayed channels of nanocardboard. These 

factors work together to amplify the thermal transpiration force 

on the vanes, allowing the radiometer to function at 

atmospheric pressure. The following sections explain our 

methods for fabricating the nanocardboard vanes and the 

radiometer, present a theory for its operation, show our testing 

procedure and apparatus, and finally present experimental 

results.  

II. FABRICATION 

 A. Vanes 

We manufactured our radiometer vanes using a sacrificial 

mold according to conventional microfabrication techniques 

(Fig. 3) in four phases: 1) mold creation, 2) mold conformal 

coating, 3) carbon nanotube (CNT) deposition and cleaning, 

and 4) mold etching.  

(1) To fabricate the mold, we began by coating a 10-cm 

Silicon-On-Insulator (SOI) wafer that had a 60-µm device layer 

(Ultrasil LLC) with a 2-µm SiO2 hard mask using plasma-

enhanced chemical vapor deposition (Oxford Instruments). We 

then spin-coated and baked Shipley Microposit S1818 

photoresist onto the wafer (1800 RPM for 60 s and 115 ºC for 

60 s), exposed a pattern to define the vertical nanocardboard 

channels using a SUSS MicroTec MA6 Gen 3 mask aligner 

(350 mJ/cm2 dose), developed the polymer using MF319 

developer (70 s at 20 ºC), and baked the result (115 ºC for 5 

min). Next, we transferred the pattern in the photoresist to the 

hard mask using CHF3/O2 reactive ion etching (Oxford 80 Plus) 

and subsequently transferred the pattern from the hard mask to 

the device layer using deep reactive ion etching with SF6 and 

C4F8 (SPTS Si DRIE). Lastly, to release the molds (16 per 

wafer), we immersed the wafer in a 49% HF bath for 60 min 

and removed each using a blade.  

(2) To conformally-coat all sides of the molds, we fixed 

 
Fig. 3: Vane fabrication process. We create a silicon mold with channels using 

a combination of RIE and DRIE, release the mold using HF, perform ALD of 
alumina, deposit CNTs, clean the channels using oxygen plasma etching, and 

finally release the alumina using XeF2 isotropic etching.  

 
Fig. 4: (a) Photograph of vanes glued the hub, which is balanced on the 

spindle.  The vanes are shown prior to the XeF2 etch process. (b) Photorealistic 
rendering of the radiometer under sunlight on the University of Pennsylvania 

campus. The bell jar prevents wind from moving the vanes.  
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each to a glass holder using Kapton tape and deposited 100 nm 

of alumina (Al2O3) at 250 ºC using atomic layer deposition 

(Cambridge NanoTech S200). For this process, we used 

precursors H2O and Al2(CH3)6 with a 15 ms pulse and 5 s delay 

for both. 

(3) To deposit the absorptive CNT layer, we dropcasted a 

solution of single-wall CNTs (0.2% w.t. water, further diluted 

with water by a 3:1 volumetric ratio) on one side of the alumina-

coated molds and placed them on a hot plate at 50 ºC to 

evaporate the water. We repeated this deposition a second time, 

at which point the absorptivity was approximately 90% [4]. 

This dropcasting method clogs the nanocardboard channels; to 

reopen them, we conducted reactive ion etching with O2 plasma 

for 2 min on the opposing (non-coated) face of the molds 

(Oxford 80 Plus).  

(4) The final step in the vane manufacturing process was to 

etch the silicon mold away from within the conformal alumina 

coating, leaving only the lightweight, hollow rigid shell. To 

accomplish this, we used a blade to cut openings in two 

opposing edges of the molds and conducted 600 cycles of XeF2 

vapor etching (70 s each at 2.5 Torr pressure with a 3 s delay; 

Xactix SPTS E1). The final mass of each 1.5-cm-square vane 

was approximately 0.1 mg. 

 

B. Quad-arm hub 

We used a ProJet 6000 SLA 3D stereolithography printer 

to fabricate a 26-mm-diameter quad-arm hub using Accura 

ClearVue resin. The printing technique allowed us to achieve 

good rigidity with low mass by constructing the mount as one 

entity rather creating it by joining several separate pieces, and 

furthermore ensured that the hub’s center of mass was precisely 

positioned upon its axis of symmetry. The overall size and 

geometry were chosen to match those of traditional vacuum 

radiometers.  

 

C. Assembly 

We used a minimal amount of superglue (Loctite) to mount 

the microfabricated vanes onto the hub’s arms, and 

subsequently press-fit a V-shaped sapphire bearing (Swiss 

Jewel V3.18) into a pocket in the center of the hub. The weight 

of the hub-and-bearing assembly, measured using a precision 

scale (Perkin-Elmer AD4), was 56 mg. We placed the hub upon 

a 120-µm diameter SEIRIN J-Type acupuncture needle that was 

held vertically and served as the spindle. Our choices of the 

bearing and the needle were coordinated to reduce the surface 

area overlap and resulting friction force. Figure 4 shows a 

photorealistic rendering of the radiometer in a courtyard on the 

University of Pennsylvania campus, as well as a photograph of 

the as-fabricated hub and spindle assembly.  

 

D. Chamber 

We assembled a light chamber in order to perform 

repeatable tests of the radiometer’s performance (Fig. 5). This 

rig consisted of an octagon-shaped open-top compartment (47-

mm internal side length) with eight LED arrays (LOHAS LH-

XP-100W-6000k) mounted to its interior walls and eight 

thermoelectric coolers (GeeBat TEC1-12706 with Acrylic 

Silver 5 AS5-3.5G thermal paste) on its exterior. The LED 

arrays, whose brightness we controlled using a current source, 

provided uniform light intensity in a 26-mm diameter circle 

within the chamber (~6.5% variation, as measured using a 

Thorlabs S305C sensor; see Fig. 5), while the thermoelectric 

coolers mitigated convection flows inside the light chamber. 

We placed the radiometer inside the chamber along its axis of 

symmetry. During the experiments, we used a Testo 875i 

thermal camera to monitor the temperature of the chamber 

walls, which reached 40-50 ºC in the steady state. We placed a 

9-cm-diameter cylindrical open-ended polycarbonate tube 

(McMaster-Carr, Inc. #8585K47) over the assembly within the 

chamber to provide a quiescent environment free of room air 

currents, convection from the warm chamber walls, and other 

disturbances. The open end of this tube allowed us to make 

undistorted thermal temperature measurements from above. 

Finally, we used a camera mounted above the chamber to film 

the rotation of the vanes and used video analysis software to 

obtain the rotation speed of the hub in each experiment.  

III. THEORETICAL MODELING 

To understand the air motion near and through the vanes, 

we employed a fluid mechanical model based on ref. [4]. For 

brevity, we will present only the most relevant equations here. 

For a nanocardboard plate that is fully submerged in air and can 

move freely, the mean gas flow-through velocity in the 

nanocardboard channels 𝑢𝑓𝑡 is given by (1), 

  
Fig. 5: (a) Photograph of radiometer inside test chamber. (b) Light intensity as 

a function of angular position within the chamber at a radius of 13 mm. Eight 

peaks, corresponding to the eight LEDs, can be distinguished.  Inset: Computer 

rendering of chamber showing LED illumination.    

 
Fig. 6: Schematic diagram of a nanocardboard vane unit cell with 𝑋 = 5 

channels per cell, channel width 𝐴, channel length 𝐵, and channel spacing 𝑆 

(the channel height 𝐿 is not shown). See also dimensions in Table I. 
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  𝑢𝑓𝑡 =
𝜑 (𝛾(𝑇𝑏 − 𝑇𝑓))

𝜌𝐴𝐵
 (1) 

in which  𝑇𝑓 and 𝑇𝑏 , are the temperature on the front (no CNTs) 

and back (with CNTs) of the vane (respectively), 𝜌 is the 

density of the flowing air, 𝐴 and 𝐵 are the width and length of 

the channels, respectively (see Fig. 6 and Table 1), the channel 

fill factor is  

   𝜑 =  
4 𝑋 𝐴 𝐵

𝐴𝑡𝑜𝑡𝑎𝑙
 (2) 

   

The thermal creep coefficient is given by 

                         𝛾 = (
1.1

1.5+𝛿
)

𝐴2𝐵 𝑃𝛽∗

2(𝑇𝑓+𝑇𝑏)𝐿
   (3) 

In (2), 𝑋 = 5 is the number of channels in a parallel pattern of 

the nanocardboard plate and the total unit-cell area  

  𝐴𝑡𝑜𝑡𝑎𝑙 =  (𝐴𝑋 + 𝐵 + 𝑆(𝑋 + 1))
2
 (4) 

depends on the distance 𝑆 between channels. Equation (3) also 

uses the total height of the channels 𝐿 (i.e., the height of the 

nanocardboard plate), the rarefication factor  

 𝛿 =
√𝜋

2

𝐴

𝜆
, (5) 

and the inverse of the characteristic gas velocity 

  𝛽∗ =  √
𝑚

𝑘𝐵(𝑇𝑓+𝑇𝑏)
 (6) 

where 𝜆 is the average mean free path of air molecules, 𝑚 is the 

average molecular weight of air, and 𝑘𝐵 is the Boltzmann 

constant. Inserting (2)-(6) into (1), we find that the flow-

through velocity increases with the temperature gradient along 

the channel walls, which in turn is proportional to the incident 

optical power 
(𝑇𝑏−𝑇𝑓)

𝐿
≈

𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

2 𝑘𝑎𝑖𝑟
, where we use the 

conductivity of air to approximate the conductivity of hollow 

nanocardboard. For an incident intensity of 1000 W/m2 (= 1 

Sun, i.e., the solar intensity on Earth’s surface), the flow-

through velocity is on the order of 1 mm/s. This theory and the 

flow-through velocity values successfully predicted the 

hovering heights of nanocardboard in our previous experiments 

at the atmospheric pressure [4]. However, as detailed below, the 

hub radial velocity values we measured experimentally are 

about an order of magnitude larger, indicating a possible large 

role of fluid-dynamic interactions between the vanes. 

IV. SIMULATIONS 

In order to understand the fluid dynamics governing the 

entire radiometer, we conducted numerical simulations using 

OpenFOAM computational fluid dynamics software. Briefly, 

we created a three-dimensional model of the radiometer using 

solid square planes as vanes and the 3D-printed hub part. 

Importantly, we filleted the edges of the hub to prevent 

computational errors and/or discontinuities at its sharp edges 

and corners. Moreover, we used a control volume to match the 

dimensions of the polycarbonate tube placed within the 

chamber. This resulting mesh had approximately 2,000,000 

mesh elements. Using this model, we employed the solver 

SRFSimpleFOAM to solve the complete Navier-Stokes 

equation for a single rotating reference frame with constant 

rotation speed, via the SIMPLE algorithm. In these simulations, 

we specified the relative velocity of the vanes to be normal to 

the surface and equal to the flow-through velocity and applied 

a no-slip condition on all the walls and elsewhere. We also set 

a zero-gradient pressure on all the solid surfaces, except the 

vanes.  

To determine the hub rotation speeds using OpenFOAM, 

we conducted successive simulations while modifying the flow-

through velocity through parameter sweep, and found the 

crossover point where the calculated torque on the vanes and 

hub vanished. Our simulation results indicate that, at low 

rotation speeds of about 2 revolutions per minute (RPM), the 

flow fields associated with each vane are essentially orthogonal 

and do not interfere with one another. However, at higher 

speeds such as 5 RPM and above, the simulations revealed more 

complex interactions between the four vanes’ velocity fields, as 

shown in Fig. 7. For rotational speeds that resulted in the 

interaction of the vanes, the simulations predict bulk movement 

of the air inside the chamber. To find the simulated flow-

through velocity of individual vanes, we found the average 

speed of the air for a ring that the vanes sweep when they rotate 

and then subtracted this speed from the linear velocity of the 

vanes.  

V. EXPERIMENTAL RESULTS AND DISCUSSION 

We measured the rotation speed of the hub as a function of 

the light intensity within the chamber, as shown in Fig. 8. As 

expected, the net forces pushed on the black CNT-coated side 

of the vanes, and the rotation speed increased with increasing 

TABLE I 

GEOMETRIC PARAMETERS OF THE UNIT CELL USED FOR VANES DESIGNED IN 

THE EXPERIMENTS AND NUMERICAL MODELING 

Parameters Value 

𝐴 25 µm 

𝐵 500 µm 

𝑆 75 µm 

𝐿 

𝑋 

60 µm 
5 

 

 
Fig. 7: Top view of the (a) flow field and (b) streamlines in an atmospheric-
pressure numerical simulation in which the vanes (1.5-cm square in this 

simulation) rotated at 10 RPM. Notice that the peak velocity values occur near 

front and back surfaces of the vanes, indicating flow is occurring through the 
channels. (c) Top-view photograph of the experimental setup, showing the 

LED illumination. The black circle corresponds to the open-ended 

polycarbonate tube placed around the radiometer to block room air currents.  
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light intensity because of the increasing flow-through velocity, 

according to (1). We note that the continuous smooth rotation 

started only at intensities above ~1.5 𝑘𝑊/𝑚2 and there was no 

movement below 0.5 𝑘𝑊/𝑚2. Between these two values, we 

observed irregular stop-go movements which could be caused 

by the varying intensity as a function of the angle (see fig. 5), 

uneven static friction between the spindle and the bearing, and 

asymmetric distribution of mass (glue, hub, etc).  

The maximum rotation speed of 11.6 RPM corresponds to an 

angular velocity of ~1.2 rad/s and linear velocity of the vanes 

of ~2.5 cm/s, which is about 5-10 times higher than the 

theoretically expected flow-through velocity in the channels. 

Using (1), we estimate that the 2.5-cm/s flow-through velocity 

corresponds to a local temperature gradient of 25 ºC between 

the nanocardboard faces, which is unrealistically high. For a 

given light intensity, the rotation speeds predicted by the 

simulations are approximately an order-of-magnitude smaller 

than those measured in the experiments (Fig. 8). This 

discrepancy is likely due to an underestimation of the 

photophoretic forces and flow-through velocity by our theory 

for vanes that are in mid-air at atmospheric pressure. Rotation 

of the radiometer continuously adds energy to the air 

surrounding it, resulting in an accelerating rotation of air. The 

air continues to accelerate and reaches a velocity at which the 

input energy from rotation of the hub is equal to the viscous 

dissipation. At this point, air inside the box that houses the 

radiometer rotates at a constant velocity and the radiometer 

rotates within the rotating air. Hence, the absolute flow-through 

velocity becomes the rotational speed of the air plus flow-

through velocity as if the air was stationary. Finite element 

analysis presented in Fig 7a revealed the rotational speed of air 

to be between 10 and 20 mm/s. Since the model presented by 

Cortes et al. [4] for levitation of the single NCB assumes flight 

in stationary ambient air, we subtracted the average rotational 

speed of air inside a ring which the vanes sweep,  from 

rotational speed of the radiometer to estimate for the flow 

through velocity that is compared with existing theory [4]. 

We hypothesize that surface effects in the boundary gas 

layers on the two sides of the nanocardboard play a significant 

role, which was neglected in Eq. 1. For example, the difference 

between the structure of the two surfaces, with CNTs on one 

side and ALD alumina on the other, result in different thermal 

interactions with the adjacent gas layers. One characteristic of 

thermal interaction is the thermal accommodation 

coefficient, 𝛼, [7] defined as 

  𝛼 =
𝑇−𝑇∞

𝑇𝑠−𝑇∞
 (7) 

where T is the temperature of the gas molecules after thermal 

collision with the surface, and 𝑇𝑠 and 𝑇∞ are the surface and 

ambient temperatures, respectively. The value of 𝛼 depends on 

gas and surface properties and generally needs to be measured 

experimentally for any given gas/surface pair. Experimental 

studies on other surface-gas pairs, however, suggest that 

rougher surfaces have higher accommodation coefficients [8,9], 

meaning that carbon nanotubes likely have a higher 

accommodation coefficient. We believe that the discrepancy 

between the experimental and theoretical flow-through 

velocities may have been caused by the local temperature 

gradients due to different 𝛼 values on the two sides, which our 

current theory does not consider. Occurrence of this 

phenomenon is owed to difference in molecular interaction 

between gas molecules and surfaces with different properties 

[9-11] and finite elements models are not capable of capturing 

such inetratctions. A detailed numerical study of this 

phenomenon requires Monte-Carlo method and molecular 

dynamics simulations of interactions between air, carbon 

nanotubes, and ALD deposited alumina. We encourage the 

research community to consider this as a research topic and 

contribute to our experimental demonstration of atmospheric 

radiometer. 

VI. CONCLUSION 

We have demonstrated, for the first time, a Crookes 

radiometer that can rotate at atmospheric pressure.  This was 

made possible by making vanes out of a metamaterial called 

nanocardboard, which, compared to traditional paper vanes, 

was lighter, sustained a larger temperature gradient, and had a 

dense array of channels available for thermal transpiration. We 

characterized our radiometer using theoretical, numerical, and 

experimental approaches, obtaining qualitative agreement for 

the velocity of the vanes predicted by these approaches. Finally, 

we measured a maximum rotational velocity of close to 12 

RPM at atmospheric pressure. 
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