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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler This study presents the first experimental verification of X-ray-driven radiation propulsion in graphene spon-
ges—distinct from conventional laser propulsion—establishing the fundamental mechanisms of radiation-matter
interaction for propellant-free propulsion. To quantitatively characterize the thrust dynamics of graphene
sponges, a lever-based pendulum setup (a device designed for precise measurement of microscale thrust) was
employed under controlled conditions: vacuum pressure ranging from 0.06 to 100 kPa and X-ray tube voltage
varying from 5 to 30 kV. Results show that the propulsive force increases monotonically with X-ray energy and
exhibits a significant negative correlation with gas pressure. The maximum thrust of 32.73 puN (corresponding to
a propulsion distance of 2.9 cm) was achieved at 30 kV/0.07 mA under a 0.06 kPa vacuum. The underlying
interaction mechanisms differ by vacuum regime: In low-vacuum (10-100 kPa), thrust is dominated by gas-
mediated energy transfer; while in high-vacuum (<1 kPa), it originates from direct X-ray interactions,
including electron emission. Cyclic tests with 7-min intervals demonstrated a thrust recovery rate of 85 %-90 %,
confirming the material’s excellent reversibility in responding to radiation. This study establishes a fundamental
framework of radiation physics and chemistry for radiation-driven propulsion, clarifying the characteristics of
radiation energy absorption, conversion, and thrust output of graphene sponges under different pressure con-
ditions. These findings provide a foundation for applying radiation-responsive graphene materials in propellant-
free deep-space exploration.
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1. Introduction

Current propulsion systems for space exploration are categorized
into three principal classes: chemical propulsion (Shao et al., 2019; Kim
and Cho, 2019; Dong et al., 2017; Budhwar et al., 2018), nuclear pro-
pulsion (Venneri and Eades, 2021; Kumar et al., 2025; Akimov et al.,
2012), and photon propulsion (Wie and Murphy, 2007; Scholz et al.,
2011; Gao et al., 2024; Fu et al., 2017). Conventional chemical pro-
pulsion rockets are constrained by inherently low payload fractions,
with the propellant mass accounting for 70-90 % of the total vehicle
mass, whereas the payload capacity typically accounts for approxi-
mately 5 % of the total mass. The inherently limited specific impulses
and inferior energy densities of chemical propulsion systems impose
fundamental constraints on their ability to perform long-range space
missions (Xie et al., 2021; Stesina, 2019; Forster et al., 2020; Cline et al.,
2024). Nuclear propulsion systems have demonstrated superior

thrust-generation capabilities. However, their high initial investment
costs and stringent regulatory requirements pose significant challenges
for implementation (Park et al., 2022; Gustafson, 2021; Gabrielli et al.,
2014). Despite its theoretical advantage of propellant-free operation via
near-light-speed exhaust velocities, photon propulsion is hindered by
the reliance of laser systems on bulky, power-intensive arrays and the
susceptibility to energy loss from scattering/absorption in space envi-
ronments (Swartzlander, 2022; Quarta and Mengali, 2023; Ma et al.,
2017; Fu et al., 2016; Dubill and Swartzlander, 2021).

Recently, the interactions between lasers and graphene materials
have been intensively investigated in the fields of photonics and mate-
rials science. For instance, Zhang et al. (2015) experimentally observed
direct light propulsion in three-dimensional bulk graphene materials,
demonstrating significant vertical displacement and rotational velocity
under both watt-level laser irradiation and solar illumination while
proposing a light-induced ejected electron mechanism. Wang et al.
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(2020) designed a laser-driven graphene sponge gravity pendulum and
employed the optical lever method to perform quantitative measure-
ments of opto-propulsive forces in laser-propelled graphene sponge
(LPGS) systems. Their experimental results demonstrated a specific
thrust of 62.6 mN/kW, a sub milliwatt laser power requirement (<7
mW), and fully reversible propulsion characteristics. These findings
established the feasibility of using graphene-based materials for
next-generation micro-propulsion devices, particularly for applications
requiring continuous operation with minimal energy input.

Gaudenzi et al. (2020) experimentally demonstrated that
graphene-based composites can significantly enhance the thrust gener-
ation of light sails under microgravity conditions through opto-thermal
coupling mechanisms. Subsequent work by Wang et al. (2021) focused
on the mechanistic analysis of LPGS, combining qualitative observations
with quantitative measurements. Through comparative experiments
under high-vacuum (0.002 Pa) and low-vacuum (6 Pa) conditions, the
authors identified a laser-induced Knudsen force propulsion mechanism,
wherein thermal gradients generated by laser absorption drove the
momentum transfer via rarefied gas interactions. This mechanism es-
tablishes a theoretical foundation for optimizing the LPGS thrust effi-
ciency across diverse pressure environments. Wang et al. (2023)
reported the first macroscopic demonstration of the laser tractor effect in
bulk graphene sponge materials achieved by irradiating a graphene-SiO2
bilayer with a Gaussian laser beam. Using a precision torsion pendulum
setup, they observed significant negative momentum transfer, show-
casing the potential of the material for bidirectional propulsion control,
which is a critical advancement for microscale attitude adjustment in
space applications. Rao et al. (2024) reported a novel optical-propulsion
metastructure strategy using metal-organic frameworks to generate
graphene-metal metastructures (GMM) for pulsed laser micropropulsion
(PLMP). Using a torsion pendulum setup, they systematically charac-
terized the PLMP performance of GMM-(HKUST-1) and demonstrated a
specific impulse of 1072.9 s, an ablation efficiency of 51.2 %, and an
impulse thrust per mass of 105.2 uN pg~?, surpassing traditional pro-
pellants. With an average particle size of ~12 nm and a density of 0.958
g cm 3, these metastructures exhibit 99 % light absorption efficiency
and maintain stability under atmospheric and humid conditions, high-
lighting their potential for revolutionizing microspacecraft propulsion
and energy systems.

In deep-space missions, laser-driven propulsion faces two core limi-
tations that severely restrict its practical application: on the one hand,
remote laser transmission suffers from significant energy decay and
delay; on the other hand, self-contained laser sources require solving
critical issues such as excessive weight, inefficient heat dissipation, and
limited energy storage—all of which hinder their use in interstellar
navigation. By contrast, X-rays, as a propulsion excitation source,
possess key advantages that lasers cannot match: they exhibit superior
penetrability, which allows them to effectively avoid the energy loss
caused by scattering and absorption during transmission. Such X-rays
can be supplied by radioactive isotopes, which offer additional advan-
tages for deep-space scenarios: radioactive isotopes release energy
through self-decay, requiring no external fuel replenishment; their
decay process is immune to external environmental interference; and
their output power decays slowly over time in a precisely predictable
manner (Tavares and Terranova, 2023; Li et al., 2024). This makes them
a stable energy solution for long-duration deep-space missions. How-
ever, a clear research gap exists in the current field: while laser-driven
propulsion based on graphene sponges has been extensively studied
and validated, X-ray-driven radiation propulsion using graphene mate-
rials has not yet been experimentally demonstrated.

To fill the aforementioned research gap, this study experimentally
investigates the X-ray-driven propulsion of graphene sponges under a
range of vacuum pressures and X-ray energies, comparing direct X-ray
and radioluminescent photon excitation. The study conducted propul-
sion force measurements under a broad vacuum range (0.06-100 kPa)
and X-ray tube voltages (5-30 kV) and found that under near-vacuum
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conditions (0.06 kPa), X-ray-driven propulsion achieves a maximum
thrust of 32.73 pN at 30 kV/0.07 mA. In addition, the study performed
sustainability tests for the continuous switching of excitation sources,
which lays the groundwork for X-ray-driven graphene propulsion as a
viable alternative to laser-based systems for microspacecraft.

2. Experimental section
2.1. Preparation of the graphene sponge pendulum

The graphene material, specifically a centimeter-scale bulk graphene
sponge (Fig. S1, the detailed information can be found in Supporting
Information) with a density of 17 mg/cm?, was supplied by XFNANO (a
commercial vendor). This material is a 3D crosslinked porous graphene
with partial oxygen incorporation, featuring a hierarchical pore struc-
ture and an ultrahigh specific surface area. The microstructure afforded
abundant adsorption sites and reactive centers (Fig. S2). A small amount
of flake graphene was extracted from the bulk graphene sponge
(diameter: 1 cm, height: 1.8 cm, total mass: 50 mg), fixed onto a 1.2 cm
polypropylene film, and suspended using a non-conductive polyester
fiber thread (length: 6.6 cm, diameter: 0.2 mm). Finally, the fabricated
graphene-sponge pendulum was clamped to a holder. Once mounted on
the pendulum suspension, the sample is hereafter referred to as the
graphene sponge pendulum. The total mass of the graphene sponge
pendulum was no greater than 10 mg, enabling significant and observ-
able motion enhancement under radiation due to the reduced inertia
facilitating more pronounced response to the applied radiation force.
The reflectivity of the graphene sponge pendulum is approximately 5 %
(Fig. S3) at laser wavelengths of 400-800 nm with a transmittance of
less than 20 %, resulting in an absorbance of approximately 75 % at
400-800 nm, as determined using a UV-Vis-NIR spectrophotometer. An
acrylic vacuum chamber coupled with a vacuum pump provided a
vacuum environment, and the vacuum pressure was monitored using a
digital vacuum gauge.

2.2. Propulsive force measurement methods for graphene sponge
pendulum

A fixed graphene-sponge pendulum was placed inside the vacuum
chamber and aligned collinearly with the emission port of the X-ray
tube, as shown in Fig. la. In the second configuration, a gadolinium
aluminium gallium garnet (GAGG) scintillator—selected for its high
light output and short decay time, and used to convert X-ray energy into
visible photons for radioluminescent propulsion measurements—was
mounted on the inner wall of the vacuum chamber to ensure collinearity
between the X-ray tube, GAGG scintillator, and graphene sponge
pendulum (Fig. 1b).

The experimental test platform was composed of an X-ray tube,
vacuum chamber, laser range finder and a camera system. A high-
vacuum experimental environment was maintained using a two-stage
vacuum pump to achieve a high vacuum. Fig. 2a illustrates the inter-
nal structure of the vacuum chamber. The internal air pressure was
adjusted by controlling the operating time of the vacuum pump and
monitoring the vacuum gauge, thereby enabling investigation of the
effects of different air pressure environments. A smartphone camera
positioned outside the chamber recorded the motion of the pendulum
through a transparent observation window. A millimeter-scale ruler was
placed behind the graphene sponge pendulum. The horizontal
displacement changes were recorded via video recording, and the
displacement values at every 0.1 s were measured using a laser range-
finder (Fig. 2b). Using data from video playback and laser rangefinder
measurements, the displacement changes at specific time points were
determined to calculate the magnitude of the propulsive force. The X-ray
tube was located on the far-left side of the camera system (Fig. 2¢). The
radiation power intensity was regulated by controlling the voltage of the
X-ray tube, enabling exploration of the effects of different radiation
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Fig. 1. Propulsion configurations of the graphene sponge pendulum under dual excitation modes: (a) direct X-ray irradiation setup, where the graphene sponge
pendulum is aligned collinearly with the X-ray tube (emission port) inside the vacuum chamber; (b) radioluminescent photon excitation, utilizing a GAGG scintillator
mounted on the vacuum chamber inner wall to convert X-ray energy into visible photons (475-675 nm).
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Fig. 2. Experimental facilities enabling effective radiation shielding and arbitrary air pressure control: (a) photograph of the X-ray tube, vacuum chamber structure,
and graphene-sponge pendulum mounted on the stage inside the vacuum chamber; (b) image of the laser distance measurement instrument recording the real-time
position of the graphene-sponge pendulum; (c) schematic diagram of the radiation-driven graphene-sponge pendulum experiment.

intensities. The voltages of the X-ray tube were set at 5, 10, 15, 20, 25,
and 30 kV, and the vacuum levels were controlled at 100, 80, 60, 40, 20,
and 0.06 kPa. The radioluminescence spectrum of the GAGG scintillator
under X-ray excitation ranged from 475 to 675 nm (Fig. S4), which was
measured using a fluorescence spectrophotometer (manufactured by
Agilent Technologies, USA, with a measurement range of 200-900 nm
and a wavelength measurement accuracy of +1.5 nm). The X-ray energy
spectrum spanned from 10 to 50 keV and was measured using an X-ray
detector (XR-100SDD). A smartphone was used to record the entire
propulsion process. To ensure radiation safety, all the experiments were
conducted inside a lead-lined enclosure with real-time videos captured
through the radiation-shielded viewing port of the chamber.

3. Results and discussion

3.1. Effect of distance between excitation source and graphene sponge
pendulum on propulsion force

The X-ray tube voltage was set to 30 kV with a corresponding tube
current of 0.07 mA, and the vacuum pressure was adjusted to 0.4 kPa.
The vacuum chamber had a thickness of 2 cm, with 3 cm between the
inner wall and graphene material. The distance between the X-ray tube
and the outer wall of the vacuum chamber was varied from 7 to 15 cm to
observe the propulsion force changes, and a lever method was used to
measure the micro-thrust approximately. When the X-ray irradiated the
graphene sponge pendulum on the left, propulsion occurred, causing a
small deflection angle. Assuming that the graphene sponge pendulum
behaves as a gravity pendulum and reaches a static equilibrium under X-
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ray propulsion, the deflection angle 6 becomes stable. The X-ray pro-
pulsion force was determined using the following equation:

F, = Gtanf = mgtan = mgtan- (arcsin i) (€8}

where G is the total gravitational force acting on the graphene sponge
pendulum, F, is the X-ray-induced propulsion force, [ represents the
distance from the suspension point to the center of mass of the
pendulum, and x denotes the horizontal displacement of the pendulum
from its equilibrium position. m, g and [ were predetermined prior to the
experiments, allowing the propulsion force to be calculated solely from
the measured horizontal displacement x. A scale was fixed to the back of
the vacuum chamber, and x was measured at each time interval using
both video playback and a laser rangefinder. The thrust value was ob-
tained by substituting x into Equation (1).

Prior to X-ray irradiation, the graphene sponge pendulum was stably
positioned on the left side of the vacuum chamber with no gas flow
(Fig. 3a). Irradiation was initiated at t = 20 s for a duration of 2.5 min.
The graphene sponge pendulum exhibited a significant rightward
displacement along the irradiation direction, reaching its maximum
displacement within 20 s post irradiation (Fig. 3b). This dynamic pro-
cess is further illustrated in Supplementary Video 1, which shows the
graphene sponge pendulum slowly moving left under irradiation.

The graphene sponge pendulum in a low-pressure vacuum chamber
(pressure: 0.6 kPa) generated a measurable propulsive force under X-ray
irradiation. Fig. 4a presents the temporal evolution of the horizontal
displacement at varying distances r between the X-ray tube and the
pendulum. At r = 14 cm, the maximum displacement reached 2.9 cm,
corresponding to a propulsive force of 32.73 pN calculated via Equation
(1). Here, m = 10 mg (graphene-sponge pendulum mass), g = 9.7949 m/
s% (local gravitational acceleration), and L = 6.6 cm (pendulum arm
length). Fig. 4b shows the force-distance relationship, revealing an
optimal irradiation distance of 14 cm. The propulsive force initially
increased and then decreased with increasing irradiation distance r.

Over time, the propulsion phenomena were observed at different
distances r, As r increases, the position of the graphene sponge
pendulum transitions from near the left container wall to the center of
the container, and finally near the right container wall. Relatively sta-
tionary gas boundary layers are formed near the surfaces of both the
graphene sponge pendulum and container walls. The boundary layers
are thinner at shorter distances. The gas exchange must first traverse the
boundary layer, and thinner boundary layers impose less resistance to
gas diffusion, facilitating easier passage of gas molecules and enhancing
the gas exchange between the object and container walls. Thus, atr = 14
cm, the distance likely achieved an optimal gas exchange equilibrium

Pushing distance

Fig. 3. Schematic of the graphene sponge pendulum (a) before excitation, (b)
at the position of maximum propulsion displacement.
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with all inner wall surfaces. Both excessively short and long distances
resulted in insufficient thrust. However, in all cases tested so far, the
thrust curves obtained show a trend of first increasing and then
decreasing with the change of r.

3.2. Propulsion performance of X-ray and radioluminesce photon under
variable radiation intensity and gas pressure

To investigate the pressure and radiation intensity-dependent pro-
pulsion mechanisms, the vacuum chamber pressure was regulated from
0.06 kPa to 100 kPa, whereas the X-ray tube voltage was varied between
5 kV and 30 kV. Two parallel test configurations were employed to
distinguish different excitation modes: one for direct X-ray propulsion
and another for radioluminesce photon-induced propulsion (using a
GAGG scintillator). Specifically, the GAGG scintillator was explicitly
used to convert incident X-rays into radioluminesce photons, enabling
the independent study of propulsion driven by such converted photons.
As shown in Fig. 5a, the propulsive force exhibited a monotonically
increasing trend with the X-ray tube voltage under all tested pressures,
while demonstrating a strong inverse correlation with the gas density.
For example, under X-ray excitation, when the vacuum level rises from
100 kPa to 0.06 kPa, the maximum thrust increases from near zero to
32.73 pN, exhibiting a clear positive correlation. Under radioluminesce
photon excitation, with 5 kV, the improvement in thrust at 0.06 kPa
versus that at 100 kPa reaches 1300 %, whereas with 30 kV, the cor-
responding improvement at 0.06 kPa versus that at 100 kPa is 501 %
(Fig. 5b).

Critically, at near-vacuum conditions (0.06 kPa), X-ray-driven pro-
pulsion achieves a maximum thrust of 32.73 pN at 30 kV/0.07 mA. At
pressures close to atmospheric pressure (80-100 kPa), frequent gas
molecular collisions thicken the boundary layer, impeding momentum
transfer and causing thrust decline; even at high tube voltages, the gas
resistance becomes too large to enable effective propulsion. Although
the specific propulsion mechanisms are still under investigation. It was
hypothesized that the thrust may arise from electron ejection or gas-
mediated energy transfer. Under high-vacuum conditions, where gas
molecules are extremely sparse, radiation energy primarily generates
thrust via direct material interactions (such as electron ejection). The
increase in tube voltage has a limited gain for momentum transfer in the
rarefied gas, leading to thrust saturation. In low-vacuum environments,
thrust is dominated by the coupling of radiation excitation and gas
molecular interactions, and higher tube voltages synergistically enhance
both mechanisms. By contrast, high-vacuum thrust relies on the direct
material response, with the tube voltage effects approaching linearity
and exhibiting stable but moderate increases. Notably, radiation-driven
propulsion generates measurable thrust across a broad pressure range
(0.06-100 kPa), in stark contrast to laser-driven systems, which only
produce thrust at 0.1-1 kPa due to severe energy losses from scattering
and absorption in denser gases. This wide operational envelope high-
lights the unique adaptability of radiation propulsion to diverse space
environments.

3.3. Stability and sustainability of radiation-driven propulsion

Using the same experimental setup, this study investigated the cyclic
performance of a graphene sponge pendulum driven by X-ray excitation,
with real-time video tracking of the pendulum position and dynamic
thrust calculation at 10-s intervals. First, the continuous switching of the
X-ray tube (tube voltage: 30 kV, tube current: 0.033 mA) was applied to
irradiate the pendulum. The X-ray irradiation was initiated at t = 30 s
and followed a cyclic protocol: 1 min irradiation — 30 s off - 1 min
irradiation. The pendulum exhibited continuous actuation during these
cycles. Subsequently, a 7-cycle continuous switching test was conducted
to validate the sustained performance.

As shown in Fig. 6, under 0.06 kPa vacuum, the first irradiation (t =
0-60 s) generated an immediate 26.44 pN thrust, stabilizing at a
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this article.)

consistent displacement. With an increasing number of cycles, the thrust
exhibited progressive decay (8-12 % per cycle), which was attributed to
the gradual ionization loss of adsorbed gases on the graphene surface
and material fatigue in the X-ray response. During the irradiation pro-
cess, fluctuations within a range of +5 % were primarily attributed to
slight instability in X-ray output (corresponding to +2 % voltage vari-
ation) and secondarily to the stochastic effects arising from collisions in
the rarefied gas environment.

Notably, after irradiation (t = 60-90 s), the pendulum displacement
did not return to zero immediately, but decayed slowly, likely because of
secondary electron emission from the chamber walls or sustained mo-
mentum transfer from the ionized gas residuals. A 30-s recovery period
restored 85-90 % of the initial thrust upon restart, indicating reversible
behavior, although long-term decay necessitates surface modification or
coating optimization for stability. The experiment was constrained to a
maximum of 7 cycles owing to radiation safety constraints, but pre-
liminary data showed that thrust decayed to 60 % of the initial value by
approximately 8 min (t = 450 s), approaching the detection threshold

for effective propulsion (<5 pN). At this point, the thrust remained
above 5 pN, demonstrating sustained functionality within the opera-
tional range. The experiment confirmed that the immediacy of the X-ray
excitation—pendulum response was initiated within 2 s of activation
and decayed within 5 s of shutdown, confirming that the thrust origi-
nates solely from real-time irradiation.

3.4. Broad implications and practical applicability of radiation-driven
propulsion

The demonstrated stability, reversibility, and pressure-dependent
propulsion of the graphene sponge pendulum under X-ray and radio-
luminescent excitation indicate that such materials can provide reliable,
lightweight thrust in diverse space environments. Traditional chemical
propulsion is limited by high propellant mass fractions (70-90 % of total
mass) and low payload capacity, while laser-driven systems rely on
bulky power arrays or remote transmission with significant energy
decay. In contrast, X-ray excitation of graphene sponges requires no
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Fig. 6. Propulsive force curves obtained with the X-ray tube set at 30 kV and
0.07 mA and continuously switched as the excitation source at a pressure of
0.06 kPa.

propellant, and X-ray sources (e.g., radioactive isotopes) can provide
stable, long-term energy via self-decay—eliminating the need for
external fuel replenishment or complex heat dissipation systems. This
makes technology well-suited for miniaturized space platforms, such as
CubeSats or nanosatellites, which demand continuous, low-power thrust
for attitude adjustment, orbital maintenance, or interplanetary trajec-
tory corrections. Furthermore, the observed energy conversion mecha-
nisms suggest potential applications in radiation-driven energy-
harvesting devices, expanding the scope of these materials beyond
propulsion alone.

4. Limitations

To ensure scientific transparency and guide future research, key
limitations of this study are summarized as follows: Experiments relied
on a single batch of commercial graphene sponge. Batch-to-batch dif-
ferences in density, pore distribution, and surface oxygen con-
tent—factors that may affect gas adsorption and electron emission
efficiency—were not explored, limiting the generalizability of results.
The experiments were conducted with a centimeter-scale pendulum;
performance at larger scales or different geometries is unknown.
Extreme space-like vacuum conditions were simulated, but critical deep-
space factors (temperature fluctuations, cosmic radiation, microgravity)
that may alter thrust mechanisms were not considered. Thrust calcula-
tions relied on video tracking, laser rangefinders and additional uncer-
tainty from X-ray voltage fluctuations. Cumulative errors may affect the
precision of quantitative results. Only 7 short-term cycles were tested.
Conclusions about prolonged operational stability are restricted.

5. Conclusions

This study first experimentally demonstrates X-ray-driven radiative
propulsion in graphene sponges, including the observed thrust depen-
dence on vacuum pressure and X-ray energy, directly demonstrates the
feasibility of using these materials for propellant-free micropropulsion,
overcoming limitations of conventional laser or chemical systems, and
provides a platform for propellant-free radiation-driven micro-
propulsion and energy conversion technologies. Key findings:
Performance-wise, thrust increases monotonically with X-ray energy
(5-30 kV) and negatively correlates with pressure (0.06-100 kPa),
peaking at 32.73 puN under 30 kV/0.07 mA and 0.06 kPa. Under radio-
luminescent excitation, the thrust enhancement ratio (0.06 vs 100 kPa)
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attenuates ~2.6-fold with increasing voltage, reflecting differing
radiation-material coupling efficiencies. Seven cyclic tests verify sta-
bility: 8-12 % per-cycle thrust attenuation, with 85-90 % recovery in 30
s, indicating good reversibility. These findings highlight their potential
application in deep-space missions and energy conversion devices,
where lightweight, efficient, and reversible propulsion is critical. By
establishing both the mechanistic understanding and performance
metrics, this study provides a foundation for designing microspacecraft
and nanosatellites that leverage radiation-driven propulsion, bridging
fundamental research with practical space applications. In the future,
we plan to fabricate this material into thinner and lighter films, which
will serve as sails for micro-spacecraft and be applied to both attitude
control and overall propulsion of the spacecraft.
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