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Achievement of a vacuum-levitated metal
mechanical oscillator with ultra-low
damping rate at room temperature
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A vacuum-levitated metal mechanical oscillator with an ultra-low damping rate is an ideal tool for
detecting mass-related short-range forces; however, its realization at room temperature has not yet
been achieved, limiting its practical applications. In this study, we developed such an oscillator using a
diamagnetically levitated bismuth sphere. We derived an accurate general formula for the sphere’s
eddy current damping rate and, based on this, constructed the oscillator from microparticles,
successfully reducing its damping rate experimentally to (144 ± 6) μHz—nearly three orders of
magnitude lower than that of the untreated sphere. This improvement allows the sub-millimeter-sized
levitated metal mechanical oscillator to theoretically achieve a force sensitivity of
ð5:17± 0:12Þ fN=

ffiffiffiffiffiffiffi
Hz

p
and an acceleration sensitivity of ð0:30± 0:01Þ ng=

ffiffiffiffiffiffiffi
Hz

p
at room temperature.

Calculations indicate that using this sphere as a test mass can detect gravitational forces from sub-
milligram sources, highlighting its potential for short-range force sensing and the exploration of
quantum gravity.

Short-range force measurements are crucial for advancing fundamental
physics1–3, frontier physics4–6, and chemical physics7. These forces are
inherentlyweak, requiring theuse of highly sensitive testmasses for accurate
detection. Metal mechanical oscillators have been extensively employed as
test masses in numerous short-range force experiments2,8–16, especially in
studies involving small-scale gravitational interactions2,11–13, the Casimir
force8–10, and searches for hypothetical fifth forces beyond the Standard
Model14,15. The choice of metal oscillators is motivated by two primary
advantages. First, the high density nature of metals enhances force signals
within the limited spatial detection range of short-range force experiments,
as many of these forces are mass-related2,12,13. Second, in short-range
experiments where electromagnetic forces often pose challenges, the low
electrical work function of metals minimizes charge accumulation, thereby
mitigating electromagnetic interference8,10,12.

Formass-related short-range force detection, great efforts have been
made to enhance the sensitivity of these metal mechanical oscillators by
mounting metal test masses onto various high-quality mechanical sys-
tems, such as cantilever17–19 and torsion balance12,20–23. While these
approaches have yielded significant advancements12,18,19, clamping-
induced dissipation remains a limiting factor. This has motivated the
exploration of vacuum-levitated mechanical systems24–26, which elim-
inate environmental contact dissipation and significantly enhance
detection sensitivity to force27,28 and acceleration29–33. However, levitating

massive metal mechanical oscillators, essential for certain short-range
force detection experiments, remains challenging for most levitation
systems34,35. Currently, only superconducting and diamagnetic levitation
systems can levitate such massive metal mechanical oscillators36–38.
Although superconducting levitation systems are highly sensitive, they
are operated in environments susceptible to electromagnetic heating and
vibrations, which can destabilize the superconducting state, particularly
when driving force sources at close proximity13,39,40. This instabilitymight
limit their practical application in short-range force detection experi-
ments. In contrast, while the diamagnetic levitation system is more
effective at manipulating close-proximity force sources41, it is limited to
levitating only a few metals with exceptionally high diamagnetic sus-
ceptibility, such as bismuth and antimony36,38. Reports on diamagneti-
cally levitated metal oscillators at room temperature are scarce.
Furthermore, eddy current damping would pose a significant challenge,
greatly limiting the sensitivity of the diamagnetic levitation system41–43.
Existing studies have used pyrolytic graphite powder to fabricate levi-
tated composite pyrolytic graphite plates as a means to reduce eddy
current damping rate42,44. However, there have been no reports to date on
vacuum-levitated high-density spherical metal oscillators.

Here we derive an accurate general formula for the eddy current
damping rate of a diamagnetically levitated metal sphere. Based on this
formula, we propose and experimentally demonstrate a bismuth sphere
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constructed from microparticles (BM sphere), which reduces the eddy
current damping rate by three orders of magnitude compared to a mono-
lithic bismuth sphere. This ultralow eddy current damping rate and high-
density nature enable the development of a vacuum diamagnetically levi-
tatedBMspheremechanical oscillator systemwithultrahigh sensitivity. The
BM sphere’s diameters range from a few micrometers to millimeters, cov-
ering the size range relevant for short-range force detection. Our experi-
mental results indicate that the eddy current damping rate is reduced
to (144 ± 6) μHz. From these results, we obtained the necessary parameters
for calculating sensitivity. Based on these parameters, we theoretically
determined that a sub-millimeter-sized BM sphere can achieve a force
sensitivity of ð5:17 ± 0:12Þ fN= ffiffiffiffiffiffiffi

Hz
p

and an acceleration sensitivity of
ð0:30 ± 0:01Þ ng= ffiffiffiffiffiffiffi

Hz
p

at roomtemperature.Our calculationsdemonstrate
that, with a measurement time around 2500 s, this system can detect
gravitational force from a 0.9mg gravitationalmass. In contrast, the current
smallest detectable gravitational mass is 90mg, as achieved by a Cavendish
torsion balance scheme12. This study validates a diamagnetically levitated
BM sphere mechanical oscillator with high force and acceleration sensi-
tivities, offering promising applications in short-range force detection,
testing new physics, and exploring quantum gravity.

Results
Theoretical model
For a diamagnetically levitated metal mechanical oscillator, motion in
the presence of a magnetic field induces eddy current damping, leading to
energy dissipation. According to the fluctuation-dissipation theorem,
this dissipation is accompanied by fluctuating current white noise, also
known as Johnson-Nyquist noise. This noise produces Lorentz force fluc-
tuations in the magnetic field, which ultimately affect the force and accel-
eration sensitivity of the oscillator. Our theoretical derivations (See
Supplementary Note 1) indicate that the force and acceleration sensitivities
are given by:

ffiffiffiffiffiffiffi
SFF

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4mγkBT

p
;

ffiffiffiffiffiffi
Saa

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4γkBT
m

r
; ð1Þ

where γ is the mechanical damping rate, which consists of two primary
components: the eddy current damping rate and the air damping rate due
to collisions with air molecules. kB is Boltzmann’s constant, T is the
temperature, and m is the mass of the mechanical oscillator. In vacuum
environments, eddy current damping typically dominates over air
damping, making the reduction of eddy current damping crucial for
enhancing the force and acceleration sensitivity of metal mechanical
oscillators.

Deriving an analytical expression for the eddy current damping rate
is essential for guiding experimental efforts to minimize it. While
numerical solutions can be obtained by numerically solving Maxwell’s
equations, an analytical solution remains challenging due to the complex
magnetic field distribution and particle geometry. Furthermore, existing
analytical models for eddy current damping are not applicable to levi-
tation systems42,43. In this study, we present a general analytical expres-
sion to quantify the eddy current damping rate of any diamagnetically
levitated metal sphere. The detailed derivation is outlined in Supple-
mentary Note 2, and it leads to the formulation of the damping force on a
sphere as:

F ¼ �m$γv; ð2Þ

where$γ is a second-order damping tensor. Expanding this expression gives:

Fx

Fy

Fz

2
64

3
75 ¼ �m

γxx γxy γxz
γyx γyy γyz
γzx γzy γzz

2
64

3
75

vx
vy
vz

2
64

3
75 ð3Þ

Each element of the damping tensor is expressed as:

γij ¼
2π
15m

σR5
X
n

∂Bn

∂i
∂Bn

∂j
; ði; j; n ¼ x; y; zÞ; ð4Þ

where m is the particle mass, R is the sphere radius, σ is the electrical
conductivity, and Bn is the magnetic flux density in the n-direction at the
sphere’s location. At the levitation position, ∂Bi∂j ¼ 0 for i ≠ j, meaning that
only the diagonal terms of the damping tensor are non-zero. Consequently,
the damping rates in the x, y, and z directions simplify to:

γi ¼
2π
15m

σR5 ∂Bi

∂i

� �2

; ði ¼ x; y; zÞ: ð5Þ

The applicability condition of Eq. (5) is thatR ismuch smaller than the
skin depth, R<<δ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=ðωσμÞ

p
, where σ and μ represent the electrical

conductivity and magnetic permeability, respectively. And the size of the
metal sphere ismuch smaller than themagnetic field region of the levitation
location, where the magnetic field gradient ∂Bi/∂i within the sphere can be
approximated as uniform. For more details, see Supplementary Note 2.
Sincem ∝ R3, it follows that γi ∝ R2, indicating that smaller metal particles
exhibit lower eddy current damping rates.

To verify the accuracy of our derived analytical expression Eq. (5), we
first calculated the eddy current damping rate as a function of bismuth
sphere diameter using the theoretical model, shown as the green line in
Fig. 1a. Additionally, we employedfinite element analysis (FEA) to simulate
the eddy current damping rates of bismuth spheres with varying diameters;
the simulation model is depicted in Fig. 1b, with a nominal bismuth sphere
levitated in a diamagnetic trap. The simulation results are represented by
purple red dots in Fig. 1a. A comparison between the simulation values and
theoretical predictions showed a high degree of agreement, confirming the
validity of the analytical expression Eq. (5). We then compared the eddy
current damping rate with the air damping rate at a vacuum pressure of
1 × 10−6mbar. The air damping rate, calculated using the empirical formula
16P= πvRρ

� �
, is illustrated by the orange line in Fig. 1a. A comparison

between the green and orange lines reveals that the eddy current damping
rate can theoretically be lower than the air damping rate for bismuth spheres
with diameters smaller than the critical size of 5 μm, which varies with
vacuum pressure (as described in Supplementary Note 3).

To reduce the eddy current damping rate, we conclude that using
smaller levitated spheres results in lower eddy current damping. However,
smaller spheres also have lower mass, which, according to Eq. (1), reduces
their acceleration sensitivity. In many mass-related short-range force
detection experiments, the sensor’s acceleration sensitivity directly deter-
mines its ability to detect such forces. To address this issue, we propose
replacing themonolithic bismuth spherewith aBMsphere.Wehypothesize
that the eddy current damping rate of the BM sphere primarily depends on
the smaller particles that constitute it. Therefore, by using very small par-
ticles to form the BM sphere, we can achieve extremely low eddy current
damping. At the same time, the BM sphere retains large mass. The com-
bination of low eddy current damping and large mass is expected to greatly
enhance its ability to detect short-range forces.

To test our hypothesis, we simulated and calculated the eddy current
damping rate of a BM sphere and compared the results with those of a
monolithic bismuth sphere of the same size. Fig. 1c shows the simulated
eddy current damping for a monolithic bismuth sphere with a diameter of
0.8mm, where the color bar represents the eddy current dissipation energy
per unit volume. The simulation results indicate an eddy current damping
rate of 0.244 Hz (consistentwith the theoretical prediction fromEq. (5)with
2R = 0.8mm). At the same time, Fig. 1d presents the simulated results for a
BM spherewith the samediameter, composed of 76.8 μmbismuth particles,
yielding an eddy current damping rate of 2.26mHz. This value is in good
agreementwith the theoretical prediction fromEq. (5), where 2R= 76.8 μm.
It is worth noting that we used a BM sphere constructed from 76.8 μm
particles in the simulation to calculate the damping rate, rather than using
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smaller particles that are closer to the following experimental size, due to
computational hardware limitations. To determine the damping rate for a
BM sphere constructed from smaller particles, we have theoretically derived
that the eddy current damping rate of a BM sphere is solely determined by
the size of the constituent particles and is independent of the overall size of
the sphere, as detailed in the Methods section. Thus, we can calculate the
damping rate of the BM sphere by using the damping rate of an individual
particle, as given by Eq. (5).

Suppressing Eddy current damping by almost 1000-fold
To develop a levitated metal mechanical oscillator with high sensitivity, we
experimentally fabricated theBMsphereproposedbyour theoreticalmodel.
We investigated its damping rate, a key parameter that directly determines
the oscillator’s sensitivity, as described by Eq. (1). The experimental setup,
shown in Fig. 2a, consists of a diamagnetic levitation trap, detection fibers,

and a closed-loopmotorized translation stage. The levitation trap comprises
two layers of eight NdFeBmagnets, forming a 2mm-sized levitation region
where a manually polished bismuth sphere is levitated, as illustrated in
Fig. 2b. A0.4 mm-wide slit between themagnets allows precise alignment of
the detection fibers to monitor the sphere’s displacement. The ends of the
fibers are fused into 300 μm-diameter spheres (fused-ballfibers).A1064 nm
laser is focused by the fused ball at the incident fiber end, received by the
fused ball at the detection fiber end, and converted into a voltage signal by a
photodetector, as shown in Fig. 2c. As the sphere moves, it partially blocks
the laser beam, causing changes in the detected laser power, which are used
to measure the sphere’s displacement. The coupling efficiency between the
fibers exceeds 95%, demonstrating the high detection efficiency of the sys-
tem. The entire setup is enclosed in a grounded permalloy electromagnetic
shield to minimize electrical and magnetic interference, and a two-stage
thermal isolation system made of PEEK columns reduces thermal fluctua-
tions. The setup is housed in a vacuum chambermounted on a commercial
vibration isolation platform (Minus-K 850BM-1) to reduce seismic noise.

To quantify the sphere’s displacement, the voltage signal from the
photodetectorwas converted into displacement bydetermining the system’s
volt-meter coefficient. We focused on the sphere’s motion along the z-axis.
Using the closed-loopmotorized translation stage, we adjusted the sphere’s
position relative to the detection fibers to maximize sensitivity to z-axis
motion while minimizing responses in other directions. This position was
established as the origin. The sphere was then displaced from this origin
using the translation stage, and the corresponding displacements and
photodetector voltages were recorded, as shown in Fig. 3a. Within the
displacement range of z = ± 10 μm, the output voltage exhibited a linear
responsewith a linearity of 0.997, and the slope of this linewasdefined as the
volt-meter coefficient. All subsequentmeasurements of the sphere’smotion
were conducted within this validated linear range.

Tovalidate the reliabilityof our experimental system,wefirstmeasured
the damping rates of three monolithic bismuth spheres with diameters of
556 μm, 793 μm, and 1.05mm, and examined the variation of their
damping rates with diameter to assess consistency with the theoretical
model described by Eq. (5). For each sphere, we recorded the displacement
power spectral density (PSD) spectrum over a measurement duration of
more than 104 s. The damping rateswere determined by fitting a Lorentzian

Fig. 1 | Theoretical model. a Damping rates vary
with monolithic bismuth sphere’s diameter. Purple
red dots: FEA-simulated eddy current damping rate;
Green line: our theoretical model predicted eddy
current damping rate; Orange line: empirical for-
mula calculated air damping rate at an air pressure of
1 × 10−6 mbar. b Simulation Model: a nominal bis-
muth sphere levitated in a diamagnetic trap com-
posed of permanent magnets. The magnetic field
gradient in the levitation region is ∂Bz/∂z= 1030T/m
according to the simulation. c, d Simulated dis-
tribution of eddy current dissipation energy per unit
volume in two types of diamagnetically levitated
bismuth spheres: (c) a monolithic bismuth sphere
with a diameter of 0.8 mm; (d) a BM sphere with the
same overall diameter, but composed of particles
with diameters of 76.8 μm. Arrows in the spheres
indicate the directions of the eddy currents, with the
corresponding simulated eddy current damping
values labeled at the bottom.
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Fig. 2 | Experimental setup. a Photograph of the experimental setup. b Enlarged
view of the levitation region: a manually polished bismuth sphere is levitated in the
diamagnetic trap, with a pair of fused-ball fibers monitoring its displacement.
c Schematic diagram illustrating the principle by which fused-ball fibers detect the
displacement of the sphere: displacement is measured based on the sphere’s
obstruction of laser.
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function to the PSD and extracting the full width at half maximum
(FWHM). The experimental results are presented in Fig. 3b (sea blue dots).
We used Eq. (5) to fit these data points, and the resulting fitting curve is
shown as a purple line. With σ = 8.7 × 105S/m, the fitting process yields an
actualmagneticfield gradient of∂Bz/∂z=573 T/m,which is smaller than the
ideal value predicted in the simulation. Nevertheless, the close alignment
between the experimental data and the theoretical fit confirms the reliability
of the experimental system.

Next, we employed this experimental setup to measure the damping
rate of a diamagnetically levitated BM sphere with a diameter of
(0.84 ± 0.07) mm and a mass of (1.79 ± 0.03) mg. The BM sphere was fab-
ricated bymixing vacuum glue with bismuth powder of (14.0 ± 10.8) μm in
size. By substituting the bismuth powder size and the actual magnetic field
gradient fitted from Fig. 3b into Eq. (5), we theoretically estimated the eddy
current damping rate for the BM sphere to be (36.3 ± 0.3) μHz (See Sup-
plementaryNote 4), as representedby the gray line inFig. 3c.The ring-down
methodwasused tomeasure the damping rates at various vacuumpressures
and compare them with those of a 1.05mm diameter monolithic bismuth
sphere. The results, shown in Fig. 3c, depict the experimental data for the
monolithic bismuth sphere (rose red dots) and the BM sphere (green dots).
The dark blue dashed line represents the theoretical value of air damping
rate (γair), the brown dashed line corresponds to the fitted value of the final
remnant damping rate (γ0) of the BM sphere, and the green solid line is the
sum of the two (γtot). The monolithic bismuth sphere exhibited a constant

damping rate dominated by eddy currents across all measured vacuum
pressures. In contrast, the BM sphere’s damping rate decreased with
decreasing vacuum pressure, until the vacuum pressure is decreased to
10−4 mbar. The remnant damping rate of the BM sphere is above the the-
oretical estimate. This will be addressed in the Discussion section. We also
present the ring-down curve of the BM sphere at a vacuum pressure of
4 × 10−7 mbar, recordedover a 6000 smeasurement period, as shownby the
cyan dots in Fig. 3d. Fitting this curve with XðtÞ2 ¼ X2

0e
�γt revealed a

damping rate as low as γtot/2π = (144 ± 6) μHz—almost three orders of
magnitude lower than that of the monolithic bismuth sphere of the same
size. With this ultra-low damping rate and the substantial mass of the BM
sphere, its theoretical force sensitivity and acceleration sensitivity can reachffiffiffiffiffiffiffi
SFF

p ¼ ð5:17 ± 0:12Þ fN= ffiffiffiffiffiffi
Hz

p
and

ffiffiffiffiffiffi
Saa

p ¼ ð0:30 ± 0:01Þ ng= ffiffiffiffiffiffi
Hz

p
,

respectively, when in thermal equilibrium at room temperature (300K).
The main parameters in this experiment and the calculated sensitivities
using these parameters are summarized in Table 1.

Application example
One important application of our diamagnetically levitated BM sphere will
be to detect the gravitational force produced by a submilligram gravitational
source. Detecting gravitational force between two small masses is a crucial
step towards understanding the nature of gravity and exploring quantum
gravity. Currently, the smallest detectable gravitational source was
demonstrated by Westphal et al.12 using a torsion balance-type detection
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Fig. 3 | Damping rate measurements. a Linear response range of the photodetector
output voltage as a function of sphere displacement. Blue dots represent the
experimental values, and the red line is the fitted curve, with its slope indicating the
volt-meter coefficient of the experimental setup. b Experimentally measured
damping rates of three diamagnetically levitated monolithic bismuth spheres are
shown as a function of their diameters. The sea blue dots represent the experimental
data, the error bars were calculated as the standard deviation (s.d.) of the data, while
the purple line represents the theoretical fitting curve based on Eq. (5). The fitting
results indicate an actualmagneticfield gradient of ∂Bz/∂z=573 T/m. Inset: Example
of the measured power spectral density (PSD) for a 1.04 mm diameter monolithic
bismuth sphere, measured over 104 s. The damping rate is determined from the half-
width at half-maximum (HWHM) of the spectrum, obtained via Lorentzian fitting.
c The damping rates of two types of diamagnetically levitated bismuth spheres as a

function of pressure are shown: rose red for the 1.05 mm diameter monolithic
bismuth sphere, and green for the 0.84 mm BM sphere. The rose red and green dots
represent experimental data, with error bars for the green dots calculated as the s.d.
of the data. The red solid line shows the fitted curve for the monolithic bismuth
sphere. The dark blue dashed line represents the theoretical air damping rate (γair),
while the brown dashed line corresponds to the fitted value of the final stabilized
damping rate (γ0) for the BM sphere. The green solid line represents the total
damping rate (γtot), which is the sumof the air and stabilized damping rates. The gray
line indicates the theoretically estimated eddy current damping rate for the BM
sphere. dRing-down curve of the 0.84 mmBMsphere at a pressure of 4 × 10−7 mbar,
measured with 6000 s. The cyan dots represent the experimental values, with error
bars indicating the s.d. of the data, while the orange line represents the fitted curve.
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scheme to measure gravitational force between two 90mg, 2mm diameter
gold spheres. To date, the gravitational force frommasses below amilligram
has never been experimentally measured.

Here, we propose using the diamagnetically levitated BM sphere as a
testmass for submilligram gravitational force detection. The signal-to-noise
ratio (SNR) for gravitational force detection can be expressed as:

SNR ¼ Gmms=r
2ffiffiffiffiffiffiffiffiffiffiffiffi

SFF � b
p ¼ Gms=r

2ffiffiffiffiffiffiffiffiffiffiffiffi
Saa � b

p ; ð6Þ

where G is the gravitational constant, m and ms are the masses of the test
mass and gravitational source, respectively, r is the distance between their
centers,

ffiffiffiffiffiffiffi
SFF

p
and

ffiffiffiffiffiffi
Saa

p
represent the force sensitivity and acceleration

sensitivity of the diamagnetically levitated BM sphere, and b = 1/tmeas is the
measurement bandwidth. According to Eq. (1), Saa is inversely proportional
to m, meaning that a massive test mass improves the sensor’s acceleration
sensitivity. And for a givenm, a higher density test mass leads to a smaller
size, which reduces r and consequently enhances the SNR for a givenms, as
shown inEq. (6).This iswhymetalmechanical oscillatorshold anadvantage
in such force detection experiments.

The proposed experimental setup for detecting gravitational force
produced by a submilligram source is shown in Fig. 4. A 1.79mg, 0.84mm
diameter diamagnetically levitatedBMsphere serves as the testmass,while a
0.9mg, 0.45mmdiameter gold sphere functions as the gravitational source.
The center-to-center distance between the twomasses is set to r=1mm, and
the gold sphere is periodically modulated along the z-axis at the resonance
frequency, exerting a resonant gravitational acceleration of approximately

0.006 ng on the levitated BM sphere. With an acceleration sensitivity offfiffiffiffiffiffi
Saa

p ¼ 0:3 ng=
ffiffiffiffiffiffiffi
Hz

p
, this setup is capable of detecting such a gravitational

force between the two masses with a measurement time of tmeas = 2500 s,
assuming SNR = 1.

To minimize external noise and optimize the system’s sensitivity, we
recommend placing a grounded metallic membrane between the two
masses to effectively shield against electromagnetic interference12. Addi-
tionally, low-frequency seismic noise, a major source of disturbance, can be
mitigated using a multi-stage spring isolation system13.

Discussion
Developing a vacuum-levitated metal mechanical oscillator at room tem-
perature with high sensitivity presents a promising avenue for advancing
short-range force detection. In this article, we explore the feasibility of using
a diamagnetic trap to levitate a metal mechanical oscillator. The system’s
stability is determinedby the properties of permanentmagnets and the high
diamagnetic susceptibility of bismuth (−1.7 × 10−4), making it an ideal
material for levitation. Our experiments successfully demonstrated stable
levitation of bismuth spheres across a wide size range, frommicrometers to
millimeters, particularly suited for short-range force detection.

However, the performance of levitatedmetal systems is limited by eddy
current damping, which significantly impacts the system’s sensitivity. To
address this issue, we designed a bismuth micro-particles constructed
sphere (BM sphere) and theoretically derived its eddy current damping rate
formula. The results show that the damping rate is primarily determined by
themicro-particles’ size.Weprepared theBMsphere using bismuthpowder
withparticle sizes of (14.0 ± 10.8) μm.Theoretical estimations indicated that
its eddy current damping rate should be (36.3 ± 0.3) μHz under the current
experimental conditions. However, the experimentally measured remnant
eddy current damping rate reached (144 ± 6) μHz. We speculate that this
discrepancy may stem from several factors: the non-uniform size distribu-
tion of the bismuth powder particles, possible energy dissipation caused by
surface charges on the BM sphere45, magnetic field fluctuations induced by
the motion of the BM sphere, and eddy current losses potentially arising
from particle-to-particle contact. Further details of this analysis can be
found in Supplementary Note 4. To address these issues, future work will
focus on optimizing the size and distribution of the bismuth powder par-
ticles and employing ultraviolet light to discharge the BM sphere, thereby
reducing the interference caused by induced charges. These improvements
are expected to further lower themechanical damping rate and enhance the
overall sensitivity of the system.

Despite this, our experimental results demonstrated that the BM
sphere achieved an ultra-low damping rate of γtot/2π = (144 ± 6) μHz,
nearly three orders of magnitude lower than that of a monolithic bis-
muth sphere of equivalent size. To the best of our knowledge, this is the
first instance of achieving such a low mechanical damping rate with a
metal mechanical oscillator at room temperature. Using these experi-
mental parameters, we calculated that the levitated BM sphere can
exhibit impressive force sensitivity of ð5:17 ± 0:12Þ fN= ffiffiffiffiffiffi

Hz
p

and
acceleration sensitivity of ð0:30 ± 0:01Þ ng= ffiffiffiffiffiffi

Hz
p

under thermal equili-
brium, underscoring its potential for high-precision short-range force
detection.

Looking ahead, this levitated BM sphere can be suitable for detecting
gravitational force produced by submilligram masses, a challenge that
remains beyond the capabilities of existing precision measurement techni-
ques. Currently, our system’s performance is constrained by low-frequency
seismic noise of 6 ng=

ffiffiffiffiffiffi
Hz

p
@18:6Hz (See Supplementary Note 5), pre-

venting it from reaching thermal equilibrium. To overcome this, we plan to
implement multi-stage spring isolation, a well-established technique that
can reduce platform vibrations to 0:3 ng=

ffiffiffiffiffiffiffi
Hz

p
13. Once implemented, this

isolation is expected to enable the system to achieve the sensitivity necessary
for detecting gravitational interactions from submilligrammasses, opening
new possibilities for precision measurements and the exploration of fun-
damental forces.

z

Incident fiber Detection fiber

Fig. 4 | Proposed experimental setup to detect gravitational force. The dia-
magnetically levitated BM sphere serves as the test mass, and an oscillating sub-
milligram gold sphere acts as the gravitational source. A pair of fused-ball fibers is
aligned to detect the response displacement of the BM sphere, while a grounded
metallic membrane is employed to shield electromagnetic interference between the
two masses.

Table 1 | Summary of the main experimental parameters and
the calculated sensitivities

Parameters Symbol value

Resonance fre. ω0/2π 18.6 Hz

Diameter 2R (0.84 ± 0.07)mm

Mass m (1.79 ± 0.03)mg

Density ρ (5.71 ± 1.45) × 103kg/m3

Damping rate γtot/2π (144 ± 6) μHz

Q factor Q (1.29 ± 0.05) × 105

Force sensti.
ffiffiffiffiffiffi
Sff

p
ð5:17± 0:12ÞfN=

ffiffiffiffiffiffi
Hz

p

Acceleration sensti.
ffiffiffiffiffiffiffiffi
Saa

p
ð0:30± 0:01Þng=

ffiffiffiffiffiffi
Hz

p

Using a diamagnetically levitated BM sphere, all parameters were obtained at an ambient
temperature of 300K and a vacuum pressure of 4 × 10−7mbar.
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Methods
Preparation of the BM sphere
We created the BM sphere prototype by mixing bismuth powder (with
particle sizes of (14.0 ± 10.8) μm) with vacuum glue. After the vacuum glue
naturally air-dried, we manually polished it into a spherical shape of the
desired size. The spheres were then cleaned with alcohol, polished with
frosted glass, and finally placed in an oven at 80 °C for 3 h. The finished
samples were subsequently levitated in a diamagnetic trap.

Finite element analysis (FEA)
We used the magnetic and electric fields (mef) module in COMSOLMul-
tiphysics simulation software to simulate the magnetic field distribution
within the diamagnetic trap. We further simulated the eddy currents
induced in the bismuth sphere as it moved through the magnetic field. The
parameters used for the bismuth sphere in the simulation include electrical
conductivity σ = 8.7 × 105 S/m, density ρ = 9.8 × 103 kg/m3, and magnetic
susceptibility χ =−1.7 × 10−4. By assigning a specific velocity to the bismuth
sphere,we simulated the Lorentz force per unit volume acting on the sphere.
This force was then integrated over the entire volume of the bismuth sphere
to obtain the net Lorentz force in each direction, corresponding to the total
damping force. Finally, by calculating the relationship between the damping
force and the velocity in each direction, we determined the eddy current
damping rate γij.

For the BM sphere simulation, we constructed a bismuth sphere with a
diameter of 0.4mm, composed of 490 smaller spheres, eachwith a diameter
of 76.8 μm, arranged in a close-packed structure (as shown in Fig. 1d). We
thensimulated the eddy current damping rates for both theBMsphere anda
monolithic sphere of the same overall size. The damping rateswere found to
be 2.23mHz for the BM sphere and 0.244 Hz for the monolithic sphere,
indicating that the BM sphere’s damping rate is two orders of magnitude
smaller. Furthermore, we simulated that a monolithic sphere of 76.8 μm
diameter has an eddy current damping rate of 2.26mHz, which closely
matches that of the BM sphere. This demonstrates that the eddy current
damping rate of the BMsphere is primarily determined by the damping rate
of its constituent particles, rather than by the overall size of the bismuth
sphere. This can also be analytically proven: let the BM sphere consist of N
small particles, each with massm and an individual eddy current damping
rate γs. Neglecting the mass of the glue, the total mass of the BM sphere is
M = Nm. The total eddy current damping force of the BM sphere can be
expressed as:

FBM ¼ NFs ¼ Nmγsv ¼ Mγsv; ð7Þ

where Fs =mγsv is the eddy current damping force for an individual small
particle. Therefore, the eddy current damping rate of the BM sphere is:

γBM ¼ FBM

Mv
¼ γs; ð8Þ

this shows that the BM sphere’s eddy current damping rate is equal to the
damping rate of its constituent small particles. In practice, considering the
mass of the glue, the overall eddy current damping rate of the BM sphere is
slightly lower than that of an individual small particle.

Data availability
The experimental data for all figures in the main text of this work are
provided in Supplementary Data 1. Other data that support the findings of
this study are available from the corresponding author upon request.

Code availability
The simulation code that supports the plots within this paper is available
from the corresponding author upon reasonable request.
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