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We report on a search for non-Newtonian forces that couple to mass, with a characteristic scale of
∼10 µm, using an optically levitated microsphere as a precision force sensor. A silica microsphere
trapped in an upward-propagating, single-beam, optical tweezer is utilized to probe for interactions
sourced from a nanofabricated attractor mass with a density modulation brought into close proximity
to the microsphere and driven along the axis of periodic density in order to excite an oscillating
response. We obtain force sensitivity of .10−16 N/

√
Hz. Separately searching for attractive and

repulsive forces results in the constraint on a new Yukawa interaction of |α| & 108 for λ > 10 µm.
This is the first test of the inverse-square law using an optically levitated test mass, a complementary
method subject to a different set of system effects compared to more established techniques.

Among fundamental interactions, gravity has the dis-
tinction of simultaneously being the most apparent and
yet the least understood. From the theoretical point of
view, the universal law of gravitation [1] and general rel-
ativity [2] have been successful in describing interactions
at macroscopic scale. However, unlike other fundamental
interactions such as electromagnetism, empirical knowl-
edge of gravity at sub-millimeter scale is rather rudimen-
tary. At the same time, connections between gravitation
and quantum mechanics are still obscure, yet much of
theoretical physics has been driven by the assumption
that gravity remains unmodified all the way down to the
Planck scale of ∼10−33 cm. Modifications of gravity in
such a large and poorly constrained region of parame-
ter space could guide us toward solutions of outstanding
theoretical quandaries such as the hierarchy problem, the
dark matter puzzle, and the unification of gravity with
the standard model of particle physics [3–10].

It is customary to modify the inverse square law
(ISL) of Newtonian gravity by introducing an additional
Yukawa potential with a length scale λ. The resulting
potential between two point masses can be written as:

V (r) = −G∞
M1M2

r
(1 + αe−r/λ), (1)

with G∞ the Newtonian constant of gravitation, M1 and
M2 the gravitating masses, r their distance, and α the
magnitude of the new interaction. α can be either posi-
tive or negative, and may depend on properties such as
mass or baryon number [5].

Traditionally, gravitational interactions have been ex-
perimentally investigated using sophisticated torsion bal-
ances [11] which establish some of the most stringent
bounds on deviation from the ISL at sub-millimeter
scale [5, 12–15]. Alternative techniques have been de-
veloped using nanotechnology to mount test masses at
the ends of microcantilevers [16–18]. Some of these ex-
periments are also employed below the micrometer scale

to investigate Casimir forces [19].

In the present work, we describe the first investigation
of the ISL in the 1 < λ < 100 µm range using an optical
tweezer in vacuum, where radiation pressure is used to
counter the Earth’s gravity and to provide the restoring
force against which the interaction is compared. The mo-
tion of an optically levitated silica microsphere [20, 21]
(MS) is studied to infer its coupling with an attractor
system (AS) in which regions of different mass density
(silicon and gold) are alternated on a microscopic scale.
This arrangement presents a number of potential advan-
tages. The scale of the MS test mass, the AS density
modulation, and the separation between MS and AS are
all matched to the length scale λ of the interaction, which
ensures that the local field is sampled by the test mass
and mitigates potential systematic uncertainties due to
any non-uniformity of the materials. While results are re-
ported in terms of a Yukawa potential, interactions that
do not lend themselves to such a paramterization are also
accessible.

The MS, acting as a force sensor, is isolated from the
environment so that its center of mass motion can be re-
duced to very low effective temperatures [22] in an oth-
erwise room temperature setup. The charge state of the
MS can be controlled with exceptional accuracy [23] to
provide an empirical force calibration and, during ISL
test measurements, ensure overall neutrality. Directly
measuring the force vector on the MS [24] provides more
dimensions to understand backgrounds and provides sen-
sitivity to the sign of α, in contrast to experiments only
sensitive to a deviation from |α| = 0 [16–18]. Finally,
many methods developed in quantum optics can be ap-
plied to this technique in the future, with the potential
for substantial advances in an all important problem of
experimental physics.

The overall apparatus layout, MS trapping, force cal-
ibration, charge neutralization, metrology, and the force
sensitivity achieved, are described in detail in Ref. [25].
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FIG. 1. (a) Central portion of the experimental setup: a MS
is trapped in an optical tweezer. A stationary shield cen-
tered about the trapped MS, with the closest surface within
a few microns of the MS, and the AS is behind it. (b) Scan-
ning electron microscope (SEM) image of the AS. The dark
(bright) regions correspond to silicon (gold). (c) SEM image
of the shield, viewed at a 40◦ angle to highlight the three-
dimensional structure, with the vertical wall to the left. Both
the AS and the shield are coated with 150 nm of gold on top of
a 50 nm titanium adhesion layer (not shown here for clarity).

Briefly, the central part of the system, shown in Fig. 1,
is a 7.56 ± 0.19 µm diameter silica MS [26] trapped
in an upward-propagating, single-beam optical tweezer,
formed by 1064 nm light focused down to a waist size of
3.2 µm by an off-axis parabolic mirror with a focal length
of 5 cm. The mass and density of the MS are estimated
to be m = 414 ± 15 pg and ρ = 1.83 ± 0.15 g/cm3 from
a combination of measurements in situ for another MS
from the same batch, following the method in Ref. [27],
and manufacturer’s specifications.

The x and y positions of the MS are measured by
interfering the recollimated forward-scattered light with
a reference wavefront and projecting the result onto a
quadrant photodiode (QPD). The z position of the MS
is measured by interfering the light retroreflected by the
MS with another reference wavefront, whereby motion
along z produces a change in the path length and thus
in the phase of the retroreflected light. Both interfer-
ence measurements make use of heterodyne detection, in
which the reference wavefronts are frequency-shifted by
−125 kHz relative to the trapping beam. The photocur-
rent signals are then amplified, digitized, and digitally
demodulated. The resulting measurements of the x, y,
and z degrees of freedom are used both for real-time feed-
back control and offline analysis.

The trapping region is surrounded by six identical elec-
trodes resulting in a cubic cavity in which the MS is
shielded from external electric fields. The electrodes
have holes for optical and mechanical access from six
directions, and they can be individually biased to con-
trol translational and rotational degrees of freedom of
the MS. This feature is used to calibrate the force sen-
sitivity of the system by adding a well-defined charge
to the MS, flashing a UV light, and driving its motion

with AC fields applied to the three pairs of opposite elec-
trodes [23–25, 28, 29]. These manipulations are generally
done with the AS and shield in their retracted position,
so that the applied electric field at the MS location is
well understood and approximately uniform.

Prior to the ISL measurements, the neutral MS is
driven to rotate at 6 kHz, by coupling a rotating elec-
tric field to the permanent electric dipole moment in the
MS [30, 31]. This results in a lower and more consis-
tent force noise. At the 4 × 10−7 mbar vacuum em-
ployed here, the MS’s angular velocity decays exponen-
tially with a time constant >8 hours [31] in the absence
of a driving field and while ISL measurements are per-
formed. The natural oscillation frequency of the trapped
MS is ∼380 Hz for both x and y, while feedback in the
z direction results in a similar trapping frequency (cf.
the optical spring constant without the feedback in the
z direction corresponds to ∼30 Hz). Slow drifts in the
z position, which may be attributed to changes in the
optical path, are corrected at ∼10 s intervals by an aux-
iliary measurement performed using a camera-based mi-
croscope installed at a side-view port.

The AS (Fig. 1b) is a cantilever device, nanofabricated
in silicon and measuring 500 µm × 475 µm × 9 µm in
the x, y, z directions, and supported by a thick silicon
handle [32]. The front portion of the AS, closest to the
trapped MS, is patterned with nine rectangular trenches
filled with gold, regularly spaced along the y axis with
a pitch of 50 µm, measuring 25 (100) µm in the y (x)
direction to create the required density modulation.

Although the AS is coated with 150 nm of Au over a
50 nm Ti adhesion layer, a separate shield is employed
to further reduce both scattered light and electrostatic
backgrounds. The shield (Fig. 1c) is also nanofabri-
cated in silicon, to obtain an L-shaped cross-section in
the x − z plane. The horizontal plane of this device is
350 µm × 1000 µm × 3 µm in the x, y, z directions,
and the vertical wall nearest to the trap is 22 µm tall
(z) and ∼2 µm thick (x). The shield, also sputter-coated
with 150 nm Au over 50 nm Ti, is maintained stationary
during a measurement, while the AS scans along the y
direction with reciprocating motion. This arrangement
is designed to reduce the background from electric field
gradients, originating from both a contact potential and
patch potentials of the surface of the AS [24, 33], as it
scans in front of the MS. Additionally, the shield reduces
backgrounds due to modulations of the halo of the trap-
ping beam or other stray light, which mimic minute shifts
in the centroid of light on the QPD.

With all devices in position as in Fig. 1 and the ap-
paratus calibrated as described, the AS undergoes har-
monic reciprocating motion with a frequency of 3 Hz and
a peak-to-peak amplitude of 202 µm along the y direc-
tion, corresponding to ∼4 full periods of the density mod-
ulation. During a 10-s-long measurement, the motion of
the MS, the position of the AS in three dimensions, as
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FIG. 2. Amplitude spectral density (ASD) of the z component
of the force on a 7.56 µm diameter MS. The black (red) curve
shows actual data with the AS stationary (scanning along y
at 3 Hz with 202 µm peak-to-peak amplitude). The blue bars
show the expected MS response produced by the potential
described by Eq. 1 with with α = 1010 and λ = 10 µm. Some
of the discrete peaks in the red ASD coincide with some of
the frequencies expected for the signal. The data displayed
here is the average of 100 distinct 10-s integrations.

well as various power-monitoring photodiodes, and feed-
back monitors, are synchronously digitized at 5 kHz and
stored in a single binary file with timestamps. Environ-
mental variables such as temperature and atmospheric
pressure are sampled at a lower rate stored separately. A
total integration of 105 s is obtained by repeating such
10 s measurements 104 times.

For the 7.56 µm silica MSs used here, a force sen-
sitivity of ≤1 × 10−16 N/

√
Hz in the 1 Hz to ∼50 Hz

frequency range is achieved. For neutral MSs, this per-
formance is also observed when both AS and shield are
in close proximity, as shown by a typical force ampli-
tude spectral density (ASD) displayed in Fig. 2, with
the closest shield surface at 11 µm from the center of the
MS. The observed baseline noise is of a statistical nature,
and can be integrated for multiple days without encoun-
tering an irreducible floor. However, with the present
system, background forces manifest when the AS scans.
Although these are identified as not being due to novel
interactions, they limit the sensitivity of the measure-
ment.

The 105 s data set used was collected with one MS.
The distance between the center of the MS and the front
surface of the AS in the x direction is 13.9 µm, and the
offset between the center of the MS and the center of the
AS is 4.9 (−15.7) µm in the y (z) direction. The un-
certainties and drifts of these parameters over the entire
run are ±1 µm and are specifically shown in Table I. Al-
though the expected sensitivity for this exposure at the
noise limit corresponds to α ≈ 1 × 107 for λ = 10 µm,
the actual sensitivity is limited by backgrounds. This is
qualitatively illustrated by Fig. 2, as there are specific
frequencies at which a response well above the noise re-

sults from the scanning of the AS. In some cases, such
frequencies correspond to those where the signal is ex-
pected to be.

Backgrounds can originate from several sources. In-
teractions between electric field gradients induced by the
AS and the electric dipole moment of the MS, estimated
to be 102 − 103 e·µm [28, 30, 31] with e the fundamen-
tal charge, are expected in all directions, with different
levels of attenuation from the shield. In the xy-plane,
backgrounds may also arise from small variations in the
halo or stray light, driven by the scanning motion of the
AS. In the z direction, this background is expected to be
substantially smaller as the shield blocks the AS in the
image plane of the retroreflected photodiode, although
couplings between z and x-y at the 20% level exist. The
x-y components of the background observed at individ-
ual frequencies are as large as 1.5 × 10−15 N, which is
equivalent to α & 1011 for λ = 10 µm.

While the three dimensions can be eventually used to
provide a more sensitive measurement, the asymmetry
in the current background levels makes the measurement
along z substantially superior, so that this is used alone
in the present analysis. By modelling the system with a
finite element method, it was found that a contact po-
tential difference of ∼50 mV between the AS and the
shield can account for backgrounds in z at the observed
order of magnitude. Backgrounds from patch potentials
on the AS are found to be subdominant because of strong
attenuation from the shield.

In order to conduct a search for non-Newtonian forces
that couple to mass, a signal model is built from mesh
calculations of the force between the AS and MS as a
function of their relative displacement, for various length
scales λ. The signal scales proportionally to α, which is
the parameter of interest in the following statistical infer-
ence procedure. The model is sampled by the measured
position of the AS during each 10 s run to generate the
expected force on the MS as a function of time. The MS
response is expected to have different amplitudes at sev-
eral integer multiples of the fundamental frequency f0 of
the AS motion, as shown Fig. 2.

As some background sources, such as vibration, are
expected to affect mainly the fundamental frequency, we
exclude 3 Hz and use only harmonics which contain an
expected signal stronger than that of 3 Hz. Also excluded
are the 6 Hz, 2nd harmonic, because of a potential back-
ground arising from nonlinearities in the system, and the
30 Hz, 10th harmonic, because of an unidentified large
spectral feature at 29.7 Hz (also present with the AS sta-
tionary). Therefore, the search is performed using the
harmonics at 12, 18, 21, 33, 36, and 39 Hz. In addition
to the amplitude information, the phase of the expected
signal relative to the AS motion is utilized for all those
harmonics.

The amplitudes extracted for each selected harmonic
do not exhibit the expected ratio from the signal as shown
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FIG. 3. The single harmonic maximum likelihood estimator
(MLE) α̂i for λ = 10 µm as a function of time for the six har-
monics used in the analysis. Each harmonic fi is evaluated
separately taking into account its own phase response and
noise level. Here, each estimation of α̂i comes from 5000 sec-
onds of data. The error bars represent 95% confidence inter-
vals about the MLEs. The panel to the right shows the MLE
for each harmonic, integrating over the entire data set (note
the expanded vertical scale).

in Fig. 2. In addition, the amplitude and phase of the
signal are expected to be constant in time, as all param-
eters influencing the signal are kept constant during the
run. This is not the case for the data, as shown in Fig. 3.
Due to the different levels of background in different har-
monics, each is treated independently in the statistical
procedure. For each harmonic fi, we define the following
likelihood function

Li(α, λ) =
∏
j

1√
2πσj

e−(Fj−τ(α,λ,xj))
2/2σ2

j , (2)

where Fj is the z-force measured in-phase, τ(α, λ,xj) is
the expected force for a given α and λ and AS displace-
ment xj , and σj is the standard deviation of the Gaus-
sian white noise in the frequency bin, estimated from
10 neighboring sidebands. j indexes the 104, 10-second-
long, data-files. Then, an upper limit on α is established
following the profile-likelihood statistical procedure de-
scribed in [34]. Each Li(α, λ) can be used individually
to provide the maximum likelihood estimator for each
harmonic, α̂i, as done in Fig. 3. In the present analysis,
all of the Li(α, λ) are combined to generate an overall
likelihood function, which is used to determine an upper
limit on α. This utilizes the fact that a gravity-like force
should be present in all harmonics, increasing the sensi-
tivity when backgrounds are correlated differently than
the expected signal.

Since the experiment is sensitive to the direction of the
force, upper limits can be set separately on positive and
negative values for α. Harmonics with α̂i > 0 are used
to constrain an upper limit on α > 0, while those with
α̂i < 0 constrain α < 0, following the procedure in [34].

TABLE I. List of systematic uncertainties

Effect ε ∆ε ∆α/α

Drift of amplitude response 10% 10%

Attractor thickness 1 µm 11%

Phase response ∼0.1 rad 12%

Distances in Y <0.2 µm < 3%

Distances in Z <0.9 µm < 6%

Distances in X 1.5 µm 30%

MS weight 15 pg 3.5%

A test statistic for harmonics fi with α̂i > 0 is defined as

qα,i =

{
−2 log

(
Li(α,λ)
Li(α̂i,λ)

)
α ≥ α̂i

0 α < α̂i
, (3)

where a nearly identical function is defined for harmonics
with α̂i < 0, but with the conditions flipped appropri-
ately for the change in sign. The final test statistic used
to establish upper limits on alpha is simply the sum over
all harmonics, qα =

∑
i qα,i, and is profiled independently

for α > 0 and α < 0. The entire procedure was completed
with three completely independent analysis frameworks,
in order to provide a level of cross-validation.

The method introduced above was thoroughly inves-
tigated by injecting artificial software signals on top of
actual experimental noise. Data sets with a total length
of 104 seconds were used, in which the relative positions
of MS and AS are nearly the same as in the primary mea-
surement, but with no scanning motion and hence with
no signal or background. This was done repeatedly for
a range of both parameters, and an upper limit was es-
timated for each unique data set. This process validates
the analysis, quantifying the deviation from Wilk’s theo-
rem [34] (and the expected χ2 distribution), and finding
the critical values corresponding to the 95% CL upper
limit. In a separate process, constant and time-varying
backgrounds were added together with a simulated sig-
nal, testing various scenarios and demonstrating that the
procedure is robust against undercoverage.

The main systematic uncertainties are summarized in
Table I. The dominant effect is the uncertainty in the
distance between the AS and the MS in the x direction.
Further significant contributions come from uncertainties
in the phase response of the MS as measured in the cal-
ibration procedure, uncertainty about the AS thickness,
as well as drift of the amplitude response. MS properties,
distances in x and y, and alignment stability and accu-
racy of the AS movement have been found negligible.

A 95% CL exclusion limit for the Yukawa strength pa-
rameter, α, is calculated as a function of the length scale,
λ, ranging from λ = 1 µm to λ = 100 µm and is shown in
Fig. 4. The proximity of the upper limit on |α| for both
directions implies that the background is of the same or-
der of magnitude in the most sensitive harmonics. This
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FIG. 4. Limit curve in α − λ parameter space. The region
above and to the right of the red and blue lines indicate the
parameter space excluded by this experiment for positive and
negative α, respectively, with a 95% confidence level. The
gray region shows the parameter space covered by previous
experiments [15–18].

provides a degree of robustness against possible cancel-
lations with backgrounds and signal in opposite direc-
tions, as the expected signals (in terms of α̂) should be
consistent between harmonics. The limit is constant for
λ & 10 µm, and degrades exponentially as the length
scale becomes shorter than the separation between the
AS and the MS.

The main limitation for the investigation presented
here is the existence of backgrounds. Accordingly, estab-
lishing a sound background model will readily improve
the sensitivity by almost an order of magnitude. As men-
tioned, a preliminary analysis has shown that the interac-
tion between the EDM within the MS and an electric field
gradient arising from a contact potential can account for
most of the observed background in z. Scanning the AS
throughout a larger extent of the three dimensional vol-
ume around the MS is also expected to inform the model-
ing of backgrounds. Beyond this, a further improvement
of the noise limited force sensitivity is targeted with the
next iteration of the experiment. Here, it is important
to emphasize that the force sensitivity of the system is
currently not limited by noise arising from fundamental
physical limitations, such as shot noise of the laser or the
Brownian motion of the MS due to the residual gas in
the vacuum chamber [25]. Therefore, technical improve-
ments such as reduction of the pointing fluctuation of the
trap beam or the stiffening of mechanical components to
reduce acoustic and vibration coupling are expected to
directly improve the sensitivity, enabling a search in new
parameter space.

This experiment represents the first instance where
non-Newtonian forces which couple to mass have been

probed using optically levitated test masses. The effects
observed in the data are not consistent with a new in-
teraction, but since the measurement is dominated by
drive-related backgrounds that are not yet fully under-
stood, the result is interpreted in terms of upper limits
on the Yukawa parameter α. These are α > 9× 107 and
α < −8 × 107 with 95% confidence level at λ = 10 µm.
The length scales involved in the experiment, in terms of
MS size, feature size of the AS, and the separation be-
tween the two, are all of the same order of magnitude as
the characteristic length scale being probed. Therefore,
this method provides complementary information with
respect to searches that access the short distance regime
by inference from measurements made with substantially
larger test and source masses, often at farther distances
from one another.
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