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ABSTRACT: Precise force measurements are crucial for understanding fundamental
physics or nanoscale interactions, such as those of molecular machines in biology.
Optical tweezers are versatile force transducers for such measurements, enabling
meticulous manipulation of small particles. However, achieving high-resolution,
subfemtonewton force measurements under physiological conditions remains
challenging due to thermal fluctuations and instrument noise. Here, we employed
an ultrastable optical tweezers setup in an isolated environment with precise
temperature control, which minimized instrumental noise and enabled prolonged, low-
force measurements. We utilized water-suspended, high-refractive index silicon
nanospheres for improved resolution and trapping stability. Our system achieved a force resolution of ≈60 aN, with a sensitivity
of 2.7 fN Hz−0.5, allowing us to measure forces as low as 0.30 ± 0.06 fN. Our drag force measurements demonstrate the importance
of optimized experimental conditions for low-force measurements, providing a robust framework for scientific investigations that
require high-precision force characterization.
KEYWORDS: Optical tweezers, attonewton resolution, silicon nanospheres, thermal noise limit, high-refractive-index nanoparticles,
subfemtonewton detection

The ability to measure small forces with high precision and
accuracy is essential for understanding biological and

physical processes. Piconewton optical tweezers force measure-
ments have been widely used in biophysics to study and
manipulate single molecules including motor proteins,
biopolymers such as DNA, and artificial micromotors.1−5

Some biological processes and molecules are already sensitive
to subpiconewton to femtonewton forces, for example, weak
molecular machines,6 protein polymerization,7 microtubule
buckling,8 or effects that involve excluded volume or entropic
forces such as DNA looping9 or crowding effects.10,11 In
physics, optical tweezers have various applications from
colloidal physics to probing the viscoelastic properties of
complex fluids including biological matter.12−14 Femtonewton
or even smaller forces influence phenomena such as
thermophoresis,15 resonances in nanomechanical systems,16

the Casimir effect,17,18 or gravitational wave detection.19

Recent studies reported (sub)femtonewton force measure-
ments in aqueous solutions9,20−34 (Table S1). For example,
Shan et al.34 measured forces of 0.1 ± 0.6 fN. However, their
large uncertainty of ≈0.6 fN underscores the inherent
difficulties in achieving precise and reliable measurements at
this scale. Attonewton force resolution has only been achieved
in vacuum or at cryogenic temperatures but not in biological
and soft-matter systems.16,35 Subfemtonewton force measure-
ments with attonewton resolution under physiological

conditions still remain an outstanding challenge. Force
measurements are fundamentally limited by Brownian motion.
For an overdamped system, the force resolution ΔF (the
thermal noise limit for force) defined as the smallest
measurable force during the measurement time tmsr is

36
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where kB is the Boltzmann constant, T the absolute
temperature, and γ the drag coefficient of the force probe
given by Stokes drag γ = 3πηd = kBT/D for a sphere with
diameter d and diffusion coefficient D suspended in a medium
with viscosity η far away from a surface.37 Under physiological
conditions, the temperature and viscosity vary little. Thus, the
only way to improve the force resolution is to increase the
measurement time or decrease the probe size. While eq 1 is
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general, our focus is on force measurements with optical
tweezers.

Apart from the fundamental limitation of Brownian motion,
resolution is limited by instrument noise including thermal
drift, optical heating, electronic noise, sound, and mechanical
vibrations that affect measurements on different time
scales.4,36,38−42 Thermal drift on long time scales and low-
frequency noise eventually limit the measurement time
permissible for averaging over Brownian motion and reducing
fundamental noise. To overcome challenges of instrument
noise and thermal drift, we developed an ultrastable optical
tweezers system with temperature feedback control in an
isolated environment (Figure 1, section S1 in Supporting
Information, and Simmert et al.43 for a schematic of the used
setup).4,41−43 The setup maintains the sample temperature
with millikelvin precision for hours (Figure S1).41,43 With a
well-equilibrated setup, surface drift is minimal with peak-to-
peak sample motion of a few nanometers in all dimensions
over 1000 s.4 Thus, our setup ensures stability for long-term
measurements and minimizes instrument noise.

To minimize fundamental noise and improve the spatio-
temporal and force resolution, according to eq 1, it is
advantageous to reduce the probe size as much as possible.
However, the trapping efficiency decreases proportional to the
probe volume but increases with refractive index mismatch to
the medium.4,45 Thus, nanosphere trapping requires a higher
laser power, which can cause heating and low-frequency noise.
To mitigate heating, we synthesized nanospheres with a
diameter of 81 ± 26 nm (mean ± SD, N = 110) made of
crystalline silicon, which has a complex refractive index of n =
3.55 + 0.00009i at our trapping wavelength of 1064 nm 46,47

(Figure 1a, section S2). Thus, unlike metallic nanoparticles,
which suffer from plasmonic heating and destabilizing thermal
fluctuations,48 silicon nanospheres have a low absorption and
high-refractive index that minimize optical heating and ensure
stable trapping conditions with moderate laser powers.49 When
trapping nanospheres a few micrometers away from a glass
surface, we expect less than 0.5 K of heating for 100 mW of
laser power in our experimental configuration.50,51 The high-

refractive index of silicon nanospheres is also beneficial for
detection, as the scattering cross-section is higher compared to
silica or polystyrene spheres. Beyond their optical advantages,
silicon nanospheres are chemically stable in aqueous solutions
for several days.49 In addition, their surface chemistry allows
tunable functionalization with biomolecules, chemical linkers,
or coatings, enabling a wide range of applications in biophysics
and nanotechnology.

To measure small forces, we trapped silicon nanospheres in
deionized water, calibrated the system against thermal and drag
forces,37,44 and asked what the lowest measurable drag force is.
Employing back-focal plane interferometry,37,52,53 we meas-
ured the response of the trapped nanosphere to a controlled
sinusoidal motion x(t) = A sin(2πfdt) of the sample chamber
driven by a piezo-translation stage, where x is the position, t
the time, A the amplitude, and fd the driving frequency (Figure
1b,c and section S3). The approach is similar to the lock-in
technique of Liu et al.33 that decouples the measurement from
low-frequency instrument noise. Using a power spectral
density (PSD) analysis, in which the oscillation causes a
distinct peak in the one-sided PSD at the stage’s driving
frequency (Figure 1d, Figure S2), we measured the displace-
ment responsivity β−1 of the detector (in mV/nm), the trap
stiffness κ (fN/nm), and the drag coefficient γ.37,44 The
product α = βκ is the inverse force responsivity (in fN/mV).
To rule out heating effects, we first confirmed that the drag
coefficient was within error bars constant when increasing laser
power consistent with our expectation of less than 0.5 K
heating (Figure S3). For subsequent measurements, we used
≈80 mW in the trapping focus, selected small nanospheres,
and confirmed that the measured parameters remained
constant (Figure S4). Based on the measured drag coefficient,
with the nanospheres relative to their size being far away from
any surface,37,44 and the known temperature and viscosity, the
diameter of the trapped nanospheres was 60 ± 3 nm with a
trap stiffness of 3.1 ± 0.6 fN/nm (mean ± SD, N = 16, Table
S2). Thus, diameters fell within the range measured by
transmission electron microscopy (Figure 1a) ruling out that
we trapped nanosphere clusters or larger contaminations,

Figure 1. Optical tweezers force measurements with silicon nanospheres. (a) Transmission electron microscopy image of silicon nanospheres. (b)
A known drag force is applied on a trapped silicon nanosphere by oscillating the aqueous sample relative to the stationary optical trap. The
millikelvin precision temperature control was set to 29.500 °C. (c) Nanosphere and stage positions (blue and black line, respectively) as a function
of time ( fd = 32 Hz). (d) Power spectral density (PSD) of the data in (c) (tmsr ≈ 15 min, light blue line with Δf ≈ 0.001 Hz; dark blue line is the
average of 150 PSDs of the same data broken into 150 segments with Δf ≈ 0.17 Hz, and dashed dark yellow line is a Lorentzian-like fit of the
hydrodynamically correct theory37,44). Note the oscillation peak at fd = 32 Hz.
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which are much easier to trap compared with single
nanospheres. The consistency also implies that we can
calculate the expected thermal noise limit based on the
nanosphere diameter.

To test whether we were only limited by thermal and not
instrument noise, we measured the force resolution and
compared it to the expected thermal noise limit (eq 1, Figure

2, Figure S5). A precise measure for the force resolution is
based on the low-frequency limit of the PSD44

=F P fPSD 0 (2)

where =P D f/( )V c0
2 is the low-frequency plateau value of a

Lorentzian (in V2/Hz), DV the probe’s diffusion coefficient (in
V2/s), fc = κ/(2πγ) the characteristic roll-off frequency, and Δf
= 1/tmsr the frequency resolution. We determined the force
responsivity α−1 and P0 by a Lorentzian-like fit of the
hydrodynamically correct theory to the PSD.37,44 Our
measurements show that the force resolution was consistent
with the thermal noise limit, i.e., ΔFPSD = ΔF, and decreased
with increased measurement time proportional to tmsr

0.5 as
expected from eq 1 (Figure 2, Figure S5). The proportionality
constant P0 (the force sensitivity or smallest detectable
force per unit bandwidth) was 2.7 fN Hz−0.5.

For measurement times longer than ≈1000 s, the force
resolution was in the attonewton range below 100 aN. For tmsr
= 31 min, the force resolution was 63.0 ± 0.1 aN (red solid
circle in Figure 2). For a measurement time of 10 s, we had a
subfemtonewton force resolution of 0.85 ± 0.02 fN. While our
force sensitivity was comparable to previous studies, our force
resolution is about an order of magnitude smaller33,34 (compare
red solid circle with gray triangles in Figure 2, Table S1). Note
that it is not advantageous to average PSDs by splitting the
data into segments without increasing the measurement time
(section S4, Figure S6). An example is shown in Figure 1d,
where the peak height at the driving frequency of the averaged
PSD becomes comparable to the one of the noise peaks.

What is the lowest drag force that we can directly measure?
To test the limits, accuracy, and precision of our system, we
reduced the amplitude of the stage oscillation and measured
the peak in the PSD and its signal-to-noise ratio (SNR)
(Figure 3). With the known oscillation amplitude and drag

Figure 2. Force resolution and sensitivity. Force resolution ΔF as a
function of measurement time tmsr. Black solid circles: each data point
of ΔFPSD (eq 2) corresponds to a different nanosphere and
measurement (see Table S2 for the individual measurements). Red
solid circle: ΔFPSD of the 0.3- fN measurement in Figure 3b. Red open
circles: the same nanosphere with different tmsr. Dark yellow open
diamonds: measurements in acetone. Gray triangles: three smallest
values from recent reports.33,34 The thermal noise limit ΔF (eq 1) is
indicated as solid lines with their slope corresponding to the force
sensitivity. The dashed horizontal line corresponds to a 100 aN
resolution. Error bars are only shown when larger than the data
symbols. For our measurements, relative errors were less than 3%.

Figure 3. Subfemtonewton force measurements. (a) PSDs of a single nanosphere recorded with different oscillation amplitudes (A was 40, 32, 24,
and 16 nm from left to right). Forces are indicated with peak-PSD-value SNR in parentheses (tmsr = 10 min, Δf = 0.001 67 Hz, black dashed lines
are Lorentzian-like fits). (b) Same nanosphere as in (a) with A = 4.6 nm, tmsr = 31 min, and Δf = 5.3 × 10−4 Hz. (c) Measured force Frms vs the
applied rms drag force Fdrag

rms (eq 3). Colored and black circles are measurements of a single nanosphere with different oscillation amplitudes (colors
correspond to (a) and (b), and black circles correspond to measurements with additional oscillation amplitudes). Gray circles: each data point
corresponds to a single measurement of different nanospheres trapped with various laser powers on different days. Black line: linear fit with slope
1.03 ± 0.01 and intercept 0.02 ± 0.01. Gray dashed line: =F F .rms

drag
rms Dark yellow open diamond: acetone measurement (tmsr = 15 min). Error bars

correspond to the force resolution shown only when larger than the data symbol (see Table S2 for individual values).
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coefficient, we know the applied drag force Fdrag = γυ and can
compare it to the measured one based on the oscillation-peak
power in the PSD. The directly measured root-mean-square
(rms) force derived from the peak PSD value Pd corrected for
the thermal background PSD P0 is

= = =F P P f Af F( ) 2d d
rms

0 drag
rms

(3)

where we assumed that fd ≪ fc.
44 For the same nanosphere

with stepwise reduced oscillation amplitude, we measured
femtonewton forces down to 0.9 ± 0.1 fN (Frms ± ΔF with
SNR = Frms/ΔF = 8, Figure 3a). Since the PSD peak power is
proportional to the square of the force, even weak forces near
the thermal noise limit can be reliably detected in the PSD. For
the 0.9 fN peak, its SNR in the PSD was 63. With a longer
measurement time, we measured a subfemtonewton force with
attonewton resolution of 0.30 ± 0.06 fN (SNR = 4.7, Figure
3b). In a low-viscosity medium such as acetone, we could
measure a smaller force of 0.26 ± 0.06 fN (SNR = 4.4) with
the same resolution in half the measurement time due to the
better force sensitivity of 1.8 fN Hz−0.5 (Figure 2, Figure 3c).
The directly measured forces Frms corresponded to the applied
force as expected from eq 3 =F F( )rms

drag
rms showing that the

measurements were not only precise but also accurate (Figure
3c).

Measuring ultraweak forces under biologically relevant
conditions remains challenging due to thermal fluctuations
and experimental noise. The high-refractive-index silicon
nanospheres trapped in ultrastable optical tweezers have an
excellent force sensitivity that enables an attonewton force
resolution. A further reduction in nanosphere size and SNR
will either reduce the measurement time or improve the force
resolution in the future. However, measurements in ambient
temperature liquids are ultimately limited by eq 1. The large
error of 0.6 fN in Shan et al. on a 0.1 fN force corresponds to
their force resolution, highlighting the challenges of achieving
precise and reliable measurements at the subfemtonewton
scale with a good SNR that provides, for example, at least a
95% confidence of the measurement (SNR ≈ 2). Our 0.3 fN
measurement with an SNR of 22 for the PSD peak suggests
that even weaker forces could be measured under optimized
conditions. Our 0.3 fN force was measured with a 3 fN/nm
trap stiffness and corresponds to detecting a 1 Å rms
displacement in a 220 nm peak-to-peak (6 SD) background
of Brownian motion illustrating that molecular scale displace-
ments and subfemtonewton forces can be measured under the
noisy conditions in ambient liquids.

Using, for example, click chemistry54 or lipid bilayer
coatings,4 we expect that silicon nanospheres can be
functionalized with biomolecules, such as DNA or motor
proteins. Optical trapping experiments using germanium
nanospheres have shown that laser powers up to 500 mW
do not cause photodamage on biomolecules.4 As silicon
absorbs much less compared to germanium at 1064 nm, less
heating is expected, which may allow even higher trapping
powers. Alternatively, larger spheres up to a diameter of about
260 nm are expected to be trappable55 that would need less
power to achieve the same trap stiffness at the price of a lower
resolution. Compared with germanium, silicon nanospheres
are more robust to synthesize and stable in aqueous solutions.
Thus, they are promising probes for applications in biophysics
and nanotechnology that require high spatiotemporal and/or
force resolution. While nanosphere diameters can be reduced

further, limits in trapping power of conventional optical
tweezers with respect to trap stiffness and maximum forces will
quickly be reached because of the cubic dependence on the
probe size. For example, reducing the diameter by a factor of 2,
in our case to a diameter of 30 nm, would require 8 times more
laser power to achieve the same trap stiffness. Using less power
weakens the trap and increases the probability that particles
escape the trap due to Brownian motion. For our nanospheres,
we required about 25 mW for stable trapping over minutes to
hours consistent with calculations.55 Plasmonic tweezers are
promising to push the spatiotemporal and force limits further
as they can trap single proteins without the need of a
nanosphere handle at comparable laser powers to the ones
used here.56,57 However, apart from limitations on the
experimental geometry for biophysical measurements, quanti-
fication of displacements and forces, while accounting for
heating effects, is still challenging in plasmonic tweezers.57

Our advancements exceed prior benchmarks for weak force
detection (Table S1), opening new possibilities for studying
nanoscale interactions with unparalleled precision. This ability
has implications in biophysics, nanotechnology, and funda-
mental physics. Our findings lay the foundation for discoveries
in force spectroscopy and related fields.
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Supporting text

S1 Setup & data acquisition

Measurements were performed in a custom-built, single-beam optical tweezers setup de-

scribed in detail here.1 Briefly, the optical tweezers are combined with interference reflection

microscopy1,2 (IRM) that provides sufficient contrast to image single nanospheres.3 To en-

sure high stability, the temperature was controlled using a feedback system with millikelvin

precision, set to 29.500 ◦C (Fig. S1).1,4 The temperature control system enables measure-

ments at temperatures up to 37 ◦C.4 The setup is mounted on an active vibration isolation

table1 and enclosed in a custom-built chamber.5 The nanospheres were trapped using a

1064-nm laser. The power spectral density (PSD) of the trapped nanosphere motion was

computed from time traces6 recorded from a quadrant photo diode (QP45-Q HVSD, First

Sensor AG, Germany) by back-focal-plane interferometry with a sampling rate of 25600 s−1.

The piezo-translation stage (LFHS3, Piezoconcept, Bron, France, updated since1) was oscil-

lated at 32Hz with various, sub-nanometer-precision amplitudes to apply a controlled drag

force on the nanospheres. Stage displacements were measured and recorded from the stage’s

sensor output simultaneously with the photo diode signals.

S2 Silicon nanosphere synthesis & sample preparation

Silicon nanospheres were synthesized via high-temperature annealing of silicon monoxide,

followed by hydrofluoric acid etching and dispersion in solvent described in detail here.7,8

The diameter measured by transmission electron microscopy was 81 ± 26 nm (Mean± SD,

N = 110, inset Fig. 1a). The nanospheres were produced as powder and were dissolved

in pure 99.8% absolute ethanol for storage. Before the experiment, the nanospheres were

diluted in purified Type 1 water (18.2MΩ cm, Nanopure System MilliQ reference with a Q-

POD and Biopak filter) and sonicated on a table sonicator for 2minutes. Then the diluted
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sample was introduced into a custom flow cell assembled from coverslips. Coverslips were

cleaned once with the detergent Mucasol and twice with anhydrous ethanol. Two Parafilm M

stripes were sandwiched between the bottom (22×22mm, #1 1/2, Corning 2850-22) and top

coverslip (18×18mm, #0, Menzel-Gläser) forming 1–2-mm wide and ≈100-µm high channel

between them. The flow cell was briefly heated to 140 ◦C to melt the Parafilm layer and

form a stable channel. After addition of the sample solution in the channel, its openings were

sealed with nail polish to prevent evaporation-induced flows. Afterwards the sample flow cell

was mounted in the optical tweezers setup for at least one hour prior to measurements to

ensure stable thermal conditions. Since the diameter affects resolution, we aimed to trap the

smallest nanospheres visible in IRM, resulting in an average diameter of 60 ± 3 nm for the

analyzed, trapped nanospheres.

S3 Experimental conditions & data analysis

To minimize surface effects of the drag coefficient,9 nanospheres were trapped and measured

more than 4 µm away from the surface. To quantify low-frequency instrument noise and

verify that the observed peak at 32Hz was due to our applied drag force and not caused

by laser fluctuations, electronic noise or other influences, we measured the detector signal

without a trapped nanosphere (Fig. S2). Only low-frequency noise (< 1Hz) and peaks at

high frequencies (> 7 kHz) in the PSD of the nanosphere originated from instrument noise.

At the stage driving frequency of 32Hz, instrument noise was more than two orders of

magnitude below the measurement signal. The drag coefficient did not depend on trapping

power confirming that no significant amount of heating due to absorption of the silicon

nanosphere or the surrounding water was present (Fig. S3). Increased temperatures would

decrease the viscosity and drag coefficient. Measurements in Fig. 2 (red circles) and Fig. 3

(colored circles) are based on data recorded with a single nanosphere continuously trapped

over 2 h with 80mW trapping power in the laser focus. Between drag force measurements,

3



several calibration measurements were performed with a 615 nm oscillation amplitude, a

4Hz frequency resolution, and averaging of 40PSDs.6 During the 2 h-measurement, the

drag coefficient (0.45 ± 0.01 nNs/m), trap stiffness (3.1 ± 0.1 fN/nm), inverse displacement

responsivity (27.1±0.7nm/mV), and inverse force responsivity (84.2±0.7 fN/mV), remained

constant (Fig. S4). For each individual nanosphere, the uncertainties in diameter and trap

stiffness were less than 5% based on fitting errors. These calibration controls show that the

setup was stable and confirmed that no additional nanosphere or contamination was trapped

(Table S2).

S4 Force resolution & averaging of PSDs

Instead of using the low-frequency limit of the PSD to calculate the force resolution (Eq. 2),

an alternative approach is based on the standard deviation (SD) of the individual power-

spectral values P (f) at a certain frequency f . Each value P (f) is exponentially distributed

with its standard deviation σ [P (f)] being equal to its mean value.10,11 Therefore, we can

also determine the force resolution based on the noise in the plateau region (assuming that

fd � fc)

∆FSD = α
√
σ
[
P (f | fd − 1

2
fb ≤ f ≤ fd + 1

2
fb)
]

∆f, (S1)

where σ[. . .] denotes the standard deviation and fb is the bandwidth over which the standard

deviation is calculated. We used fb = 40Hz and excluded the peak at fd. Our measurements

show that the estimator for the force resolution ∆FPSD was more precise compared to ∆FSD

but both estimates were consistent with the thermal noise limit (Fig. S5) and deviated less

than 6% from it.

Since the signal-to-noise ratio (SNR) of individual PSD values P (f) is one, averaging over

N power spectra reduces noise on the individual PSD values P (f).6,10,11 Averaging of PSDs

implies that the total measurement time tmsr is divided into N segments each of duration

tmsr/N . Thus, the frequency resolution for an individual PSD gets worse with N according
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to ∆f = N/tmsr. The force resolution estimate of ∆FPSD (Eq. 2) scales with the square

root of the average power P0∆f of the Lorentzian plateau value in the low-frequency limit.

Since we account for the small bias of the fit value P0 on N during the fitting procedure,11,12

its mean fit value does not depend on N . Thus, because the frequency resolution increases

proportional to N , ∆FPSD increases with the square-root of N , ∆FPSD = ∆F1

√
N , where

∆F1 is the force resolution for a non-averaged, single PSD. Since our applied drag force does

not depend on whether we average PSDs, the power in the peak at our driving frequency

Pd∆f is constant and independent of N , while ∆f increases linearly with N . Therefore, the

height of the peak Pd decreases with the inverse of N , Pd ∝ 1/N that the power in the peak

remains constant. Because averaging decreases the peak height, it will disappear in the noise

upon averaging, which can be seen in Fig. 1d for the averaged PSD data. The SNR of the

peak height will decrease accordingly.

Interestingly, our other estimate for the force resolution ∆FSD (Eq. S1) scales differently

with N . By averaging PSDs, the standard deviation of the individual PSD values reduces

with the square root of N , σ[P (f)]/
√
N . Thus, the force resolution scales with N as

∆FSD ∝

√
σ [P (f)]√

N

N

tmsr
∝ 4
√
N. (S2)

We determined both force resolution estimators for an increasing number of averaged PSDs

(Fig. S6). Both estimators scaled and increased as expected with N . Thus, the best force

resolution is achieved without averaging for a single PSD that has the best frequency res-

olution. Another way of thinking about it is, that the least amount of Brownian noise is

contained in the smallest bandwidth of the best frequency resolution.
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Supporting figures
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Figure S1: Temperature during the experiment of the sample (measured at the top of the
oil-immersion objective,4 top, black, 29.500±0.003 ◦C [mean±SD]), the custom-built micro-
scope body inside the setup chamber (bottom, dark grey, 26.56± 0.04 ◦C), and the outside
laboratory room (bottom, light grey, 25.53± 0.25 ◦C), indicating stable conditions through-
out.
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Figure S3: Measured drag coefficient γ of a single, trapped silicon nanosphere with diameter
d = 77 ± 3 nm as a function of the laser power in the trapping focus. For each calibration
measurement, we averaged 40 PSDs with ∆f = 8Hz, A = 615nm, and fd = 32Hz.
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measurements were performed.

0.95 1.00 1.05 1.10 1.15
0.95

1.00

1.05

1.10

1.15

∆FSD / ∆F

∆F
P

S
D

 /  
∆F

Figure S5: Force resolution ∆FPSD (Eq. 2) plotted versus ∆FSD (Eq. S1) both normalized by
the thermal noise limit ∆F (Eq. 1). ∆FPSD was more precise than ∆FSD but both estimates
were consistent with the thermal noise limit. Data are from 16 different nanospheres with
different measurement times.
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Figure S6: Force resolution ∆FPSD (red circles) and force resolution ∆FSD (black squares) as
a function of the number of averaged PSDs N fitted to power laws (see Sect. S4 for details).
Data corresponds to the 0.3-fN measurement shown in Fig. 3b. The red and black line are
fits of ∆F = ∆F1N

p with the exponent p equal to 1
2
and 1

4
, respectively. Both fits resulted

in the same force resolution for a single PSD of ∆F1 = 63 aN, corresponding to the thermal
noise limit and force resolution of the non-averaged PSD.
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Supporting tables

Table S1: Sub-piconewton force measurements. Displayed are the smallest measured force
(F ), force resolution (∆F ), force sensitivity (S1/2

F ), and type of the applied force (origin of
the force) for exemplary publications.

F ∆F S
1/2
F Origin of the force Reference

(fN) (fN) (fN/Hz0.5)
240 ≈24 Optical pressure Pollard 201013

200 Optical pressure Fontes 200514

≈100 Optical pressure Hohng 200715

25.6 2.2 fN Optical pressure Rohrbach 200516

25 Dielectrophoresis Imasato 200817

20 Thermophoretic motion Helden 201518

10 Thermal motion Gibson 200819

45 10 Depletion force Rudhardt 199920

8-12 Magnetic force Stoev 202121

10 Depletion force Prieve 199922

≈8 Optical pressure Marago 200823

≈8 ≈1.8 Thermally activated state transition Chen 201224

≈5 Surface electrical charges Sainis 200825

2.2 Optical pressure Zensen 201626

10 <1 fN Optical pressure Liu 201627

0.1 0.6 1.6 Electrophoresis forces Shan 202428

0.3 0.06 2.7 Drag force Our measurement
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Table S2: Parameter values of the data plotted in Fig. 2 and Fig. 3. Listed are the mea-
sured force (F rms), applied drag force (Fdrag), force resolution (∆FPSD and ∆FSD), signal-to-
noise ratio for the PSD peak (SNRPSD) and for force (SNRF ), fitted zero-frequency limit of
Lorentzian plateau value (P0), amplitude of oscillation (A), frequency resolution (∆f), trap
stiffness (κ), detector displacement responsivity (β−1, different neutral density filters in front
of the QPD detector led to different magnitudes of values), measured nanosphere diameter
(d), and measurement time (tmsr). The last two rows correspond to the measurements in
acetone. The maximum coefficient of variation for κ and β did not exceed 1%.

F rms F rms
drag ∆FPSD ∆FSD SNRPSD SNRF P0 A ∆f κ β d tmsr

(fN) (fN) (fN) (fN) (nm2/Hz) (nm) (Hz) (fN/nm) (nm/mV) (nm) (s)
0.30 0.29 0.063 0.065 22.4 4.7 0.76 4.6 0.00053 3.15 26.9 59.3 1886.8
0.32 0.39 0.073 0.076 19.9 4.5 0.74 5.7 0.00067 3.28 25.1 62.7 1500.8
0.56 0.49 0.065 0.066 75.0 8.7 0.76 7.6 0.00055 3.15 26.4 59.3 1808.0
0.88 0.89 0.112 0.116 62.6 7.9 0.80 13.9 0.00167 3.06 27.7 59.3 600.3
1.26 1.34 0.112 0.117 127.8 11.3 0.76 20.9 0.00167 3.11 27.2 59.3 600.4
1.72 1.80 0.112 0.116 238.6 15.4 0.74 28.1 0.00166 3.19 26.4 59.3 600.8
2.32 2.22 0.112 0.113 430.6 20.8 0.73 34.6 0.00167 3.20 26.1 59.3 600.5
0.23 0.31 0.065 0.068 12.8 3.6 0.87 4.1 0.00048 3.21 115.3 70.3 2100.7
0.33 0.33 0.068 0.070 24.2 4.9 0.30 4.8 0.00056 5.26 72.1 64.3 1777.8
0.65 0.72 0.094 0.096 47.4 6.9 0.53 10.7 0.00111 3.87 98.1 62.3 900.9
0.58 0.50 0.090 0.100 41.7 6.5 0.37 6.4 0.00088 5.00 69.4 72.4 1139.5
0.68 0.53 0.096 0.097 50.0 7.1 0.71 6.6 0.00098 3.64 101.2 74.4 1020.8
0.62 0.54 0.075 0.078 67.1 8.2 0.71 7.1 0.00064 3.55 98.8 70.3 1571.6
0.46 0.48 0.080 0.085 33.6 5.8 1.59 6.3 0.00071 2.37 113.2 70.3 1410.0
2.55 2.37 0.101 0.104 637.0 25.2 0.97 32.1 0.00118 2.99 106.0 68.3 850.5
3.91 3.53 0.438 0.445 79.5 8.9 2.13 47.8 0.02210 2.02 163.1 68.3 45.2
2.87 2.87 0.368 0.383 60.7 7.8 2.58 41.3 0.01654 1.78 180.3 64.3 60.5
15.48 15.38 0.751 0.824 425.1 20.6 1.81 208.1 0.06536 2.18 166.0 68.3 15.3
30.58 28.41 0.914 1.012 1118.6 33.4 1.78 384.3 0.09709 2.20 165.9 68.3 10.3
1.52 1.36 0.256 0.275 35.2 5.9 0.80 20.2 0.00831 3.15 115.8 62.3 120.4
2.70 2.71 0.511 0.546 28.0 5.3 0.76 40.2 0.03295 3.22 115.6 62.3 30.3
4.65 4.67 0.622 0.690 55.8 7.5 0.74 69.3 0.04902 3.26 115.2 62.3 20.4
25.20 24.51 0.880 0.955 820.1 28.6 1.69 363.6 0.09851 2.16 164.8 62.3 10.2
29.46 28.49 0.655 0.707 2020.0 44.9 0.55 385.4 0.04951 3.99 77.9 68.3 20.2
25.67 24.36 0.885 0.859 840.4 29.0 0.95 350.1 0.09616 2.92 120.0 64.3 10.4
34.50 32.95 0.466 0.478 5477.9 74.0 0.95 445.8 0.02506 3.02 85.4 68.3 39.9
32.99 33.90 0.895 0.924 1358.8 36.9 0.67 487.2 0.09852 3.47 108.7 64.3 10.2
3.31 2.61 0.716 0.785 21.4 4.6 1.03 40.1 0.06712 2.73 131.7 60.3 14.9
5.40 5.43 0.349 0.355 239.2 15.5 0.76 86.2 0.01650 3.11 26.7 58.3 60.6
10.82 10.91 0.350 0.363 956.1 30.9 0.76 173.1 0.01654 3.12 26.6 58.3 60.4
17.09 16.49 0.350 0.352 2387.0 48.9 0.77 261.4 0.01653 3.09 26.7 58.3 60.5
22.62 22.09 0.350 0.368 4179.2 64.6 0.77 350.3 0.01656 3.10 26.6 58.3 60.4
0.26 0.19 0.060 0.064 19.2 4.4 1.19 7.0 0.00111 1.66 313.1 69.4 900.6
12.72 12.89 0.564 0.625 509.4 22.6 0.90 462.4 0.09708 1.90 270.7 69.4 10.3
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