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Weighing picogram aerosol droplets with
an optical balance
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Optical traps are used to isolate and manipulate small objects in air and liquids, enabling the

thorough characterization of their properties in situ. However, no broadly applicable tech-

nique for mass measurements of optically trapped objects is currently available. Here we

propose an optical balance for mass measurements of optically trapped aerosol particles. By

analyzing light-induced harmonic oscillations of a particle, its mass is determined non-

destructively and with high accuracy on a time scale of seconds. Its performance is

demonstrated for aqueous salt droplets, where masses as low as 4 pg (4 × 10−15 kg) have

been measured with an accuracy of ~100 fg. The balance is straightforward to implement and

broadly applicable.
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Optical traps are widely used to isolate small objects in the
liquid phase, in the gas phase and in vacuum. The
importance such traps have gained has been recognized

by the 2018 Nobel prize in Physics awarded to Arthur Ashkin for
the invention of optical tweezers and their applications1. Optical
traps serve to manipulate small objects in different environments
(liquid, gas, vacuum), and for ultrasensitive measurements of
forces and torques2–12. With many applications in the liquid
phase related to biological systems13,14, such as proteins or living
cells, they play a key role in developing and shaping the fields of
biophysics and biology4,13,14. Optical trapping has also been
realized in low-pressure environments, e.g., for the quantification
of the Brownian motion15 or to study fast particle rotations2,16

and the momentum transfer from light to trapped particles17. In
the gas phase, optical traps enable the characterization and
manipulation of single isolated aerosol particles and droplets in
the submicrometer-size and micrometer-size range with attoliter
to picoliter volumes4,18–20. Studies typically focus on properties
such as size, shape, refractive index, chemical composition, visc-
osity, and surface tension21–25 with the goal to improve our
understanding of aerosol processes, such as phase transitions26,
diffusion24, evaporation20,27,28, coagulation29, photochemistry30,
reactions with gases or radicals20,31,32, and hygroscopic
growth20,27.

Despite the fact that the mass is a key quantity, a broadly
applicable method for the determination of the mass of optically
trapped aerosol droplets and particles has so far not been
demonstrated. Currently, the electrodynamic balance (EDB)33–37

is the reference technique to determine the mass of single parti-
cles isolated in air. EDBs provide non-destructive, high-accuracy
(in the percent range) mass measurements of particles, but they
require prior charging of the particles and mass calibration. They
usually provide mass measurements for larger particles with radii
ranging from a few to many micrometers, not accessing the
submicron range. Submicron–sized droplets and particles are
particularly relevant in many atmospheric processes, such as
scattering and absorption of sunlight38,39 or size-dependent
enhanced kinetics22,40,41. Mass measurements of aerosol particles
in optical traps are limited to the special case of photophoretic
traps42,43. They require the particle to absorb the light of the
trapping laser, which heats the particle. In addition to the size
limitation to particles of at least a few43 to a few ten42 micro-
meters in radius, the heating substantially restricts the applic-
ability of these traps to absorbing, non-volatile particles, basically
excluding all volatile and semi-volatile particles, in particular also
aqueous droplets. With a typical accuracy of 15%42,43, they do
currently not reach the accuracy of EDBs.

This study reports an optical balance for the non-destructive
mass determination of optically trapped aerosol droplets and
particles with sizes down into the submicron range (lower pico-
gram range). Using modulated counter-propagating optical
tweezers, the mass of an aqueous NaCl droplet is determined by
inducing harmonic oscillations and analyzing the resulting
dynamics. The mass is obtained with high accuracy (less than 2%)
at different relative humidities (RH), and the hygroscopic mass
growth of the droplet is quantified. The optical balance is
straightforward to implement, does not require particle charging,
and can even be used without prior mass calibration, which
makes it broadly applicable for many studies in aerosol science, or
other scientific fields which use optical trapping.

Results
Principle of mass measurement. Dual beam traps are widely
used to trap particles15,44–49. Fig. 1a shows a sketch of the
counter-propagating optical tweezers30,50 (CPT) used for

trapping single aqueous NaCl droplets at ambient pressure (see
“Methods” section for droplet generation and control of the
relative humidity). Light from a continuous 532 nm laser (Opus
532, Laser Quantum, typical power ≈1W) passes through a
Faraday isolator (Thorlabs, IO-5-532-HP) to avoid back reflec-
tions returning to the laser. A half-wave plate is used to orient the
polarization of the laser horizontally before the electro-optic
modulator (EOM, Conoptics, 350-50-01-RP), which is used to
control the polarization of the laser beam. The laser beam is then
expanded four times by a two-lens telescope (focal lengths of 50
and 200 mm). A polarization beam-splitter cube (PBC) splits the
incident laser beam into two counter propagating beams. The
beams are focused with two aspherical lenses (CVI, BFPL-25.4-
50.0-UV, 56.6 mm focal length at 532 nm) in the center of a
trapping cell, where a single aerosol droplet is immobilized
(brown dot). One half-wave plate is used in each trapping beam
to align the polarization of the two beams parallel to each other. A
path length difference of approximately 50 cm between the two
trapping beams is used on purpose to avoid interference between
the two beams (the coherence length of the laser is 7 mm). The
optical forces are controlled via the power ratio of the two
counter-propagating beams with the EOM. By modulating the
power ratio of the two beams sinusoidally in time, a harmonic
oscillation of the particle is induced along the beam propagation
direction (Fig. 1b). The driven harmonic oscillation of the droplet
is described by the following equation of motion (see “Methods”
section):

€z þ 2πΓ0 _z þ 4π2f 20 z ¼ 4π2f 20 Z0 sinð2πftÞ ð1Þ
where z is the position of the droplet along the axis of the laser
beams, f0 is the natural frequency of the oscillator and Γ0 is its
damping rate. The modulation amplitude Z0 (amplitude corre-
sponding to the position change of the minimum of the trapping
potential) and the modulation frequency f of the oscillation are
controlled by the modulated voltage applied to the EOM. Equa-
tion (1) is solved by

zðtÞ ¼ a sinð2πft � φÞ ð2Þ
where a is the amplitude of the droplet’s oscillation and φ is its
phase. The droplet position is measured by a position sensitive
photodiode (PSP) connected to a lock-in amplifier. During the
harmonic oscillation of the droplet, the lock-in amplifier directly
measures a and φ. For the data analysis, we prefer φ over a
because of correlation issues with the latter (see “Discussion”
section). A sweep of the modulation frequency provides φ(f),
from which f0 and Γ0 are retrieved by fitting the experimental data
to Eq. (3):

tanðφÞ ¼ Γ0f
f 20 � f 2

ð3Þ

The absolute mass m of the droplet is then determined from
Eq. (4):

m ¼ 3Rμ
CcΓ0

ð4Þ

where R is the particle radius, μ is the dynamic viscosity of the
surrounding fluid (nitrogen in our case) and Cc is Cunningham’s
correction factor51. Equation (4) shows that an additional
measurement of R is sufficient to calculate the mass of the
droplet from Γ0. We use broad-band light scattering (BLS)30,50 to
determine R (Fig. 1b, “Methods” section and Supplementary
Note 1). With our optical balance, m can be retrieved without
mass calibration, in contrast to mass measurements with EDBs
which require calibration.
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Harmonicity of the droplet oscillation. The harmonicity of the
trapping potential and the induced particle oscillation is verified
by the results presented in Fig. 2. Fig. 2a shows an example
measurement of φ as a function of f for a trapped aqueous NaCl

droplet at an RH of 68% for four different EOM modulation
voltages between 10 mV to 40 mV. The latter correspond to
values for the amplitudes Z0 between ~10 μm and 40 μm. The
measured φ(f) are essentially identical for the four different
modulation voltages. Fig. 2b illustrates that the values for Γ0 (right
ordinate) and f0 (left ordinate) retrieved from the data in panel a
using Eq. (3) agree within their uncertainty for the four different
modulation voltages. These uncertainties lie below 0.5% for the
measurements with the 20, 30, and 40 mV modulation voltage.
For the measurement at 10 mV modulation voltage, the uncer-
tainties of Γ0 and f0 are slightly larger (2% and 1%, respectively).
This is due to the smaller Z0 resulting in a lower signal-to-noise
ratio for φ(f). From Fig. 2 it is clear that φ(f), Γ0 and f0 are
virtually independent of Z0 (i.e., the modulation voltage), which
demonstrates that the harmonic approximation provides a very
good description of the trapping potential and the induced par-
ticle oscillation.

In the rare case when the droplet size and the wavelength of the
trapping laser precisely match a resonance condition, so that a
Mie resonance (also called morphology dependent resonance or
whispering gallery mode) is excited in the droplet52, its dynamics
does no longer follow a harmonic oscillation (see Supplementary
Note 2 and Supplementary Fig. 2). Fortunately, Mie resonances
are limited to very specific combinations of particle size and
wavelength so that they do not pose any practical limitation to the
mass measurement. If a resonance is encountered, a minute (sub-
percent) change of the relative humidity is enough to restore the
harmonic oscillation of the particle.

Mass measurement and related quantities. Fig. 3a shows the
mass m (red triangles) retrieved for aqueous NaCl droplets with
the same NaCl content, but varying water content given by the
RH. The chosen range of RH covers both supersaturated and
undersaturated concentrations (the critical RH of NaCl is 75.3 ±
0.3%53). m is retrieved from Γ0 and R using Eq. (4). The accuracy
of m is limited by systematic errors and random errors. The
systematic error mainly arises from uncertainties of the spot size
of the scattered light on the PSP, and is estimated to lie below
3.5% of the droplet mass (see “Methods” section, Supplementary
Note 3 and Supplementary Fig. 3). We further estimate the
random error to be less than 2–3% of the droplet mass. With a
maximum systematic error of 3.5% and a maximum random
error of 2–3%, we specify a maximum total error of 5.5–6.5%. For
the specific data in Fig. 3a—which cover droplet sizes in the
micron range—we determined a systematic error of 2% (see

Fig. 1 Sketches of the experimental setup. a Layout of the counter-propagating optical tweezers. A half-wave plate (λ/2) is used to adjust the polarization
at 45° to the crystal axes of the electro-optic modulator (EOM). The laser beam is split at the polarization beam splitter cube (PBC) according to the
polarization of the light set by the EOM. The particle (brown dot) is trapped in the cell between the foci of the two trapping beams. b Determination of the
droplet’s shift in position z(t) along the axis of the trapping beams (dashed arrow) and of its radius R. A position sensitive photodiode (PSP) tracks z(t) by
measurements of the light scattered by the droplet. When the droplet moves from the position of the brown empty circle to the full circle, the position of
the collected scattered light on the PSP changes accordingly. During the modulation of the trap the amplitude a and phase φ of the particle oscillation are
measured with a lock-in amplifier. The broad-band light scattering spectra (BLS) are obtained by illuminating the particle with a broad-band Xe lamp (filled
triangular beam), and recording the light elastically scattered by the droplet as a function of the wavelength (hatched black triangular beam).

Fig. 2 Phase (φ) measurements and retrieved f0 and Γ0 for different
modulation voltages. a φ as a function of the frequency f for a trapped
aqueous NaCl droplet at a relative humidity of 68% for four different
electro-optic modulator voltages of 10, 20, 30, and 40mV (see symbols in
the legend). The data points for the different voltages virtually coincide with
each other. The same holds for the fits. For clarity, we only show one of the
fitted φ(f) curves (solid blue trace). b Natural frequency f0 (blue circles)
and damping rate Γ0 (red triangles) as a function of the modulation voltage,
retrieved from fits to the phase measurements in panel a. The error bars
indicate the 68% confidence interval of the fits.
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below) and random errors between 0.5 and 1.9% (Table 1). The
maximum random error for submicron droplets (R ~ 800 nm, m
of few picograms; not listed in Table 1) is somewhat larger
around 3%. A maximum total error of 5.5–6.5% represents a high
accuracy, in particular when one considers that this is achieved
for very low absolute droplet masses in the lower picogram range
without any mass calibration.

Access to the lower picogram mass range combined with this
level of accuracy already provides satisfactory results for many
applications. Mass calibration with a suitable reference allows us
to correct for the systematic error and thus to improve the
accuracy even further to the level of the random error of less than
2–3%. The calibration can be performed by comparing the
measured density of the aqueous NaCl droplets (from R and m)
to the density of corresponding bulk solutions54 (Fig. 3b). We
determine a constant calibration factor C= 0.98 for the density
(ρc= C · ρ), and use the same factor for mass calibration (mc=
C ·m). mc and ρc denote the mass and the density, respectively,
after calibration (Fig. 3a and b and Table 1). A constant mass
calibration factor of 0.98 indicates a systematic bias of 2%, and
corrects the systematic error mentioned above. (See the “Discus-
sion” section for a further discussion of Fig. 3b).

In addition to the droplet mass and density, our optical balance
also allows us to retrieve hygroscopic mass and size growth
factors. The mass growth factor is defined as m*(RH)=m(RH)/
mNaCl, where m(RH) is the droplet mass at a given RH and mNaCl

is the NaCl mass in the solution droplet (see “Methods” section).
Note that m*(RH) does not depend on the calibration. Fig. 3c
compares m* from this study with results from a previous
investigation with an EDB35. Almost perfect agreement is
observed between the two different studies, which demonstrates
that mass measurements with the optical balance can easily
compete with mass measurements in EDBs. The droplet size
growth factor is defined as R*(RH)= R(RH)/Rdry, where R(RH) is
the droplet radius at a given RH and Rdry is the radius of a
completely dried particle (see Supplementary Note 4 for
calculation of R*). The R* values retrieved for the data in Table 1
lie between 1.75 and 2.19 (see Supplementary Note 4 and
Supplementary Fig. 4). To allow comparison with previous
measurements performed with hygroscopic tandem differential
mobility analyzers (HTDMA) at 90% RH, we extrapolate R* to
90% RH (see Supplementary Note 4). The retrieved R*(90%)=
2.40 ± 0.02 agrees within uncertainties with theoretical predic-
tions55 and the HTDMA measurements (R*(90%)= 2.27–2.46)56.

Discussion
Range and accuracy of mass measurements. The optical balance
permits mass measurements of aerosol particles in the picogram
range, down to at least 4 × 10−15 kg. The accuracy lies at 5.5–6.5%
without and at 2–3% with mass calibration. The latter corre-
sponds to a sensitivity of ~10–16 kg (100 fg) for the smallest
droplet reported here. The optical balance extends particle mass
measurements into the submicrometer size range, i.e., to masses
that are a few orders of magnitudes lower than typical mea-
surements in EDBs34,35 and photophoretic traps42,43, and hence
substantially broadens the range of applications (see below). It is
not only the extended mass range that makes it more versatile
compared with photophoretic traps and EDBs, but also the fact
that the balance is neither limited to charged particles (as EDBs
are) nor to non-volatile, light-absorbing solid particles (as pho-
tophoretic traps are).

The very high mass accuracy of the optical balance could only
be achieved because we use the phase (φ) and not the amplitude
(a) in the analysis of the droplet dynamics. The example in Fig. 4
illustrates that in certain ranges the mass cannot be determined
unambiguously from a(f) because Γ0 and f0 are strongly
correlated. As a consequence, a(f) can become indistinguishable
for different combinations of Γ0 and f0 (blue full and dashed line);
i.e., for different masses (in Fig. 4 for two masses that differ by a
factor of 2.25). This issue does not arise for φ(f) because f0 is the
frequency f at which φ(f0)= π/2 (crosses in Fig. 4). Hence, a

Fig. 3 Mass, density, and mass growth factor of aqueous NaCl droplets.
a Droplet mass before (m, red triangles) and after calibration (mc, blue
circles) as a function of relative humidity (RH). b Droplet densities before
(ρ, red triangles) and after calibration (ρc blue circles) as a function of RH.
The density of the bulk solution is indicated by black squares54,66. The
black line represents bulk densities with an extrapolation into the
supersaturation region (dashed line)35. The discrepancy between the
extrapolation and our measurement is addressed in the “Discussion”
Section. c Mass growth factors m* from this study (blue circles) and from
an earlier study with an electrodynamic balance (EDB) (black line)35 as a
function of RH. Horizontal error bars indicate the RH variation during the
measurements. Vertical error bars for the uncalibrated m and ρ are the sum
of the systematic error and the random error, while the error bar for the
calibrated mc and ρc and for m* indicate the random error only.
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unique solution is obtained for the particle mass when the phase
is used instead of the amplitude. The issue with a(f) especially
arises when the particle motion is overdamped. i.e., for smaller
aerosol particles and for particles suspended in liquids.

Applications. The optical balance allows one to access properties
of supersaturated solutions, which in general cannot be retrieved
from bulk measurements because of precipitation. Among those
properties is the density of supersaturated solutions. Comparison
with bulk densities is only possible in the undersaturated regime,
i. e. for aqueous NaCl solutions above the critical RH of 75.3%
(Fig. 3b). Tang et al.35 suggests a polynomial extrapolation for the
bulk density down to RHs of ~50%. The corresponding extra-
polation (black line in Fig. 3b), however, reveals that a ~4% lower
density is obtained at an RH= 68% using this bulk extrapolation
compared with our experimental value—a difference that lies
outside the experimental uncertainty of ~1.2% (Table 1). The
origin of this discrepancy between droplet experiment and bulk
extrapolation is not obvious and offers an intriguing subject for
further studies.

The knowledge of hygroscopic properties of atmospheric
droplets is crucial for determining their radiative forcing57. To
fully capture their effects, a comprehensive quantification of RH-
dependent droplet properties (e.g., size, mass, and density) is
required. An interesting phenomenon is the so far unexplained
size-dependence of R* for NaCl and sea salts droplets that was
previously reported in droplet studies with HTDMAs56,58,59.
Depending on the instrument, HTDMA studies are limited
to droplets with corresponding dry salt radii in the range

Rdry ~ 100–175 nm60. EDBs, on the other hand, typically cover
much larger particle sizes (Rdry of a few micrometers), so that
the size range in-between remains unexplored. R* studies with
our optical balance will allow us to fill this gap (this study Rdry ~
500 nm and larger), and to address potential size-dependent
effects of R* in this intermediate size range. Similarly, the optical
balance also opens up studies of m* in this intermediate size
range. To the best of our knowledge, m* has only been reported
for supermicrometer-sized particles using EDBs.

These are only few examples of the broad applicability of our
optical balance. Aerosol science is expected to be a major area of
use of this method. However, we also anticipate the optical
balance to be of broad interest for mass measurements of small
objects in the liquid phase, such as cells and other biological
samples. Many studies exist that determine the mass of objects in
liquids61–64 and many studies apply optical trapping in the liquid
phase3,11,12,65, but a combination of both methods has not yet
been demonstrated. The optical balance we propose solves the
issue of mass determination under overdamped conditions
(Fig. 4), so that it might offer a possibility to combine optical
trapping applications with mass determination in the
liquid phase.

Our optical balance permits mass measurements of aerosol
particles with masses in the picogram range, and probably
beyond, with a high accuracy of 2–3%, covering a particle size
range from micrometers down to submicrometers. The imple-
mentation of the balance combines the advantage of a
straightforward experimental setup with the applicability to a
wide variety of particles (liquid, solid, volatile, non-volatile,
charged, uncharged). Its demonstrated performance extends mass
measurements of aerosol particles into regions previously
inaccessible. Aerosol studies related to atmospheric and technical
processes, including pharmaceutical and medical applications,
will profit from this extended capability. Beyond aerosol studies,
the proposed optical balance holds promise for applications in the
liquid phase, enabling the combination of optical trapping and
mass measurements with intriguing possibilities, e.g., for the
investigation of optically trapped cells and other biological
objects.

Methods
Droplet generation and relative humidity control. The particles were generated
from 0.5M aqueous NaCl solutions using a commercial atomizer (TSI 3076) with
pressurized humidified nitrogen (purity 5.0). The use of humidified nitrogen
ensures the delivery of liquid droplets to the trapping cell. The concentration of the
trapped aqueous NaCl solution droplets is determined by the RH in the trap (and
not by the concentration of the initial solution) where the trapped droplets equi-
librate quickly to the surrounding RH. The RH in the cell is varied between ~60
and 90% by mixing dry and wet nitrogen with individually adjustable flow rates.
The RH in the trapping cell is measured with a sensor (Sensirion, SHT31) placed a
few millimeters away from the trapped droplets. The trapping cell is shown in
Fig. 5. The cell is equipped with fused silica windows to transmit the light beams of
the CPT, the BLS and the scattered light used for the position measurement.
Additional apertures are used for the RH sensor and the gas flows through the cell.

Table 1 Radius (R), mass before (m) and after calibration (mc), density after calibration (ρc), and mass growth factor (m*) for
micron-sized NaCl droplets at different relative humidities (RH).

RH [%] R [μm] m [10−15 kg] mc [10−15 kg] ρc [kg.m−3] m*

67.5 1.385 ± 0.013 14.7 ± 0.59 14.39 ± 0.11 1294 ± 15 3.19 ± 0.02
77.6 1.537 ± 0.018 18.7 ± 0.79 18.33 ± 0.19 1204 ± 18 4.06 ± 0.04
80.7 1.600 ± 0.008 20.3 ± 0.76 19.90 ± 0.10 1161 ± 8 4.41 ± 0.02
86.1 1.733 ± 0.010 25.1 ± 0.95 24.62 ± 0.13 1129 ± 9 5.45 ± 0.03

The uncertainties quoted for R and m account for both systematic and random errors.
Those for mc, ρc, and m* only include random errors. mc and ρc are obtained with a calibration constant C= 0.98.

Fig. 4 Simulated phase and amplitude measurement. φ (red lines) and a
(blue lines, normalized by the modulation amplitude Z0) as a function of the
frequency f for two different parameter sets f0 and Γ0 (dashed lines and full
lines), where f0 is the natural frequency of the particle and Γ0 is its damping
rate. The black crosses mark the points where φ(f= f0)= π/2. A unique
solution for the mass can only be obtained from φ(f), but not from a(f).
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Droplet dynamics. The time dependent position z(t) of the trapped droplet along
the trapping axis is described by Newton’s equation of motion, m€z ¼ Fdrag þ Fopt,
where Fopt(z) is the optical force, Fdrag ¼ �γ _z is the drag force due to the sur-
rounding fluid and γ is the drag coefficient. The droplet motion perpendicular to z
is negligible in our experiments and is not considered here. Following the harmonic
oscillator model, the optical potential Vopt(Fopt ¼ �∂=∂zVopt) is defined by a
second order Taylor expansion Vopt(z,t)= k/2(z− z0(t))2, where k is the trap
stiffness and z0(t) is the time dependent position of the minimum of the trapping
potential during the modulation. For a sinusoidal modulation of the EOM voltage,
the minimum of the trapping potential oscillates as z0(t)= Z0 sin(2πft), where Z0 is
the amplitude and f the frequency of the oscillation. Stokes’ law is used to calculate
γðRÞ ¼ 6πμR=CcðRÞ, where R is the radius of the droplet, μ is the dynamic viscosity
of the surrounding fluid (nitrogen) and Cc(R) is the size dependent Cunningham
correction factor. As explained in details in ref. 51, the Cunningham correction
factor accounts for the nonlinear decrease in the Stoke’s drag force when the
particle size approaches the molecular mean free path of the surrounding fluid. It is
given by CcðRÞ ¼ 1þ 1:26λN=R. λN is the mean free path in nitrogen (λN ≈ λair=
68 nm at 20 °C). Using the quantities defined in this paragraph, f0 ¼ 1=2π

ffiffiffiffiffiffiffiffiffi

k=m
p

and Γ0 ¼ γ=2πm in Newton’s equation yields Eq. (1). Substitution of γ in the
expression for Γ0 yields Eq. (4).

Phase measurement and systematic error. z(t) is measured with a commercially
available PSP connected to a lock-in amplifier (Zurich Instruments, 500 kHz
MFLI). The reference output of the lock-in amplifier is used to drive the EOM
(ConOptics) and serves as the reference for the demodulation. During the fre-
quency sweeps of the reference output (f ϵ [0, 2] kHz), the raw phase is obtained
directly from the demodulation of the signal of the droplet position along z by the
lock-in amplifier. The signal is obtained by dividing the differential photodiode
current by the total photodiode current. The measurement of the particle position
is slightly delayed by the frequency-dependent impedance of the PSP and the read-
out electronics. This delay as a function of modulation frequency, which has to be
subtracted from the raw phase to yield φ(f), is determined separately by monitoring
the modulation of one of the trapping beams in the frequency range [0, 5] kHz. The
phase of this signal is equal to the delay of the PSP and readout electronics because
the response time of the EOM to the applied voltage and the light propagation are
much faster than the modulation periods used in this study. The PSP and its
collecting optics (Fig. 1b) are mounted on a translation stage to adjust the focus of
scattered light on the photosensitive area of the PSP. The focusing of the collected
light on the PSP sensor affects the accuracy of the particle position tracking. It is
mostly responsible for the systematic error of the mass measurement. We have
quantified this effect on the accuracy of the mass measurement by repeating phase
measurements for different focus sizes. This data is reported in the Supplementary
Information (Supplementary Note 3 and Supplementary Fig. 3). Generally, we
estimate that the maximal error in the mass measurement caused by the light focus
can be up to 3.5% of the absolute droplet mass. For the current measurements, it is
2%. The light focus is not changed between measurements at different RHs, so that
the same systematic error applies to all mass measurements reported here.

Random error. The random error of the mass measurement is calculated by
propagating the random error of Γ0 and the error of R (see Supplementary Note 1)
using Eq. (4). The random error of Γ0 is determined from the measurements of φ(f)
for voltage modulations of 20, 30, and 40 mV (Eq. (3)) as the average error of these
three measurements. The measurements at 10 mV are not used for the analysis
because of their lower signal-to-noise ratio. The error of R is found by fitting
experimental BLS spectra (see below and Supplementary Note 1).

Broad-band light scattering (BLS). The principle of the BLS measurements is
described in David et al.30. The output of a fiber-coupled broad-band Xe lamp
(Energetiq EQ-99XFC LDLS, spectral range 190–2100 nm) is collimated with a
reflective collimator (Thorlabs, RC04FC-F01) and then focused on the particle with a
reflective objective (Edmund Optics, 89–722). The elastically scattered light is col-
lected over an angular range of 26.6° centered at a scattering angle of θ ≈ 37° with
another identical reflective objective. The collected scattered light is then focused on
the fiber of the spectrometer (Andor, Kymera 328i with a Newton A-DU940P-BV
camera) with a reflective collimator (Thorlabs, RC04SMA-F01). Two shortpass filters
(Edmund optics, 49 825, OD > 4) reduce the signal of the elastic scattering of the
trapping laser. The wavelength range λ= 350–500 nm is used to retrieve the droplet
radius R from fits of the experimental spectra to simulations using Mie theory. R, θ,
and n0 and n1 of the wavelength-dependent refractive index of the droplet, n(λ), are fit
parameters. A first order Cauchy parametrization is used for n(λ):

nðλÞ ¼ n0 þ n1
λ0
λ

� �2

�1

 !

ð5Þ

with a reference wavelength of λ0= 475 nm. Supplementary Fig. 1 shows repre-
sentative BLS spectra and the values of R and n0 determined in this study.

Mass growth factor m*. In the present experiments, the mass change of a NaCl
droplet caused by variation of the RH is purely due to the uptake or loss of water.
Hence, the salt mass (mNaCl) in the droplet remains constant. As a cross-check, we
determinedmNaCl of the trapped droplet at the different constant RHs using the water
activity of bulk solutions with known mass fractions66. The retrieved values of mNaCl

at 78%, 81%, and 86% RH (4.56 ± 0.05, 4.50 ± 0.02, and 4.49 ± 0.02 ∙ 10−15 kg,
respectively, for one given droplet) agree within 1.5% Below the critical RH (super-
saturated solutions) bulk measurements are not possible so that mNaCl cannot be
determined in this way. We thus use the average values of mNaCl determined at 78%,
81%, and 86% RH to calculate the mass growth factor m*=m/mNaCl of the droplet
for undersaturated and supersaturated solutions (RH= 68%).

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Fig. 5 Drawing of the trapping cell and sketch of the BLS optics. The trapping cell is shown in a. The counter-propagating tweezer beams propagate
through the trapping cell as shown by the two green cones on the sides of the cell. The broad-band light scattering (BLS) emission and collection are
represented by the two blue cones. The scattering light used to measure the particle position is shown by the large green cone in front of the cell.
Humidified nitrogen (N2) flow is used to control the relative humidity in the cell. The BLS optics is sketched in panel b. The broadband light of a Xe lamp is
shone on the particle by using reflective collimators (RC) and a reflective objective (RO). The dashed circles represent the elastically scattered light. The
black dashed triangle indicates the fraction of the scattered light collected by the second RO around the scattering angle θ, which is then coupled into the
spectrometer using another RC. Two shortpass filters (SP) in the collection optics of the BLS attenuate the scattering of the trapping laser.
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