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The evaporation dynamics of multiple droplet arrays is important in inkjet printing and spray coating, where co-
operative "shielding" effects increase overall evaporation time. However, current measurement methods provide limited
information on how individual droplets contribute to the overall dynamics. In this work, we present a simple interfero-
metric technique for precise measurements of droplet evaporation rates which is not possible via traditional approaches.
We validate the technique on a single droplet. We then extend our analysis to ordered and random 2-D arrays of droplets.
We demonstrate that the evaporation rate is highly dependent on the position of the droplet within the array and its con-
finement. The more confined droplets exhibit lower evaporation rates. Our results of 10 different configurations and
well over 100 droplets are in good quantitative agreement with a recent analytical model of co-operative evaporation
rates. Our approach opens up possibilities for studies of collective evaporation effects, including in areas of current
importance such as sneezes and exhaled breath.

The evaporation of a liquid droplet on a solid surface is
of importance in a wide range of industrial applications such
as coating and printing1,2. The main body of research into
this problem has focused on single evaporating droplets on
solid surfaces2–4. More recently, the focus of evaporation re-
search has shifted to studying multiple droplets which are rel-
evant in deposited sprays5,6, splash patterns7, inkjet printing8

and in influencing viral transmission through droplets gener-
ated when coughing and sneezing9–12. In these situations, the
presence of neighbouring droplets increases the local vapour
concentration such that the evaporation rate of an individual
droplet depends on all the surrounding droplets, often referred
to as a "shielding" effect13. This reduced evaporation rate has
been shown to change the internal flow structure14,15, influ-
ence the shape of final deposits16–19, and result in striking final
morphologies20. Interestingly, other work has demonstrated
that evaporating (or dissolving) droplet arrays can induce con-
vection in the vapour phase which can lead to droplets evap-
orating faster in an array than when isolated6,8. A similar ob-
servation is also seen for micron sized droplets21,22, here due
to the dependence of vapour pressure on the droplet curvature
via the Kelvin effect.

The recent surge in theoretical investigations of collective
evaporation of multiple droplets and sprays calls for exper-
imental validation of the resulting models and simulations.
For isolated evaporating droplets, measurements are typically
made using a camera to capture magnified images of the
droplet profile. Temporal measurements of the height h, ra-
dius r, and contact angle θ , are extracted from the images
which allows the determination of evaporation rate. Whilst
the profile imaging method works well for multiple droplets
arranged in a line15, it is unable to image each droplet si-
multaneously within a 2-D array as some droplets will in-
evitably be obscured by others. This limits the measurement
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of multiple droplet arrays to top-down imaging and gravimet-
ric analysis6,23, which provide limited information on indi-
vidual droplet evaporation time and the collective evaporation
rate respectively. Interferometry has previously been used
to measure profiles of low contact angle droplets24,25, dis-
tortions due to Marangoni effects26, and to image the local
vapour concentration and temperature profile around evapo-
rating droplets25,27.

In this work, we develop a time dependent, spatially re-
solved interferometric technique to measure the evaporation
dynamics of pinned droplets on surfaces irrespective of their
contact angle. We confirm the validity of the technique by
comparing to traditional imaging methods on a single droplet,
showing excellent agreement between the two methods. We
then apply our technique to measure individual droplet evap-
oration rates in 10 organised and random 2-D droplet arrays,
demonstrating how individual evaporation rate is dependent
on position within the array and proximity to neighbouring
droplets. We also demonstrate good agreement with recent
predictions.28

To perform the interferometric measurement, we use a
Mach-Zehnder interferometer with a He-Ne polarised laser
(HRP170, ThorLabs) with a peak wavelength, λ = 632.8 nm,
as the light source. We use a spatial filter system to obtain
a Gaussian intensity profile. The expanded beam is passed
through a beam splitter, creating a ‘reference’ and ‘sample’
beam. The divided beams are recombined at the second beam
splitter where interference patterns are created due to differ-
ences in optical path length between the two paths. To image
our samples, we use a relay lens system which allows magni-
fied images of the droplets to be captured by the camera29.

We have developed a simple and flexible method for se-
lectively hydrophobising patterned substrates so that each
droplet’s contact line remains pinned for most of the evapo-
ration. Labelling tape is adhered to a clean hydrophilic glass
slide having an arithmetic mean deviation surface roughness,
Ra = 0.6±0.3 nm. The templated circular incisions are laser
cut through the tape which is then carefully removed leav-
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FIG. 1. a) Experimental image of evaporating droplet. Blue spot
shows the circular area over which greyscale intensity is measured.
b) Greyscale intensity of the spot with time. c) Height of the evap-
orating droplet with time determined from side and interferometric
measurement. Inset shows histogram of ∆tp and ∆tt and FFT power
spectrum (solid line) for experimental data. d) Temporal measure-
ment of average evaporation flux obtained from both interferometric
and side measurements for the droplet shown in Fig. 1a.

ing the tape covering the circular dots only. The slide is
then coated with the hydrophobic coating NOVEC2702 with
Ra = 39.5± 0.8 nm30. Removal of the templates exposes
patterned hydrophilic regions on a hydrophobic surface. We
find that deposited droplets spread to fill the hydrophilic re-
gions and remain pinned for around 80% of the total evap-
oration time. Substrates are placed in a controlled environ-
ment with ambient temperature, T = 20±1◦C and relative
humidity, RH = 43±6 %. We use deionsied water, obtained
from a PURELAB Chorus 1 (ELGA) with surface tension,
γ = 72.75 mN/m, density, ρ = 998.21 kg/m3 and refractive
index, n = 1.33211 @ 632.8 nm31. We deposit droplets of vol-
ume V = 1.0±0.1µL on to the hydrophilic regions for which
the total deposition time is less than 2% of the overall evapo-
ration time. The contact angles of deposited droplets are θ =
64± 4◦. The Bond number, ρgh2/γ ≈ 10−2 indicates that the
droplets can be considered spherically capped.

When a droplet is placed in the sample arm of the interfer-
ometer, interference fringes appear due to the difference in op-
tical path length through different parts of the curved droplet24

(Fig. 1a). For a pinned evaporating droplet with any contact
angle value, the height of the droplet decreases over time32,
shortening the optical path length and changing the resultant
interference intensity across the droplet25. Fig. 1b shows the
mean greyscale value within the indicated circular area, with
a radius of 86 µm, at the apex of the droplet as a function
of time, after applying a moving average filter to minimise
noise (black line in Fig. 1b). By measuring the time separa-
tion between peaks ∆tp and between troughs ∆tt , we are able
to determine the time taken to reduce the optical path by one
wavelength, corresponding to a decrease in droplet height of
∆h f = λ/(n−1) = 1.905 µm25.

We validate our approach using simultaneous interferomet-
ric and profile imaging on a single droplet, providing a com-
parison of the accuracy of the measured change in height
and therefore the measured evaporation flux between the two
methods. The results of this comparison are shown in Fig. 1c,
where, to determine the absolute height of the droplet as a
function of time for the interferometer data, we start with the
initial measured height from the profile image and iteratively
reduce the height by ∆h f after each fringe. We find excellent
quantitative agreement between the two techniques.

The volume of a spherical cap, V is given by Eq. 133.

V =
π

6
(
3r2h+h3) (1)

Differentiating Eq. 1 gives the change in volume resulting
from a height change for a pinned droplet as

dV
dt

=
π

2
(
r2 +h2) dh

dt
(2)

The average evaporation flux through a surface is given by
J = (dV/dt)/A, where the total surface area is given by A =
π
(
r2 +h2

)
for a spherical cap. Therefore, we can determine

the average temporal evaporation flux using J = (dh/dt)/2.
For our profile measurements, the flux, denoted Jh, can be
found directly from the slope of the droplet height against
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FIG. 2. Experimental images of evaporating 2-D droplet arrays. Colored overlay shows; measured average evaporation flux (left side), Jexp
and Wray et al’s theoretically predicted evaporation flux (right side), Jth, in (nm/s), for between 50 s to 250 s after final droplet deposition. a)
Pentagon. b) Cross. c) Triangle. d) Hexagon. e) Square. f) Random. Images have been histogram equalised.

time (Fig. 1c). For the interferometric technique, we can mea-
sure the evaporation flux using three approaches: the times
between peaks ∆tp, the times between troughs ∆tt, and by
taking a fast Fourier transform (FFT) of the intensity data.
We note that the peak-to-peak and trough-to-trough measure-
ments provide the instantaneous evaporation flux throughout
the evaporation, while the FFT approach provides the average
flux for the whole dataset by finding the peak of the power
spectrum which corresponds to the dominant period of oscil-
lation, ∆tFFT. The inset in Fig. 1c shows the histogram of the
measured ∆tp, ∆tt and FFT power spectrum. We quantify the
error on our measurements of the peak and trough methods
using the standard deviation of the distribution of measured
∆tp and ∆tt, and for the FFT approach using the full width at
half maximum of the peak of the power spectrum.

Fig. 1d shows the droplet evaporation flux as a function
of time for both profile and interferometric methods showing
very similar average values and a similar level of noise. We

find the average values for evaporation flux of the interfero-
metric method (J̄p ≈ 360± 60 nm/s, J̄t ≈ 360± 60 nm/s and
JFFT ≈ 360± 10 nm/s) are comparable to the droplet profile
method (J̄h ≈ 350±80 nm/s). The interferometric method has
a lower uncertainty due to the higher precision in determining
the incremental change in droplet height.

Next we apply the interferometric technique to the case
of multiple identical interacting droplets in 2-D arrays, both
ordered and random, as shown in Fig. 2. For simplicity,
we combine our interferometric measurements using Jexp =(
J̄p + J̄t + JFFT

)
/3, and use this measured flux to colour the

left half of each droplet in Fig. 2. As expected, the ef-
fect of shielding on a droplet, and therefore its evaporation
flux, is determined by its position within the array, number of
neighbouring droplets and their proximity (which we term the
droplet’s "confinement"). Droplets in equivalent/symmetric
positions have the same confinement, and so experience iden-
tical shielding effects from neighbouring droplets and evapo-
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rate at the same rate, while those at the corners are less con-
fined, so evaporate faster, than those at the edges, and those in
the centre evaporate most slowly.

Fig. 2a shows the measured evaporation flux for droplets
arranged in a pentagon where the average evaporation flux
varies by no more than 7% between droplets. This follows
from the symmetry of the pentagon providing identical con-
finement conditions for each droplet. In comparison to an iso-
lated droplet, co-operative shielding reduces the flux of each
droplet by ≈ 62%. Rearranging the five droplets into a cross
formation (Fig. 2b) creates two confinement conditions: the
points and the centre. The points of the cross being least con-
fined have the highest evaporation flux (a reduction of only
33±5%) while the evaporation flux of the centre droplet has
reduced by 50%. The triangle formation in Fig. 2c illustrates
that droplets at the corners of the triangle (two nearest neigh-
bours) are less confined than those on the edges (four nearest
neighbours), with the former evaporating approximately 20%
faster than the latter.

The dense droplet array configurations in Fig. 2d, e again
show that the evaporation flux is highest from the least con-
fined droplets at the corners and decreases with increasing
confinement. Interestingly, within the filled hexagon (Fig. 2d)
we find that the six inner ring droplets evaporate around 50%
slower than the outer droplets; however, the centre droplet
evaporates only 8% slower than the inner ring. This suggests
that the influence of the edge of the pattern only extends two
droplets into the array; further inwards the evaporation rate is
constant. Fig. 2f shows a random arrangement of evaporating
droplets where each droplet has a unique confinement, similar
to a spray pattern.

We compare our experimental results to the predictions of
Wray et al.28. They used an asymptotic approach of a model
of potential flow through porous membranes, first developed
by Fabrikant34, to calculate how the evaporative flux of the kth

droplet (Jk) in an array of N well-separated droplets with low
contact angle is reduced compared to its flux when evaporat-
ing in isolation (J0k ).

Jk = J0k −
2
π

N

∑
n=1
n6=k

(
rn

rk

)2

Jn arcsin
(

rk

dkn

)
. (3)

Here, rk/n is the base radius of droplet k/n, and dkn is the
distance between droplets k and n. The model assumes the
droplets interact only via diffusion in the vapour phase. Equa-
tion (3) is the same equation as that derived by Fabrikant34.

To apply this result, we start by rearranging and writing
Equation (3) in matrix form ΦJ = Jo where Φ is an N ×N
matrix with off diagonal elements that capture the interac-
tion between droplets k and n. For droplets of equal radius
rk = rn, off-diagonal elements in this matrix are given by
φkn =

2
π

arcsin( rk
dkn

) and diagonal elements φnn = 1. By invert-
ing Φ we can solve for the matrix of unknown droplet fluxes
J (with elements Jk) in terms of the corresponding matrix of
known isolated droplet fluxes J0 (with elements J0k ) such that
J = Φ −1Jo (see Supplementary Material for more details).
A single isolated flux value J0k = J0 of a droplet with known

radius r0 can be used in place of the matrix J0 provided this
value is scaled by ratio of r0 to rk i.e. J= Φ −1(ro/rk)Jo. Con-
tributions to the uncertainties in the calculated elements of Φ

are around 10% from rk and 1% from dkn. Treating these as
systematic errors leads to around a 4% error in the elements
of Φ−1, whereas if the measurement errors are randomly dis-
tributed, the effect on Φ−1 is only around 0.5%. Therefore,
errors in determining Jk mainly arise from errors associated
with measuring J0k = J0.

We use the same independently measured value for J0k = J0
for droplets with the same size as they would have the same
flux if evaporating in isolation. There are no adjustable param-
eters. We use these calculated fluxes to colour code the right
side of each droplet in Fig. 2. The pentagon (a) and square (e)
show excellent agreement (to within 5%) and the other four
configurations (to within 20% for (d)) also confirm that the
spatial dependence of evaporation flux on position within the
2-D array is well captured by the model. The largest differ-
ence in the hexagon (d) may be attributed to small variations
in droplet size within the smaller diameter droplet array.

To quantify this comparison fully, in Fig. 3 we plot our ex-
perimental measurements of evaporation flux against the the-
oretical flux calculated from Wray et al.28 for droplets in a
larger number of configurations (see Fig. S1 in Supplemen-
tary Material), including error bars on all points. The solid
line is a linear fit to the data, including the error margin, with a
gradient of 1.1 ± 0.2 which shows a good agreement with the
model. Wray et al. note that their asymptotic approach pro-
vides surprising agreement despite only being formally valid
for flat, well-separated droplets. Here we also find a good
agreement for high contact angle droplets, some of which are
almost touching. The good agreement with the diffusive the-
ory suggests that additional effects, such as convection8 or
thermal interactions, do not appear to be experimentally sig-
nificant although we do not rule out that that they may account
for some of the deviations at high evaporation flux. More ex-
periments are needed to confirm this fully.

In this work, we have demonstrated how the evaporative
flux of a pinned droplet can be measured using a Mach-
Zehnder interferometer, with higher accuracy than standard
profile imaging. The technique is applicable to pinned
droplets in 2-D arrays irrespective of their contact angle. This
includes droplets with high contact angles, which act as high
numerical aperture lenses, and thus are challenging to image
using conventional profiling techniques. We applied this tech-
nique to both ordered and random 2-D arrays, extracting the
simultaneous evaporation fluxes of all individual droplets. We
have been able to quantify the different shielding conditions
within 2-D arrays, demonstrating very good agreement with
the analytical model of Wray et al.28, and thus providing the
first rigorous experimental validation of a theoretical model
of co-operative evaporation effects. In our arrays, the dynam-
ics are dominated by diffusion, with no evidence of convec-
tion or thermal interactions. For other liquids and substrates,
our approach would allow direct observation and quantitative
measurements of these collective effects, which could provide
insights into the dynamics of co-operative evaporation in mul-
tiple droplet arrays relevant to cooling35, printing36, coating37,
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FIG. 3. Comparison between experimentally measured evaporation
flux of 10 arrays and theoretical flux calculated using the analytical
model of Wray et al.28, for all droplets in Fig. 2 and other arrange-
ments (see Fig. S1 in the Supplementary Material). The solid line
is a linear fit of slope 1.1± 0.2 with the dashed lines showing the
uncertainty limits.

DNA arrays38, and important current areas such as sneezes
and breath figures39.

See Supplementary Material for a complete explanation of
the matrix approach and for complete series of overlaid exper-
imental images (Fig. S1). The data that support the findings
of this study are available from the corresponding author upon
reasonable request.
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