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Hypothesis: The droplets ejected from an infected host during expiratory events can get deposited as
fomites on everyday use surfaces. Recognizing that these fomites can be a secondary route for disease
transmission, exploring the deposition pattern of such sessile respiratory droplets on daily-use substrates
thus becomes crucial.
Experiments: The used surrogate respiratory fluid is composed of a water-based salt-protein solution, and
its precipitation dynamics is studied on four different substrates (glass, ceramic, steel, and PET). For track-
ing the final deposition of viruses in these droplets, 100 nm virus emulating particles (VEP) are used and
their distribution in dried-out patterns is identified using fluorescence and SEM imaging techniques.
Findings: The final precipitation pattern and VEP deposition strongly depend on the interfacial transport
processes, edge evaporation, and crystallization dynamics. A constant contact radius mode of evaporation
with a mixture of capillary and Marangoni flows results in spatio-temporally varying edge deposits.
Dendritic and cruciform-shaped crystals are majorly seen in all substrates except on steel, where regular
cubical crystals are formed. The VEP deposition is higher near the three-phase contact line and crystal
surfaces. The results showed the role of interfacial processes in determining the initiation of fomite-
type infection pathways in the context of COVID-19.
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1. Introduction

The ongoing COVID-19 pandemic has disrupted global travel,
healthcare systems, social interactions, and business activities
worldwide. Primary transmission of the virus occurs at the micro-
scale level, where respiratory droplets rapidly spread the SARS-
CoV-2 amongst human beings [1,2]. To arrest the transmission of
the virus, wearing a facemask and maintaining social distances
has been advised by the scientific and medical community world-
wide [3–5]. The ejected droplets are in size range of 1–2000 lm [6]
and creates two possible scenarios of infection. Smaller droplets
can evaporate, precipitate [7], travel far [8], and stay airborne for
a sufficiently long time before being directly inspired by another
healthy human being [9]. On the other hand, the larger droplets
may settle under gravity or impinge on a material surface, forming
fomites [10,11]. In either scenario, infection mechanics, which
involve virus survivability [12], remains elusive. In this article,
we shall limit our discussion to the physicochemical transforma-
tions within a VEP (virus emulating particles) [3,7,13] loaded sur-
rogate respiratory droplet drying on different commonly available
real life surfaces.

The pattern formation during the evaporation of suspended
particles in a sessile droplet was first explained by Deegan et al.
[14]. The capillary flow inside the droplet led to the deposition of
the solute particles near the pinned contact line. The pinning of
the contact line was attributed to the inherent roughness of the
substrate. Ring deposition morphs to dome shape for moderate
to high particle concentration (5–20 mg=mL) mainly due to inter-
particle interactions [15]. The pattern was independent of
hydrophobicity at lower particle concentrations (<5 mg=mL) for
which ring deposition was observed [15]. Further, Shmuylovich
et al. [16] and Maheswari et al. [17] observed the formation of
concentric-rings pattern during pinning and de-pinning of the con-
tact line, while a single monolith pattern was observed by Baldwin
et al. [18]. The thick-edge deposit near the contact line can be
altered by surface patterning [19–22], choice of particles shape
[23], solvent-vapor-substrate interaction [24], convection currents
[25], surface roughness and addition of other soluble components
[26]. The flow patterns inside the evaporating droplet influence
the final deposition of the particles. The evaporation flux in a ses-
sile droplet was triggered by diffusion of solvent at the liquid–air
interface, and it diverged near the contact line of a pinned droplet
[27,28]. The divergent evaporative-flux and pinning of the droplet
contact line led to the capillary flow towards the droplet contact
line [14,29].

In contrast to the capillary flow, Marangoni flow is observed
due to surface tension changes at the liquid–air interface. This sur-
face tension difference can arise due to temperature changes, i.e.,
thermocapillary flow [30] or solute concentration changes, i.e.,
solutal Marangoni flow [31–33]. The thermo-capillary flow was
created either by the temperature difference between the liquid–
air interface and underlying substrate [34] or due to the non-
uniform cooling (due to non-uniform evaporation) along with the
liquid–air interface [35,36]. Barmi et al. [37] numerically modeled
the evaporation rate and internal circulation in a thermo-capillary
flow of a sessile droplet with a pinned contact line. The thermal
gradient at the air–liquid interface was shown to be the driving
force for the flow, and the flow magnitude decreases during the
later stages of evaporation due to the reduction in a thermal gradi-
ent. Solutal Marangoni flows were prompted by the surface tension
difference between the edge and the apex of the evaporating dro-
plet, along the liquid–air interface [38,31]. The surface tension dif-
ference arises due to non-uniform evaporation at the liquid–air
interface, which increases salt concentration near the droplet con-
tact line. The Marangoni-induced flow can be directed to or away
from the contact line depending on the solution constituents
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[31,32]. The Marangoni circulation was generally observed during
the evaporation of sessile saline-droplets [39,37,40–43]. Shahidza-
deh et al. [41] found that the deposition stains of saline droplets
were different from colloidal droplets. The formation of salt crystal
stains depended on wetting properties, nucleation pathways, and
growth rates. On a super-hydrophobic substrate, Shin et al. [40]
showed the formation of ‘‘ring” or ‘‘igloo” shaped salt depositions
depending on the initial salt concentrations and evaporation rates.
The resulting precipitate shapes depended on the combined effect
of solubility, evaporation rate, and contact line hysteresis. The flow
pattern inside the evaporating salt droplet was experimentally
shown by Kuznetsov et al. [44] and Efstratiou et al. [43]. Efstratiou
et al. [43] showed a uniform outward flow towards the contact line
during most of the evaporation stage. However, during the crystal-
lization stage, a jet flow towards the nucleation site was observed.
A detailed overview of a drying droplet on a substrate was pro-
vided by Larson et al. [45] and Parsa et al. [46].

Evaporation of bio-fluid droplets has been applied as a medical
diagnosis tool in earlier works [47–49]. Devineau et al. [50] ana-
lyzed the pattern formation of evaporating protein droplets con-
taining suspended polystyrene particles. The suppression of the
coffee ring effect due to protein adsorption on the surface of the
particles was observed. In another study [51], the formation of
edge deposition or uniform deposition of particles was shown to
be dependent on the protein charge. The bio-fluid compounds usu-
ally contain dissolved salt in them, and the deposition patterns of
these salt-protein biofluid droplets were reported [52–54]. The for-
mation of dendritic patterns was shown by Darwich et al. [55] for a
bi-component solution of oppositely charged alginate polysaccha-
rides and gold nanoparticles. The dendritic structure formation
was dependent on the salt concentration, drying mode, and parti-
cle size. Choudhury et al. [56] studied the drying of colloidal gel
containing dissolved salt and showed that the final deposition
morphology depended on the type of host gel, salt concentration,
and substrate used. Carreon et al. [57] discussed the effectiveness
of first-order statistics (FOS) and grey level-co-occurrence matrix
(GLCM) methods to characterize the protein deposition patterns
and their complex texture. Pathak et al. [54] studied the precipita-
tion dynamics of two components (salt and proteins) bio-fluids at
different constituent compositions. The final deposition patterns
(either crystalline or dendritic) were distinctive and dependent
on the initial ratio of the two components.

The above discussion provides an overview of the evaporation
of sessile droplets containing suspended particles, salts, and bio-
logical compounds. However, respiratory fluid is complex and
demands a more critical approach to study. Sefiane et al. [58]
investigated the pattern formation from drying droplets of various
fluids, including biofluid. Researchers have shown that complex
bio-fluid evaporation involving blood [59] and the synovial fluid
[60] agrees well with observations and theoretical models of sim-
ple fluid droplets. Mukhopadhyay et al. [61] showed recently dif-
ferent pattern formation driven by interfacial energy on drying
blood droplets. Vejerano et al. [62] have presented a detailed
experimental exposition of respiratory droplets (surrogate and
real), drying on a surface, and their impact on virus survivability.
However, several questions remain. What is the role of the sub-
strate beyond wettability and thermal conductivity? What does
the flow inside a droplet of complex fluid look like? If virus parti-
cles are dispersed inside such a droplet, how do they aggregate in
the final residue? We shall discuss experimental findings that are
not intuitively apparent and present a heuristic understanding in
this article.

The details of the materials and methods used in the present
work are given in Section 2. Section 3 provides the results and dis-
cussion of this paper. Here we discuss the variation in evaporation
lifetime of a surrogate droplet resting on these substrates with dif-
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ferent thermal conductivity and wettability. The internal flow
dynamics are discussed next. We establish the link between the
onset of crystallization and the dynamics of evaporation and flow.
We discuss the qualitative as well as quantitative features of the
crystallization pattern. Further, we explain how the crystallization
pattern distributes the VEP within the precipitate. Finally, the sum-
mary and conclusions from the present work are shown in
Section 4.
2. Materials and Methods

The stringent requirements of bio-safety during COVID-19 and
our focus on the fluid mechanics of virus transmission necessitate
using appropriate surrogate materials for the experiment. The res-
piratory fluid consists of dissolved salt ions and alveolar surfac-
tants [63] with a typical pH value of 6 or greater. We use the
same artificial respiratory fluid composition as reported by Vejer-
ano et al. [62]. Similar to the other works in recent literature
[3,7,13], 100 nm polystyrene nanoparticles were used as a model
material for the COVID-19 virus based on similarity in geometrical
properties, i.e. spherical shape and size (although they differ in bio-
logical and chemical properties). Such nanoparticles can predict
the hydrodynamics of COVID-19 viruses (which are nonmotile
[64]) during droplet evaporation which majorly defines the final
deposition pattern. However, it must not be generalised that geo-
metrically similar particles can be used for emulating hydrody-
namics of all types of pathogens (e.g. bacteria). Earlier studies
had shown a considerable difference in the deposition pattern
between inert microparticles and motile pathogens [65–67]. These
studies have used bacteria with self-propelling motor mechanisms
which can alter the final deposition patterns. In contrast, virions
like COVID-19 don’t have self-motile mechanisms [64]. They travel
through the host organism supply chain or from one cell to the
neighbouring cell. Therefore, hydrodynamics of non-motile viruses
can be predicted using emulating nanoparticles as done in the pre-
sent work. At the same time, the differences in surface chemistry
and interfacial properties of virus emulating particles (VEP) and
actual viruses might still lead to some alterations in the final depo-
sition; however, these analyses are beyond the scope of the present
work.

2.1. Sample preparation

The surrogate model of the respiratory fluid was created from
0.9 % by wt. of NaCl, 0.3% by wt. of gastric mucin (Type III, Sigma
Aldrich), and 0.05 % wt. of di-palmitoyl-phosphatidyl-choline
(DPPC (Avanti Polar Lipids)) in deionized water [62]. The final for-
mulation was sonicated for 15 min and centrifuged at 5000 rpm for
15 min [68]. The nanoparticle properties which make them a suit-
able candidate for VEPs are as follows. (1) The nanoparticles should
be geometrically similar to the COVID-19 virus in shape (spherical)
and size (�100 nm [69]). Figure S1 shows the size and shape of the
nanoparticles used in the study. (2) Nanoparticles should be chem-
ically and biologically inert. The nanoparticles used in present
work (R100, Thermofisher) are generally used as tracers for lPIV
measurements; as such these particles are both inert and charge
stabilized against sedimentation and agglomeration. (3) The
nanoparticles should exhibit fluorescence when excited by the
green light generally used with microscope. This help in identifying
the distribution pattern of particles in dried precipitate. Based on
the above criterion, 100 nm polystyrene nanoparticles (R100, Ther-
mofisher) are used as a viable candidate at an initial viral load [70]
of � 106 particles/mL of the surrogate liquid. At very low particle
concentration as used in the current study (� 10�3 mg/mL), the
particles cannot be influenced by DLVO forces. However, the
3

non-DLVO forces like solvation and hydration forces could play a
dominant role in particle dispersion stability and distribution.
The nanoparticles used in present work are slightly hydrophobic
and readily adsorbs proteins through non-DLVO hydrophobic
interactions (as per the specification sheet of particles and litera-
ture [71,72]), which in turn prevents particle agglomeration. Fur-
ther, we confirmed the nanoparticles to be stable for the
duration of the experiment.

2.2. Evaporation experiments

Common surfaces encountered in daily life such as glass (micro-
scope slides, Bluestar), steel (surgical scalpel blade), plastic (com-
mercial Polyethylene Terephthalate (PET)), and ceramic (common
floor tile) are used as substrates. Droplets of 0.46 ll �10 % volume
were gently dispensed on the substrates and allowed to evaporate
at an ambient temperature of 25� 1 oC and relative humidity
46� 1%. Backlit images (using Karl Storz LED source) of the drying
droplet side profile were imaged every 0.5 s using a Nikon D7200
camera fitted with a Navitar 6.5x zoom lens (spatial resolution
2.5 lm/pixel) till the end of evaporation. The captured images
were binarized, and the ‘‘Analyze Particles” plugin of ImageJ soft-
ware (open source) was used to calculate the major axis (contact
diameter; 2a) and minor axis (twice of the droplet apex height;
h) of the droplet as it evaporates. The contact angle h ¼ 2
tan�1ðh=aÞ 180=p was extracted from the images.

The drying droplet top-view was imaged at 2.19 fps using a
high-resolution CCD camera (pco2000) mounted on a BX51 Olym-
pus frame. Halogen-based illumination (TH4 200, Olympus) and
microscope objectives (10x and 20x) were used here.

For top-view fluorescent imaging of the drying droplets, light
from a halogen lamp was replaced by a mercury lamp (URFL-T,
Olympus) using inbuilt prism assembly inside the microscope. A
dichroic arrangement was used to excite the nanoparticles at
532 nm, and the pco2000 camera acquired the resulting emission
at 590 nm.

2.3. Optical micro-characterization

The samemicroscope arrangement described above was used to
characterize the microstructure of the deposits. 100x objective was
used for both bright-field and fluorescent imaging. ImageJ software
(open source, JAVA platform) was used for image analysis. Details
are provided in appropriate sections.

2.4. Flow measurement

Micro-Particle Image Velocimetry (lPIV) measurements of the
drying droplet on a glass and PET substrates show the flow pattern
inside the droplet. Fluorescent particles with a mean diameter of
860 nm and a density of 1.05 g/cm3 are seeded into the surrogate
solution. A 532 nm Nd: Yag laser illuminates the sessile droplet
from the bottom, necessitating the use of transparent surfaces such
as glass and PET. Therefore, flow measurement results of ceramic
and steel could not be obtained. Fluorescence emission from the
neutrally buoyant tracer particles is directed to an Imager Intense
camera (Lavision) connected to a motorized microscope (Flowmas-
ter MITAS, Lavision). A 10x objective is used, which provides a field
of view of 600 lm � 450 lm, depth of field of 8 lm, and pixel res-
olution of 1.72 lm/pixel. The PIV is done at different horizontal
planes ðz=h0 � 0;0:5Þ. Here ’z’ is the plane distance measured from
the bottom, and ’h0’ is the droplet initial apex height. Single frame
images are taken every 1 s, which corresponds to a particle move-
ment of 4–5 pixels between two consecutive frames. The images
are captured and processed using commercially available Davis
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8.4 software. The captured images are pre-processed for intensity
normalization. A multi-pass vector cross-correlation from a win-
dow size of 128 � 128 pixels to 64 � 64 pixels (with a 50% overlap
between them) is done between two consecutive images. The
obtained vector field is then post-processed, where de-noising of
vector-field is done.

A 520 nm continuous laser sheet (Schafter + Kirchoff) is used to
illuminate the sessile droplet for side view flow visualization. The
860 nm fluorescent nanoparticles are used as tracers, and images
are captured for an exposure time of five seconds.
3. Results and discussion

3.1. Effect of wettability and thermal conductivity on evaporation

The maximum contact diameter of the surrogate respiratory
droplets on all substrates is less than the capillary length,
lc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðrw=ðqwgÞÞ
p � 2:7 mm, which allows the volume estimation

using the expression, V ¼ ðphð3a2 þ h2ÞÞ=6 for a spherical cap. Here
rw is the air–liquid surface tension, qw is the water density, and g =
9.81 m/s2. The three-phase contact line (TPCL) of the droplet
deposited on different substrates is pinned throughout the droplet
lifetime duration, as shown in Fig. 1a. Consequently, the contact
angle must reduce to account for the loss of height due to evapora-
tion. The volume of the droplet is calculated at various instances
and shown in Fig. 1b. The thick deposit near the edge blocks the
side profile view at an advanced stage of drying, making it difficult
to track the droplet evolution. The final lifetime (tf ) is better
observed from the top-view, and the results are shown in Fig. 1c
for different substrates.

Conduction of heat (under steady-state conditions) across the
droplet’s bulk is expressed as

_q ¼ kwA
DT
h

ð1Þ

Where kw = 0.6 W/m-K is the thermal conductivity of water, A and h
are the contact area ðpa2Þ and the droplet height. Where a is the
contact radius of the droplet. The droplet will compensate for the
thermal loss by conducting from the substrate, ksubADT=d. However,
thermal compensation is hindered by substrates with low thermal
Fig. 1. Dynamics of droplet evaporation. (a) Sequential image showing the side-view of
ðV=VoÞ vs. time (t). (c) Variation of the onset of crystallization within the droplet (tc) and
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conductivity [73], causing evaporative cooling in droplets, which
lowers the mass-loss rate. Bazargan et al. [74] define a critical con-
tact radius ðrcÞ, below which evaporative cooling is significant. The
critical radius is defined as

rc � kwd
ksubtanðh=2Þ ð2Þ

Where ksub; h, and d are the respective thermal conductivity, contact
angle, and thickness of the different substrates. The initial value of
a < rc for all substrates, except steel, leading to evaporative cooling.
Sefiane et al. [58] proposed the droplet evaporation rate as:

_mSB � _m

½1þ f ðhÞabð _mhfgh
2pakwÞð1þ b kw

ksubh
Þ�

ð3Þ

Where, _m � paDwCsð1� RHÞf ðhÞ. Dw ¼ 2:54� 10�5 m2=s is the dif-
fusion coefficient of water vapor into the air,
Cs ¼ 2:3� 10�2kg=m3 is the saturation concentration of water vapor
at 298 K. The polynomial [29] f ðhÞ ¼ 0:27hþ 1:3. The typical contact
angles on glass, ceramic, PET, and steel are 30�, 37�, 48�, and 70�,
respectively. Where a ¼ hmsinh

hh ;b ¼ @Cs
@T =Cs � 0:063 for water,

hfg ¼ 2:44� 106 J/kg is the latent heat of vaporization of water
and b ¼ dh=hm . Using the value of ksub as 0.8 W/m-K, 0.12 W/m-K,
and 50 W/m-K for glass, PET, and steel, the droplet’s evaporation
times on these substrates are shown in Fig. 1c. The assumption of
constant mass-loss rate while estimating the total evaporation time
and not considering the change in water properties due to addition
of the solutes leads to the observed error. However, the correct
trend is established.

3.2. Evaporation and flow

When exposed to an ambient environment, a sessile droplet
undergoes evaporation, and the flux of solvent has a spatial varia-
tion across the droplet surface and is expressed as [28,29],

Jðx; tÞ ¼ _mð1� gðhÞÞ
pa2

½1� ðx
a
Þ
2
�
ð�kðhÞÞ

ð4Þ

Where x is any location within the droplet,

gðhÞ ¼ 0:2239ðh� p=4Þ2 þ 0:3619 and kðhÞ ¼ 1=2� h=p. The evapo-
the evaporating droplet at different time instances. (b) Normalized droplet volume
the end of crystallization i.e., total lifetime of the droplet (tf ) on different substrates.
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ration rate increases from apex to edge of the droplet, along the dro-
plet periphery and near the contact line ðx=a � 1Þ, the vapor flux is
highest. The liquid-loss due to evaporation triggers an internal flow
whose direction and magnitude depend on the dominant mode of
flow. In the present case, the induced flow can occur through capil-
lary or Marangoni routes. As discussed in Section 1, for a particle-
laden water droplets capillary flow is observed, and a salt-
solution droplet results in the recirculation flow. The dominant cap-
illary flow is directed from apex to edge of evaporating droplet
while the Marangoni flow is recirculating in nature. The final flow
pattern inside the droplet is intricate and depends on the magni-
tude of evaporative flux and the relative dominance of capillary or
Marangoni flow, as will be discussed next. The results of PIV mea-
surement on PET and glass substrate are shown in Fig. 2 and 3,
respectively.
3.2.1. Flow dynamics on PET substrate
Fig. 2a shows the streaklines indicating circulation flow and are

obtained after side-view planner imaging of evaporating surrogate
respiratory droplet on a PET substrate at t=tf � 0:1. 860 nm fluores-
cent nanoparticles are used as tracers, and images are captured for
the camera exposure time of 5 s. The curvature effects hinder the
side view imaging at lower contact angles. Therefore, side-view
imaging could not be done for the remaining substrates. For PET
substrate, the initial bulk flow is majorly dominated by the recircu-
lation flow, directing the liquid flow outward along with the liq-
uid–air interface and inward near the droplet base (region-II).
Fig. 2. Spatio-temporal flow-field inside droplet evaporating on a PET substrate. (a) Sid
blended with x-direction velocity ðUxÞ contours at z/h� 0, (b) at the droplet edge (Region
of each sequence is shown as a fraction of the droplet lifetime.

5

Velocity vector maps for PET surface at plane z=h0 � 0 are pre-
sented in Fig. 2b and 2c. The region I shown in Fig. 2b includes
the local area near the droplet edge and is slightly above the dro-
plet base. Region-I shows the bifurcation of the incoming flow.
Here, the x-component of the velocity vectors ðUxÞ directed from
right to left represent the capillary flow ðUx ¼ UcÞ compensating
for the evaporative mass loss, while the vectors directed from left
to right represents the inward component of recirculation flow
ðUx ¼ UreÞ. Simultaneously, Fig. 2c at t=tf ¼ 0:1 shows the recircu-
lation flow convergence at the droplet center near the droplet base
(Region II). Thus, capillary flow ðUcÞ deposits the solute population
at the droplet edge while Ure homogenize them in the interior
regions. The lPIV results at higher plane ðz=h � 0:5Þ shows an out-
ward flow for both glass and PET substrate throughout the evapo-
ration stage (see Fig. S2b). The observed recirculation flow on PET
substrate can be attributed to solutal Marangoni flow [26]. The
solutal Marangoni flow reported by Marin et al. [26] is qualitatively
similar to the flow pattern shown in Fig. 2. They also show that the
inward flow does not extend until the periphery of the drying dro-
plet, as shown in Fig. 2b at t=tf � 0:1. The flow near the contact line
shows a bifurcation into inward Marangoni circulation and out-
ward capillary flow at the region I.

The droplet height reduces due to continuous evaporation,
which enhances the capillary flow. As a result, it dominates the
recirculation flow during later stages of evaporation. The domi-
nance of capillary flow is shown in Fig. 2b and 2c at t=tf � 0:6;
by noting the reversal of the velocity vectors leading to an entirely
e-view planner imaging showing flow streaklines. (b-c) Bottom-view, flow vectors
I) and (c) at the droplet center (Region II) at different time instances. The time stamp



Fig. 3. Spatio-temporal flow-field inside droplet evaporating on a glass substrate. Bottom-view, flow vectors blended with x-direction velocity ðUxÞ contours at z=h � 0 (a) at
the droplet edge (Region I) and (b) at the center of the droplet (Region II) at different time instances. The timestamp of each sequence is presented as a fraction of the droplet
lifetime.
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outward flow near the edge. Thus, the role of recirculating flow in
homogenizing the solute concentration is limited only up to half of
the droplet lifetime ðt=tf � 0:5� 0:6Þ, when the droplet contact
angle is 25–22 degrees; beyond which the capillary flow domi-
nates. At later stages (Fig. 2b at t=tf � 0:8), the flow velocity is very
low due to high solutal concentrations near the edge and the for-
mation of the gelatinous solution. Simultaneously a disordered
flow in region II is observed. Finally, near the end stages, excessive
solute concentration in the solution leads to the viscous damping
of fluid motion within the droplet.

In the present experiments, the flow velocity obtained from the
side view and the top view measurements is � Oð10�5Þ m/s.
Whereas the solutal Marangoni velocity scales as [75]
UMa � ðDr:hÞ=ðl:aÞ. Therefore, from this expression, for producing
a flow velocity of 10�5 m/s, the surface tension change required is
10�8 N/m, and the corresponding concentration change Dc
required is [76] � 10 lmol/kg, which is very small and unphysical
for a flow to be solely induced by surface tension gradient. This
kind of quantitative mismatch between experimental and pre-
dicted results on Marangoni velocity for a saline droplet evapora-
tion was also observed by Marin et al. [26]. Similar observations
were made by Didens et al. [77] for multi-component droplets.
Therefore, a clear physical explanation for this mismatch is still
lacking.
3.2.2. Flow dynamics on glass substrate
The droplet initial contact angle on a glass substrate is least

among all considered surfaces, and therefore, has a higher evapora-
tive mass loss (see Eq. 4). To compensate for the evaporative loss,
capillary flow increases and thereby dominates the recirculating
flow even during the initial stages of droplet evaporation, as shown
in Fig. 3a. Similar outward flow is also observed from the center to
6

edge of the drying droplet (see Fig. 3b) during the entire droplet
lifetime. In contrast to the PET surface, the recirculating flow Ure

on the glass surface does not dominate the capillary flow at any
time during the evaporation. The capillary flow velocity due to
mass loss scales as Uc � a=tf � 10�5 m/s, which is of the same
order as observed during this work.

3.3. Global features of crystallization

NaCl accounts for more than 70% of the solute mass in the dro-
plet. As shown in Fig. 3, Uc will lead to solute growth near the con-
tact line, and accumulated solute at these locations can act as
potential sites for heterogeneous nucleation of salt. Since the
solute concentration grows faster near the contact line, nucleation
occurs earlier here than at the center, at a time ’tc ’. The rate at
which solute concentration increases near the contact line depends
on the solute accumulation rate and the instantaneous volume of
the wedge. The wedge’s instantaneous volume encloses the dro-
plet’s liquid–vapor interface and the solid substrate near its con-
tact line. The shorter drying time of the droplet on glass leads to
higher capillary flow rates, further leading to faster solute accumu-
lation near the contact line and the earliest onset of nucleation (see
Fig. 1c). The converse is true for PET substrates. The first column in
Fig. 4 shows the droplet state before nucleation. The onset of
nucleation in the droplet’s periphery is shown in the second col-
umn of Fig. 4. Nucleation sites are also observed in the interior
regions ðt=tf � 0:95Þ on all surfaces. The crystallization fronts from
the periphery and center appear to interconnect with each other in
glass and ceramic substrate (Fig. 4, third column).

The onset of crystallization occurs when supersaturated condi-
tions are achieved in the solution. NaCl crystals are expected to be
cuboid as mass accumulates on the crystal face. Goto et al. [78]
demonstrated the dendrite formation during salt crystallization



Fig. 4. Sequential images of crystallization showing the top-view of the drying droplet on (a) Glass (b) Ceramic (c) Steel (d) PET substrate. The first column shows the onset of
nucleation near the droplet edge at t ¼ tc . Second and thirds column shows the evolution of crystal growth along the periphery and towards the center. Column IV show at an
advanced stage of crystallization, the merging of crystallization fronts from various locations. The last column shows the end of crystallization at tf . Inset windows show the
magnified view of the major crystal shape at the end of crystallization on various substrates.
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when mass transfer across the supersaturated solution interface is
hindered due to the presence of gelatinous agar. Dutta Choudury
et al. [79] attributed the formation of dendrites to the non- homo-
geneous distribution of salt in the gelatinous solution. The sus-
tained growth of regular crystals requires the initial nucleus to
be connected to a saturated solution. However, during the
advanced stages of drying within a gelatinous mixture, the salt
solution is segregated into disparate pockets. When these pockets
are supersaturated, crystallites form and interconnect directionally
to form dendrites. The role of mucin in the present study is
observed to be similar to agar in forming dendrites. Fig. 5 shows
dendritic branches, both at the edge (bottom row) and center
(top row) of drying droplets on glass, ceramic, and PET substrates.
The dendrites observed near the droplet center are thinner than
those near the edges. Dendrites are thinnest for glass, followed
by ceramic and PET. The reason for variation in the dendrite
dimension is discussed in a subsequent section. Steel shows thick
triangular crystals at the edge and cubical shaped crystals at the
final precipitate center.

3.4. Dendrites vs. cubical crystals

The crystallization sequence on steel and glass is shown in sup-
plementary Fig. S3 and Fig. S4. The nucleation always starts at the
edge due to high salt concentration at the edge and edge deposition
acting as nucleation sites. The crystal nucleation on central region
occurs, comparatively faster on steel. Thus when the supersatura-
tion levels are low the crystals grow slowly by diffusion and form
cubical crystals on steel. Regular cubical crystals are the character-
istic shape of the NaCl crystal that form under normal conditions
7

when salt can diffuse at equilibrium conditions to the growing crys-
tal front. NaCl crystals take a dendritic shapewhen non-equilibrium
conditions hinder the salt diffusion. The schematic of these condi-
tions is shown for NaCl-mucin solution in Fig. 6. As shown in
Fig. 6a, the mucin dispersed in the droplet hinders the salt diffusion
and creates a non-equilibrium condition for salt diffusion. In con-
trast, on a hydrophobic surface, mucin gets well adsorbed mainly
through hydrophobic interactions [72] that could allow equilibrium
salt diffusion to form regular cubical crystals. Several studies,
including Chandrasekaran et al. [80], have reported strong adsorp-
tion of proteins on stainless steel surfaces. Even on the same sub-
strate, the instantaneous concentration of non-salt solutes during
crystal growth could affect salt diffusion and resulting crystal
shape. The roughness of the substrate could play an essential role
in this variation. The glass and steel substrate average roughnesses
aremeasured to be 0.011lmand 0.12lm, as shown in Supplemen-
tary Fig. S5. The kinks on the ridges of the steel surface could act as
nucleation sites, and crystal growth starts at a time t=tf much ear-
lier than on other surfaces (tc=tf is least on steel, see Fig. 4). This
could result in the early initiation of crystallization when the dro-
plet height is higher. Thus, the mucin concentration on steel during
nucleation would be lower than that on other substrates, thus pro-
viding lesser resistance for salt diffusion. Therefore, the above dis-
cussion explains regular crystal formation on steel substrate. It
must be noted that the formation of cubic or dendritic crystals can-
not be attributed to the flow inside droplet, as the advection get
ceased (see Fig. 2 and 3 at t=tf � 0:8) at the time of crystallization
ðt=tf � 0:9Þ, and diffusion of salt (as explained earlier) particles
remains the dominant mechanism for crystal formation.



Fig. 5. Final morphology of the precipitate on glass, ceramic, steel and PET surface, at the (a) center and (b) edge. Scalebar represents 150 lm.

Fig. 6. Schematic diagram showing the effect of mucin presence on different types of substrates. (a-b) Effect of surface wettability. (c-d) Effect of surface roughness. (a) Shows
lesser adsorption of mucin on hydrophilic substrate. (b) Shows the high affinity of mucin adsorption on hydrophobic surface. The square at the center of all schematics depicts
the crystal nucleate with the arrows indicating the salt diffusion under non-equilibrium conditions (a) and equilibrium conditions (b). (c) Shows the crystal nucleate on a
relatively smooth substrate. At a later stage and nonequilibrium salt diffusion due to high non-salt solute concentration. (d) Shows the early crystal nucleation on a rough
substrate and uniform salt diffusion at relatively low non-salt solute concentration. The length scales of the mucin monomer, crystal nuclei and the substrate roughness are
exaggerated for easier visualization.
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3.5. Growth dynamics during crystallization

The dendritic network encompasses the precipitate footprint.
Thus, their growth dynamics is crucial to understand the particle
distribution within the precipitate. For each drying droplet, the
instantaneous length of the dendrite ðlÞ is considered from the
point of nucleation until the tip of the growing front, as shown in
Fig. 7a. For the steel substrate, the side length of the cubical crystal
is taken as ðlÞ. The typical growth of l on different substrates is
shown in Fig. 7b. Cubical crystals on steel grow slower than the
dendrites. Dendrites grow slowest on PET and fastest on glass.
The final dendrite length lf , shows a scattered trend with a maxi-
mum dendritic length not more than 700 lm (Fig. 7b). Fig. 7c
shows a scatter plot between the lf and the corresponding average
growth rate ðdl=dtÞavg . The growth rate of a bulk crystal in a super-

saturated solution can be expressed as [81] dl=dt ¼ klðS� 1Þg ,
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where S ¼ C=C	;C, and C	 are the supersaturation and equilibrium
saturation concentration of salt in the solution, g is the order of the
reaction and equals unity for NaCl. The rate constant kl ¼ Cleð�Ea=RTÞ

. Where Cl ¼ 1:14x10�4 m/s, Ea is the activation energy and equals
58.18 kJ/mol, R is the universal gas constant, and T is the temper-
ature of the solution in Kelvin. For a supersaturation (S) of 1.6 (ef-
florescence limit), the crystal growth rate is � 1 lm/s. In
supersaturated solution, both regular cubical and bulk crystal
growth rate is of the same order. However, the regular cubical crys-
tal’s length scale is three to four times higher than bulk crystal, as
the supersaturation level increases continuously due to evapora-
tion. The growth rate of dendrites, as shown in Fig. 7c, is about
an order of magnitude higher than the growth of regular cubical
crystals and varies across different substrates. The rate of dendritic
growth should be driven by the variation in concentration gradient
of salt around the leading tip of the dendrite. This involves a com-



Fig. 7. Growth dynamics of the crystal. (a) Sequence of dendrite growth showing the initial nucleus and the dendrite length ðlÞ. (b) The plot of instantaneous dendrite length
ðlÞ with time ðtÞ. (c) Variation in final length of the dendrite ðlf Þ for a different average rate of dendrite growth ðdl=dtÞavg corresponding to different substrates. Centroids
corresponding to each substrate is shown with purple colour of corresponding symbol. Scale bar equals 100 lm.
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petition between solvent loss (which increases the concentration
of salt) and diffusion of salt ions towards the leading edge of the
tip (which reduces the concentration of salt in solution). The aver-
age growth rate of dendrites is fastest on the substrate with a
higher evaporation rate and slowest on the substrate with slower
evaporation, as can be seen from Fig. 7c. The centroids data indi-
cates that the final crystal length doesn’t increase much at a higher
growth rate due to more number of nucleation sites.

3.6. Distribution of virus emulating particles within the precipitate

Fluorescent signal from the virus emulating particles (VEP) is
used to track their distribution during droplet precipitation
[7,13]. The particles are neutrally buoyant, charge stabilized and
did not show noticeable surface affinity. The precipitate pattern
of the same solution without VEP does not show any fluorescence
signal. Fig. 8 is obtained after superimposing a fluorescent-based
distribution of VEP onto a bright-field image. The procedure of
image superimposition is shown in Fig. S6 (Supplementary
Information).

The amount of particle deposition on edge and near the center
depends on the flow dynamics during the evaporation and crystal-
lization stage. Fig. 8a shows the fluorescence signal from the over-
all droplet deposition. The particles are deposited majorly near the
periphery of the droplet and at the edge of the crystals. Fig. 8b and
8c show the zoomed-in images at the central and peripheral
regions. The peripheral region on all substrates shows high fluores-
cence signal indicating a higher deposition of particles. The capil-
lary driven flow drives the particles and other solutes towards
the edge, leading to edge deposition. In the central region, PET
shows higher fluorescence signal than other substrates (Fig. 8b).
Some deposits also occur during the recirculation of the fluid in
the interior region. Apart from edge deposition, particles are also
found near the edge of the crystal for all substrates (see Fig. 8). This
deposition can be mainly attributed to the jet flow during the crys-
9

tallization stage [43]. During crystal formation, the solution super-
saturation level near the crystal surface reduces, which derives a
jet flow towards the crystal surface. We suspect that particles
deposited near the crystal periphery are due to this jet flow.
Fig. 8d shows the ratio of fluorescence signal intensity (particle
deposition) acquired over the same spatial window at the central
and the peripheral regions, Ic=Ie. The Ic=Ie is found to be propor-
tional to the evaporation rate. Thus, the glass/PET showed mini-
mum/maximum values of intensity ratios. Even though droplets
evaporate slightly slower on ceramic than on steel, the Ic=Ie is com-
paratively higher on steel. This could be due to the crystal shape
difference between steel (cuboidal) and ceramic (dendritic).

3.7. Exposure of viruses on dried out patterns.

Fig. 9 shows the SEM images of the crystal shapes, patterns, and
zoomed-in images used to identify particle exposure on precipi-
tated deposits. The formation of dendrites on glass and cubical
crystals on steel is also evident from the SEM images Fig. 9a and
9b. Fig. 9c shows the rosette pattern of dendritic crystals from
the nucleation site in the central region. The crystal pattern from
an inner nucleation site in cruciform dendritic shape with branches
radiating out is shown in Fig. 9d. A zoomed-in image over the den-
drite is shown in Fig. 9(e). Here, we can see a spherical protrusion
on the dendrites, possibly due to the nanoparticles infused on the
surface. Similarly, Fig. 9(f) shows the deposits near the droplet
periphery region. Here a uniform layer of mucin is visible with
cracks on the surface. No exact particle could be seen on the crystal
or the edge deposits. Very few spherical protrusions are visible on
the dendrite’s surface, which indicates that particles are mostly
infused inside the dendrites and are not directly exposed on the
substrate. The SEM images of these substrates indicate that during
the evaporation of cough droplets on a different substrate, viruses
may not get directly exposed either on the substrate or the crystals
formed over it, assuming overall similarity in the flow and interfa-



Fig. 8. Superimposed fluorescent and bright-field images of the droplet deposition pattern on the glass, ceramic, steel, and PET substrate from left to right. (a) Zoomed-out
view of deposition. (b) Central region. (c) Peripheral region. (d) Histogram of fluorescent intensity ratios at the center to the edge ðIc=IeÞ of droplet deposition on different
substrates. The fluorescent intensity depicts the extent of particle deposition at the end of crystallization.
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cial characteristics. They are mostly infused inside the cubic or
dendritic crystals (depending on the substrate) or beneath the
mucin layer formed on the substrate’s surface.
4. Conclusions

We have explored the crystallisation dynamics of a complex
system which involves colloids (nano-particles) suspended in a
water based protein-salt solution. Optics based diagnosis shows
that the surrogate respiratory fluid [62] on evaporation exhibits
different flow and crystallization dynamics on different daily-use
substrates (glass, steel, ceramic, and PET) considered in this study.
10
The final deposition pattern in all the substrates showed a thick
edge deposition as reported in earlier works [52–54,82], but the
overall crystallization pattern showed considerable difference
among each substrate. The dendrites and cruciform crystals
[54,68] are the primary crystal shapes formed on glass, ceramic,
and PET substrates, while cubical crystals were formed on steel
surfaces. The plausible reason for the formation of cubical and den-
dritic crystals was also discussed based on mucin adsorption affin-
ity with the substrate. Particle deposition on the evaporating
protein-salt sessile droplet is studied extensively for the first time
and the virus emulating nanoparticles (VEP) were found to be
deposited more on edge due to the capillary flow during droplet



Fig. 9. SEM images of the crystal shapes, patterns, and the infused particles in the crystal. (a) Dendritic crystal on the glass substrate. (b) Cubical crystal on steel substrate (c)
Rosette crystal pattern glass substrate. (d) Crystal pattern showing cruciform dendritic crystal with branches (e) Zoomed-in image on the dendrite surface showing spherical
protrusions (possibly the particles infused inside it). (f) Zoomed-in image on the peripheral region showing mucin deposition with cracks. Scale bars are included in the
figures.
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evaporation. Further, particles are also observed near the crystal
surface. From the perspective of COVID-19, we expect that viruses
are either deposited near the contact line or the crystal surfaces
during drying of virus-laden sessile-droplet on the considered sub-
strates under the assumption that the virus emulating particles
assume the overall flow and interfacial characteristics. The work
explicitly sheds new light on the pandemics by exploring the phy-
sics behind the formation of fomites in surrogate cough droplets.
As the COVID-19 virus is nonmotile, one can expect a direct corre-
lation of observed hydrodynamic and flow behavior between
actual viruses and VEPs. However, surface chemistry and interfa-
cial property differences between actual viruses and VEPs might
still alter the deposition pattern of the viruses to some extent.

As a future scope, one can investigate whether the deposition
will stick to the human skin (palm) when it comes into contact,
which depends on the deposition moisture content and the bond-
ing strength of the crystals and the mucin layer on the surface. The
wide variation in crystal size and shapes will vary the transfer effi-
ciency of contact which can be explored using well-calibrated
shear and compression contact based measurements. The water-
sorption and desorption characteristics of mucin could play a cru-
cial role. Water-sorption and desorption studies as done for mucin
film on glass in earlier study [83] can be done for the present com-
position of solution and on different substrates. Using suitable
safety precautions actual pathogens can be used to study the
pathogen spread in deposits.
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