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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Protein-laden milk droplets on hydro
phobic substrates depict cavitated 
structures beyond a critical protein 
concentration. 

• As the initial concentration of protein 
exceeds a threshold value, buckling 
instability initiates and leads to cavi
tated final structures. 

• The buckling phenomena is initiated 
due to imbalance of stresses but is 
driven by evaporation of solvent in the 
droplet.  
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A B S T R A C T   

A colloidal droplet is an integral part of spray-drying based applications such as food, pharmaceuticals, drug 
delivery, etc. The complex physico-chemical dynamics determine the final structures obtained in the process. 
Therefore, a complete understanding of the different forces involved and the evaluation of the governing pa
rameters is crucial to control the final morphologies as desired. The evaporation-induced dynamics are studied in 
milk droplets placed on hydrophobic substrates under natural drying condition. Experiments were performed 
systematically by varying the initial concentration of protein (BSA) in the droplets. The results were analyzed 
using energy-based models. Capillary forces and inter-particle interaction are found to have dominating effects 
upon the particle deposition in the evaporating droplets. Furthermore, inclusion of protein beyond a threshold 
initial concentration leads to buckling instability which produces cavitated structures. Maintenance of hydro
phobicity for a sufficient amount of time is an important criterion to initiate the buckling instability. Our study 
provides physical insights into the dynamics involved in desiccating droplets, including the buckling dynamics. 
These insights have far-reaching implications in spray-based industries.   
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1. Introduction 

Drying colloidal droplets are crucial in many pharmaceutical, food 
and dairy industries [1–4]. The process of drying is complex as it induces 
internal flow field in the droplet which causes collision and aggregation 
of particles leading to the formation of final structures [5,6]. The 
desirable structures are also applicable in the development of sensors, 
electronics and in drug delivery, among many other applications. The 
complex dynamics involved in the process of drying have been studied 
previously using pendant, sessile and levitated droplets [7–13]. For 
instance, the particles in a sessile colloidal droplet are carried along with 
the internal flow which gets deposited in the peripheral region, forming 
a ring. This well-known coffee ring deposit was first investigated by 
Deegan [14]. After this, Weon and Je employed a simple force balance 
model to explain the self-pining mechanism due to solute confinement 
leading to such ring-type deposits in colloidal droplets [15]. They 
determined the order of magnitude of different forces and found that the 
capillary force has a dominating effect upon the self-pinning of droplets. 
The evaporation dynamics involved in a sessile droplet was also studied 
theoretically by Picknett and Bexon and numerically by Hu and Larson 
[16,17]. A mathematical model was developed to evaluate the rate of 
evaporation in such droplets which matches well with the experimental 
data. Maki and Kumar also simulated the evaporation dynamics of a 
sessile colloidal droplet [18]. They solved the governing equations to 
evaluate a gradual variation in particle concentration along the depth of 
the droplet. The particles undergo agglomeration and form a skin at the 
surface of the droplet, thereby influencing the final structures. In addi
tion to the evaporation rates, the final morphologies also depend upon 
the initial composition of the solution. For example, inclusion of ellip
soidal shaped particles eliminates the ring-shaped pattern and a more 
uniform final deposition is obtained in drying sessile droplets [19]. The 
effect of other parameters such as heating and particle sizes were also 
studied using sessile droplets [20]. A regime map was determined by 
Patil et. al for sessile droplets based on the types of deposits formed due 
to self-sorting of particles according to size as well as the effect of heat 
[20]. The transition of patterns from ring to film deposits was theoret
ically modeled by Kaplan and Mahadevan [6]. The transition was 
defined based on the initial concentration of the particles and an inverse 
capillary number which represents the ratio of viscous to capillary 
forces. The properties of the substrate also play a crucial role in deter
mining the patterns of the final deposition [21]. The substrate roughness 
manipulates the contact line dynamics which controls the droplet dy
namics and influences the final deposition patterns. Another important 
governing parameter is the hydrophobicity of the substrate. Droplets 
placed on a hydrophobic substrate usually shows a buckling instability 
leading to a cavity formation in the final structure [22]. Therefore, it can 
be seen that the final morphologies is a resultant of many factors and can 
thus be manipulated by regulating these governing parameters. How
ever, the entire droplet dynamics is a complex interplay of different 
processes and a detailed understanding of these processes is crucial. 

In the current study, we chose milk droplets as the base colloidal 
suspension and studied the evaporation dynamics by varying the initial 
concentration of protein in the droplets. We have chosen BSA as the 
added protein as it is an important milk protein. Drying of protein 
droplets is fundamental in spray drying processes involved in many in
dustries [23]. Spray drying leads to complex physicochemical changes in 
the droplets which are difficult to predict [24]. Therefore, a single 
protein droplet is an excellent platform to understand the drying 
behavior [25]. We have investigated the drying of a single droplet 
placed on a hydrophobic substrate to provide physical insights into the 
dynamics of such droplets. Although, a substrate might induce addi
tional complexities, the evaporation induced dynamics remain unal
tered. Therefore, the results of sessile droplet configuration can provide 
fundamental insights into the drying process of a spray system. Both the 
evaporation and particle dynamics play a crucial role in the develop
ment of the final structures. It was also observed that a threshold initial 

protein concentration is required to initiate buckling instability in the 
droplets which leads to cavitated final structures. All the experiments in 
the current study were performed under natural drying condition to 
avoid additional complexity due to heat. 

2. Material and methods 

2.1. Solution preparation 

Bovine Serum Albumin (BSA) was purchased from Sigma Aldrich, UK 
and was used as is by dissolving in skimmed milk. The skimmed milk 
without adding BSA was used as the base case. The experiments were 
performed by varying the initial concentration of BSA (3 %− 7 % by wt.) 
to understand the effect of protein concentration upon the droplet dy
namics. The fluid properties were estimated by using the mixing law (by 
considering milk droplet as the base case, i.e., 0 wt% BSA) (Table 1). 

2.2. Experiments 

The experiments were performed using droplets of an initial volume 
of 3 µl which were placed on hydrophobic perfluorodecyltrichlorosilane 
(FDTS) surfaces. The surfaces were prepared using silicon base with 
micro pillars systematically arranged on it and then coated with FDTS 
through vapor deposition. The fabrication was done using photolithog
raphy and deep reactive ion etching (DRIE) techniques [26]. The details 
of surface preparation are given elsewhere [27]. 

The droplets were dispensed using an automatic dispenser in a drop 
shape analyser [KRUSS, DSA100] and left to dry at the room tempera
ture of (24–25 ◦C) and relative humidity of 32–37 %. The initial contact 
angles of the droplets were around 95–100◦. The droplet dynamics were 
monitored using shadowgraphy (back-illumination) technique and a 
digital camera [MAKO G, Allied Vision Technologies]. The images were 
captured at 1 fps and processed using ImageJ software. The final 
deposited structures were studied under an optical microscope. The 
schematic of the experimental set-up is shown in Fig. 1. The experiments 
were performed 5 times for each case for repeatability. 

3. Results and discussion 

The capillary number for the droplets used in the current study was 
around 0.2 and hence the effect of gravity was neglected in the study. 
The entire lifetime of the drying droplets can be divided into two stages 
(shown in Fig. 2). The first stage is the pure evaporation stage, when the 
droplets undergo constant contact radius (CCR) mode of evaporation. 
The protein molecules strongly adhere to the substrate which pins the 
contact line throughout the droplet lifetime. The drying is thus charac
terized by a reduction in the droplet contact angle (θ) and its height (H) 
(Fig. 3). Both the height and the contact angle reduce continuously upto 
time t0 (Fig. 2(b)). As the solvent evaporates, a capillary flow is gener
ated within the droplet which carries the solute particles and deposits in 
the peripheral region. The accumulation of the solute particles leads to 
the development of a thick deposit (dt0) at the end of the CCR mode (t0). 
The height (H) is approximately 50 % of the initial height (H0) at this 
point of time. The deposition of a thick ring at the periphery fixes the 
contact angle at θt0

(
∼ 550to600) in time t0 and θt0do not change any 

further throughout the process of drying. This θt0is about 60 % of the 
initial contact angle (θ0). A pseudo contact angle θ′ can then be identi
fied to be formed by the liquid-air interface of the droplet on the 

Table 1 
Properties of the fluids used in the experiments.  

Concentration (wt%) Density (kg/m3) Viscosity (Ns/m2) 

0 1035 0.0015 
3 1038 0.0016 
7 1041 0.0018  
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peripheral deposit (of thickness dt0) (Fig. 2(c)). The evaporation of 
solvent continues which causes a reduction in θ′ and H which continues 
till the end of the drying process (Mode 2 in Fig. 3(b)). This can be 
referred to as the second stage of drying. It is to be noted that the dra
matic change in the trend of the graph of θ (at t0) is due to the consid
eration of the pseudo contact angle θ′ after t0 and not the actual contact 
angle θ which remains constant after t0. The height (H) continues to 
decrease throughout the lifetime of the droplet down to the final deposit 
height “df0” (130–400 µm) (Fig. 2(d)). The mode 2 is followed by 
buckling of the droplets (inset: Fig. 2(d)). Buckling is a structural 
instability which is initiated at the weak points on the droplet surface 
(beyond a critical BSA concentration), leading to a cavity formation on 
the surface. The final deposit is shown in Fig. 2(e) [inset: top view] 
which depicts the buckled final structures. The different stages are 
explained in the following sections. 

3.1. Evaporation dynamics of the droplets 

The droplet placed on the substrate can be considered as a spherical 
cap of initial radius R0, height H0 (at the center) and contact angle θ0. As 

the solvent evaporates, both the H and θ change (as the contact radius is 
fixed at R0) and a new equilibrium state is attained by the system. The 
new equilibrium state of the droplet (at any time instant) requires 
minimization of the total energy of the droplet (E). The temporal evo
lution of the system is thus evaluated by minimizing the total energy of 
the droplet which is given as: 

dE
dt

= 0 (1) 

The rate of change of total energy of the droplet (E) is given as: 

dE
dt

= Ėf + Ėvisc (2) 

(Here, ĖfandĖvisc are the rate of change of free energy of the droplet 
and the viscous dissipation rate respectively). 

The free energy of the droplet can be approximated as: 

Ef = σ π
(
R2 +H2) (3) 

(Here, R is the contact radius which is equivalent to R0 throughout 
and H is the height at the center of the droplet. σ is the coefficient of 
surface tension of the droplet). 

The viscous dissipation rate for the droplet is given as: 

Ėvisc =

∫ R

0
μ u2

δ
2πrdr (4) 

(Here, u is the internal flow velocity. The velocity is considered to be 

uniform across various protein concentrations and δ ∼
̅̅̅̅
rμ
ρu

√
is the 

boundary layer thickness. µ and ρ are the viscosity and density of the 
solution respectively). 

The temporal variation of the droplet height (H) is thus evaluated by 
using Eqs. (1)–(4) as: 

H
dH
dt

= −
2
3

R3/2u5/2 ̅̅̅̅̅μρ√

σ (5) 

Eq. (5) is non-dimensionalized using the initial droplet height H0 as 
the characteristic length scale which gives: 

Fig. 1. Schematic of the experimental set-up.  

Fig. 2. Evaporation dynamics of the droplets (shown only for 7 wt% BSA droplets; H0 ~ 1 mm, θ0 ∼ 920 − 970) [inset: top views of (d) buckling initiation and (e) the 
final cavitated deposit]. 

Fig. 3. Temporal variation of (a) droplet height (non-dimensionalized with the initial value H0) and (b) droplet contact angle (θ) [θ remains constant after t0; the data 
is then plotted for θ’ after t0 (t0 is shown only for one concentration for clarity but the trends are similar across all the cases)] (color online). 
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H
dH
dt

= −
2
3

(6) 

Here, H = H
H0 

and t = t
tc
. The characteristic timescale is thus derived 

as: tc ∼
σH0

2

R3/2u5/2 ̅̅̅̅μρ√ by using Eq. (5). 

The non-dimensionalized Eq. (6) is then integrated to determine the 
temporal variation of the height H as: 

H2
= 1 −

2
3
t (7) 

The appropriateness of the timescale (tc) evaluated by non- 

dimensionalization of Eq. (5) is validated by the collapse of all the H2 
=

(
H
H0

)2 
data plotted against t = t

tc 
across the different solutions used in this 

study (Fig. 4). The presence of particles will not influence the droplet 
dynamics initially due to dilute concentration. However, gradual 
agglomeration of the particles will affect the flow and the dynamics of 
the droplet will deviate from the model. The deviation of experimental 
data from the model is observed towards the end of the droplet lifetime 
in Fig. 4. 

Although the fluid motion and drop shape (droplet dynamics) are 
governed by all the forces acting on the drop, the internal behavior of 
particulate and precipitating components play a significant role. The 
effect of particle dynamics is evident in the rate of decrease of droplet 
volume (Fig. 5). The initial rate of evaporation is similar in all the cases 
due to similar surface area of all the droplets (0–7 wt% BSA). The 
evaporation generated internal flow field (~ O (10− 7) m/s) causes 
deposition of particles in the peripheral region. The deposit reduces the 
surface area available for further evaporation (~15 % reduction for 0 wt 
% BSA and ~28 % for 7 wt% BSA). The reduction in surface area is 
revealed as a reduction in the rate of volumetric decay in the protein 
laden droplets as compared to the base case (pure milk droplets) (Fig. 5). 
The decrease in evaporation rate is more prominent at higher concen
tration of BSA (7 wt%) towards the end as more particles are deposited 
and causes a significant reduction in the surface area available for 
evaporation of the droplets. The surface area reduces continuously upto 
A which is approximately 50–55 % of the initial surface area (A0) of the 
droplet. Henceforth, the area does not change any further. 

3.2. Particle dynamics 

Different forces act upon the particles within the droplet due to both 
inter particle interactions and hydrodynamic interactions. The major 
forces acting upon the particles include the capillary force which is given 
as: Fcap = 2πrpσcos2θ (where, rp is the particle radius ~ 3 nm and θis the 
contact angle formed at the liquid-particle interface. σ is the coefficient 
of surface tension of the droplet). The capillary forces lead to the 

deposition of particles in the peripheral region [15]. The evaporation of 
the solvent induces a flow within the droplet. This internal fluid flow 
exerts a drag force upon the particles which is given as: Fdrag = 6πrpμvi 

(where, vi is the internal flow velocity). The drag force 
(
Fdrag ∼ O

(
10− 17) N

)
is smaller than the capillary forces 

(
Fcap ∼

O
(
10− 11)N

)
by several orders of magnitude and hence will have a 

negligible influence upon the particle dynamics. The interactions be
tween particle-particle and particle-substrate within the droplet exert 

DLVO forces which consist of van der Waals forces Fvan =

( 2A
3
) rp

3

D2(D+2rp)
2 +

( A
12
) rp

D2 and electrostatic forces Felec = κZrpe− κD, where, A 

is Hamaker constant 
(
∼ 5 × 10− 20 J

)
, D is the separation distance be

tween the particles 
(
∼ O

(
10− 9) m

)
, κ− 1 is Debye length (~ O(10− 9) 

m), Z = 63πεε0
( kBT

e
)2tanh

(
zeΨ0
4kBT

)
tanh

(
zeΨs
4kBT

)
; ε and ε0 are the dielectric 

constant and the permittivity of free space respectively, e is electron 
charge, z is surface charge, kB is the Boltzmann constant and T is the 
temperature. Ψ0 and Ψs are the zeta potential of the particles and the 
substrate respectively [28]. 

The DLVO forces (FDLVO = Fvan +Felec) are of the similar orders as the 
capillary forces (Fcap) initially (when the contact angle is θ > 900). 
Therefore, a uniform deposition is formed on the substrate due to par
ticle adhesion (due to DLVO forces) alongside the peripheral particle 
deposition due to the capillary flow. However, it can be perceived from 
the rapid increase in capillary forces that it (Fcap ~ 10− 9 N) soon dom
inates the dynamics of particles within the droplet (Fig. 6). The DLVO 
forces increases gradually throughout the droplet lifetime due to an 
increase in particle interactions with the loss of solvent caused by 
evaporation (Fig. 6). The forces are marginally higher at higher particle 
concentration (FDLVO,7%wt.>FDLVO,3%wt.) due to more interaction among 
particles at higher concentration within the similar droplet volume. This 
leads to a thicker deposition at the periphery at higher particle con
centration (df0 ~ 400 µm and ~ 200 µm at 7 wt% and 3 wt% respec
tively) at the end of the droplet lifetime. 

The experimental set-up is used in the current work to investigate the 
dynamics in the macroscopic level (droplet-system parameters) and is 
not suitable for investigation at the scale of individual particles. The 
inter-particle dynamics require rigorous microscopic investigation for 
the exact estimation of all the forces. However, the qualitative analysis 
of the microscopic (particle-level) forces undertaken in this work dem
onstrates the influence of particle dynamics upon the final deposition. 

3.3. Buckling dynamics of the droplets 

The loss of solvent causes a concentration gradient throughout the 
droplet with the highest concentration of solutes at the droplet surface. 
The protein particles undergo sol-gel transition which leads to the 
development of a thin skin at the droplet surface. This type of skin for
mation has been observed during drying of many colloidal solutions [10, 
13,29]. The skin behaves like an elastic membrane under stress (Pb) due 

Fig. 4. Temporal variation of the droplet height (H) (non-dimensionalized with 
the initial height (H0). Time (t) is non-dimensionalized with tc ∼ c1

σH0
2

R3/2u5/2 ̅̅̅̅μρ√ (c1 

is some constant). (color online). 

Fig. 5. Temporal variation of the volumetric decay rate of the droplets (Vd is 
the droplet volume). (color online). 
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to continuous decrease in the droplet volume caused by the evaporation. 
As the stress (Pb) exceeds the critical value (Pcrit), the membrane un
dergoes buckling instability. Buckling is initiated at the weak points 
with minimum Gaussian curvature on the droplet surface. It initiates as a 
deformation (dent) and proceeds into negative curvatures (i.e, cavity) to 
attain a stable equilibrium state (insets: Fig. 2(d, e)). The elastic mem
brane resists the deformation on account of its elastic energy which is of 

the order of E ~ O
(

Yhs
5/2Hb

3/2

rb

)
[here, Y is Young’s modulus of the 

membrane, hs is the membrane thickness, Hb is the buckled cavity depth, 
and rb is the radius of the buckling cavity.]. The cavities are created 
when the membrane can no longer resist the deformation. Multiple 
cavities indicate multiple weak points on the surface of the membrane 
(Fig. 2e). The energy equation governing the buckling dynamics is then 
given as: 

dQ
dt

=
dW
dt

+
dE
dt

+
d(mdcvT)

dt
+ ρwhfg

dVcav

dt
(8) 

Here, Q is the external heat supplied. Under natural drying condi
tion, Q = 0. The work done due to stress (W ~ PbVcav) and elastic energy 
(E) are of similar orders (O (10− 6) J) which are comparatively lower 
than the other terms on the RHS of Eq. (8). Therefore, Eq. (8) gives a 
scaling approximation as: 

dVcav

dt
∼

cvT
ρwhfg

d(ρdVd)

dt
(9) 

The cavity volume (Vcav) plotted using the approximation Eq. (9) 
shows a reasonable match with the experimental values (Fig. 7(a)) and 
thus justifies the scaling approximation stating that the buckling 

( dVcav
dt

)
is 

driven by evaporation of liquid trapped inside the droplet. 
Furthermore, it has been observed that the buckling is initiated only 

above a threshold concentration of BSA (∅init > 5 % wt.) [the experi

ments were performed for various BSA concentrations, upto 9 wt% to 
confirm the threshold value]. The change in shape of the droplet due to 
evaporation has a direct influence upon the buckling dynamics. Buckling 
is a structural instability which requires a dome-shaped structure as a 
pre-requisite. All the droplets placed on FDTS substrates are hydro
phobic initially (i.e, contact angle, θ > 900) which leads to a dome-type 
shape of the droplet (Fig. 2(a)). However, the hydrophobicity is lost due 
to continuous evaporation of the solvent and decrease in the droplet 
volume. A timescale is defined as tθ<90 which indicates the time required 
by the droplet to lose its hydrophobicity (i.e, θ < 900). This timescale 
should be sufficiently large to allow the sol-gel transition of the proteins 
and the initiation of the buckling phenomena. It has been observed that 
the buckling is initiated almost immediately after the mode 1 is 
completed at time t0. Therefore, a transition criterion is determined as 
the ratio tθ<90

t0 
such that a clear demarcation of ~ 0.15 is obtained to 

distinguish the buckling and no-buckling regimes above an initial BSA 
concentration of 5 wt% (Fig. 7(b)). Furthermore, a plot of the ratio Hb

Rb 

(where, Hb and Rb are the height and the contact radius of the droplet 
respectively) at time t0 shows a gradual increase with an increase in the 
initial concentration of BSA in the droplets. Accordingly, it can be 
observed that a higher value of Hb

Rb 
(> 0.5) is required for the initiation of 

buckling. Both the criteria 
(

tθ<90
t0

≥ 0.15 and Hb
Rb

≥ 0.5
)

indicates that 

hydrophobicity is an important parameter to initiate the buckling phe
nomena although once initiated the buckling is driven solely by the 
evaporation of the solvent in the droplet. 

4. Conclusions 

In this paper, we have explored the different stages of a desiccating 
milk-based droplet placed on a hydrophobic substrate. Earlier works 

Fig. 6. Temporal variation of the capillary forces (Fcap) and DLVO forces (FDLVO) [data is shown for 3 wt% (closed symbols) and 7 wt% of BSA (open symbols) 
respectively]. 

Fig. 7. (a) Temporal variation of cavity volume (shown for droplets of 7 wt% BSA) and (b) Variation of tθ<90
t0 

(primary axis) [tθ<90 :time required by the droplet to lose 
its hydrophobicity which is determined by the contact angle (θ) being less than 900; t0: time required for CCR mode of evaporation (mode 1)]; variation of the ratio of 
droplet height (Hb) to radius (Rb) at t0 (secondary axis). 
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have investigated the deposited patterns formed of different colloidal 
droplets [30–33] but the overall dynamics involved in the drying pro
cess is not yet clear. The particles in a colloidal droplet are driven by 
internal flows which form a ring-type structure on the substrate [14,15]. 
However, the patterns are different in protein droplets and are more 
uniform on the substrate. The plausible reason for this was discussed 
based on inter-particle interactions and strong affinity of the particles to 
the substrate. The variation of protein concentration is studied exten
sively for the first time using milk droplets under natural drying con
dition. This work explains the evaporation dynamics using an 
energy-based model which validates the experimental data. The capil
lary forces and inter-particle interactions are found to be equally 
dominant initially but the capillary force rapidly rises and causes a thick 
peripheral deposition on the substrate. Furthermore, a buckling insta
bility is observed to be initiated beyond a threshold concentration of 
protein in the droplets. The suppression of buckling below the threshold 
concentration of protein is attributed to the loss of hydrophobicity 
before the onset of the sol-gel transition of the protein layer at the sur
face of the droplet. The scaling analysis of the governing energy equa
tion shows that although the buckling is initiated due to imbalance of 
stresses, it is driven by the evaporation of solvent in the droplet. The 
physical insights obtained in this work can be extended to high 
throughput processes like sprays applicable in pharmaceutical, drugs 
and food-based industries. 

As a future scope, further investigation can be carried out using 
different substrates to understand if the dynamics and the governing 
forces alter. Inclusion of multiple proteins will affect the inter-particle 
interaction which plays a crucial role in producing the final structures. 
Therefore, further studies regarding the effect of multiple proteins can 
be carried out using sessile droplets. 
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