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Substrate stiffness affects particle distribution pattern in a drying suspension droplet
R. Igbal', Atsushi Matsumoto?, A. Sudeepthi!, Amy Q. Shen?, A. K. Sen""

"Microfluidics Laboratory, Dept. of Mechanical Engineering, Indian Institute of Technology Madras, Chennai, India, 600036
2Micro/Bio/Nanofluidics Unit, Okinawa Institute of Science and Technology Graduate University, Okinawa, Japan, 904-0412

The complexities involved to achieve tailor-made evaporative deposition pattern has remained a challenge. Here, we show that the
morphological pattern of drying suspension droplets can be altered by varying substrate elastic modulus E. We find the particle spot diameter
and spacing between the particles scale with substrate stiffness as dg~E~%1% and s~E~123, respectively. We show that the larger spot
diameter and spacing between particles on a softer substrate is attributed to a higher energy barrier U associated with stronger pinning of the
contact line. The particle deposition pattern is characterized in terms of deposition index, I, whose value is < 0.50 and > 0.75 for centralized
(multilayer) and uniform (monolayer) deposition patterns observed for stiffer and softer substrates, respectively. The outcome of the present
study may find applications in biochemical characterization and analysis of micro/nano particles.

Droplet evaporation, apart from the association with the natural processes such as rain, fog and dew, has found applications in
inkjet printing!, spray cooling?, DNA microarrays®, biochemical assays* and spraying of pesticides’ etc. The topic has been
extensively studied over the past two decades giving rise to important scientific advancements and technological
developments®®. Evaporation of particulated droplets involves rich physicochemical phenomena such as particle/particle
interaction, particle/substrate interaction, patterning and wetting. The seminal work by Deegan et al.'® illustrated that an
outwardly driven flow resulting from the differential evaporation flux drags micro/nano particles toward the three-phase contact
line, which gives rise to the accumulation of particles in the form of a ring; famously known as “the coffee-ring effect”.

The coffee ring effect has been exploited in various applications such as detection of malaria and other biomarkers!!"2,

nanochromatography'? and disease diagnostics'*. On the contrary, the performance of the matrix assisted laser deposition
ionization spectrometry (MALDI)"®, surface enhanced Raman spectroscopy (SERS)'®, fluorescent microarrays!’, and color
filters in LCDs'® are greatly hampered by this effect. Thus an in-depth understanding of the kinetics of evaporation and the
subsequent morphological pattern would have utmost importance for such applications. By varying the physicochemical
parameters such as ambient pressure'?, substrate temperature?*?!, relative humidity??, substrate wettability?, properties of the
solute (shape, size and wettability)>* and solvents (pH)>, presence of the surfactants?® and additives*” and external flow
fields?®?°, the evaporation kinetics and hence the resulting deposition pattern can be controlled. However, the above strategies
are either intrusive (e.g. use of additives and surfactants) or involve complicated procedures (compromising the shape of solute
particles, or composition of the liquid droplets) or external fields (i.e., electrowetting, acoustowetting).

While particles of a drying suspension droplet form coffee-ring patterns on hydrophilic substrates, they form centralized
deposition patterns on hydrophobic substrates 2!, both of which are undesirable for various applications. The goal of this work
is to examine the effect of substrate stiffness on the centralized deposition pattern observed on a hydrophobic substrate. Recent
studies have revealed some of the effects of viscoelastic properties of substrates on the evaporation kinetics and particle
deposition pattern®*32, It was found that water droplets over a stiffer and a softer substrate evaporate with CCA (constant
contact angle) and CCR (constant contact radius) mode respectively. Prolonged pinning and larger contact radius on a softer
substrate led to faster evaporation. Moreover, a smaller receding contact angle and the faster contact line velocity was observed
on a softer substrate. For example, 2 um silica particles inside a water-silica suspension droplet displayed crater-like
(centralized) deposits with no particles at the rim over a stiffer substrate; while straight necklaces were shown aligned toward
the rim, over a softer substrate.

In the present work, we unravel the effect of substrate elasticity on the spot diameter and interdistance between particles. Using
a theoretical model, we explain that in the case of softer substrates, observed larger spot diameter is attributed to a higher energy
barrier; while larger interdistance between particles is attributed to the enhanced elastic deformation. Using polystyrene
particles of different sizes and concentrations and different drop volumes, we show that for increasingly softer substrates, the
spot diameter increases and a transition from a centralized and multilayer deposition pattern to an unexpected uniform and
monolayer deposition pattern is observed. Such uniform and monolayer deposition pattern is difficult to achieve without direct
compromise of liquid droplets (either by changing the shape of the microparticles or varying the pH of the solvents or adding
the surfactants)?*2%, Finally, we introduce a dimensionless parameter “deposition index (I4)” in order to predict and control the
centralized or the uniform deposition pattern. Our results suggests that, [ < 0.50 results in a centralized (multilayer) deposition
patterns over stiffer substrates; while 14 > 0.75 results in uniform (monolayer) deposition patterns over softer substrates.

The schematic of the experimental setup is shown in FIG. S1 (Section S1). Clean glass substrates (thickness ~ 1.1 mm,
Matsunami, Japan) coated with a thin elastomeric layer (Sylgard 184, Dow Corning Toray, Japan) were used as the substrate
for the experiments. To adjust elastic moduli of the substrate, crosslinkers were added to the base polymer at different ratios
ranging from 10:1 to 50: 1 and the cross-linked substrates are herein after referred as P10, P20, P30, P40 and P50. The ratio of
the base polymer to the crosslinkers and the corresponding elastic modulus of the substrates are presented in Table S1. We
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performed experiments with suspension drops (DI water + polystyrene microparticles) of volume ranging 0.5 — 2.0 uL
(maintaining Bo << 1) containing particles of size ranging 0.2 — 6 um at concentrations 10% — 10° particles/mL, with
substrate contact angle of 113 + 10° and stiffness in the range E = 20 — 283 kPa. For each experimental condition, identical
experiments were repeated at least five-times in order to establish the repeatability of the data and the error bars associated with
the data are estimated from the standard deviation of the data set. The materials and methods used for the fabrication of the
substrates of different elastic modulus, preparation of the microbeads at different concentrations and the experimental details
are outlined in SI (see section S1).

FIG.1a depicts top and side views of the dried suspension droplets (of volume 1.0 pL, particle size 1.0 pum, concentration
10° particles/mL) on the different substrates (P10, P30 and P50) of elastic modulus 283, 120 and 20 kPa respectively. The
initial contact radius (just after dispense) of the suspension droplet is indicated by the dotted line in the top views. In all cases,

2 (b) 1400 1.0pm, 1.0pL, 1.309810°
P10 .--—=-300pum p3g _.-------300 um ps5g .-------.300 um ~~Topm 10pL, 13010 L
s \\ S s\ e s\ —4—3.0pm, 1.0pL, 3.503810 /'_
s N y \ / Y —<~3.0pm, 0.5, 3.503810° juL]
/ s | I \ \ —e—3.0p@m, 1.0pL, 1.753810° oL
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FIG. 1. (a) Differences in the morphological pattern (top & side views) of dried suspension droplets over P10 (E~283 kPa), P30 (E~120
kPa) and P50 (E~20 kPa) substrates. (b) Variation of the spot diameter, dg with the substrate elastic modulus, G for different droplet volume,
particle size and concentration.

owing to the hydrophobic nature of the substrates, instead of a coffee-ring, a centralized particle deposition pattern® is
observed. The spot size was obtained from the gray scale intensity plot shown in Fig S2a (Section S2). The diameter of the
dried particle spot was found to be much larger (864 + 39 um) for substrates of lower elastic modulus (i.e. P50 with E =
20 kPa) as compared to that (485 +35 um) for a stiffer substrate (P10 with E = 283 kPa). FIG. 1b shows the variation of the
spot size with the substrate elastic modulus for different droplet volume, particle size and concentration (also see FIG. S3). As
observed, the particle spot diameter decreases with an increase in the substrate elastic modulus due to early receding of the
contact line owing to a smaller energy barrier, which is discussed later. From the experimental data, the spot diameter is
correlated with elastic modulus as d;~E~%15 (with R? = 0.95).

In order to understand the contrasting morphological patterns on substrates of different elastic modulus, we looked into the
evaporation dynamics. The variation of the contact radius 7 (r/7,) and contact angle 6 of drying suspension droplets (volume
1.0 uL, particle size 1 um, concentration 10° particles/mlL) with time £ (t/tg) on substrates of different elastic modulus E =
20 — 283 kPa) is shown in FIG. 2a and S4a in SI. The contact radius r is normalized with respect to the initial contact radius
1o (i.e. 7 = r/7y) and timescale t is normalized with respect to the corresponding evaporation time scale tg (i.e. £ = t/tg).

We observe that compared to a rigid substrate (fp = 0.36, E = 283 kPa), a droplet remains pinned over a much longer time
(fp = 0.94) on a softer substrate, where fp is the dimensionless timescale over which the contact line remains pinned. Since
the contact line of a droplet remains pinned over a prolonged period of time on a softer substrate, the evaporation timescale tg
(which is inversely proportional to the contact radius®?) was found to be lower for smaller substrate stiffness (see FIG.2b). From
FIG. 2a, over a timescale t < fp , when the contact line remains pinned, the contact angle decreases continuously and approach
the receding contact angle 8,.. For £ > fp , the contact line either recedes with a constant contact angle or both the contact radius
and contact angle decrease simultaneously exhibiting a mixed mode of evaporation. The variation of receding contact angle 6,.,
with substrate elastic modulus E is also depicted in FIG. 2b which shows that the receding angle 68, scales with substrates
elastic modulus E following 8,~E%2° (with R? = 0.86 ).
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FIG. 2. (a) Variation of normalized contact radius (# = r/ry) and contact angle (8) over substrates of different elastic modulus: P10
(E~283 kPa),P30 (E~120 kPa) and P50 (E~20 kPa) respectively. (b) Variation in the normalized evaporation timescale and the receding
contact angle with the substrate elastic modulus, E.

We see that in case of a stiffer substrate (E = 283 kPa), the contact line recedes early (fp = 0.36) thus carrying the particles
towards the center of the droplet giving rise to a much smaller particle spot diameter (485 um) and particle deposition over
multiple layers. On the other hand, in case of a softer substrate (E = 20 kPa), pinning of the contact line over a significant part
of the evaporation timescale (fp = 0.94) prevents migration of the particles towards the center resulting in a much larger spot
diameter (i.e. 863 pm) with distribution of particles in the form of a monolayer. Next, we employ a theoretical model to explain
the above phenomena from the argument of free energy.

Droplets with Bond number, Bo « 1, take the shape of a spherical cap (FIG. 3a) due to the absence of the gravimetric flattening
and in that case the droplet volume V and liquid/vapor interfacial area A can be expressed as

_ mrs _ 2 _ 2mr?
=y (1 —cos8)“(2 + cosh), A = reosd)

ey

where, r and 0 are respectively the contact radius and the contact angle of the droplet on a real surface. The Gibbs free energy
G, of the droplet arising from the interfacial energy components can be written as G, =y, A + nr?(ys, — ¥sy), where
Yy, Yspand ygp are the liquid-vapor, solid-liquid and solid-vapor interfacial tension values. Using expression for the interfacial
area from equation (1), we get

G, = ynr - cosHo] 2)

2 2

[(1+cos€)
where 6, is the equilibrium contact angle of the droplet obtained from the Young’s equation. Unlike an ideal surface, the droplet
on a real/non-ideal surface remains out of equilibrium due to surface asperities and chemical inhomogeneity?. Let the droplet
be perturbed from its equilibrium state such that the modified contact radius becomes r =1, + dr and accordingly the
corresponding contact angle is 8 = 8, — §6, where 7, is the equilibrium contact radius (see Fig 3a). On an ideal surface, the
contact angle of a liquid droplet corresponds to the Young’s contact angle which remains constant and the contact radius
decreases during droplet evaporation. However, on a soft substrate, the surface asperities, (see supplementary section S6)
chemical inhomogeneity and more importantly the wetting ridge3*** together would offer an energy barrier U that prevents
smooth receding of the contact line which remains pinned and only contact angle decreases.

(b) 163

10° 10° 10°

E (Pa)
FIG.3. (a) A schematic of the droplet over a hydrophobic substrate. The droplet over ideal and non-ideal surface is denoted by the dotted and
the solid line respectively. (b) Variation of the potential energy barrier (per unit length), U, with the substrate elastic modulus.
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With the progress in evaporation, the volume of the droplet decreases and thus for a droplet pinned at the contact line, the
contact angle decreases. This leads to a lack in capillary equilibrium and the absence of capillary equilibrium is the source of
excess free energy. Free energy of the non-equilibrated droplet can be obtained from the Taylor series expansion (and using

the condition that droplet is at equilibrium at r = 7,, thus (%) = 0 and constant droplet volume dV = 0) as:
=Ty
- (d%Gp (6r)? _ 2mr?yLy(66)2
Gy = (drz )T=To 2 7 2(2+cos8y) S

where 66 is the differences between the actual contact angle (from the experiments, that decreases for a pinned droplet with
the reduction in the volume during evaporation), and the corresponding equilibrium value 8,. Taking 6, as the actual contact
angle at any time instant, we can write §6 = (6, — 6,(t)). Thus, we get

~ (4%Gp (6r)? _ 2nr?yiy(8o—6a(t))*
Gy (t) = (drz )r=1‘0 2 2(2+cos8,) @

During the evaporation process, the actual contact angle 8, decreases as time progresses and thus the excess Gibbs free energy
4G, increases with time. The variation in the excess Gibbs free energy & G, with the actual contact angle 6,,, which is a function
of time t, for different substrate stiffness, is shown in FIG. S5. As observed, when the contact angle attains the receding contact
angle 6,., the excess Gibbs free energy attains the maximum value i.e. §G,,,,, Which overcomes the energy barrier U and the
contact line recedes. Using the previous equation, the maximum excess Gibbs free energy per unit length of the contact line
8Gppyqy OT, the energy barrier U) is obtained as

7o _ 1 2artyy((Bo—6r))?
U= 0Gnax = 2mr x 2(2+c0s6,) ®)

From the above equation, we plot the variation of maximum excess free energy 8G g, or, the energy barrier U with substrate
elastic modulus E (see FIG. 3b). As observed, the energy barrier U is higher for a softer substrate (E = 20 kPa) and thus the
contact line remains pinned for a much longer duration of time fp until the receding contact angle 8, is attained. The higher
energy barrier explains why a suspension droplet remains pinned for a longer time on a softer substrate yielding a more
homogeneous particle distribution pattern.

SEM images of the morphological patterns of the particles with substrates of elastic modulus 283 kPa and 20 kPa are depicted
in FIG. 4a (also see in FIG. S6a and FIG. S6b), respectively. As observed, in the case of a rigid substrate, particles get deposited
in a closed pack multiple layers whereas a loosely packed, homogeneous, uniform monolayer particle deposition is observed
in the case of a softer substrate. Also, in contrast to the rigid substrate in which the particles are packed closely, the interdistance
(s) between the particles is found to be higher in the case of a softer substrate (E = 20 kPa) as compared to that for a stiffer
substrate (E = 283 kPa). The hexagonal polygons obtained from the voronoi diagram*® for both substrates (inset of FIG. 4a
and FIG.S6) shows the ordered arrangements of the particles. In the case of the stiffer substrate, apart from the hexagonal
polygons, other polygons in square, rhombohedral and random shapes lead to the disorderliness in the pattern. The optical
profilometry results (see FIG. S7) suggest a disk-like pattern and uniform pattern for the stiffer and softer substrates,
respectively. The variation in the interparticle distance (s) with substrate elastic modulus E for different particle sizes is
presented in FIG. 4b. From the data, interparticle distance correlates with the substrate elastic modulus as s~E~123,

(b)

—=—1.0 pgm
—e—3.0@m

10° 10°
g 25982 E (Pa)
FIG. 4. (a) Differences in the morphological pattern obtained under SEM for (a) stiffer (E~283 kPa) and softer (E~20kPa) substrate, particle
size 1pm, (b) Variation of the interparticle distance (s), with the substrate elastic modulus, E for two different particle size, 1 and 3 pm
respectively.
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For an evaporative suspension droplet, to predict and control either the formation of a multi-layer centralized deposition pattern

or the formation of a uniform monolayer deposition pattern, we investigated the influence of the suspension droplet volume

(V), size and concentration of the microparticles (a and C), surface tension (y) and the elastic modulus (E) on the evaporative

deposition pattern of the suspension droplet. We introduced a dimensionless parameter (see the section S5 in SI), “deposition
_ 0.33a(CV)°'54(%)0'21

index” I; = ———=%—— which is the ratio of the final deposition contact diameter after the complete evaporation of the
[(8/mVF(O)]3 ,
C . . . . 3sin°0 g .
droplet to the initial (maximum) contact diameter of the droplet when dispensed, where f(0) = A —cos0)2(zrcosd)] is indicative

of the contribution of the contact angle on the volume of the spherical cap. The initial contact line diameter is obtained from

equation 1 and the numerator is obtained from fitting of the data presented in FIG. 1b and FIG. S3. With a very diluted

suspension droplet, a monolayer along with centralized deposition pattern can also be achieved due to the lack of the adequate

number of particles. Thus, to achieve a uniform and a monolayer deposition pattern, the particles concentration (numbers per
2

P.F[2.5Vf(0)]3

unit volume) should be of the order of a critical value given as: C,pi~ , where P.F is the maximum packing fraction.

a2y
1.00
= 1gm, 1.0pL
"'"\‘ s 3pm, 1.0pL
[ v 3gm, 0.5pL
075 &/
;U :" -“\
0.50 e e
S
\v/
0.25 r
10* 10° 10°

E (Pa)
FIG. 5. Variation of deposition index, I;, with E for different particle size and droplet volume.

Figure 5 depicts the variation of I; with E, for different particle size and droplet volume. It is observed that for a particle size
of 1 um and concentration 10°/ul presented in the FIG. 2a, the value of I, is calculated to be 0.41 for the P10 and 0.75 for
the P50 substrates, in agreement with the non-uniform (and multilayers) and uniform (and monolayer) deposition patterns
observed in the case of P10 and P50 substrates respectively. It can be observed that in order to obtain a uniform deposition
pattern, the deposition index I; ~ 0.75 — 0.85, whereas I; ~ 0.25 — 0.50 would yield a non-uniform deposition pattern. Thus,
to obtain best results in characterization and analysis of particles for biological and analytical applications, with other
parameters fixed, substrate stiffness should be chosen judiciously to ensure large values of I .

In summary, we reported the role of substrate elastic modulus on the particle distribution pattern in a drying suspension droplet.
We observed that the particle spot diameter and interparticle distance can be controlled by simply varying the substrate elastic
modulus. The outcome of the present study is relevant for ensuring a uniform and monolayer particle deposition pattern for the
characterization and analysis of microparticles via analytical techniques.

See the supplementary information for the experimental details, rheological characterization, detailed evaporation kinetics
morphological patterns under SEM and optical profilometry.
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