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ABSTRACT: This study investigates the evaporation of sessile pure water and nano-suspension
drops on viscoelastic polydimethylsiloxane (PDMS) films. We varied the viscoelasticity of the
PDMS films by controlling the curing ratio, and categorized them into three types: stiff (10:1,
20:1, 40:1), soft (60:1, 80:1), and very soft (100:1, 120:1, 140:1, 160:1). On stiff surfaces, pure
water drops initially evaporate in a constant contact radius (CCR) mode, followed by a constant
contact angle (CCA) mode, and finally in a mixed mode of evaporation. Nano-suspension drops
follow the same trend as water drops but with a difference towards the end of their lifetimes,
when a short second CCR mode is observed. Complete evaporation of nano-suspension drops on
stiff substrates leads to particle deposition patterns similar to a coffee ring with cracks and
deposition tails. On soft surfaces, the initial spreading is followed by a pseudo-CCR mode.
Complete evaporation of nano-suspension drops on soft substrates leads to deposits in the form
of a uniform ring with a sharp ox-horn profile. Unexpectedly, the initial spreading is followed by
a mixed mode on very soft substrates, on which wetting ridges pulled up by the vertical
component of surface tension are clearly observed in the vicinity of the contact line. As the
evaporation proceeds, the decreasing contact angle breaks the force balance in the horizontal
direction at the contact line and gives rise to a net horizontal force, which causes the contact line
to recede, transferring the horizontal force to the wetting ridge. Due to the viscoelastic nature of

the very soft substrate, this horizontal force acting on the wetting ridge cannot be completely



countered by the bulk of the substrate underneath. As a result, the wetting ridge moves
horizontally in a viscous-flow way, which also enables the contact line to be continuously
anchored to the ridge and to recede relative to the bulk of the substrate. Consequently, a mixed
mode of evaporation occurs. Complete evaporation of nano-suspension drops on very soft

substrates leads to finger-like deposits.

INTRODUCTION

The evaporation kinetics of and the deposit formation from sessile suspension drops on rigid
substrates have been widely investigated due to their widespread industrial applications such as
those in film coating, nanotechnology and biomedicine. However, deformable substrates are also
of considerable interest as they occur in many practical situations, such as biological sample
analysis using lab-on-a-chip technology', microfluidic devices?, and thermoregulation of the
human body?. In particular, drop evaporation on soft substrates provides a promising low-cost
method for the fabrication of three-dimensional structures at the microscale using capillary
origami®.

To illustrate the evaporation kinetics of drops on soft substrates, let us first briefly summarize
those on rigid substrates. A sessile drop of pure liquid will evaporate in one of three evaporation
modes, namely a constant contact radius (CCR) mode, a constant contact angle (CCA) mode, or
a mixed mode’, the latter involving a variety of different stick-slip behaviours of the contact
line®®. In colloidal drops the evaporation kinetics are accompanied by complex internal and
interfacial flows, leading to a variety of deposition patterns being formed after complete
evaporation. Examples include coffee rings, multiple concentric rings, uniform coverage

deposits, and even complicated finger-like patterns'®-%,



A soft substrate cannot balance the vertical component of surface tension at the contact line of
the drop without deforming, and so a wetting ridge is pulled up at the contact line. Such surface
deformation enables Neumann’s law rather than Young’s law to govern the force balance at the
contact line!>?°. Using transmission X-ray microscopy, Park et al.>! observed the bent cusps of
static wetting ridges whose tips are capable of a small rotation on a viscoelastic silicone gel.
These authors also developed a dual-scale (i.e. microscopic and macroscopic) approach to
analyse the asymmetric geometry of the ridges. In addition, they distinguished three different
mechanisms, specifically, “viscoelastic-braking”, “stick-slipping” and “stick-breaking”
behaviours, which characterise the propagation of the ridges®?. They pointed out that contact line
pinning is weakened by spontaneous spreading of a moderately developed ridge, but enhanced
by cusp bending of a fully developed ridge during the sticking stage of the motion. Moreover,
Kajiya et al.®® proposed the viscous flow of the ridge as another mechanism of drop spreading,
and demonstrated that which mechanism dominates depends on the advancing velocity of the
contact line.

Apart from the wetting ridge at the contact line of the drop, a dimple underneath the drop
induced by capillary pressure was experimentally confirmed by the observation of fluorescent
drops on flexible PDMS substrates by Rusanov?*. However, this study was limited to treating the
viscoelastic layers as semi-infinite bodies and hence neglected the influence of the underlying
stiff glass substrates. By changing the thickness of viscoelastic film, Pericet-Camara et al.?
showed that the underlying substrate has an influence on the depth of the dimple when the

deformation exceeds 8% of the thickness of the soft layer. Furthermore, the profile of the soft

layer has troughs on either side of the ridge. In addition, the theoretical and numerical results of



Yu and Zhao?® indicate that there exists a limiting membrane thickness of the order of a
millimetre below which the thickness of a flexible membrane influences surface deformation.
However, the sessile drops described above did not evaporate significantly due to either the
non-volatile nature of the liquid or the saturated vapor environment. For evaporating drops, Pu
and Severtson®’ observed that a water drop on a highly viscoelastic acrylic polymer surface first
spreads and then undergoes a CCR mode. In contrast, on a stiff PDMS substrate the drop
undergoes a multistep evaporation process comprising CCR, CCA and mixed modes in
sequence. The different evaporation kinetics indicate that the larger wetting ridge formed on
softer substrates promotes the pinning of the contact line, and thus extends the duration of the

1.2 and Lopes and Bonaccurso® for the

CCR mode. A similar conclusion was drawn by Yu et a
evaporation of water drops on PDMS substrates with different viscoelasticities. The soft
substrates shorten the lifetimes of the drops due to a longer CCR mode, which results in a larger
evaporation rate than in a CCA mode”’.

In addition, Lopes and Bonaccurso® added silica microspheres to a water drop in order to
investigate the effect of substrate viscoelasticity on the evaporation-induced particle deposition
patterns. In contrast to a pure water droplet, the contact line re-pins after the CCA mode and a
second CCR mode occurs during the final stage of evaporation. They found that on softer
substrates, although a longer CCR mode occurs, the particles deposit into a less pronounced
coffee ring, indicated by a smaller ratio of deposit heights measured at the centre and the rim of
the coffee ring. This differs from the behaviour on rigid substrates, where the CCR mode
enhances the formation of a coffee ring due to the occurrence of radially outward capillary flow

10,30

transporting particles to the contact line region Instead, Lopes and Bonaccurso®

demonstrated that the receding contact line also enables particles to accumulate at the contact



line, and thus to form a coffee ring. Furthermore, some deposits, whose height depended on the
velocity of the receding contact line, were left behind during the CCA mode.

From the brief review provided above, it is evident that, although the influence of substrate
viscoelasticity on the evaporation of drops of pure liquids has been investigated, there has to date
been only limited work on drops of suspensions and on the resulting particle deposition patterns.
Moreover, the viscoelastic substrates described in the literature, both gel and PDMS, were all
limited to relatively stiff cases, as characterised by Young’s moduli of the order of kPa or MPa in
magnitude>?’?. One may therefore ask, what happens if the Young’s modulus of the substrate is
reduced by several orders to Pa? In particular, does the horizontal (rather than the vertical)
displacement of the soft substrate affect the evaporation kinetics of the drop? Is the motion of
contact line relevant to the motion of the wetting ridge? In order to address these questions, in
the present study we produced PDMS substrates with a broad range of viscoelasticity with shear
moduli ranging from kPa to several Pa. We firstly carried out experiments on the evaporation of
pure water drops to understand the fundamental phenomena, and then we conducted a further
series of experiments with the sessile aqueous SiO: suspension drops. The morphologies of the
deformed substrates after complete evaporation were imaged in order to understand the
interaction between the soft substrates and the drops. The deposition patterns of particles left
behind on the substrates, which were found to be strong functions of both the evaporation

kinetics and the surface deformation, were also observed.

MATERIALS AND METHODS
PDMS solutions with various viscoelasticities were made by varying the volume ratio of
monomer to curing agent (Sylgard 184, Dow Corning Corporation, USA). To be specific, nine

curing ratios, namely 10:1, 20:1, 40:1, 60:1, 80:1, 100:1, 120:1, 140:1 and 160:1, were prepared



as follows: (1) mix the monomer and curing agent at the required curing ratio and stir the blend
manually with a stainless steel rod; (2) thoroughly mix and degas the mixture in a centrifuge
(Low Speed Centrifuge LC-100, Tomy, Japan) at varying speeds from 1000 rpm to 2000 rpm.
Soft films were fabricated as follows: (1) sonicate a glass slide of thickness 1 mm in a bath of
ethanol (99.5%, Wako Pure Chemical Industries Ltd., Japan) for 10 minutes at 20°C, then rinse
with deionized water and dry under a stream of compressed air; (2) spin coat (Mikasa spincoater
1H-DX2, Japan) PDMS blends on the cleaned glass slides at 1000 rpm for 60 s; (3) dry the
substrate in an oven (DV400, Yamato, Japan) at 80°C for 2 hours. The PDMS films were 75+5
pm thick and their roughness, indicated by Ra, are 0.005, 0.005, 0.004, 0.005, 0.003, 0.002,
0.003, 0.002 and 0.002 pum as the curing ratio increases from 10:1 to 160:1. Both of these
parameters were measured using a 3D laser scanning confocal microscope (LSCM) (OLS4000

LEXT, Japan).
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Figure 1. Shear modulus and phase angle of PDMS samples at 1 Hz reproduced with permission

from Chen et al.*>' and the estimated values for the present PDMS samples.



In Fig. 1 we fitted the data for the shear modulus and phase angle of PDMS measured by Chen
et al.>! with an exponential function, G = 1277.44 exp(—x/11.06), and an arctangent function,
6, = (180/m) arctan(5.12 x 107'%x*°1 4+ 0.08), respectively, where G, 6, and x denote the
shear modulus, phase angle and curing ratio by mass, with correlation coefficients of 0.99976
and 0.96563, respectively. Then we used the fitted functions to estimate the shear moduli and
phase angles of our PDMS samples (red solid and open circles in Fig. 1) so that their
viscoelasticity is quantified. The phase angle here relates the loss and storage moduli, which is 0°
for pure elastic and 90° for pure viscous materials. As shown in Fig. 1, the softness and viscosity
of PDMS increase with the curing ratio. PDMS is hard and mostly elastic for curing ratio 10:1,
but very soft and mostly viscous for curing ratio 160:1.

A water-based solution of 0.125 wt% SiO2 nanoparticles of diameter 80 nm was used as the
nano-suspension. Different concentrations are obtained by diluting the concentrated solution
(Klebosol, AZ Electronic Materials France SAS, Trosly-Breuil, France). To ensure the
homogenous dispersion of particles, the solution was placed in a sealed bottle and sonicated for

30 s prior to each experiment. Meanwhile, pure deionized water drops were used as control

experiments.
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Figure 2. A schematic diagram of the experimental setup.




The experimental setup, illustrated in Fig. 2, consisted of an environmental chamber (PR-3KT,
ESPEC Corp., Japan) to control the relative humidity at 51+5% and temperature at 21+0.5°C. A
CCD camera (STC-TB152USB-AS, SENTECH, Japan) and an LED back light were positioned
at the opposite sides of the XY-axis workbench to image the drop profile at the centre of the
chamber at 4.815 frames per second. The soft substrate was placed on a XY -axis workbench and
a drop of approximately 3 ul was generated by a pipette and gently deposited on to it. Then a 45
cm X 33 cm % 35 cm container was used to cover the drops in order to minimize disturbances due
to ambient convection. The container was roughly about 100 times bigger than the drop. The
real-time video of the profile of the drying drop was processed using ImageJ® and MATLAB®
software. Then the evolutions of the drop wetting angle and the contact diameter in time were
extracted using the assumption of a spherical cap. After each complete evaporation, the
deformed morphologies of the soft substrates and the particle deposits were imaged by both
compact stereo microscope (ZEISS Stemi 305, Carl Zeiss Microscopy, USA) and LSCM. The
latter also provides the profiles of the deposition patterns. In what follows, we will present

representative examples of our results.

RESULTS AND DISCUSSION

In this section, details of the evaporation of pure water drops as well as the associated surface
deformations are presented for each of the different viscoelastic substrates. We then address the
influence of the substrate softness on the evaporation kinetics of water-SiO> suspension drops,
which is compared to that of pure water drops in order to elucidate the effect of the

nanoparticles. Finally, the various deposition patterns on each substrate are described.



Evaporation Kkinetics of pure water drops. We first performed control experiments to
demonstrate how the evaporation of pure water drops proceeds on deformable substrates, as
shown in Fig. 3.

On the stiffest substrate (i.e. the one of curing ratio 10:1), the evaporation starts with a CCR
mode until about 315 s (marked with a red dashed line), which is followed by a CCA mode until
about 1765 s (marked with a magenta dashed line), and finally by a mixed mode until the
complete evaporation. This sequence is in agreement with the previous observation of Pu and
Severtson®’. With increasing substrate softness, the duration of the CCR mode is extended from
315 s on the 10:1 substrate to 1550 s on the 20:1 substrate and 1780 s on the 40:1 substrate,

respectively. Additionally, the CCA mode disappears in the latter two cases.
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Figure 3. Evolution of contact angle and contact diameter over time of pure water drops
evaporating on the different viscoelastic substrates. Red, magenta and green dashed lines mark

the end of (pseudo-) CCR mode, the CCA mode, and the spreading, respectively.

On soft substrates (i.e. for curing ratios of 60:1 and 80:1), the drops spread during the initial
stage of evaporation (marked with a green dashed line). As discussed by Shanahan®? and Carré
and Shanahan®3, the spreading of a drop on a soft substrate is dominated by the excess capillary
energy, which is mainly consumed by the substrate viscoelastic dissipation during surface
deformation, whereas by the viscous dissipation in the drop on a hard substrate. The former
mechanism slows down the initial advance of the contact line so that its spreading is easily
captured in the video. Subsequent to the spreading, the contact line seems to pin there, but, in
reality, it actually recedes very slowly. Such a behaviour of the contact line is not strictly a CCR
mode and is therefore called a pseudo-CCR mode, which lasts for about 1800 s on the 60:1
substrate and 1700 s on the 80:1 substrate. The duration of the CCR mode accounts for 13%,
60%, 67%, 68% and 72% of the drop lifetime as the curing ratio increases from 10:1 to 80:1,
respectively. This gradual increase in the duration of the CCR mode with the substrate softness
suggests that greater surface deformation occurs at the contact line, which gives rise to a greater
energy barrier for contact line motion.

On very soft substrates (i.e. for curing ratios of 100:1, 120:1, 140:1 and 160:1), the contact line
initially advances before retracting. The durations of the initial advancing stage are about 205 s,
250 s, 180 s and 170 s, respectively, for the curing ratios mentioned above. However, on soft
substrates this initial advancing stage is of an extended duration (340 s for 60:1 and 330 s for
80:1). After spreading, the contact line recedes on very soft substrates, leading to the mixed

mode of evaporation. This behaviour occurs only on very soft substrates and, to the best of our
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knowledge, is reported for the first time here. This behaviour is particularly unexpected given the
similar roughness of all the substrates (which affects the contact angle hysteresis and hence the
pinning behaviour®**). According to our results for stiff and soft substrates, and those reported in
references?’?%3%, the contact line should have been prevented from retreating by the prominent
wetting ridge formed on these very soft substrates. However, the fact is that the contact line
recedes not only in the evaporation of pure water drops but also in that of nano-suspension drops,
where the presence of particles is capable of strengthening the pinning behaviour?®. We will
analyse this seemingly paradoxical result in a later section.

Surface deformation after complete evaporation of pure water drops. As discussed above,
the evaporation kinetics of drops as well as the behavior of the contact line depends strongly on
the wetting ridge formed on soft substrates, whose height is proportional to the ratio of the
vertical component of surface tension to the shear modulus of the substrate®®. We imaged the
substrates prior to drop deposition, immediately after drop drying, 10 hours after drop drying,
and several days later, as shown in Fig. 4, in order to gain insight into the different surface

deformations of the substrates after complete evaporation.
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Figure 4. Surface deformations of the different viscoelastic substrates imaged at different
instants: prior to drop deposition (for a reference), immediately after drop drying, 10 hours after
drop drying, and several days later. The blue and red dashed lines mark the position of the initial
contact line (CL) on stiff substrates and the farthest position of the contact line after drop
spreading on soft and very soft substrates, respectively. The blue arrows point to the remains of
wetting ridge (WR) on soft substrates, which are located at the farthest positions of the contact

line. The magenta scale bars in all of the images are 400 um.
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On stiff substrates (10:1, 20:1, 40:1), no trace of the wetting ridge is apparent after complete
evaporation due to the fact that surface deformation recovers elastically and instantaneously as
soon as the surface tension force disappears. In contrast, the wetting ridge on soft substrates
(60:1, 80:1) is clearly visible after the drop evaporates, and is roughly located at the farthest
position of the contact line due to the drop spreading. Nevertheless, the wetting ridge gradually
disappears and the substrate recovers in approximately 10 hours. Such a response of strain to
stress corresponds to a high elastic deformation of the viscoelastic material. On the other hand,
very soft substrates (100:1-160:1) exhibit permanent deformations, which remain even several
days after drop evaporation. Essentially, very soft substrates deform plastically, similarly to the
unrecoverable deformation of stretched chewing gum. Using a higher magnification microscope,
details of the wavy morphologies of the deformed substrates are shown in the bottom images in
Fig. 4, labelled “Local view”.

The differing deformation relaxations of these substrates are determined by the two
characteristic aspects of viscoelastic materials, namely their elastic and viscous properties. The
former is responsible for the elastic (reversible) deformation while the latter is responsible for the
plastic (irreversible) deformation. We have observed three different deformation regimes: elastic
deformation of stiff substrates, mixed (viscoelastic) deformation of soft substrates, and plastic
deformation of very soft substrates, which clearly indicate that with increasing curing ratio, the
viscous component of the viscoelastic substrates increases whereas the elastic component

decreases.
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Figure 5. The height of the wetting ridge after complete evaporation plotted as a function of the

curing ratio and the shear modulus of the substrate.

Fig. 5 shows the height of the wetting ridge after complete evaporation, plotted as a function of
the curing ratio and the shear modulus of the substrate. On stiffer substrates (10:1-40:1), the
wetting ridge quickly recovers after drop evaporation due to the elastic deformation. Hence, we
regard the ridge height in these cases as zero. As the substrate softness increases, the substrate
cannot fully balance the surface tension force without deforming, resulting to small deformations
on soft substrates of approximately 0.07 um (60:1) and 0.09 um (80:1), and more pronounced
plastic deformations for very soft substrates of approximately 11.88 pm (100:1), 11.42 pm
(120:1), 16.35 pum (140:1), and 15.94 pm (160:1). Our observations agree well with previous
work by Shanahan and Carré*® in which the height of the wetting ridge was found to be inversely
proportional to the shear modulus of the substrate.

Evaporation kinetics of nano-suspension drops. Let us now turn our attention to nano-
suspension drops. As shown in Fig. 6, on the stiffest substrate (10:1), the drop initially
evaporates in a CCR mode followed by a CCA mode, and then a mixed mode. Increasing

substrate softness lengthens the CCR mode from 350 s on the 10:1 substrate to 1080 s and 1280 s
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on the 20:1 and 40:1 substrates, respectively, and shortens the CCA mode from 1150 s on the

10:1 substrate to 300 s on the 20:1 substrate, while it disappears entirely on the 40:1 substrate.

This behaviour is similar to that of pure water drops on the same substrates, i.e. stiff ones. On

soft substrates (60:1 and 80:1), the drops spread initially, followed by a pseudo-CCR mode of

approximately 1650 s and 1700 s on the 60:1 and 80:1 substrates, respectively. The duration of

the CCR mode accounts for approximately 15%, 44%, 58%, 76% and 78% of the lifetime of the

drops on the substrates mentioned above. Indeed, excluding the initial spreading on the soft

substrates, the CCR mode can constitute as much as 92% and 93% of the lifetime of the drop.

This finding further supports our previous claim that the softness of the substrates enhances the

pinning of the contact line and hence the CCR mode. On the other hand, the drops on the very

soft substrates (100:1-160:1) undergo a mixed mode after initial spreading.
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Figure 6. Evolution of contact angle and contact diameter over time of nano-suspension drops
evaporating on different viscoelastic substrates. Red circles mark the second CCR mode on the
stiffer substrates. Red, magenta and green dashed lines mark the end of the CCR mode, the CCA

mode, and the initial spreading, respectively.

The addition of nanoparticles results in re-pining of the contact line near the end of the
evaporation on stiff substrates due to particle deposition impeding contact line motion®.
Additionally, the duration of the CCR mode for nano-suspension drops (15%, 44%, 58%, 76%
and 78%) on stiff and soft surfaces (10:1, 20:1, 40:1, 60:1 and 80:1) are compared with those of
pure water drops (13%, 60%, 67%, 68% and 72%), respectively. This comparison indicates that
generally, the CCR mode lasts longer for nano-suspension drops due to the enhancement of
contact line pinning by the particles. The 20:1 and 40:1 substrates on which the CCR mode is
shorter are outliers, probably arising from the preferential pinning of one side of the contact line
on these substrates. The second CCR mode observed for stiff substrates may influence the final

deposition pattern, which we discuss in a later section.
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Figure 7. Representative images of the evaporation of nano-suspension drops on different
viscoelastic substrates. The red and green dashed lines mark the initial contact dimeter and the
contact diameter in the second CCR mode, respectively, and the blue solid line marks the
maximum contact diameter. The ellipses show zooms of the contact line, and the arrows point at
the contact line (CL), the top surface of the substrate (TSS), and the surface deformation (SD),

respectively.

Wetting ridge and contact line motion dynamics. Fig. 7 shows representative images of the
evaporation of nano-suspension drops on each type of substrate. The initial contact diameter and
the contact diameter in the second CCR mode are marked by the red and green dashed lines,
respectively, and the maximum contact diameter by the blue solid line. In the top left and top
centre images, the contact line (CL) of the drop and the top surface of the substrate (TSS) are
aligned on stiff and soft substrates and the wetting ridge is too small to be captured by the CCD

camera. On the other hand, in the top right image, the wetting ridge extending from the CL to the
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TSS on very soft substrates is readily apparent. Similar wetting ridges occur for drops on

lubricant-impregnated textured surfaces’-8

. More significantly, we observe that a highly
irregular and broad wetting ridge, like a bump, is formed inside the original wetted area for the
very soft substrates. This is very different from the highly regular ring-like deformation which
occurs for the other substrates.

Inspired by the motion of the wetting ridges on the very soft substrates, we relate the
unexpected mixed mode observed here to the dynamics of the wetting ridge. Fig. 8 illustrates
two regimes of wetting ridge dynamics (denoted as Regimes 1 and 2) which occur in succession
when an evaporating drop recedes on a very soft substrate.

In Regime 1, the decrease in the contact angle as the drop evaporates leads to an increase in the
surface tension force in the horizontal direction, encouraging the contact line to depin. The
contact line attempting to depin transmits a horizontal force to the wetting ridge. Due to its
viscoelastic nature, the very soft substrate behaves like a viscous liquid and cannot counter this
horizontal force. Hence, the ridge moves in a viscous-flow way (i.e. creep deformation®>*°), as
shown in Fig. 8. The ridge moves from its old position (denoted by a red dot) to its new position
(denoted by a red star). The ridge is large enough to tightly anchor the contact line, preventing it
from depinning, and so the ridge and the CL the move together. This results in the observed
mixed mode, with simultaneous decrease in the contact angle and the contact diameter shown in

Fig. 6. This is similar to the continuous slip of an advancing drop on a gel substrate when the

viscous-flow regime dominates?.
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Figure 8. Schematic illustration of the regimes of wetting ridge dynamics when the contact line
recedes on viscoelastic substrates. Regime 1: The ridge moves from its old position (denoted by
a red dot) to its new position (denoted by a red star) with the contact line. Regime 2: The
retraction of the drop is faster than the substrate can cope with, leading to contact line slipping.
The new ridge grows (shown by the green star and arrow), while the height of the old ridge
decreases (shown by the red dot and arrow), but the old ridge (shown by the black dashed line)
cannot fully recover its original shape due to the plastic deformation. The inset shows the height
profiles of the surface deformation on very soft substrates. The soft substrates are harder to move
horizontally than the very soft ones, and when the drop re-pins the old ridge fully recovers

(shown by the red dot and arrow) as the new ridge grows (shown by the green star and arrow).

This behaviour of the contact line is qualitatively different from the usual pinning or depinning
behaviour, and the anchoring of the contact line to the wetting ridge means that, in spite of the

plastic deformation, the retraction of the drop does not to leave a wetting ridge behind at its old
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position. This is clearly demonstrated by the bump-like surface deformation occurring inside,
rather than at, the maximum diameter of the contact line in our experiments, as shown in Fig. 7.
Furthermore, the horizontal motion of the wetting ridge compresses the substrate under the drop,
generating a local peak in the surface deformation rather than the smooth dimple previously
reported in the literature’>. The inset in Fig. 8 shows the height profiles of the surface
deformation on the very soft substrates after the evaporation of a water drop which clearly
demonstrate this behaviour.

In Regime 2, the retraction of the drop is faster than the substrate can cope with, leading to
contact line slipping®>?*. We ascribe the bump-like surface deformation to the combined effects
of the plastic deformation of the very soft substrate (shown in Fig. 4) and Regime 2 wetting ridge
dynamics (shown in the bottom left image in Fig. 8). When a slip event occurs, the contact line
moves to its new position, re-pins, and forms a new wetting ridge. As the new wetting ridge
grows (shown by the green star and arrow) and substrate material is transferred from the old
ridge, whose height decreases (shown by the red dot and arrow). The old wetting ridge (denoted
by the black dashed line) cannot fully recover its original shape due to the plastic deformation,
leading to it having a relatively smooth outer slope.

Stiff substrates tend to deform elastically, and, unlike the very soft substrates, are not
viscoelastic enough to trigger the horizontal motion of the wetting ridge in a viscous-flow way.
This means that the wetting ridge can only grow in the vertical direction, but not move in the
horizontal direction. Once a drop depins the old wetting ridge fully recovers (shown by the red
circle and arrow) and a new ridge forms at the new location of the drop, as also shown in Fig. 8.
For these substrates, no trace of the old wetting ridge remains outside the perimeter of the drop,

as shown in the bottom right image in Fig. 8.
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Let us now focus on the trigger for the transition from Regime 1 to Regime 2 in the wetting

ridge dynamics.
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Figure 9. Evolution of the velocity of contact line of nano-suspension drops on the four softest
substrates with time. Open circles indicate the transition from Regime 1 to Regime 2. The
horizontal red dashed line separates the initial spreading and the subsequent receding of the

contact line.

Fig. 9 shows the evolution of the velocity of the contact line for the four softest substrates
(100:1-160:1) with time. Initially, the drops spread (i.e. have positive velocity) in each case.
Then, the drops begin to slowly recede at nearly constant velocity in Regime 1 until they rapidly
accelerate near the end of the evaporation at approximately 2150 s or later. This rapid
acceleration coincides with the transition from Regime 1 to Regime 2, which is indicated by the
open circles in Fig. 9. Hence, we can safely assert at this point that the transition to Regime 2 is
dependent on the contact line velocity being faster than the viscous flow of the substrate.

The above discussion makes clear that the dynamics of a wetting ridge not only affect the final
substrate deformation, but also the contact line behaviour and the evaporation kinetics of the

evaporating drop. In particular, we found that, depending on the receding velocity of contact line,
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two different regimes dominate in succession on very soft substrates. Moreover, we elucidated
the dual roles of the wetting ridge on the contact line behaviour. On one hand, the vertical
displacement of the wetting ridge can strengthen the pinning of the contact line. The higher the
ridge is, the harder the contact line pins. This effect is independent of how viscoelastic the
substrates are. On the other hand, the horizontal motion of the wetting ridge can induce the
contact line to recede as long as the substrate is soft enough. As a result of these effects in
combination, the CCR mode is extended on stiff and soft substrates, while a mixed mode
accounts for most of the lifetime of the drop on very soft substrates.

Deposition patterns of nanoparticles. Fig. 10 shows the deposition patterns left behind after
the complete evaporation of nano-suspension drops on each of the three different types of
substrates. It is immediately apparent from the images shown in Fig. 10 that each type of surface
results in a different kind of deposition pattern. On stiff substrates, particle deposits resemble a
coffee ring with cracks and deposition tails. The radially- and circumferentially-oriented cracks
are induced by a buckling instability, and are a common occurrence in the drying of colloidal
drops on rigid substrates**#>. The deposition tails are located between the initial position of the
contact line and that in the second CCR stage, indicating their formation occurs during the
recession of the contact line (during either a CCA or a mixed mode). When the drop depins, the
contact line is likely to remain pinned locally due to one or more randomly located surface
defects, causing the depositing particles to form deposition tails''. The rest of contact line,
meanwhile, recedes uniformly leading to an otherwise circular deposit. The diameters of the
deposition rings coincide with the contact diameters in the second CCR mode, indicating that the
nanoparticles are mainly deposited in this stage. On soft substrates, uniform rings with a

diameter comparable to maximum contact diameter are formed. In contrast, on very soft
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substrates, finger-like structures are formed on the crater-like deformed surfaces (see the above
discussion about wetting ridge dynamics). The tips of the deposits lie at the rim of the wetting

ridge which, as discussed earlier, occurs within both the initial and maximum contact diameters.

Stiff substrates Soft substrates Very soft substrates

Figure 10. Deposition patterns left behind after the complete evaporation of nano-suspension
drops on different viscoelastic substrates. The red dashed lines indicate the initial contact
diameter, the blue solid lines indicate the contact diameter in the second CCR mode on the stiff
substrates, and the blue dashed lines indicate the maximum contact diameter after initial

spreading on the soft and the very soft substrates.
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Figure 11. Cross-sectional height profiles of the deposition patterns on stiff substrates without
(left-hand image) and with (right-hand image) large deposition tails. The insets show details of

the local morphologies of the deposits. The magenta scale bars in the optical images are 20 pum.

Fig. 11 shows the cross-sectional height profiles of the deposition patterns on stiff substrates
both with and without deposition tails, as well as details of the local morphologies of the
deposits. The cross-sectional profiles of the ring deposits shown in the left-hand image in Fig. 11
are symmetrical arches with round peaks, while the symmetry of those is broken by the presence
of the deposition tails described previously, shown in the right-hand image in Fig. 11.

Fig. 12 shows that the deposition patterns on soft substrates have a slightly different shape to
those on stiff substrates. Specifically, the uniform ring deposits shown in Fig. 12 are thinner than
those shown in Fig. 11, and their cross-sectional profiles resemble a pair of sharp ox-horns with a
bent cusp leading toward the centre of the drop, similar to those described previously by Park et

al?'.
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Figure 13. Cross-sectional height profiles of the deposition patterns on very soft substrates. The
insets show details of the local morphologies of the deposits. The magenta scale bars in the

optical images are 40 pm.

Fig. 13 shows the deposition patterns on very soft substrates. The microscope images shown in

the insets reveal that the substrate has a wavy-like deformation whose highest points are covered
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with the fingertips of a finger-like pattern of particles. Previous studies'® *-** linked such
deposition patterns to the instability of the complicated flow in the zone near the contact line,
which can, in general, be due not only to the interaction of the particles, the liquid and the
substrate, but also to various other physical effects, such as capillary flow, Marangoni flow and
interfacial instabilities. We assume that Marangoni flow is negligible in the present experiments
due to the slow evaporation of the drops*’, and thus that capillary flow is dominant!’. Based on
this hypothesis, we infer that the finger-like patterns originate from the highly viscous behaviour
of the substrates, which probably behave like highly viscous layers that disturb the capillary
flow. Additionally, the higher local viscosity results in stronger pinning of the contact line at the
fingertips*® and weaker pinning in between them.

By comparing the different cross-sectional profiles of the deposition patterns, we find that the
height at the centre of these deposits increases with the substrate viscoelasticity: less than 5 pym
on stiff substrates, about 10 um on soft ones, and about 2040 pm on very soft ones. This result
indicates that increasing softness of the substrate reduces the coffee-ring effect, due to the fact
that the deposit profiles in the left-hand image in Fig. 13 are combined profiles of the particle
deposits and the deformation of the underlying substrate. Furthermore, large particle clusters can
be discerned at the edges of the deposits, whereas the particles are homogenously distributed in

their interiors.
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Figure 14. Schematic illustration of the process by which particles are deposited during the
evaporation of nano-suspension drops, where I, II, III and IV denote the random weak pinning
region, the particle aggregation region, the even distribution region, and the low particle
concentration region, respectively, and an example of a deposition pattern which exhibits four

different kinds of deposit in the four different regions.

Fig. 14 schematically illustrates the process by which particles are deposited during the
evaporation of nano-suspension drops. The top left image shows the initial drop containing
homogenously distributed particles. As the evaporation proceeds, the contact line eventually
depins, but is likely to leave some particles behind at one or more randomly located substrate
defects, for example, the deposition tails formed on stiff substrates described previously. This
mechanism responsible for region I of the deposit shown in Fig. 14, the random weak pinning
region. The second mechanism by which capillary flow transports nanoparticles to the contact
line is by the replenishment of liquid due to the enhanced local evaporation during a CCR or a

pseudo-CCR mode. Particles deposited in this manner easily aggregate into large particle
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clusters. This mechanism is responsible for region II of the deposit, the particle aggregation
region. Due to weaker confinement effects at the wedge, the region of the deposit adjacent to
region II, contains relatively dilute particles compared to region II. Hence, these particles are
evenly distributed either singly or in small clusters, corresponding to region III, the even
distribution region. Far away from the contact line in the bulk of the drop, the wedge constraint
disappears which, combined with the majority of the particles being carried to the periphery by
the capillary flow, leads to a sparse distribution of particles in region IV, the low particle
concentration region. After the complete evaporation, these particles form a thin deposition layer
in the central area of the drop.

An example of the deposition pattern described above is shown in the right-hand image in Fig.
14, which clearly exhibits four different kinds of deposit in the four regions described above,
namely (working from the exterior to the interior of the deposit): deposition tails in region I,
large particle clusters in region II, small particle clusters in region III, and a thin deposition layer

in region IV.

CONCLUSIONS

In the present work we studied the evaporation of sessile water and nano-suspension drops on
viscoelastic substrates of a wide range of softness, including both surface deformation and
particle deposition. We find that both the vertical and horizontal motions of the wetting ridge
influence the evaporation kinetics. The vertical growth of the wetting ridge creates a pinning
defect and results in a CCR mode, whereas the horizontal motion of the ridge depends on the
softness of the substrates. In particular, the viscous-flow regime which occurs on very soft
substrates allows the contact line to drag the wetting ridge with it, resulting in a mixed mode of

evaporation. To the best of the authors’ knowledge, this is the first study to describe this
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behaviour. After complete evaporation, nanoparticles form a variety of different deposition
patterns, namely coffee rings with cracks and deposition tails, uniform rings with sharp ox-horn
profiles, and finger-like deposits, on stiff, soft and very soft surfaces, respectively, due to the
different evaporation kinetics and the capillary flow within the evaporating drops.

The wide range of substrate viscoelasticities investigated here not only gives us an overall
view of drop evaporation kinetics and particles deposition patterns, especially on very soft
substrates, but also deepens our understanding of the interaction between the dynamics of the
wetting ridge and the motion of the contact line. In addition, this research may shed new light on
the mechanisms of drop evaporation on rigid and liquid-impregnated surfaces, which may
exhibit similar behaviour. Since the substrate softness influences the nature of the deposits, it
also provides us with a potential toolkit with which to control deposition patterns in a wide range

of industrial applications.
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