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The drying of solute-laden drops is ubiquitous in everyday life, from paints and printers to the raindrops drying on our windows. Nonetheless, scientific interest has primarily focused on understanding the evaporation kinetics on flat surface, with the key parameter of substrate inclination only recently started being addressed. This work focuses on the influence of moderate substrate inclinations at 20° and 40° on the evaporation kinetics and associated deposit patterns of colloidal drops. Inclination altered the shape of the drops which formed a lower contact angle at the upper side of the drop (rear edge) and larger contact angle at the lower side (front edge). As evaporation rate is a function of contact angle, which in turn is a function of inclination, the evaporation lifetime was extended by 43% and 61% for 20° and 40°, respectively, compared to a flat drop. A theoretical approximation of the evaporative flux across the liquid-vapour interface of the drops showed the contribution of each edge to the evaporation kinetics. These differences in the evaporative fluxes altered the internal flows within the drop and in turn the coffee-ring formation mechanism. The particle deposit shape at the two edges for each drop was visualised which combined with the theoretical arguments allowed the proposition of the particle deposition mechanism in inclined drops: inclination added a gravitationally-driven velocity flow component within the drops, which is perpendicular and hence negligible in flat drops. This additional flow hindered or enhanced the number of particles arriving at the rear and front edges of the inclined drops, respectively, and hence influenced the dimensions of the coffee-ring patterns. Eventually, the particle deposits grew sufficiently tall to effectively stagnate the outward flow which resulted in enhanced particle accumulation at the interior of the drops as inclination increased.
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INTRODUCTION
The evaporation of sessile drops has been widely studied in a variety of contexts due to its importance in many applications, such as disease diagnosis (Fang et al., 2006; Gorr et al., 2013; Askounis et al., 2016), forensic tests (Brutin et al., 2011; Smith et al., 2020) and inkjet printing (Meyer et al., 2017; Thokchom et al., 2017) to name a few. In most of these cases, the free evaporation of a single drop evaporating on a flat surface is dominated by its contact angle (Gleason et al., 2016), with numerous external parameters affecting the process, such as substrate heating (Parsa et al., 2015; Kita et al., 2016), humidity (Bou Zeid and Brutin, 2013; Brutin, 2013), wettability (Stauber et al., 2015; Günay et al., 2021), etc., thoroughly explored.
During the drying of a sessile drop on a flat surface, the evaporation flux is higher at the edge of the drop which is replenished by inducing an outward flow from the drop’s centre to the edge (Deegan et al., 1997). This flow is also capable of carrying and depositing solute at the periphery of the drop resulting in ring-like patterns, in a phenomenon aptly described as “coffee-ring” effect in Deegan and co-workers’ seminal work (Deegan et al., 2000). A wide range of different factors affecting the phenomenon have since been reported as a means to either promote or suppress the coffee-ring (Mampallil and Eral, 2018; Parsa et al., 2018; Wilkinson et al., 2021). Some of these various factors include: ambience conditions [e.g., pressure (Askounis et al., 2014), relative humidity (Brutin, 2013)], solute [e.g., size (Parsa et al., 2017b), concentration (Brutin, 2013)], base fluid [e.g., fluid composition (Parsa et al., 2017a), surfactants (Shao et al., 2019)] and substrate [e.g., elasticity (Chen et al., 2020), temperature (Li et al., 2015; Parsa et al., 2015), wettability (Patil et al., 2016; Zhang et al., 2020)].
In real life, however, many drops are positioned at an incline, may they be raindrops on plant leaves or engineered surfaces. These inclined drops are elongated by gravity, i.e., spherical cap assumption becomes invalid, even at small Bond numbers (e.g., [image: image]) (Kim et al., 2017; Thampi and Basavaraj, 2020), with a lower contact angle at the top edge and a higher angle at the bottom edge. In the last few years, the topic of the evaporation of inclined drops started attracting scientific attention. Increasing drop inclination to 90° was reported to lead to faster evaporation kinetics (Kim et al., 2017; Dhar et al., 2020; Tredenick et al., 2021) and irregular coffee-ring patterns (Mondal et al., 2018; Gopu et al., 2020; Logesh Kumar et al., 2021) due to the opposing flows driven by capillary and sedimentation. Nonetheless, the exact pattern formation mechanism remains unclear with parameters such as evaporation rate and drop volume yielding contradictory results (Du and Deegan, 2015; Kim et al., 2021). Additionally, in most studies a wide range of angles was studied but moderate ones 0°–40° remain largely unresolved.
Further research into the parameters affecting the dynamics of drop evaporation and the associated coffee-ring effect on flat and inclined substrates as numerous technological applications such as photonic crystals (Winhard et al., 2021) depend on them. In this work, we focused on the evaporation process of aqueous colloidal drops in the unresolved inclination range of 0°–40°. We started by observing the evaporation of a drop on a flat surface, as a baseline. Then, we followed the evaporation of drops on 20° and 40° inclined substates and compared their evaporation kinetics against the baseline. Next, we described mathematically how the evaporation flux across the liquid-air interface was altered by each inclination and discuss its link to the evaporation process. Lastly, we imaged the coffee-ring patterns the drops left behind and proposed a mechanism describing the underlying physics.
METHODS
Solution and deposition
Stock suspension containing 1 μm polystyrene colloidal particles (Polybead, Polyscience, United States) was diluted in deionised water to desired concentration of 0.1% w/w. Before use, the suspension was sonicated for at least 10 min to ensure stable and uniform particle dispersion. The density of the particles is 1.05 g/cm3 and do not sediment at slower timescale than the evaporation of the drops. Smooth hydrophilic glass substrates were ultrasonically cleaned in deionised water and ethanol for at least 10 min prior to each experiment. The substrates were then dried by compressed air. 9 μl drops were gently deposited by a micropipette onto substrates with the inclination angles, α, of 0, 20 and 40°. The experiments were conducted under controlled ambient conditions of 23 ± 0.5°C temperature and 65 ± 5% relative humidity. A CCD camera and a led-light were employed to capture the evolution over time of the side-view of the drying drops. The temporal evolution of drop profiles (i.e., volume, base diameter, contact angle) were acquired with the conic section method (tangent method) using the drop shape analysis software (DSA4, KRÜSS GmbH).
Characterisation
The final deposition patterns of dried drops were imaged by a laser scanning confocal microscope (LSCM, OLS-5000, Olympus, Japan) and were post-processed.
RESULTS AND DISCUSSION
Inclination and evaporation kinetics
Figure 1 shows the temporal evolution of drop shape at substrate inclination angles, [image: image], of 0°, 20°, and 40°. The symmetrical shape of the drop placed on the flat surface ([image: image] = 0°) deformed when the surface was inclined, forming the asymmetrical drop shape at [image: image] = 20° and 40°.
[image: Figure 1]FIGURE 1 | (A) A colloidal sessile drop deposited on a solid surface inclined by [image: image]. The gravity direction is denoted by g. (B) Snapshots of colloidal drops evaporating at 0°, 20°, and 40° inclination with corresponding mean contact angle, [image: image], rear contact angle, [image: image], and front contact angle, [image: image]. [image: image] is the normalised evaporation time by total evaporation time, [image: image], for each drop. [image: image] at 0°, 20°, and 40° inclination is 2,108, 2,924 and 3,604 s, respectively.
On the flat surface, the drying drop follows the constant contact radius (CCR) evaporation mode during which the contact base remains constant, and the contact angle decreases linearly (Figure 1). No initial spreading was observed for the flat drop, but inclined drops had an initial spreading because of the action of gravity upon deposition (Figure 1). This spreading leads to the largest base for [image: image] = 40°, which is a first indication of the effect of inclination. At [image: image] = 20° and 40°, the contact line and the contact angle on the front side are different than the rear side of the drops. Initially, both drops dry under the CCR mode. However, later, the contact line at the rear edge depins, and the contact angle remains relatively constant while the base diameter decreases (Figure 1). At the front edge, the drop follows the CCR mode until full evaporation. Due to the difference in the behaviour of contact angle and contact line at the two sides of the drops, the drying of inclined drops start with CCR and then transition to mixed mode. As shown in Figure 1, the depinning of the contact line at the rear edge occurs for [image: image] 0.8 and 0.6 for [image: image] = 20° and 40°, respectively. In other words, the higher the [image: image], the shorter is the pinning duration of the contact line. This also affects the transition time from CCR to mixed mode. The temporal evolution of the base diameter of each drop is presented in Figure 2A. The kinetics of the contact angle on the lower and upper sides of the inclined drops, front ([image: image]) and rear ([image: image]) angles, respectively, are compared to the mean contact angle, [image: image], of the flat drop in Figure 2B.
[image: Figure 2]FIGURE 2 | Temporal evolution of the drying 0.1% w/w microspheres drops at 0°, 20°, and 40° inclination: (A) base diameter, and (B) mean contact angle, [image: image], rear contact angle, [image: image], and front contact angle, [image: image].
Figure 3 shows that the temporal evolution of volume is mainly linear for all three cases due to their evaporation mainly under the CCR regime. Additionally, this figure demonstrates the inversely linear relationship between the evaporation time and substrate inclination, [image: image]. In particular, increasing [image: image] to 20° (triangles) decreases the evaporation time by 43%. Further increase of [image: image] to 40° (squares) leads to a further decrease of the evaporation time by 18% or 61% compared to the 20° and flat drop, respectively.
[image: Figure 3]FIGURE 3 | Drop volume of the drying 0.1% w/w microspheres drops drying at 0°, 20°, and 40° inclination over time.
These differences in the evaporation kinetics may be attributed to the different and asymmetrical distribution of evaporation flux along the contact line between the front and rear edges. For an evaporating drop in a quasi-steady state, the evaporative flux is given (Dhar et al., 2020):
[image: image]
where [image: image] is the drop radius, and [image: image] is the distance from the drop apex towards the edge.
As Eq. 1 is valid for a symmetric, spherical cap sessile drop at [image: image] = 0°, we obtain the ratio of evaporative flux which incorporates the effect of [image: image] as:
[image: image]
where [image: image] is the drop contact angle at [image: image] = 0°, and [image: image] corresponds to the effective contact angle at each [image: image].
The plot of Eq. 2 for each inclined drop is depicted in Figure 4 as a function of the normalised radius at [image: image] = 20° and 40°. At both inclinations, the maximum [image: image] appears at the rear edge of the drops, i.e., [image: image], with slightly different values of [image: image] and 1.34 for 20° and 40°, respectively. However, the minima of [image: image] appear at different positions depending on inclination. At [image: image] = 20°, the minimum value of [image: image] appears at [image: image], whereas at [image: image] = 40°, the minimum value of [image: image] at the front edge, [image: image]. This indicates that the minimum at the apex of the symmetric drop shifts due to the asymmetrical shape of the inclined drops, in agreement with the literature (Dhar et al., 2020). The depression of the evaporative flux is stronger in the 40° case, starting at [image: image] and continues to the edge [image: image] whereas in the 20° case, the depression occurs over an almost three times smaller distance from [image: image] 0.865 to the edge [image: image] 0.999. Further, after [image: image] the evaporative flux in the 40° drops decays much faster than in the 20° and should have a considerable effect on the evaporation kinetics.
[image: Figure 4]FIGURE 4 | (A) Normalised evaporative flux of the 0.1% microspheres drops drying at 20° and 40° inclination versus the normalised radius. (B) Schematic illustration of the distribution of the evaporative flux magnitude at the inclinations of 20° and 40°. The length of arrows corresponds to the calculated evaporative flux magnitudes [image: image] and [image: image].
In Figure 4B, we visualise the evaporative flux distribution in the exemplary 20° and 40° drops, where the length of the arrows is indicative of the magnitude of evaporative flux depicted in Figure 4A.
Inclination and coffee-ring formation mechanism
Figure 5 depicts the differences in the particle deposition patterns for each case. At [image: image] = 0°, the deposition pattern is highly symmetrical with a pronounced ring forming at the contact line and some deposition at the interior (Figure 5A). Increasing inclination to 20° yielded the asymmetric pattern in Figure 5B with the rear and front edges (top and bottom sides) being thinner than the flat equivalent, which is quantified by LCSM below. Notably, a particle-free area formed at the centre of the drop, potentially due to the interplay between the enhanced outward fluid flow carrying particles to the rear edge of the drop, where evaporation flux is higher, and the diminished flow towards the front edge, where evaporation flux is lower; as shown in Figure 4. Further increasing the inclination to 40° yielded the completely different asymmetric deposit pattern in Figure 5C. Here, the actual rear and front edges of the ring-like deposits are thinner, and the interior seems to be more densely covered by particles with some streaks resembling the rear edge, which may have formed during the retraction of the rear edge at the later stages of evaporation. The effect of inclination on the width of the ring-like deposits and the particle deposition at the interior is further demonstrated in the insets Figure 5. However, these images provide little evidence on the influence of gravity on particle motion. Hence, in what follows, we imaged and measured the highlighted areas (insets) of the deposits in Figure 5 with high resolution LCSM. These observations should enable us to determine the influence of gravity on particle motion and propose an accurate particle deposition mechanism.
[image: Figure 5]FIGURE 5 | Deposit patterns left behind the drying of 0.1% w/w microspheres drops at (A) 0°, (B) 20°, and (C) 40° inclinations. Insets show a magnification of the deposit patterns at the top and bottom of each case. The scale bar for all insets corresponds to 500 μm.
Figures 6A–C shows the shape of the ring deposits at the rear side of the drops with increasing inclination from 0° to 40° and the corresponding height profiles, which quantify the dimensions of these deposits, are compared in Figure 6D. The ring on the flat substrate appears rather symmetrical with a slightly steeper edge toward the interior followed by randomly distributed particles at the interior, as reported previously (Askounis et al., 2014). As inclination increases, the ring deposit at the rear edge becomes thinner and slightly shorter and the amount of randomly distributed particles at the interior increases, as demonstrated at the bottom part of Figures 6A–C and quantified in the right side of the corresponding height profiles (noisy region in Figure 6D). At the front side, Figures 6E–G, the ring deposits simultaneously become thinner and taller with increasing inclination from 0° to 40°. Notably, there appears to be little particle distribution at the interior in the 20° case (top part of Figure 6F) and substantially more at 40° (top part of Figure 6G).
[image: Figure 6]FIGURE 6 | (A–C) Topography images by LSCM at the rear side with increasing inclination from left to right and (D) corresponding height profiles. (E–G) Topography images by LSCM at the front side with increasing inclination from left to right and (H) corresponding height profiles.
These differences in particle distribution unveiled at the contact line of the drops allows us to postulate the following deposition mechanism (Figure 7): First, we assume a wedge at the edge of the drop such that evaporative flux, J, and induced outward flow, I, are linearly related, as we described previously (Askounis et al., 2011). The particles are large enough and hence they should be subjected to the action of gravity in the form of sedimentation velocity, [image: image], which in the inclined cases has an angular component acting at the same direction and same plane as I and should influence the deposit formation.
[image: Figure 7]FIGURE 7 | Schematic illustrating how inclination affects the mechanism of particle deposition at the rear and front sides of a drop, top and bottom row respectively, for increasing inclination from left to right. In all cases, the deposit becomes large enough to stagnate the flows carrying particles.
On one hand, inclination resulted in smaller drop contact angles at the rear edge and hence a higher evaporation flux (Stauber et al., 2015), which induced a stronger outward flow and in turn carried particles faster at the contact line. At the same time, the smaller contact angle results in less available volume for particle deposition at the wedge. We may surmise, at present, that the particle deposit became sufficiently tall enough, at this side of the drop, to substantially interfere with the outward flow and effectively stagnate the liquid supply, leading to an abrupt depinning of the contact line. This depinning should leave behind a thinner and slightly shorter ring followed by an increasing particle accumulation at the interior, similar to our previous observation for flat nanocolloidal drops (Askounis et al., 2011), albeit here depending on inclination angle (Figure 6D).
At the front edge, inclination led to larger contact angles and hence a weaker outward flow resulting in smaller number of particles arriving at the contact line and the formation of taller and thinner deposits (Figure 6G). Hence, the stagnation of the flow due to the deposit build-up should appear later compared to the rear edge and yield the different particle distribution at the interior of the 40° case (Figure 6G).
The afore mentioned potential mechanism is depicted in Figure 7. In our mechanism so far, gravity only plays an indirect role by altering the shape of the drops. In turn, the shape alters the evaporation kinetics and the corresponding outward flow and particle deposition pattern. However, we should also consider gravity which should have a component acting parallel to the flow, as illustrated in Figure 7. [image: image] countered the action of I at the rear side while enhanced it at the front side, resulting in the observed asymmetric particle deposits in Figure 6.
CONCLUSION
The effect of two different degrees of moderate degrees of inclination, namely, 20° and 40°, on both the evaporation kinetics and the resulting deposit pattern of colloidal drops were investigated. Increasing inclination was found to considerably extend the lifetime of the drops by altering the contact angle at their rear (top) and front (bottom) edges. The evaporation kinetics were quantified by calculating the evaporative flux as a function of contact angle normalised against the flat drop. Furthermore, the particle deposits were measured, and their shape was found to be highly dependent on a combination of the evaporation kinetics, the effect of gravity on particle motion and the available space at the edge of the drops. These findings enabled us to propose a comprehensive mechanism describing the deposit formation for each case. This fundamental work could lead to applications, in the future, to exploit the evaporation kinetics in microscale cooling systems, or the associated coffee-ring effect in patterning applications such forensics or biomedical diagnosis.
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