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Abstract
With the recent advancements in the development and application of repellent surfaces, both in air and under liquid medium, accurate characterization of repellence behavior is critical in understanding the mechanism behind many observed phenomena and to exploit them for novel applications. Conventionally, the repellence behavior of a surface is characterized by optical measurement of the dynamic contact angle of the target (to be repelled) liquid on the test surface. However, as already established in literature, optical measurements are prone to appreciable error, especially for repellent surfaces with high contact angle. Here, we present an alternative, more accurate force-based characterization method of both friction and adhesion forces of microparticle laden aqueous droplets over various repellent surfaces, where the force signature is captured by probing the surface with a droplet of the test liquid mounted at the tip of a flexible cantilever and then tracking the deflection of the tip of the cantilever as the probe droplet interacts with the surface. A systematic investigation of response of repellent surfaces towards droplets with different microparticle concentration revealed the dependency and sensitivity of measured adhesion and friction signature towards particle concentration. A comparison with theoretical estimate from optical goniometry highlights the deviation of the theoretical data from experimentally measured values and further substantiates the need of such a force-based approach for accurate characterization of repellence behavior. 
Introduction
Understanding the phenomena of adhesion is of vital importance in a spectrum of applications especially bioengineering and surface science.1 The interaction of bacteria and pathogens with a given substrate is critical towards our understanding of how mitigation strategies can be designed to kill, repel and dislodge the harmful bio-agents from surfaces.2 Towards the understanding of this interaction, it is important to first characterize the adhesion force between the substrate and a model system. Typically, the microbes have a characteristics length scale of few microns, therefore, here we aim to elucidate the interaction between a target substrate and bio-agents by measuring the adhesion force between micro-particle laden drops and the substrate. 
Repellant surfaces have garnered considerable attention in the past decade. With the origin in biomimetics and termed it accordingly as the lotus leaf effect, it led to the development of a plethora of engineered surfaces known as ‘superhydrophobic’ (SHP) or that with extreme water repellency.3 However, an accurate estimation of the relevant properties like the surface energy has always been a challenge.4 Among the methods of surface characterization like Wilhemy plate method, du Noüy ring method and capillary rise method, the contact angle measurement is the most commonly used one, but not without complications.5 Simple to carry out, the results depend crucially on the accuracy of image acquisition and its processing.6,7 A more reliable estimate is the dynamic contact angle, which takes into account the contact line movement.8 This method gives the contact angle hysteresis (CAH), conventionally given as the difference in the advancing (ϴa) and receding contact angle (ϴr). All of the imaging based techniques falter at extremely high contact angles primarily owing to the difficulty and uncertainty in detecting the baseline.6 This is where the precision of force based techniques finds relevance.9 They can be deflection based like Atomic Force Microscope (AFM)10 or piezoelectric sensors11 or microelectronic balance systems.12 Nonetheless, they all require expensive instrumentation and complicated procedures to yield the final result.
Recent attempts have been focused on quantifying both adhesion and friction with cantilever-based sensors and by skilfully tuning the existing framework of tools like AFM. Daniel et al., have used capillary tubes as cantilevers to measure the dissipative forces when a droplet  attached to the capillary is bought in contact with repellent surfaces, which translates at a fixed velocity.9 By attaching a microlitre sized droplet of the test liquid on the cantilever and then using the droplet to probe the surface response, detailed mapping can be carried out.13 They have studied the three main class of liquid repellent surfaces with varying physical mechanisms at the contact line: micro/nanostructures showing the lotus-leaf effect, polymeric brush grafted surfaces and lubricated surfaces. They found that the dissipative force is independent of the velocity of droplet movement on superhydrophobic surfaces, but it depends non-linearly with velocity for polymer brush grafted and lubricated surfaces. The results were also corroborated with the observations from optical interferometry. The same study was extended to underliquid systems14,15 where a thin liquid film exists between the droplet and the solid surface and the forces involved are a function of the non dimensional capillary number (ratio of viscous force to surface tension force).16 However, they have not investigated how particle laden drops can affect the adhesion and friction behavior. 
[bookmark: _Hlk52723071]When the constitution of the droplet is not homogenous and consists of another phase as micro/nanoparticles, it can affect the dynamics of wetting significantly.17,18 The introduction of microparticles can affect the fundamental interaction of the fluid with the solid surface due to a number of aspects like adsorption, agglomeration and the internal convection and particle-particle interactions.17,19,20 The interfacial interaction of a particle laden droplet with a solid surface gives rise to a wide range of interesting physical phenomena, among which evaporation is a major one. In evaporating particle laden droplets with pinned contact line, radially varying rate of evaporation induces a capillary flow directed towards the contact line which drags the suspended particles outward, ultimately leaving behind a ring like stain along the contact line after the drop is evaporated (the so-called coffee stain effect).21 By appropriately tuning the size, volume fraction of suspended particles and the structure and wettability of the underlying surface, this aggregation process can be controlled to produce self assembled micro/nanoscale structures in varied geometrical arrangements.22–29 Such evaporation driven colloidal self assembly from particle laden suspension has garnered extensive interest in scientific community because of its practical relevance including its potential in creating photonic bandgap crystals,30,31 applicability in metamaterials research,32–35  its mixed implication in inkjet printing and others.36,37Additionally, with suitable modification, this system involving microparticle laden droplets can be extended to asses the response of non-living surfaces towards active pathogenic loads, which finds direct relevance in the present novel coronavirus pandemic scenario. One way to understand the role of microparticles in the ensuing interfacial dynamics is to study the CAH of particle laden droplets on the target surface. Effect of microparticle concentrations on the CAH has been investigated over hydrophobic glass surfaces.38 However, the impact of particle concentrations has not been studied systematically for repellent surfaces.39
As evident from existing literature, understanding the interaction between particle laden drops and a given repellant surface is still an ongoing research direction. Fundamental to this understanding is the ability to experimentally measure the force signature (namely, the adhesion and friction forces) as the microparticle laden droplet comes in contact with the target substrate.  To investigate such interactions which consists of forces in the range of micro/nanonewtons, complex equipment like AFM40 or highly sensitive force sensors11 are often needed. Here, we have attempted to address this challenge with the aid of a simple instrumentation, circumventing the use such sophisticated tools. Droplet interaction experiments are conducted with an in-house developed experimental setup that combines the simplicity of a capillary tube-based cantilever sensor with the accuracy of high-resolution image acquisition and processing. Imaging based techniques are exploited in the analysis for the time tracking of the displacement and force signature with high spatiotemporal resolution, yielding a cost-effective and rapid tool to decipher such force and wetting signatures.
Experimental
Figure 1. (a) Experimental setup showing the linear stage on which the test surface is held vertically. The droplet is dispensed at the tip of the cantilever which is aligned vertically with a stand. (b) Photograph of the droplet detaching from the surface and the deflection of the cantilver Δx. (c) Typical displacement curve and the force curve showing the steps involved in the adhesion measurement and the point corresponding to Fadh. (d) Experimental setup in which the sample is held horizontally to measure the friction. (e) Photograph of the deflection due friction between the droplet and the substrate (f) Typical force curve for friction measurent and the final plateau region gives Ffric.

The adhesion measurement setup consists of in-house made instrumentation as shown in Figure 1 (a). A fused silica capillary tube (Polymicro Capillary Tubing, Molex, AZ, USA) with length L = 70mm and external diameter d = 410μm (see Fig. 1(b)) is used as a cantilever sensor with a stiffness constant k = 305 mN/m (see Supporting Information (SI), Section S1 for calibration details). A similar experimental system has been used investigate the adhesion of underliquid droplets on polyzwitterionic brushes.41 A 5μl droplet is dispensed at the tip of cantilever manually with a micropipette. The glass slides with coating was fixed vertically over a linear motor stage (Zaber Technologies Inc., BC, Canada) and was translated at a velocity U = 0.5mm/s. The entire process is captured using a video camera (Photron FASTCAM Mini) at 60fps with a strong LED backlight. Video analysis is carried out using an open source video analysis platform42 from which the deflection profile of the cantilever tip (Δx) with respect to time is extracted. Based on this, adhesion measurement consists of four steps – (i) touching, where the droplet is made the first contact with the substrate (ii) loading where the substrate is pushed against the droplet for a distance of 500μm (iii) holding where droplet stays on the substrate for 15s and (iv) retracting where the substrate is translated in the opposite direction at a velocity U = 0.5mm/s. These events are shown in the typical displacement curve in Figure 1 (c) (see Video S1 in Supporting Information (SI)) from which, the force acting on the cantilever can be easily estimated as F = kΔx and is also depicted in the same figure. At the end of the retraction step, the droplet is detached from the substrate when the maximum deflection achieved (Δxmax). Then, adhesion force is calculated as Fadh = kΔxmax as shown in Figure 1 (c). The detachment is fairly quick and the inertia on the cantilever results in an overshoot of Δx from the mean position. For measuring friction, the same setup is used with the exception that the substrate is held horizontally against the droplet dispensed on the cantilever as shown in Figure 1(d & e) and was translated at a velocity of U = 0.5 mm/s. Here again, the temporal variation of the cantilever deflection (Δx) is recorded as shown in Figure 1(f) and is converted into the force using F = kΔx as shown in Figure 1(f). After an initial peak similar to the static friction between two solid surfaces, the curve attains a steady state force which is taken as the friction force Ffric. It should be noted that though the deflection of the cantilever is recorded against time during the experiment, the value of Fadh and Ffric corresponds to a point and a steady state value, respectively, in the curve. 
An important consideration while conducting this experiment would be to ensure that the adhesion between the probing droplet and the target surface is lower than that between the probing droplet and the cantilever, as otherwise the probing droplet might get detached from the cantilever tip and get deposited on the target surface in the retraction phase of adhesion measurement cycle. On the other hand, we will also need to ensure that the probing droplet does not spread on the cantilever surface and therefore a hydrophilic cantilever would not work either. One way to ensure this is to use a moderately hydrophobic cantilever tip (with a static water contact angle 70º-100º) to probe superhydrophobic surfaces with typical water contact angle higher than 140º. Applying a thin polydimethylsiloxane (PDMS) coating on the surface of the capillary helps in this regard. Another important aspect is to choose the outer diameter of the capillary tube and droplet volume accordingly so that the surface tension force at the tip of the capillary can sustain the weight of the probing droplet. For our chosen capillary tube with outer diameter 410μm, we could stably attach probing droplets with volume 10 µL or lower. However, droplets bigger than 10 µL in volume tend to detach from the tip due to gravity.Figure 2. SEM images of (a) S1 (b) S2 (c) S3 coatings on glass surface. Scale bar represents 1μm

We used three coatings to fabricate repellent surfaces on glass slide: Soot (S1), commercially available single part spray (Glaco - ‘Soft99’, S2) and a double part spray (Rust Oleum- ‘NeverWet’, S3). All glass slides were sonicated in ethanol and then rinsed in deionized (DI) water and dried with nitrogen gas before coating. For S1 (soot), we kept the glass slide over a flame for 5 min to allow soot to deposit onto the glass slide and then baked at 1000C for 30min. In the last decade, candle soot inspired repellent coatings have been extensively explored43–47 in literature because of the possibility of creating excellently stable, omniphobic surfaces. The fractal like assembly of nanoscopic soot particles helps sustain a Cassie-Baxter state with a typical water contact angle higher than 150º. For S2, the spray was applied on the glass slide twice with a 30 min interval and cured in ambient temperature for 4 hours. For S3, the base and top coatings were applied on a glass slide with 30 min interval and cured in ambient temperature for 4 hours. Scanning Electron Microscopic (SEM) images, shown in Figure 2 elucidates the presence of hierarchical micro/ nanostructures, which is responsible for the superhydrophobicity. All the three coatings are well established in literature as structured superhydrophobic surfaces with a very high static contact angle and fairly durable for normal operating conditions, if not extreme.43,48,49 Prepared samples were safely kept in a vacuum desiccator before the experiments to avoid contamination. Contact angle was measured using a goniometer (Holmarc Opto-Mechatronics, Kerala, India) by systematic characterization using a 3μl droplet on these substrates, dispensed quasi-statically using a needle dispenser. For dynamic contact angle measurements, the probe liquid is first slowly infused and then withdrawn from the test surface using a dispensing needle tip at a flowrate of 0.5 μl/min connected to a syringe pump (Chemyx, Stafford, TX) and the contact line movement is captured for both the growing as well as shrinking phase of the probe droplet. Subsequently, the contact angles at these phases are extracted using ImageJ which gives ϴa and ϴr respectively. We used polystyrene latex particles with nominal diameter of 1μm (Magsphere Inc., Pasadena, CA, USA), diluted in deionised (DI) water as the working fluid. The concentrations of these microparticles were varied from 0 (no particles) to 5% (w/v) and their interfacial tension (IFT) values were measured with pendant drop method50 (see SI, Section S2).


Results & DiscussionFigure 3. (a) Static contact angle (θ) and (b) Contact angle hysteresis for different concentration of the microparticles in aqueous solution for the three repellent surfaces studied.

The static contact angle gives an outline of the wetting characteristics based on the equilibrium state of the three-phase contact line. Within the range of experiment, the static contact angle remained almost independent of the concentration for all the substrates as shown in Figure 3(a). This occurred despite the reduction in the interfacial tension with increase in the concentration of the microparticles. S2 showed a smaller contact angle compared to S1 and S3, pointing to a reduced repellency for the same concentration of the microparticles. For the dynamic contact angle measurements expressed in the form of contact angle hysteresis ()) as shown in Figure 3(b) for S2, it is observed that CAH is monotonously increasing with the concentration. A similar increase in CAH was observed for microbead suspensions over a hydrophilic glass surface ( < 900) with the increase in volume fraction of the microparticles.38 For S1 and S3, the CAH is minimal and shows no variation with respect to a change in the concentration. This shows the importance of dynamic characterization additional to the static contact angle measurement while dealing with repellant surfaces as the behavior of the surface while approaching a previously unwet surface (advancing stage) and receding from an already wet surface (receding stage) are different. Further, the dynamics involved in the very process of dispensing a sessile droplet may cause errors if not operated correctly.8
We estimated the friction force acting on the droplet during the contact line motion using Furmidge’s relation as51
			(1)		
[bookmark: _Hlk52727716]where a is base radius and  is the surface tension and is plotted in Figure 4(a). Fth is almost invariable for S1 and S3 with the change in the concentration of the microparticles and the values obtained are comparable to that reported for structured superhydrophobic surfaces using a cantilever based force sensor (~ 5μN).9 However for S2, it shows a linearly increasing behavior. The friction force obtained from the cantilever-based measurement (Ffric), is plotted in Figure 4(b), which shows an increasing trend with an increase in the concentration of microparticles for S2 an S3 and a plateau for S1 after the initial rise. To validate our force estimation, we have also measured the tilting angle required for a droplet of chosen volume to start sliding down the surface of interest. The recorded tilt angle was then used in conjunction with the drop size to indirectly estimate the friction force, which is equal to the component of gravity acting along the inclined surface just at the moment when the droplet starts sliding down. For the surface-droplet combination with the lowest friction force (pure water droplet on S1), the calculated average friction from sliding angle data was 27.55 µN while our force apparatus registered an average value of 36.78 µN for a 10 µL droplet. This deviation of ca. 25% is within acceptable accuracy considering the base value in itself is very small. For further details on the sliding angle measurement, please refer to section S3 in the supporting information.Figure 4. (a) Friction force from Furmidge equation (Fth) and (b) Friction (Ffric) and Adhesion force (Fadh)  from for different concentration of the microparticles in aqueous solution for the three repellent surfaces studied. The inset shows values for S1 and S3 for low concentrations.


[bookmark: _Hlk52728616]It is to be noted here that Fth estimated using the optically measured dynamic contact angle values differ significantly from the experimentally obtained Ffric values using the cantilever-based droplet force apparatus. This arises due to the well-known difficulty6,52 in determining baseline of the droplet from the shadow images of contact angle goniometer, which significantly affects the accuracy of measured of contact angle data in superhydrophobic surfaces (contact angle > 150°). For a nominal static contact angle of 162°, an error as small as 1 pixel in fixing the baseline of the droplet can result in an uncertainty of 5° in contact angle measurement.6 To illustrate its impact on the calculated value of Fth, let us assume an instance where the advancing contact angle is 162° and the receding contact angle is 157°. Now, if the receding angle is measured as 152° (an underprediction of 5°) due to the aforementioned error in accurate determination of the base line, the value of Δcosθ  experiences a 123% increment, which, assuming there is no other sources of error, directly corresponds to an error of 123% in the calculated value of friction force. Another responsible factor behind this difference is the possibility of local pinning of probing droplets on the target surface during friction measurement, which gives to a higher measured friction. This is more pronounced in case of S2 (Glaco coating – the one that consistently shows the highest friction and adhesion force among all the three coatings) where the surface contains random agglomeration of nanoscopic structures, as can be seen in the SEM image in Figure 2 (b). Similar observation with Glaco surface coating has earlier been reported by previous researchers53,54 as well. Such agglomerations act as local pinning sites, which contribute to a higher absolute friction and adhesion force as well as a higher difference between experimentally obtained data and the theoretical estimates using Furmidge’s equation. Further, Furmidge’s equation rely on the contact line motion and thus the energy dissipation at the vicinity of the three-phase contact line is considered. This is analogous to the Landau-Levich-Derjaugin (LLD) law for estimating the thickness of lubricant film between a drop and a solid surface, where the dissipation is considered only over the rim for a small width.1 The above mentioned arguments substantiates the requirement of force-based measurement techniques, like the one reported here, for direct evaluation of adhesion and friction characteristics of super-repellent surfaces where the optically captured contact angle signature can be a source of significant uncertainty.   
Now, let us look at the second force estimate from our experiments: Fadh plotted along with Ffric in Figure 4(b).  For Fadh, the entire droplet surface that encountered the solid surface (circular area with radius a) contributes to the force measurement and thus in the deflection of the cantilever. It is perceived as the resistance to a disengagement in the normal direction while the experimentally measured frictional force in the present context (Ffric) is considered as the resistance to detachment in the lateral direction of the substrate. Even though both adhesion and friction correspond to the energy dissipation at the contact line, they differed in their magnitudes. It is clear from Figure 4(b) that Ffric is lower than Fadh for all coatings and concentrations. This maybe attributed to the fundamental difference in the way adhesion and friction contribute to the dissipation at the solid-liquid interface. Adhesion is measured by forceful complete removal of a test droplet from the surface while friction correspond to lateral migration of droplet, where the droplet always maintains contact with the surface (for a visual demonstration, refer to the actual experimental videos in SI, Section S7). While probing on the surface, adhesion measurement is confined to the area of contact (with radius a) whereas friction is extended over a strip with a width a.
[bookmark: _Hlk49512944]Another observation is that Ffric flattened with respect to the concentration at a lower value than Fadh. A 20% reduction in the interfacial tension (see SI, Figure S2(b)) due to the increased concentration of the particles has resulted in about more than 100% increase in Fadh. For structured superhydrophobic surfaces, Ffric is a function of the solid surface fraction (φ) and is independent of the contact line velocity.9 A number of theories has been proposed towards the functional relationship with φ based on the energy considerations of the capillary bridges formed over the micro/nanostructures and their rupture.55–58 It should be noted that Fth based on the Furmidge relation considers an ideal flat surface without any roughness or impurities on the surface (φ = 1). In the present case, φ cannot be quantified accurately as the coating process is mostly uncontrolled on this aspect and it is only ensured that the fractal structures are formed on the substrate, leading to a Cassie-Baxter state of wetting.1 This is verified through roughness measurement and reflection interference contrast microscopy (RICM) with the particle laden droplet over it for S2, the surface that offers the highest adhesion force to the oncoming droplets among all the tested substrates (see SI, Section S4 for details). The topological mapping of S2 was carried out using an Atomic Force Microscopy (AFM) as shown in Figure 5(a). It shows the random micro/nano structures that are responsible for the Cassie-Baxter state of wetting and the consequent superhydrophobicity.59 This is further elucidated by means RICM observation as shown schematically in Figure 5(b). Figure 5(c) illustrates the change in reflected intensity signal from the same observation area before (Figure 5(c-i)) and after (Figure 5(c-ii)) a microparticle laden (5% w/v) water droplet is placed on the surface. The observed interference rings in Figure 5(c-ii) confirm formation of air pockets underneath the dispensed droplet, resulting in a Cassie - Baxter wetting state.
[bookmark: _Hlk49513234]In our experiments, we also observed that Ffric was independent of the contact line velocity U (see SI, Section S5). From a measurement perspective, Fadh and Ffric are directly measured from the cantilever deflection while Fth is obtained from image analysis of both contact radius and the contact angles, making it more prone to appreciable errors in the case of highly repellant surfaces like the ones used in the present study. Contextually, it is to be noted here that the directly measured friction values using our force sensor provides a true representation of the actual response of the surface towards the oncoming droplet and therefore is more reliable than the theoretical estimate using Furmidge’s equation.   Figure 5. (a) AFM image showing the random roughness on the surface with the heights of the micro/nano features (b) Schematic of the RICM setup to probe at the location of the liquid-coating interface (c) RICM micrograph of (i) The sample without any water droplet on the surface (ii) The same position as in (i) with a droplet sitting over as shown in (b), clearly revealing the interference fringes corresponding to the capillary bridges formed between the micro/nanostructures. Scale bar represents 50μm

To understand the role of any force component due to the sedimentation of the particles with time along the contact line (coffee-ring effect), experiments are conducted by systematically varying the holding time (the time of direct contact of the droplet with the test surface) of the probing droplet on the test surface. It did not affect the adhesion force as shown in Figure 6 for a time interval up to 5 min even when we used a probe droplet with 5% (w/v) microdroplet concentration (the highest concentration used in the present study). It is to be noted that the substrates being highly repellant, the droplet is completely detached from the surface once the maximum deflection point of the cantilever is reached during the measurement of Fadh, without leaving any residues on the surface. In the case of hydrophilic substrates like normal quartz glass, the droplet is partially detached and splits into daughter droplets on the substrate, and thus the force measured will correspond to the separation force, which is also associated with formation of a new interface.12,60 Further, we also confirmed that the chemical inhomogeneities were not significant by conducting FTIR (Fourier-transform infrared spectroscopy) measurements over random locations across the sample (see SI, Section S6), which confirms acceptable spatial uniformity of the measured interaction signature.
The results presented here shows that Fadh and Ffric can be a reliable estimate to classify different repellant surfaces. For a better accuracy and spatial averaging, AFM will definitely yield finer measurements,13 however customization of such an expensive instrument is not practical for most research groups. The present setup offers the simplicity in construction, data collection and analysis with minimal infrastructure and investment. With controlled vertical rastering, an adhesion map maybe constructed for repellent surfaces. Several factors can potentially introduce errors in the present system like localized variation in the concentration within the droplet, agglomeration of the microparticles and improper placing of the droplet on the cantilever. Further, the sole dependence on the bending of the cantilever as the measurement mechanism may lead to errors due to fatigue and variation in the k value over time. Nevertheless, it is useful in capturing the fundamental repellence signature, can help differentiating between seemingly similar repellent surfaces with similar static contact angle values and can also be used as a generic interfacial force measuring apparatus. Figure 6. Adhesion force (Fadh) measured for different holding times over the substrates for a concentration of 5% (w/v).

Conclusion
[bookmark: _Hlk52737115][bookmark: _Hlk52737746]We have investigated the frictional and adhesion characteristics of microparticle laden drops over repellent surfaces utilizing a simple yet efficient experimental setup. We have shown that the direct force measurements using droplet attached to a cantilever mechanism is more reliable than a regular optical goniometry for surfaces having high contact angle values where the inherent difficulties in optically imaging the solid-liquid interface and the challenges associated with the dispensation of the probe liquid significantly compromise the accuracy of measurements. Three coatings with different physicochemical properties but similar static water contact angles were investigated using the cantilever-based setup. Further, using the same setup, we were able to quantify the differences in the magnitudes of these forces for spherical polymeric microparticle laden water droplets. Based on the framework laid in this study, future structured investigations targeted at probing the molecular origin and nature of the interaction forces (contribution of van der Waals forces, capillary adhesion, steric effects etc.) between particle laden suspensions and solid surfaces could be developed. This study also provides a foundation towards development of rapid and cost-effective techniques to investigate the mechanism of interaction between surfaces and droplets with active bacterial or viral loads to evaluate the efficiency of antimicrobial/antiviral coatings and to understand the physics of their attachment to specific materials and fabrics, provided appropriate consideration given to account for the viability and motility of the live agents. 
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