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Abstract
Despite the rapid advent of superomniphobic materials, there is a lack of methodologies to accurately investigate the ultra-low energy interactions taking place on these interfaces. For instance, universally-employed models such as the pendant droplet often fail to provide representative information of the wetting properties of superomniphobic surfaces. The delicate balance between the forces acting at the droplet-surface and droplet-needle interfaces can easily result in heavily distorted droplet profiles. Here, we introduce a Cassie-Levitating droplet model, which overcomes the limitations of the pendant droplet model, allowing a distortion-free assessment of the interactions between super(amphi)omniphobic materials and low surface tension liquids. Comparative analysis in wetting of low surface tension fluids such as hexadecane (~27.47 mN/m) on superamphiphobic surfaces via the Cassie-Levitating and pendant droplet models reveal up to 70° (800%) deviations in the estimated contact angle hysteresis. A theoretical framework is developed to assess experimentally observed profile distortions against ideal gravity-induced sagging of droplet shapes during dynamic droplet expansion and contraction cycles. Notably, pendant droplets resulted in up to 50% distortion while the Cassie-Levitating ones achieved less than just 10%. We believe that the Cassie-Levitating droplet model bears ample potential for the characterization of the rapidly emerging family of superomniphobic materials, setting the basis for their future engineering in numerous emerging applications. 


Introduction
Ultra-liquid repellent surfaces are the focus of a rapidly increasing research effort.1-5 This class of materials is classified in superhydrophobic,6 superoleo(amphi)phobic1,7,8 and superomniphobic surfaces3,9,10   as a function of the surface tension of the liquid that they are able to repel. However, understanding of the ultra-low energy solid-liquid interactions taking place on superamphi- and omniphobic surfaces is limited by the development of appropriate analytical approaches and theoretical frameworks.3,11-13 Good et al. has thoroughly investigated the relationship between droplet size and contact angle.14 Kang and Jacobi studied the interaction between contact angle and surface energy on ideal rough solids which are similar to some of the superamphiphobic surfaces investigated here.15 For instance, the pendant droplet model is one of the primary methods for the analysis of solid-liquid interactions.13,16 This involves the formation of a pendant droplet with an accurately controlled volume, which is thereafter placed in contact with a material surface thus forming a sessile droplet. Static contact angle (CA) measurements are obtained directly from the sessile droplet-on-surface image, while contact angle hysteresis (CAH) measurements are achieved by controlled droplet-expansion and contraction cycles. However, the applicability of the pendant droplet model for emerging superamphi- and omniphobic surfaces seems limited.17,18
Notably, with the progress in ultra-liquid repellent materials, the surface energy of probe liquids has decreased significantly, reaching down to 20-27.5 mN/m for superamphiphobic surfaces and as low as 10 mN/m for superomniphobic ones.1,3,19 As a result, when pendant droplets of ultra-low surface energy liquids are formed, the liquids tend to wet and creep up the sides of the needles, which typically possess relatively high surface energies of 700-1100 mN/m.11,17,18,20  Coupled to the lack of adhesion on superamphi- and omni-phobic surfaces, the sessile droplet experiences predominant needle-to-liquid adhesion. This culminates in largely distorted,17,21,22 prolate20 or asymmetrical17 droplet profiles, which are not representative of the solid-liquid interactions.
[bookmark: _Hlk493420530]Significant efforts are being directed towards overcoming these limitations.11,12,17,21,22 Recent apex-free profile fitting methods21,22 have shown enhanced measurement accuracy for needle-inside-droplet profiles for low contact angles (ca. 60-70°). However, large contact angles, as those expected for liquid-repellent materials, are known to be much more sensitive to apex perturbations.12,21,22 Other approaches exploit optical magnification for micro- and macro- contact angle fitting.17 However, they seem to suffer from poor droplet symmetry. In order to enhance receding contact angle (ReCA) sensitivity, the use of much larger hysteresis cycles that ranged up to 7 times the normal volume, have also been considered.11 Unfortunately, this method has only been successfully demonstrated with water, while low-surface tension liquids continue to induce severe profile distortions even with large volumes. Complete revision of the fitting algorithms to account for droplet distortion in standard goniometric instruments is also being pursued and is showing promising results for static measurements.12 Notably, despite much progress, accurate determination of ultra-low surface energy interactions between solid-liquid interfaces via dynamic droplet expansion and contraction cycles is, in many cases, not possible. In light of the growing research and industrial interest in ultra-liquid repellent materials,19,23-25 it is of paramount importance to realize facile and accurate analytical approaches for their characterization. 
Here, we present a novel methodology and theoretical framework to investigate the ultra-low surface energy interactions between ultra-repellent materials and associated liquids. A perturbation-free system was developed by establishing a quasi-ideal Cassie-levitated droplet model (CLM) that resolves the distortion factors acting on the pendant droplet model. The CLM is induced by imparting a Cassie-Baxter’s state of low-fractional wetting to the needle pinning point while shifting the pinning force from an orthogonal to the parrallel imaging plane. This results in an unprecedented demonstration of a symmetric droplet system that is capable of full profile-matching against the Bashforth-Adams model. Average fitting errors of less than 5% were accurately achieved down to droplets of 100 nL. In addition to enhanced profiling sensitivity, accuracy and operational simplicity, the approach demonstrated here provide a highly required, easily applicable tool to investigate the properties of superoleophobic, superamphiphobic and superomniphobic materials. 


Results and Discussion

From the Pedant to the Cassie- Levitated Droplet Model
One of the most established approaches for quantifying the interaction of a surface with a liquid is based on the use of pendant droplets, which form sessile droplets when released on the investigated surface. This is also the basis of more recent contact angle hysteresis approaches, where a pendant droplet is expanded and then contracted on a surface, enabling a comprehensive assessment of the surface’s chemical and physical heterogeneities. The successful use of pendant droplets requires minimizing needle-to-liquid adhesive forces so as to avoid profile disruptions. However, with the advent of superoleo-, amphi- and omni-phobic surfaces, the use of ultra-low surface tension liquids results in significant interactions between the droplet and the needle used for its manipulation. This culminates in undesirable forces along the vertical axis that distort the pendant droplet shape from an oblate to a prolate profile. Figure 1a shows a schematic representation of the ideal and distorted pendant droplet profiles, and the Cassie-levitated droplet model developed here. The distorted pendant droplet is commonly observed with standard steel needles, with the distortion of droplet shapes during both droplet expansion and contraction. It is the most commonly implemented characterization method, but it cannot be reliably applied to the characterization of ultra-low energy interaction. Figure 1b shows an exemplary state of droplet distortion by trying to use the pendant droplet method to characterize the interaction of hexadecane on an adhesive superamphiphobic surface. 
The ideal pendant droplet is achieved via a less wettable needle (Figure 1a), but is still strongly influenced by the needle wetting forces during droplet evolution (i.e. expansion compression-induced creep). Distorted profiles occur primarily during receding droplet tests. The pendulum droplet exploits a contact-free Cassie-Baxter (CB) state at the needle’s contact point, and should be potentially capable of achieving natural droplet growth-decay profiles. However, it experiences forces acting on the vertical plane and requires dynamic optimization of the needle-to-surface distance during contact angle hysteresis measurements. This optimization, usually preformed manually by the user, is not trivial as repulsive forces are experienced by compressed droplets during the droplet expansion part of the cycle, giving rise to excessively flattened oblate droplets. Similarly, during droplet contraction, the minute adhesion forces exerted by the thin capillary tether can result in drawn-out, cylindrically shaped prolate droplets. 
The Cassie-levitated droplet developed here represents the theoretically ideal model where there are no needle-to-droplet forces acting on the Y-Z imaging plane. In this model, forces induced by the capillary tether are eliminated by an axial-rotation of the needle. Notably, in contrast to the Cassie-levitated model (Figure 1 e-g), the distorted pendant model cannot achieve a distortion free imaging plane by simple rotation of the needle axis (Figure 1 b-d) as strong adhesion of the liquid to the needle dominates the resulting profile. For instance, angling by 25° leads to pushing of the droplet upwards against the needle (Figure 1c). Full rotation by 90° leads to further distortion, culminating in a droplet that is elongated in the X-axis, pinned at two locations, the tip and the bent portion of the needle (Figure 1d). 
In stark contrast, the Cassie-levitated model leads to elimination of adhesive forces between the needle-to-liquid interface, allowing the cohesive forces within the droplet to evolve naturally under the influence of the solid surface and gravity (Figure 1 e-g). The thin capillary tether within the in-needle channel holds onto the droplet, preventing on-surface motion. However, the needle-to-droplet forces are shifted from the vertical plane to a plane orthogonal to the imaging one (Figure 1f-g). As a result, the droplet is only loosely tethered to the needle, and is kept in a quasi-levitated fractional contact mode (Figure 1g).
A Theoretical Framework for the Cassie-Levitated Droplet Model

A theoretical framework for the utilization of the Cassie-levitated droplets was implemented alongside the contact angle hysteresis methodology. Figure 2a shows a full expansion/contraction cycle for the established pendant droplet model. Excessive needle-to-liquid adhesion results initially in a distended prolate droplet. Increasing droplet volume improves the spherical profile, but the adhesive distortion near the droplet-needle interface remains. This vertical pull results in a slightly lifted droplet. As a result, contact lines governing the droplet-needle interface exert a non-negligible impact on the droplet profile throughout the entire dynamic contact angle analysis cycle. Notably, deformations induced on the droplet free surface and interfacial contact lines are the most severe at the beginning and at the end of the cycle, when the droplets are small. 
In stark contrast, we have observed that in the Cassie-levitated model, the evolution of contact angle profiles is directed by the natural growth and contraction of the droplet, with no observable impact from the needle’s interaction. This allows its profile evolution during the expansion-contraction cycle to be a representative measure of the surface’s heterogeneities. Figure 2a shows that in the Cassie-levitated model, small initial droplets have a quasi-perfect spherical shape. Volumetric growth of the droplet from 0.1 to 11 μL generates a quasi-ideal oblate profile corresponding to gravity-induced sagging. During the droplet contraction step of the cycle, receding contact lines develop naturally without any indication of external stresses induced by the needle on the droplet’s free surface.
A model for the above observations is proposed by computation of the forces acting on these model droplets: the ideal pendant; the pendulum; the superamphiphobic Cassie-levitated and the orthogonal pendant. Models were developed based on the needles’ surface wetting parameters (Equations S2-5).8,26 The adhesion forces acting on the needle for each model droplet are computed with respect to the vertical Z-axis, which has the strongest impact on droplet profile distortion (Figure 2b). For the Cassie levitated model, the superamphiphobic needle connected orthogonally to the back of the droplet results in no forces acting along the Y-Z imaging plane.
For the ideal pendant model, the use of an amphiphobic needle reduces the droplet-needle adhesion forces. However, the needle remains wettable, resulting in upward drawing forces thus leading to profile distortion in the imaging plane. This effect is known to occur within pendant droplet profiles and decreases when approaching a superamphiphobic state. For the pendulum model, the use of superamphiphobicity eliminates any static adhesion forces by virtue of fractional contact. However, it suffers from dynamic vertical forces, stemming from capillary tether strain and droplet compression (Figure S22). The former exists with a hanging droplet (full or partial gravitational pull), while the latter is induced when a droplet is pressed against a superamphiphobic surface. Unrelaxed droplet compression between the needle and test surface leads to spikes in the vertical forces (Figure S21). It results in droplet profile distortion and thus inaccuracies in contact angle measurements. The pendulum model can achieve a near-ideal droplet profile if the needle-to-surface heights are dynamically optimized to control stress-strain behaviors within the liquid droplet. However, this is very difficult to attain during early-and-final stages of droplet expansion-contraction. The orthogonal pendant model is derived by axially rotating the classical pendant droplet by 90°, but it results in liquid creep along the needle. Despite the absence of vertical forces, horizontal adhesion forces dominate (Figure S18), resulting in distortion of the droplet free surface and an elongated liquid droplet (Figure 1) with significant contact angle variations.
Investigation of Ultra-Repellent Materials with the Cassie-Levitated Droplet Model
The effectiveness of the Cassie levitated model was evaluated via contact angle hysteresis measurements on a series of low energy surfaces that ranged from amphiphobic to superamphiphobic variants (Figure 2c). The relative adhesion was computed by a model that determines the surface retentive force based on dynamic wetting properties of a substrate (Equation S1).27 The detailed fabrication7 of these surfaces is described in the Supporting Information under Materials and Methods. Comparative CAH measurements were obtained with the pendant droplet and Cassie-Levitated model on the same surfaces. Surface amphiphobicity affects both the receding contact angle (ReCA) and advancing contact angle (ACA), and thus the CAH. The ReCA and ACA measurements were performed at a speed of 0.1 µL/s (Supporting Information, Materials and Methods). These dynamic wetting parameters enable the analytical computation of the adhesion forces. These were performed on 3 randomly chosen spots on a substrate. Results from our most optimally performing Cassie-Levitated system indicate minimum experimental variations in surface wetting properties (dynamic contact angles) across the entire substrate (2.5 cm x 2.5 cm). Their wetting properties remain highly stable throughout and even after the experiment. Surface amphiphobicity affects both the CAH and advancing contact angle (ACA), which enables an analytical computation of the adhesion forces. Commonly, superamphiphobic surfaces have the lowest CAH (< 30°), amphiphobic surfaces have an intermediate CAH (40-60°), while adhesive superamphiphobic surfaces have the highest CAH (70-90°). These domains were experimentally determined through the implicit analysis of a range of surfaces (Figure S3-5). Within this range, the most challenging surfaces are the latter adhesive superamphiphobic ones, which are characterized by a high CAH. The high strain-stress forces on the droplet stems from needle adhesion forces that provide sufficient magnitude in overcoming the liquid surface tension and thus significantly deform the droplet shape.
Adhesive superamphiphobicity is a wetting state with contact angles ranging from above 150° to ca. 45° during the droplet expansion and contraction cycle. Droplet profiles can thus be tested vigorously for accuracy throughout the entire CA range. Figure 3a shows that the initial droplet profiles obtained via the distorted pendant model are prolate, instead of the theoretical spherical or oblate shapes. Major distortions occur during both advancing and receding contact angles, with the largest errors and even lack of profiles to compute CAs occurring for small droplet volumes. This is due to the inability of the Young-Laplace’s (Y-L) model in fitting resulting prolate shapes. These highly distorted droplet profiles are attributed to the strong adhesion forces pulling at the bottom and top of the fluid drop. During the contraction part of the cycle, receding droplet profiles even resembled prolate-based hemispherical caps, instead of the expected sphere-based hemispherical caps. These strong droplet profile distortions severely affected the accuracy of CA measurements, as well as with the correlated target surface properties (Figure 3a).
In contrast, the initial profiles obtained with the pendulum droplet model were spherical, enabling measurements in the small-volume range (Figure 3b, insets). However, droplet compression during the advancing contact angle phase led to some errors. The latter increased with increasing droplet volume, where countering superamphiphobic surfaces (needle-to-surface) compressed/twisted the sessile droplet, leading to side-profile distortion. The measurements during the receding contact angle phase were, however, vastly improved over the distorted pendant model. Nonetheless, the presence of the thin capillary tether within the needle draws the droplet free surface upwards, resulting in increased errors during the final phase of receding contact angles (Figure 3b, insets).
Notably, no quantifiable influence from the needle was observed with the Cassie-levitated model (Figure 3c), providing CAH shapes which closely matched theoretical ones for adhesive surfaces. To our knowledge, this is the first highly accurate characterization of an adhesive superamphiphobic state, mirroring those performed with water on adhesive superhydrophobic surfaces (Table 1). In particular, receding angles align with those obtained via highly accurate evaporative techniques.28,29 However, the evaporative method cannot be practically performed with many low surface tension oils owing to their low vapor pressure and high boiling points. The ReCA-CAH of adhesive super-phobicity is characterized by a drop-off beyond a certain receding droplet size, which is indicative of a pinned contact line due to Wenzel wetting. Here, measurements of sub-micrometer droplets were also demonstrated, thus pushing the sensitivity of the analysis down to ca. 100 nL (Figure 3c) from the current range of 1-2 μL.13,17,30
Superamphiphobic materials were thereafter investigated. Their surface has the smallest adhesion force with CA ranging only within 150 ± 20°. The hysteresis loop ideally comprises of two standard plateaus, to be observed during the advancing/receding contact angle phases. Advancing angle behaviors are expected to be very similar to adhesive superamphiphobic surfaces. However, receding angle behaviors are expected to be very different, exchanging the distinctive CA drop-off with a CA plateau. For the distorted pendant droplet model, the initial profiles were also prolate (Figure 4a, insets). Errors and missing data points were most prevalent at the start and end of the cycle. Errors are large owing to poor fitting of prolate shapes via standard Y-L algorithms. The hysteresis loops were not clear, with no distinct ACA and ReCA plateaus (Figure 4a). The lack of adhesion by the substrate resulted in distinctively prolate and elongated droplets at the start and end of the CAH test (Figure 4a, insets).
With the pendulum model, the initial droplet profiles were spherical and small-droplet datasets were obtained (Figure 4b, insets). Contrary to adhesive superamphiphobic surfaces, whose droplet profiles developed symmetrically due to base-pinning, compression induced droplet sliding during expansion was observed. The thin capillary tether within the needle is displaced on one side of the droplet, resulting in asymmetry which is reflected in differentials between the left and right contact angles (LCA and RCAs). This droplet asymmetry persisted throughout the entire volumetric range. The hysteresis loop was affected by the induced noise, and no distinct ACA and ReCA plateaus were detectable (Figure 4b). 
With the Cassie-levitated model, minimal variations within hysteresis contact angles from ideal behaviors for standard superamphiphobic surfaces (CAH < 25°) were observed. The ACA and ReCA plateaus were well-defined. The ACA plateau (149°) was found for volumes between 5 and 10 μL, while the ReCA plateau (137°) was found from 4 to 2 μL. The final ReCA readings tapered off at an average of 88-180 nL at 125-131°, and could be included in the analysis since the receding profiles are completely distortion-free (Figure 4c).
As a final test surface, amphiphobic materials were investigated. These exert an intermediate state of retentive adhesion forces. Droplet profiles on amphiphobic surfaces are also prone to distortion due to the adhesive forces acting at the needle-to-liquid interface. However, the effect is considerably lesser than the superamphiphobic variants, owing to relatively strong wetting of the test material surface, which provide representative contact information. In particular, the distorted pendant droplet model benefits from this strong surface adhesion as the droplet is pulled away from the needle towards the surface (Figure 4d, inset). However, small droplet volumes (< 1 μL) still suffered from droplet profile distortion due to the comparable contact areas of the droplet-needle and droplet-surface interfaces. The net upward force exerted by the needle results in a drawn-out droplet surface, giving rise to lower-than-expected contact angles (Figure 4d). Increasing droplet volumes moderated the needle’s impact since the total contact area of the droplet-needle interface becomes comparatively smaller with respect to the droplet-surface interface. During droplet contraction, the ratios governing the interfacial contact areas are reversed, resulting in distorted receding contact angles. Small droplet profiles were affected by an unnatural non-convex contour, which is attributed to the upwards drawing of the droplet free surface. This effect resulted in a quasi-linear shape instead of a parabolic curve, often drastically distending the hemispherical profile (Figure 4d, inset). Depending on the Z-position of the needle with respect to the contact line, it could lower (ca. 90° being pulled inwards, giving < 90°) or increase (< 45° being pulled upwards, giving > 45°) the measured contact angle over the theoretical ones.
Use of the pendulum droplet model on amphiphobic surfaces resulted in dynamic contact angles that suffer from large variable, asymmetrical droplets and associated errors through the whole expansion-contraction cycle (Figure 4e, inset). From the onset, the needle pressed onto the droplet’s free surface, resulting in compression distortion. In addition, slippage of the droplet against the needle resulted in asymmetrical compression. This unpredictable compression gave rise to unsystematic, asymmetrical distortions (LCAs and RCAs) within both advancing and receding contact angle measurements (Figure 4e). Notably, with the Cassie-levitated model, the CA measurements experienced minimal variations within the entire CAH cycle, resulting in a standard textbook hysteresis behavior with well-defined ACA-RCA plateaus and excellent measurement sensitivities (Figure 4f). The ACA plateau (80°) was found between 5 and 10 μL, while the RCA plateau (43°) was found  between 3 and 1 μL. The final RCA readings experienced a final rise at 121-220 nL of 50-55°. 
Toward Distortion-Free Droplet Shapes
The limits of the Cassie-levitated model in achieving ideal distortion-free droplets of ultra-low surface tension liquids on low surface energy interfaces were explored by expanding over standard contact angle fitting algorithms. The most common models for profile fitting are the polynomial (P) fit (fixed domain) and the Young-Laplace (Y-L) fit (variable and fixed domains). Figure 5a shows the Y-L variable-domain fits for the Cassie-levitated droplets in terms of computed ACA and RCA values. The ACA and RCA results from the other model droplets are presented in the SI (Figure S10). Notably, the Cassie-levitated droplets result in the smallest errors and variations for all profile fitting models. Amphiphobic surfaces resulted in near-identical ACAs and RCAs with deviation of less than 4° for all three profile-fitting models, thus giving consistent CAH values (∆3°). Notably, the use of an established pendant droplet resulted in deviations of 11° (Figure S10). Superamphiphobic surfaces resulted in some variations of ca. 9° for the computed ACAs and RCAs with different profile fitting models. However, the overall CAHs were similar, with a net deviation of just 3°. The use of an established pendant droplet was also met with minor deviations of just 4° (Figure S10).  Adhesive superamphiphobic surfaces resulted in the greatest variations of up to 17° in ACAs, and 9° in RCAs. The computed CAH varied ca. 25° as a function of the profile fitting model utilized. The use of an established pendant droplet resulted in deviations of 47° (Figure S10). Notably, measurements made on adhesive superamphiphobic surfaces do require a consistent profile fitting model to ensure repeatability even for distortion-free droplet profiles.
Beyond contact angles and contact angle hysteresis measurements, the experimental droplet profiles can be thoroughly analyzed against theoretical Bashforth-Adams (B-A) droplet shapes (Equations S6-10). Machine vision algorithms were employed for extracting experimental profiles from images taken during the droplet expansion and contraction cycles (Supporting Information). The root-mean-square average displacement/distortion from the theoretical B-A profiles was computed and normalized as an error percentage for all the droplet models discussed here (Figures S11-12 and S14). Errors were normalized based on the expected droplet profile from the theoretically simulated Bashforth-Adams droplet. The contact angle hysteresis errors were computed as detailed in the Supporting Information, S-7 to S-10.
For the superamphiphobic surfaces, the computed root-mean-square average profile displacement (Figure 5b) agreed well with the CA measurements. Small droplet volumes suffered from the highest profile distortions. Displacement in the distorted pendant model reached 26.8% at 1 μL during advancing CA measurement, and went down to 9.8% at 11 μL, before rising up to 48% at 1 μL during the receding part of the cycle. Notably, the Cassie-levitated model improved the quality of the droplet profile significantly in all parts of the cycle, achieving maximal displacements of 7.4%, 3%, and 9.9% respectively, for the same droplet expansion and contraction cycle.  
For the adhesive superamphiphobic surfaces (Figure 5c), the computed displacement was also in line with the CA measurements. The error in displacements obtained with the distorted pendant model remained the highest. Largest errors were likewise found to occur with the smallest droplet volumes, affected by prolate distortions. Displacement in the distorted pendant droplet model reached 49.6% at 1 μL during the advancing CA measurement, and went down to 14.2% at 11 μL, before rising up to 29.5% at 1 μL during the receding part of the cycle. The Cassie-levitated model improved it significantly, with displacements of just 7.0%, 3.6% and 5.4% respectively, for the same volumes.  
For amphiphobic surfaces (Figure 5d), the computed displacements were also in line with contact angle fitting measurements. The displacements obtained with the distorted pendant and pendulum models remained the highest. Largest errors were found to occur with the smallest droplet volumes, influenced by droplet profile distortions. Displacement in the distorted pendant model reached 23.3% at 1 μL during the advancing CA measurements, and went down to 5.3% at 11 μL, before rising up to 6.5% at 1 μL during the receding part of the cycle. The Cassie-levitated model improved it significantly, with displacements of just 4.3%, 2.4%, and 4.2% respectively, for the same volumes. Overall, the use of the Cassie-levitated droplet model significantly improved the droplet profiles on amphiphobic, superamphiphobic and adhesive superamphiphobic materials, reducing distortion from up to 49.6% of the established pendant droplet model to less than 10% for all liquid repellent surfaces investigated.


Conclusions
We presented a robust methodology and theoretical framework to characterize ultra-low energy interactions on solid-liquid interfaces. A Cassie-levitated droplet model was developed and used to investigate the wetting of liquid repellent materials by a low surface tension liquid (γ = 27.47 mN/m), down to nanoliter resolutions. The Cassie-levitating droplet model demonstrated up to 800% improvements in determining dynamic contact angle hysteresis over the established pendant droplet model. Droplet profile distortions were also assessed via machine vision-learning algorithms, revealing that the Cassie-levitated droplet model was capable of achieving distortion-free profiles with negligible errors of less than 10% throughout the entire contact angle hysteresis measurement cycle. We believe that this Cassie-levitated droplet model provides a powerful tool for the investigation of emerging ultra-repellent materials, enabling the accurate investigation of so far elusive superamphi- and omni-phobic surfaces.
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[image: C:\Users\u5466507\Desktop\20170823 Figure 1. Schematics of CAH.jpg]
Figure 1. Evolving distortion-free probe droplets. a) The evolved droplet profiles range from the original distorted pendant model, to the less adhesive ideal pendant model, and then to the superamphiphobic pendulum model, before finally achieving the Cassie-levitated model. b) Axial shift of the original distorted pendant model, giving rise to the c) angled, and d) right-angled designs. However, these were unable to isolate the droplet profile distortions that were pinned by the wettable nature of the needle. e) The evolution of the vertical pendulum model into the f) angled and g) Cassie-levitated model. The Cassie-levitated model is almost completely interaction-free, highlighted by the lack of X- and Z- axial distortions.
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Figure 2. Contact Angle Hysteresis as Droplet Model Assessment. a) The unevolved (pendant) and completely evolved (Cassie-Levitating) models are compared side-on with an adhesive superamphiphobic substrate through the CAH test. Droplet distortions are the largest with the smallest droplet profiles, found at the start- and the end- of the CAH test. Corresponding force vectors are inserted for reference. b) The adhesion needle force profiles corresponding to the various droplet models tested in this work. c) The adhesion substrate force profiles corresponding to the surfaces tested in this work.
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Figure 3. Contact Angle Hysteresis of Adhesive Superamphiphobic Surfaces under the Young-Laplace Model. Use of the a) distorted pendant model, b) pendulum model, c) Cassie-levitated Model. Insets are included below of optical images that are representative of the optical droplet profile during analysis.
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Figure 4. Contact Angle Hysteresis of Alternative Surfaces under the Young-Laplace Model. Use of the a) distorted pendant model, b) pendulum model, c) Cassie-levitated model with superamphiphobic substrates. Use of the d) distorted pendant model, e) pendulum model, f) Cassie-levitated model with amphiphobic substrates.  Insets are included below of optical images that are representative of the optical droplet profile during analysis.



[image: C:\Users\u5466507\Desktop\20170823 Figure 5. Machine Vision - Learning Results.jpg]
Figure 5. Experimental vs. Theoretical Profile Fitting. a) ACA, RCA and CAH fitting by the Young-Laplace model with the Cassie-levitated model against amphiphobic, adhesive superamphiphobic and superamphiphobic substrates. Machine vision-learning algorithm processed optical droplet profile to Bashforth-Adams theoretical profile fitting, with b) superamphiphobic, c) adhesive superamphiphobic and d) amphiphobic substrates.


Table 1. Adhesive Superhydrophobic Surfaces and their reported CAH (γl = 72.8 mN/m)
	Morphology
	Synthesis Technique
	Maximum Adhesion
(mg / µN / µNmm-2)[footnoteRef:1] [1:  Not all surfaces were tested to their limits, but the maximum tested values are indicated.] 

	Volume (μL)
	CA (°)[footnoteRef:2] [2:  Range of CA presented when multiple surfaces are presented.] 

	
CAH (°)
	Ref.

	Fractal TiO2 nanoparticle agglomerates
	Flame spray pyrolysis on paper
	-
	10
	159
	> 100
	28

	Micro-pillars with ZnO nanoparticle agglomerates
	Soft lithography and wet-aersol deposition of nanoparticles
	2 mg
	5
	154
	72
	31

	PS raspberry particles
	Heterocoagulation of fluoro-PS nanoparticles around PS microparticles
	30 mg
	CA: 5,
CAH: 25
	146
	> 133
	32

	PMMA micro-fibers
	Electrospinning
	60 mg
	Variable,
up to 90
	130-140
	90-120
	33

	Micro-cilia
	Magnetically aligned micro-cilia casted from PDMS-MNP
	10 mg
	10
	> 150
	80-120
	34

	Wrinkled GO microspheres
	GO nano-shell with freeze-drying induced wrinkling
	10 mg, 77.8 µN
	CA: 3, Ad: 4
	153
	120
	35
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