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Abstract 

There is a long history of obtaining inspiration from nature for the design of purposeful 

materials and systems. With recent advances in nanotechnology, biomimicry has been 

gaining increasing attention as a way to achieve such multifunctional materials. 

Bioinspired techniques for the control of surface wettability especially have potential 

applications ranging from industrial coatings to biomedical materials. For instance, the 

outstanding properties of the lotus leaf, moth eye, spider web, legs of water striders, gecko, 

cactus spine, and desert beetle offer remarkably effective ways to design functional 

materials with special wettability for self-cleaning, anti-fouling, biofouling resistance 

surface, anti-icing coating, oil purification, and microfluidic systems. The advancement 

of these types of biomimetic materials with special types of wettability relies on 

discoveries of new mechanisms, advances in processing, and/or adding multifunctionality 

such as transparency and durability for practical use. 

In this work, bioinspired functional materials are designed for the control of surface 

wettability. Each chapter in this thesis is structured by first overviewing previous studies 

which investigate how natural systems achieve function, and then biomimetic materials 

specifically replicating those functions are designed and developed. 



 
 

Lotus leaves provided inspiration for the design of functional anti-wetting materials: 

highly mechanically durable superhydrophobic coating, and potassium ion sensor in 

blood with anti-blood adhesion properties. Spider’s webs offered the idea of designing a 

self-supporting nanofiber sheet with selective wettability of hydrophobicity and 

oleophilicity at the same time for versatile oil-water separation. Inspired by the pitcher 

plant, which has a “slippery” wetting surface: a surface with π interaction based liquid 

adsorption, smoothness and hydrophobicity (SPLASH) is proposed as an anti-fouling 

surface with transparency and mechanical durability. Finally, inspired by the anisotropic 

wetting properties of cactus spines, hydrophobic patterned surfaces with different liquid 

adhesion properties were designed to control droplet motion. This technique was then 

applied to micro-fluidic devices. These efforts to develop biomimetic functional materials 

with controlled wettability can help future scientific development and expand into new 

industrial applications.  
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Figure 1-1. Number of peer-reviewed publications including the keyword of biomimetic 

or biomimicry per year. This output is derived from Elsevier’s Scopus. [10] 

Figure 1-2. Top 50 journals with the number of peer-reviewed publications including the 

keyword of biomimetic or biomimicry. This output is derived from Elsevier’s Scopus. [10] 

Figure 1-3. Overview of the thesis. This thesis is composed of background chapter, 

discussion chapters of biomimetic special wettable materials, and their summary 

chapter. 

Figure 2-1. Schematic illustrations of superhydrophobic structures with different 

structure by NPs or NPs/Resin composite, which are (A) single layer NPs coating by a 

single step spray method, (B) NPs/Resin composite coating by spraying NPs/Resin 

mixture, (C) NPs and resin double layer coating by double steps spray method, and the 

NPs/Resin gradient coating by single step movable spray method, respectively. 

Figure 2-2. (A) XPS spectrum of coatings at different SDs. (B) Si-2p peak and (C) N-1s 

peak were analyzed. (D) The SD dependence on Si/N atomic ratios. The higher Si/N ratios 

indicate the higher surface NPs occupancy. (n=3) 

Figure 2-3. Morphological analysis of coatings at different SDs. (A)-(C) Laser 

microscopic images of coatings at (A) SD=10 cm, (B) SD=20 cm, and (C) SD=30 cm 

with Rrms values. (D)-������������������������������ ������������������� ������������

���������������������������� 

Figure 2-4. Schematic illustrations of (A) the spraying mixture change in spraying. The 

mixture aggregates driven by solvent evaporation. Because the affinity of Et-CA to 

solvent is higher than that of NPs, Et-CA enter inside the mixture rather than NPs. It 

results the aggregation of Et-CA in the mixture. (B) the models of structure formed at 

each of the SDs. As increasing the SD, the surface volume of Et-CA as well as acetone in 

������������������������������������������������������������������������������������������

SD. 

Figure 2-5. (A)Water contact angles on the coatings at various SDs before and after 

abrasion. The abrasion was conducted under the pressure at 5 kPa. (n=3) (B) Water droplet 

adhesion test on the coatings at SD=10 and 20 cm to differentiate the wetting model 

whether the surface is Wenzel state or Cassie-Baxter state. 

Figure 2-6. (A) GD-OES spectrum of NPs/Resin gradient layer on Al substrate as a 

function of etching time. (B)-(D) SEM images of the gradient layer on the substrate of 

(B) the tilting section, where the black dashed line indicates the border between the top 



 
 

and side of cross-section: (C) top view, and (D) side view. 

Figure 2-7. (A) Abrasion strength versus hydrophobicity of the gradient layer coated 

various substrates and simple NPs coating without Et-CA on glass. (B) A photographic 

image of the gradient layer coated glass. 

Figure 2-8. (A) Mechanical durability comparison of the NPs/Resin gradient layer, NPs 

+ Resin layer, NPs/Resin mixed layer, and NPs single layer. (B) Schematic illustration to 

study the mechanical durability difference between NPs/Resin gradient layer (upper one), 

and NPs + Resin layer (bottom one).  

Figure 2-9. (A) Schematic illustrations of potassium ion determination mechanism of 

polymeric bulk optode. (B)-(E) Chemical structures of the polymers (B), host molecule 

(C), dyestuff (D), and cationic exchanger (E) used in this work. To give hydrophobic 

properties to the optode, PVDF–HFP is used as bulk polymer instead of PVC. 

Figure 2-10. Cross-sectional SEM images of (A) PVDF-HFP based optode and (B) PVC 

based optode. The thickness of the PVDF-HFP based one and that of the PVC-based one 

are 92.5 μm, and 96.8 μm, respectively. 

Figure 2-11. SEM images of PVDF-HFP based optode surface in (A) protonated and (B) 

deprotonated state. 

Figure 2-12. (A) Absorption spectra of the dyestuff KD-M13. In protonated state, it is 

yellow and turns blue upon deprotonation. Spectra were measured by dipping the film 

into aqueous HCl solution for the protonated state, or in aqueous NaOH solution for the 

deprotonated state. (B-D) Response curve in the linear region obtained by monitoring the 

intensity of 10 mM KCl tris-buffer at 470 nm (C) and 625 nm (D) in each pH. 

Figure 2-13. Comparison of sensing ability between the PVDF-HFP and PVC based 

optode. (A) Absorption spectra of the PVDF-HFP based one and (B) the response curve 

to K+. (C) Absorption spectra of the PVC based optode and (D) the response curve to 

potassium ion. 

Figure 2-14. Ion selectivity of the PVDF-HFP based optode. (A) Response to NaCl, KCl, 

CaCl2, and MgCl2. (B) Photographic image of the PVDF-HFP based optodes after 

immersion in 1 M KCl, NaCl, CaCl2, or MgCl2 aqueous buffer. 

Figure 2-15. Comparison of anti-blood-contamination properties between PVDF-HFP 

and PVC based optode. (A) Contact angle and sliding angle of 20 μL pig blood on PVDF-

HFP or PVC based optode. (B-C) Color histogram for each optode polymer after sliding 

the blood. (B) Red color area indicates the remaining blood contamination whereas (C) 

blue color area indicates the reacted area with blood. 

Figure 2-16. Determination of human blood potassium level by a standard addition 

method. [64] (A) Absorption spectra of before response, blood response, blood with 3 mM 



 
 

KCl added, blood with 5 mM KCl added, and blood with 10 mM KCl added. (B) 

Response curve of blood with potassium addition for the standard addition method. 

Figure 2-17. Color value change with potassium addition to human blood obtained by in-

situ measurement using color difference meter. Linear response was obtained for the 

potassium ion determination as well as the response by UV-vis spectra. 

Figure 3-1. Schematic illustration of strategy for enhancing selective wettability. The 

control of surface-liquid interaction and surface roughness can contact liquid A with 

Cassie-Baxter state and liquid B with Wenzel state at the same time. 

Figure 3-2. Schematic illustration of liquid wetting behaviors on a porous material. (A) 

Liquid fail to penetrate into the porous material with the robustness factor �∗ ≫ 1. Here, 

R is a cylinder radius and 2D is an inter-cylinder space. (B) Liquid penetrate the porous 

material with �∗ ≤ 1 . (C) Liquid I fail to penetrate the porous material due to the 

existence of liquid II with Young-Laplace pressure ∆� > 0. Here, 
� is a radius of a 

curvature of liquid I at inter-cylinder space. 

Figure 3-3. Biomimetics of Uloborus walckenaerius spider web to design an attachable 

self-standing NF-S. (A) Schematic image of the predation mechanism of Uloborus 

walckenaerius. (B) Photo-image and (C) SEM image of an attachable self-standing NF-

S. (D) Attachment of a NF-S to a Kimtowel and (E) its magnified image. (F, G) 

Attachment of a NF-S block to (F) a finger and (G) an insect. 

Figure 3-4. Schematic images of the designing procedure. i. The design of the NF-S using 

an electrospinning method. ii. Peeling the NFs-S from the aluminum foil, which allows 

the NF-S to become self-standing and negatively charged. iii. The self-standing NF-S was 

attached to a melamine sponge for oil absorption, to the tip of PVC tube for oil-water 

separation by filtration, and to a container for oil collection. 

Figure 3-5. Cross-sectional SEM images of the NF-S. The thickness of the NF-S is 135 

μm. 

Figure 3-6. (A) The NF-S strength and elastic properties. (B) Distribution of fiber 

diameter in the NF-S. (C) BET fit for the N2 adsorption isotherm of the NF-S. 

Figure 3-7. (A) Elemental composition and (B) elemental distribution of carbon, nitrogen, 

oxygen, fluorine, and overall distribution of the NF-S. 

Figure 3-8. Wetting behaviors of water and oils on the NF-S. (A) Schematic illustrations 

of a water droplet on: (i) the NF-��� ���) a toluene-infused NF-�����������������������-

infused NF-��������������������������������������������������������������������-S. (B) 

Water contact angle on (i)-(iii). (C) Oil contact angles of (iv) and (v). (D) The contact 

angles and surface tensions (20 °C) for an ethanol-water mixture. [42] The limit for wetting 

or repelling is at a surface tension in the range of 36.09-38.56 mN m-1. 



 
 

Figure 3-9. Dynamic wetting behaviors water and oil on the NF-S. (A) Time-lapsed 

images (i)-(iv) and (B)-(D) selected magnified images. 

Figure 3-10. Application of the NF-S to oil absorbent. (A) A photo-image of an uncoated 

melamine sponge (sponge) and the NF-S attached melamine sponge (sponge + NF-S) 

with a schematic image of the magnified oil absorbents. (B) A photo-image of the samples 

in a beaker half-fulfilled with dyed water. (C) Photo-images of the sponge + NF-S being 

used in separating oil in processes (i)-(iii). (D) Mass change of toluene inside the sponge 

with cycles of absorption and squeezing. (E) Absorption capacities for the oil-water 

mixtures with different types of oil. (F) Cyclical pressing measurements for the sponge + 

NF-S. 

Figure 3-11. Dynamic wetting behaviors water and oil on the NF-S. (A) Time-lapsed 

images (i)-(iv) and (B)-(D) selected magnified images. 

Figure 3-12. Application of 2D oil-water separation. (A) Oil-water separation filter. 

Photo-images show the separation of toluene from the toluene-water mixture in processes 

(i)-(iii). (B) A photo-image of toluene and water after separation. (C) Separation 

efficiency and (D) separation flux of oil-water mixtures with different types of oil. (E, F) 

Separation flux of the toluene-water mixture with different NF-S thicknesses (E) and pore 

diameters (F) adjusted by folding and extending the NF-S. (G, H) Photo-images and (I, 

J) microscopic images of the emulsified toluene-water mixture before (G, I) and after 

separation (H, J). 

Figure 3-13. Application of an oil collector. Photo-images of toluene collection in a 

container from a toluene-water mixture in processes (i)-(iii). 

Figure 3-14. Effect of PVDF-HFP: Et-CA ratio on (A) extension ratio, (B) water contact 

angle, and (C, D) fiber diameter with the SEM images (D). (E) Atomic ratio of fluorine 

per nitrogen for each ratio of PVDF-HFP with Et-CA. (F) Elemental distribution of 

fluorine and nitrogen in the fibers with respect to the ratio of PVDF-HFP to Et-CA. 

Figure 3-15. Electrospinning device for large-scale fabrication of NF-Ss. The slider 

moves in the direction of the arrow and the drum roller rotates to design uniform and 

large-scale NF-Ss 

Figure 4-1. Schematic illustrations showing the fabrication of a SLIPS reproduced with 

permission. Copyright 2011, Nature Publishing Group [1]. 

Figure 4-2. Schematic illustration which explains criteria for thermodynamically stable 

SLIPS formation. When configuration 1, and 2 are more stable than configuration A, 

SLIPS is stably let liquid A slide on the surface. 

Figure 4-3. Wide-range x-ray photoelectron spectroscopy (XPS) analysis of the SiO2-Ph 

and SiO2-C10 showing the O1s, C1s, and Si2p spectra employing an MgKα laser. 



 
 

Figure 4-4. AFM images of (A) SiO2-Ph and (B) SiO2-C10 coated glass substrate. 

Figure 4-5. (A) Photographic images of various liquids dropped on the surface of SiO2–

Ph or SiO2–C10. These liquids are castedusing micropipette (10 μL). (B) Check of LL 

wetting on SiO2–Ph compared with SiO2–C10 (without π electrons). Sliding angle (SA) of 

various liquids measured on each surface. These liquids are casted on the surface using 

micropipette (10 μL). When the test liquid is adsorbed, the liquid does not slide. (C) Static 

contact angle (SCA) of various liquids measured on each surface. 

Figure 4-6. (A) Preparation procedure of the patternable LL formation. Patterned mask 

substrate (green) (1) is modified with SiO2–C10 (red) to give (2). SiO2–Ph precursor 

solution is then cast on the surface after the mask is removed (3) and the SiO2–C10 area 

(blue) repels this liquid (4) to give the patterned surface (5). Dyed acetone as LL is cast 

on the patterned surface. (B) LL is formed in the shape of KEIO the scale bar is 10 mm. 

(C) Preparation procedure of the programmed LL transportation. Movement of LL on the 

patterned surface by the pinning effect. (1) SiO2–C10 precursor solution (blue) is cast on 

the substrate and the (2) SiO2–Ph precursor solution (red) is cast using a micropipette 

during the SiO2–C10 modification to program the way to transport (3). The LL (dyed 

acetone in this case) navigates along the blue dots by Marangoni Fm with gravity Fg forces, 

resulting movement of a LL droplet on the programmed surface. (D) The LL slides along 

the direction of the blue dotted arrow.  

Figure 4-7. π-interacted liquid wetting analysis. (A) CH-π interactions between 

decyltrimethoxysilane (DTMS) as LL and SiO2–Ph as BL. (B, C) Time-lapsed DTMS 

(10 μL) wetting behaviour on (B) SiO2–C10 and (C) SiO2–Ph. The scale bar is 5 mm. 

Because of the CH/pi interaction between LL and SiO2-Ph BL, DTMS showed the 

extreme superoleophilicity (static contact angle SCA<1°) on SiO2–Ph coated glass (25 

mm × 25 mm) after 30 s. (D) Spreading width W of DTMS droplet wetting on SiO2–Ph 

(Red) and SiO2–C10 (Blue) per time t. (E) Approximation of droplet spreading with the 

law of W2(W4−Wimpact
4) ~ γLcosθadv(τ−τimpact).  

Figure 4-8. π-interacted liquid wetting analysis on different 3 functionalized smooth 

surfaces. (A) Images of LL wetting behaviour on the BLs of SiO2-OH, SiO2-C10, and 

SiO2-Ph. (B)-(D) The wetting behaviour of water droplet on DTMS cast BLs of (B), SiO2-

OH, (C), SiO2-C10, (D), and SiO2-Ph. 

Figure 4-9. Photo image and schematic illustration showing the condition of water 

droplet casting on smooth BL with PFPE LL. 

Figure 4-10. (A) Schematic illustration of procedure for designing SPLASH, and (B) 

Check of LL (DTMS) thickness formed on smooth base layer with shearing stress by a 

spin coater. 



 
 

Figure 4-11. Hydrophobicity of the SPLASH. (A) Static contact angle (SCA) and (B) 

sliding angle of water droplet on each layered coating. Their values change after attaching 

SiO2-Ph as the BL and DTMS as the LL. (C, D) Wetting image of (C) advancing contact 

angle (θadv) and (D) receding contact angle (θrec) measurement of water droplet. The 

calculated contact angle hysteresis (Δθ) was 0.75°, that is extremely low values realized 

by fluidity of LL not resisted by the roughness of BL. (E) Photo-images of self-cleaning 

procedure of the SPLASH. Sands covering the SPLASH are cleaned by water droplet. (F) 

Various liquids with high temperature, chemical complexity, different states, and 

biomedia sliding on the SPLASH tilting 15°. (G) Images of glass (left) and coated glass 

(right) after dipping in blood. (H) High-speed camera images of ice cream, which is a 

complex with water/salt and solid/liquid, on BL+LL tilting 15°. (I) Various fluidic foods 

(soy sauce, ketchup, honey, coffee, mayonnaise, curry, carbonara sauce) slide on a 

SPLASH when a LL of silicone oil KF-54 is chosen. Soy sauce, ketchup, honey, coffee, 

mayonnaise, curry and carbonara sauce from supermarket. 

Figure 4-12. Time-lapsed images that compare water sliding behavior on rough 

BL+DTMS and smooth BL+DTMS. 

Figure 4-13. An analysis of water droplet sliding behaviour on the SPLASH. (A) The 

sliding length L of various volume water droplet per time τ on the SPLASH tilting 6° 

following the linear approximation with the law of L = vτ (τ < 1). (B) The sliding 

velocities v of various volume V of water droplet on the SPLASH tilting 6°. This graph 

revealed even 1 μL of water droplet slides on the SPLASH. (C, D) Photo images of (C) 

control and compared to (D) the SPLASH after misty water spraying test. Misty water 

was sprayed several times to them with same conditions. The scale bars are 20 mm. (E-

H) Magnified images and schemes of water mist sprayed several times on the SPLASH 

tilting 75°. The water droplets circled in yellow coalescence into the droplet circled in red 

in an interval of 20 ms. The misty water droplets were removed by two steps of (E, F) 

and (G, H) process. (E, F) Microsized water droplets (yellow circles) coalesce into the 

large droplet and then the droplet slides (red circle). (G, H) Large water droplet moves 

absorbing microdroplets. The blue dotted area is the passage of the large droplet. No 

droplets remain in the blue dotted area. 

Figure 4-14. Optical properties of the hydrophobic-liquid-adsorbed smooth surface. (A–

D) Transparency of the SPLASH. (A)  Photograph of the BL-coated glass substrate and 

(B) photograph of dyed water sliding on the BL with LL coating. (C) Total transmittance 

(TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF) of each surface. PT 

means the degree that light passes through a sample within a small range of angles (<15°). 

The HAZE value is given by haze (%) = DIF/TT × 100. (D) Solar cell application of the 



 
 

SPLASH. Photocurrent density (Jsc) versus voltage (Voc) for solar cells tilting 30°, one 

covered with a glass substrate, and one covered with SPLASH. Inserted table is a 

summary of the photovoltaic performance of solar cells under various conditions. (E-H) 

Assessment of the optical properties with the smooth BL [the same coating as the BL in 

(C)] and rough BL with DTMS as the LL. (E, F) The SEM images of smooth BL (E, the 

scale bar is 10 μm) and rough BL (F, the scale bar is 0.5 μm) by self-assembly of SiO2 

nanoparticles. (G), Optical values of PT and DIF for the smooth BL, smooth BL with LL, 

smooth BL with LL with time (30 min) to decrease LL thickness, rough BL, rough BL 

with LL, and rough BL with LL with time. (H), Schematic illustrations of the surface 

scattering change in the surface structure on the smooth BL and the rough BL with LL 

thickness. Smooth BL with LL shows stable transmittance with LL decrease whereas 

rough BL with LL increase light scattering with LL decrease. 

Figure 4-15. Assessment of SPLASH stability. (A) Sliding angle of deionized water after 

adding shearing stress from 0 to 6000 rpm by a spin coater for 30 s. (B) Long-term storage 

of glass slides covered with the SPLASH under air conditions (20°C, blue dots) and under 

water (red dots). Even though DTMS can possibly react on water or evaporate under air 

condition, the 0.08 μL cm-2 of DTMS casted SiO2–Ph on glass slides (25 mm × 25 mm) 

kept the sliding angle low (<5°) for about 2 weeks under both conditions. Although the 

sliding angle decreased after long time, re-cast of LL have regenerated the sliding 

property. (C) Stability of the SPLASH against various pH conditions of water droplet 

ranging from 1.82 to 13.88. The sliding properties was stable in pH conditions ranging 

1.82-13.06. In the case of pH 13.88, the water droplet was soaked into the SPLASH. (D-

F) Flexibility of the SPLASH coated on PET film. (D) Photographs of the flexible 

SPLASH and (E) Schematic illustrations of water slides on the bent surface. Even though 

the thickness of the LL decrease, the hydrophobicity of the SPLASH does not change. 

That’s because of the smoothness of the BL. (F) Quantification of the flexible SPLASH 

hydrophobic property by changing the ratio of H/L. (G, H) Self-healing property of 

SPLASH. (G) Photographs of the cut SPLASH maintaining the hydrophobicity and (H) 

schematic illustrations showing why the SPLASH retains the hydrophobicity after cutting. 

(I, J) Mechanical durability against cotton abrasion. (I) Photographs of the SPLASH after 

cotton abrasion showing that the hydrophobicity is retained and (J) schematic illustrations 

showing why the SPLASH retains the hydrophobicity after cotton abrasion. 

Figure 5-1. Schematic illustration of anisotropic wetting approaches. (A) surface 

chemistry driven force (����������) and (B) morphology driven force (�����������) work 

toward droplets on surfaces, respectively. The scheme is reproduced with the permissions. 

Copyright 2015, American Chemical Society [11]. 



 
 

Figure 5-2. Schematic illustration of droplet motion is restricted by (A) morphological 

or (B) chemical heterogeneity of the surface. (A) When a droplet comes on the slope 

surface, it cannot wet the slope area until its advancing contact angle gets larger than sum 

of slope angle and static contact angle. (B) When a droplet comes on the surface 1, it 

cannot wet the surface 2 till its advancing contact angle on the surface 1 becomes higher 

than its static contact angle on the surface 2. 

Figure 5-3. Schematic illustration of ‘omniphobicity’-based patterning to obtain an 

anisotropic wetting surface. 

Figure 5-4. (A) Schematic images of the C10/Ph patterned surface. The height gap is 

thought to be controlled by the surface energies of the precursor solution and omniphobic 

area. (B) Thickness of the C10 and Ph coating on the C10/Ph patterned surface using a 

Dektak profilometer over a scanning area of 0.5 mm employing 3000 plots per modified 

area. (C) Surface uniformity and height distribution measured by Laser microscopy. 

Figure 5-5. (A) Dynamic contact angles (DCAs) and sliding angles (SAs) of 10 μL water 

droplets with photographic images. These values were measured by a tilted plate method 

together with resistance force for a moving contact line. (B) Water SA on a 2 mm wide 

Ph- tethered path (yellow line in scheme) and C10- tethered remaining area, rotating the 

sliding direction from 0–90°. When the rotating angle (φ) is 0° (or 90°), droplet 

transportation on the Ph- tethered path follows a parallel (or perpendicular) direction. (C) 

Droplet motion control on Ph-/C10- patterned surface. (D) Photo image of a 20 µL water 

droplet on a Ph-/C10- patterned surface measured using a digital microscope. 

Figure 5-6. Change to the water droplet mass as a function of transportation time 

measured using an electronic balance with 0.1 mg accuracy at 28.3 °C, 49% relative 

humidity. 

Figure 5-7. Total force, Ftotal, analysis between the water droplet and the C10- and Ph- 

tethered border area (see scheme in (A)). (B) graph showing total liquid droplet force as 

a function of volume when the head of a droplet overlaps, dx, on the border oriented 

perpendicular to the trajectory tilting at 24° with photographic images in (C). When V is 

greater (less) than 80 μL as in (D), Ftotal on the border becomes positive (negative) and 

the droplets larger than 80 µL overlap beyond the border as in (E), whereas droplet sizes 

under this threshold level stop on the border. (F)-(I) Driven force analysis between the 

water droplet and the C10- and Ph- tethered border area as a function of liquid droplet 

volume when a tip of a droplet overlaps, dx, on the border oriented perpendicular to the 

trajectory tilting at 24°. 

Figure 5-8. (A) Study of various volume water droplet sliding on patterned surfaces with 

the width of the Ph- tethered area ranging between 1–3 mm. When the volume of the 



 
 

droplet is <40 μL, the SA of the micro-droplet can be controlled by the width of the Ph- 

tethered area. (B) Reaction procedure on V shape patterned surfaces. Based on its volume, 

a reactant is transported in a downward motion, is captured, and not until coalescing with 

another reactant is the downward motion continued under the conditions of: V1, 

V2<Vcritical and V1+V2>Vcritical. (C-D) Time-elapsed photo images of a micro-reactor 

application under acidic and basic conditions: (C) Bromophenol blue (BPB) protonation 

by hydrochloric acid aqueous solution with a pH value of 2.13 (V = 25 μL, TA = 40°, φ 

= 18°, path width = 1 mm (right), 2 mm (left)) and (D) Thymol blue (TB) deprotonation 

by sodium hydroxide aqueous solution with a pH value of 13.06 (V = 35 μL, TA = 60°, φ 

= 18°, path width = 1 mm (right), 2 mm (left)). (E-F) Surface durability under acidic or 

basic conditions of the (E) C10- and (F) Ph- tethered area. SAs of 10 μL aqueous droplets 

as a function of pH are measured on each surface after contacting for 0, 1 or 60 minutes. 

When the surfaces are applied to a micro-reactor, the liquid-solid contact time must be <1 

min. Thus, the surfaces are sufficiently durable for the application. 

Figure 5-9. (A) EDX spectra and (B) Elemental contamination presented by normalized 

atomic ratios of a dynamically hydrophobic patterned surface (blue) and a dynamically 

hydrophilic surface (-OH tethered surface, red) after casting aqueous droplets of BPB (i), 

TB (ii), HCl (iii) and NaOH (iv), respectively. Because of the volatility of aqueous HCl, 

the chloride peaks were not observed after aqueous HCl contamination. Although sodium 

peaks were observed on both surfaces, the peaks were derived from Na2O in the substrate. 

Figure 5-10. (A) Wide-range x-ray photoelectron spectroscopy (XPS) analysis of the C6- 

coatings showing the O1s, C1s, and Si2p spectra employing an MgKα laser (see Figure 4-

2 in Chapter 4 for XPS analysis of the Ph-, C10- area). (B) FTIR attenuated total reflection 

spectra of C10 (blue), C6 (Black), and Ph (red) modified Si-wafer surfaces. The peak shifts 

* and ** (circled yellow) are based on the C10 spectra. 

Figure 5-11. Solvent droplets motion control. (A-D) Dynamic contact angles and (E-H) 

static CAs of various liquids on various functional tethered smooth surfaces. Based on 

this study, we adapted C6-/C10- patterning for solvent manipulation. (I–K) Time-elapsed 

photo images of omniphobic liquid manipulation by replacing the Ph- tethered area with 

a C6- tethered area to realize diagonal sliding of (I) acetone, (J) toluene, and (K) 

hexadecane (V = 10 μL, TA = 8°, φ = 20°, path width = 1 mm). 

Figure 5-12. SAs of 10 μL aqueous droplets as a function of aqueous liquid viscosity 

adjusted by mixing sodium alginate with water. 

Figure 5-13. Optical analysis of (A) uncoated area, (B) C10- tethered area, (C) Ph- 

tethered area, and (D) the interfacial border on the patterned smooth surface measured by 

total transmittance (TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF). 



 
 

PT means the degree of light that passes through a sample within a small angle range 

(<15°). The HAZE value is given by haze (%) = DIF/TT × 100. 

Figure 5-14. (A) Mechanical durability analysis measured by abrasion time versus SA of 

a 10 μL water droplet. (B-C) Flexibility of the patterned smooth surface coated on a 

polyethylene terephthalate (PET) film. (B) Quantification of bending resistance measured 

by bending times versus SA of a 10 μL water droplet. (C) Photographic images indicating 

that the water droplet can diagonally slide on the bent patterned smooth surface while the 

water droplet can perpendicularly slide on the C10- tethered area. 

Figure 6-1. Summary of conclusion. The inserted pictures are reproduced with the 

permissions. Copyright 2015, American Chemical Society. Copyright 2015, American 

Chemical Society. Copyright 2016, American Chemical Society. Copyright 2014, 

American Chemical Society. 
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Chapter 1 Introduction 

1.1 Background 

Biology has provided materials engineers with a number of jumping off points for 

discovering new materials, and scientists are continuously amazed by the sophistication, 

uniqueness, and efficiency found in natural materials and systems. [1-5] Nature is indeed a 

great teacher of materials science and its associated fields such as physics, chemistry, 

biology, and engineering. [6] Recent developments in nanoscience and (super)molecular 

engineering have allowed for the establishment of a discipline called ‘biomimetic’ or 

‘biomimicry’.  [7-9] When the number of international research journals including the 

keyword of ‘biomimetic’ or ‘biomimicry’ is searched using Elsevier's ‘Scopus’, [10] the 

largest abstract and citation database of peer-reviewed literature, at least 28662 peer-

reviewed papers can be found to have been published. Moreover, the number of 

publications including these keywords have been increasing from year to year (see Figure 

1-1). Here, the top 3 journals with the highest publications of biomimetics are ‘Journal of 

the American Chemical Society (796)’, ‘Biomaterials (609)’, and ‘Angewandte Chemie 

International Edition (432)’ (see Figure 1-2 for the top 50 journals and their publication 

numbers). These 3 journals receive strong attention in materials science due to their high 

citation by the Thomson Reuters Impact Factor and Google Scholar h-5 index. [11-13] 
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with special wettability or systems for various applications. The aim of this thesis work 

was to design and develop bioinspired materials [37-40] with unique wetting properties by 

the control of interfacial interactions, nanostructure, and surface chemistry. It is also 

aimed to give new insight into the biomimetic special wettable materials for the 

development of whole materials science. 

The thesis is organized into 6 chapters including a background chapter (Chapter 1), 

discussion chapters of bioinspired materials with special wettability (Chapter 2-5), and a 

summary chapter (Chapter 6) as summarized in Figure 1-3.  

Chapter 2 describes a way to design anti-wetting materials inspired by the lotus 

Nymphaea leaf’s properties. The two strategies of designing (i) a superhydrophobic 

coating which overcomes the crucial weakness of mechanical instability, and (ii) a 

biomedical sensor with hydrophobic property, are introduced. [41-42] 

Chapter 3 describes a way to design selective-wetting materials biologically inspired 

by the predation mechanism of the spider Uloborus walckenaerius. The spider web-like 

nanofibrous material described in this work shows antiwetting behavior with respect to 

water while being penetrated by oil. This selective wetting material is applied to an oil-

water separation system. [43] 

Chapter 4 describes a way to design “slippery-wetting” materials inspired by the 

pitcher plant Nepenthes rafflesiana Jack which uses such a surface to make insects slide 

down its leaves into its digestive juices. The immobilization of hydrophobic liquid on a 

controlled surface enables the design of slippery interfaces, which was then applied for 

functional anti-wetting coating materials in this work. [44] 

Chapter 5 describes a way to design anisotropic-wetting materials learned by water 

harvesting method of a cactus Cactaceae. Water droplets can be driven from tip to base 
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Chapter 2 Anti-wetting materials inspired by lotus 

Nymphaea leaf property 
This chapter is based on [Tenjimbayashi, M., & Shiratori, S. (2014). Highly durable 

superhydrophobic coatings with gradient density by movable spray method. Journal of Applied 

Physics, 116(11), 114310.] and [Tenjimbayashi, M., Komatsu, H., Akamatsu, M., Nakanishi, W., 

Suzuki, K., Hill, J. P., ... & Ariga, K. (2016). Determination of blood potassium using a fouling-

resistant PVDF–HFP-based optode. RSC Advances, 6(17), 14261-14265.] 

 

2.1 Anti-wetting property 

In this chapter, lotus leaf inspired anti-wetting surfaces are introduced. A lotus leaf 

has nano-micro dual scale structure and it is covered with hydrophobic wax, that performs 

excellent water repellency of water contact angle > 150° and low water contact angle 

hysteresis. [1] Such water-repellent property is called superhydrophobicity [2] having a 

wide range of potential applications such as self-cleaning, [3-5] anti-fouling, [6, 7] 

contamination-free coating, [8, 9] drag reduction, [10, 11] anti-icing, [12-14] anti-bacterial, [15, 

16] and corrosion prevention. [17]  

Superhydrophobic surfaces must have both the special textured structure that traps 

an air layer and the low surface energy. [18] The effect of surface energy on wettability is 

deliberated by Thomas Young that the liquid contact angle �� on solid surface is derived 

by ��� = ��� + ��� 	
� ��  where ���  is solid-vapor interfacial energy, ���  is solid-

liquid interfacial energy, and ���  is liquid-vapor interfacial energy. [19] The Young’s 

equation indicates that the low surface energy of the solid and the high solid-liquid 

interfacial tension (low interaction between them) are crucial for enhancing the surface 

hydrophobicity. However, the control of these interfacial tensions is not enough for the 

surface to achieve superhydrophobicity. Hence, another factor enhancing their 
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hydrophobicity is required. The effect of surface roughness on wettability is discussed by 

Wenzel, Cassie and Baxter state. [20-21] Wenzel state describes the homogeneous wetting 

model on the rough surface, and the liquid contact angle �
 is defined as 	
� �
 =
� 	
� ��, where � is roughness enhanced surface area, indicating that the hydrophobic 

properties are emphasized by surface roughness. However, Wenzel model cannot really 

be well fitted by measured contact angles when the Yong angle is 52°<��< 90° due to the 

pinning of droplet. [22] Instead of that, the roughness effect on the wettability is explained 

using Kang-Jacobi equation. [23] On the other hand, Cassie-Baxter state is used when 

dealing with a heterogeneous surface, and the liquid contact angle ���  is defined as 

��� 	
� ��� = Ȃ ��(���� − ����)����  �. 	. Ȃ ������ = 1 , where ��  is surface fraction of 

component �. Notice that the textured surfaces are composed of air layer and the solid, 

��� yields to 	
� ��� = −���� + � !"�# 	
� �∗
, where �∗
 is Wenzel angle of liquid-

solid contact area, signifying the liquid contact angle can drastically increases by trapping 

an air layer on the solid surface. Considering the two models, there is the transition 

threshold of critical contact angle �� between Wenzel and Cassie-Baxter angle which is 

defined as 	
� �� = (% − 1)/(� − %), where % is the fraction of liquid-solid contact 

area. [24] In this state, the equilibrium liquid contact angle �'  is defined as 	
� �' =
% 	
� �� + (1 − %). Therefore, in any state, the rougher the hydrophobic surface is, the 

more hydrophobic it gets. 

From these theoretical progresses, a methodology of superhydrophobic surfaces has 

been well-researched for recent 25 years, due to their potential applications above. [25-40] 

However, superhydrophobic surfaces still have challenges in terms of coating process [41], 

and mechanical durability [38] since the well-organized textured surfaces are usually 
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fragile and difficult to design easily. Thus, in section 2.2, the facile way to design 

mechanically durable superhydrophobic coating is introduced. [42] 

Moreover, since the concept of superhydrophobic surfaces reduce the liquid-solid 

interaction, it seems difficult to apply (super)hydrophobic coating as an antifouling 

function to liquid-solid interaction based sensor. Thus, in section 2.3, the hydrophobic 

optical electrode (optode) which determinates ion concentration in a liquid as well as anti-

fouling property is shown as a rarely reported example of a combination of “sensor 

technology” and “antifouling coating technology”. Introduction of the antifouling feature 

to optode sensing improves the potential applicability of the technique and, in this case, 

will permit development of portable blood sensing monitoring devices for easy use in the 

field with the added advantage of fouling-resistance for more reliable serial usage. [43] 

 

 

2.2 Design of Mechanically Durable Superhydrophobic Coating 

2.2.1 Introduction 

�������������������������������������������������������������������������������������

it has crucial defect in terms of durability, and large scale fabrication. [38] Previously, many 

researchers aimed to design mechanically durable superhydrophobic surfaces via scalable 

approaches. For instance, Jung and Bhushan [44] sprayed a carbon nanotubes 

(CNTs)/epoxy resin mixture on the substrates. The coated surface performed 

superhydrophobicity against the high-pressure water jet due to uniform distribution and 

strong bonding of CNTs on flat epoxy resin. Zhu et al. [45] reported fluorinated 

metal/polymer composite structure designed by one-step immersion method. The 

products coated on a copper plate showed stability against several times finger touch (in 
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general ~8 kPa) because the fluorinated metal existed not only the surface but also the 

exposed area after abrasion. These approaches offered an idea of mixing adhesive resin 

with hydrophobic nanomaterials to design simple and robust superhydrophobic surfaces. 

However, the challenge of designing mechanically super-durable (>50 kPa abrasion 

resistance) superhydrophobic surface by a facile way is remaining, and such a durable 

surface has never been reported at least until 2014 as far as our group had investigated.  

Here, the strategy to design super-durable superhydrophobic coating by one-step 

spray method is introduced. [42] Our approach is not just the formation of the hydrophobic 

nanoparticles (NPs)/adhesive resin composite structure, but the designing NPs/resin 

surface-depth-direction gradient density structure (i.e. the coating-air interface is filled 

with NPs, gradually the resin ratio increases as getting the depth, and the coating-substrate 

interface is filled with the resin) by proposed one-step spraying method. We discovered 

hydrophobic silica NPs and ethyl-alpha-cyanoacrylate (Et-CA) (resin) mixture was able 

to tune the NPs/Resin volume ratio on the coating by the spraying distance (SD). Using 

this character, we propose the ‘movable spraying method’ to fabricate the robust 

hydrophobic coating with gradient density (hydrophobic NPs and Et-CA) by continuous 

increase of SD. This method is 1 step spraying method and easily coat-able on complex 

shape and large area substrates. 

In this section, we investigated the influence of SD on the mechanical durability and 

wettability of the coating. Then, the gradient structure by movable spray method was 

evaluated. Finally, superhydrophobic structures with different structure by NPs or 

NPs/Resin composite (see Figure 2-1) were compared. 
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Table 2-1. The spraying parameters used in this work. 

Parameters Coating conditions 

Coating method Cast Spray Spray Spray Spray Spray 

Sprayer type - 
Airtex 

(Japan) 

Airtex 

(Japan) 

Airtex 

(Japan) 

Airtex 

(Japan) 

Airtex 

(Japan) 

Pressure (MPa) - 0.7 0.7 0.7 0.7 0.7 

Nozzle diameter 

(mm) 
- 0.6 0.6 0.6 0.6 0.6 

Volume (mL) - 5 5 5 5 5 

SD (cm) 0 10 20 30 40 50 

 

Movable spray method. Movable spray method was used, the SD was gradually 

changed, to allow the gradient structure to be prepared. We characterized surfaces 

prepared at each constant SD, and then assessed the suitability of the preparation 

method for preparing gradient structure. 

Characterization. Surface wettability was evaluated by measuring water contact 

angle and sliding angle. The measurements were conducted by a sessile drop method 

using a device created from our laboratory. Surface morphology was evaluated by surface 

roughness using laser microscopy (VK-9710, Keyence, Japan) and structures using field 

emission scanning electron microscopy (SEM, S4700, Hitachi, Japan). Surface chemistry 

was investigated using x-ray photoelectron spectroscopy (XPS, JPS-9010TR, JEOL, 

Japan). Mechanical durability was observed using an abrasion device (Tribogear Type 

18L, Shinto Scientific Co., Ltd., Japan). The abrasive material was a cotton fabric and 

each test was conducted with 10 rounds abrasion at variable pressure. Surface-to-depth 
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direction chemical components were analyzed using by glow discharge optical emission 

spectroscopy (GD-OES, GDProfiler2, HORIBA Scientific Co., Ltd., France) for the 

observation of gradient structure on Al substrate. 

Comparison of NPs/Resin composite coatings. To investigate the mechanically 

durable composite structure, we prepared 4 kinds of the surfaces in Figure 2-1A-D. NPs 

single layer was designed by just spraying the mixture without Et-CA. NPs/Resin mixed 

layer was designed by spraying the mixture at SD=30 cm. NPs layer + Resin layer was 

������������������������������������������������������������� ��������������������������

without Et-CA. NPs/Resin gradient layer was prepared by movable spray method with 

gradually changing from SD=10 cm to 50 cm. These coatings were compared via 

mechanical durability test. 

 

2.2.3 Results and Discussion 

Surface analysis with each spray distance. The SD strongly relates with the resulting 

surface coating morphology, wettability and chemistry. Figure 2-2 shows the XPS 

analysis of coatings prepared at each SD. In each SD, the intense peaks obtained by 

Figure 2-2A are Si-2p in 97eV (In theory 99 eV) and Si-2s in 157 eV (In theory 151 eV) 

from NPs, C-1s in 288 eV (In theory 285 eV) from both Et-CA and hydrophobic group in 

NPs, N-1s (In theory 402 eV) from cyano group in Et-CA. Magnified XPS spectrum are 

shown in Figures 2-2B, C. Whereas the intensities of N-1s and Si-2p peak are increased 

with SD due to the increase in surface roughness (Figure 2-3A) and scanning area, the 

Si/N atomic ratio increased from 0.77 to 1.62 with increasing the SD from 0 to 30 cm 

indicating a surface NPs ratio increase (Figure 2-2D). Moreover, the Si/N ratio was 

almost constant in the SD from 30 to 50 cm. This is probably because the solvent 
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Wettability of the coatings at various SDs is shown in Figure 2-5A�����������������

water contact angle increases with the SD as well as the Si/N ratio and surface roughness. 

Since, the water young angle on Et-CA, NPs, and air were 52º (as measured by us), 99º, 

and 180º, respectively, [47] the water contact angle yields: 	
� ��� = −���� +
�()*�+ 	
� 52° + ��/ 	
� 99° (�. 	. ���� + �()*�+ + ��/ = 1)  in Cassie-Baxter state, 

or 	
� �
 = �(�()*�+ 	
� 52° + ��/ 	
� 99°) (�. 	. �()*�+ + ��/ = 1)  in Wenzel 

state. The differentiation of these states was observed by simple droplet adhesion test as 

shown in Figure 2-5B�����������������������������������������������������������������

to the adhesion of a water droplet whereas the coating at SD=20 cm contact water with 

Cassie-Baxter state to show superhydrophobicity. [48] Thus, the threshold of wetting 

Wenzel and Cassie-Baxter state transition exists between the SD=10-20 cm. In Wenzel 

state at the SD is 0-10 cm, the contact angle increases with the SD due to the Kang-Jacobi 

theory. [22] On the other hand, the increase of water contact angle with the SD ranging 

from 30 to 50 cm is due to the increase of ����  (positively relates with the surface 

roughness) and ��/ /�()*�+. However, as the increase of surface roughness with the SD, 

the coatings become fragile and hence the deterioration of contact angle gets larger as 

shown in Figure 2-5A. Therefore, the relationship between a hydrophobicity and a 

mechanical durability is found to be trade-off. 
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2.3 Design of hydrophobic polymer based optode for blood 

contamination-free K+ sensing 

2.3.1 Introduction 

Since the superhydrophobic surface decreases the contact area with liquid, giving 

the anti-fouling properties to materials which require the interaction with liquid contents 

such as optical electrode (optode) [49] are difficult by using the conventional lotus surface. 

However, even though the inexistence of surface air layer, low energy surface can prevent 

them from liquid adhesions. Hence, in this section we developed a potassium sensor for 

blood with blood-fouling resistance as a rarely reported example of a combination of 

‘surface reactive sensor technology’ and ‘antifouling coating technology’ to advance the 

lotus inspired technique to wider range applications. Introduction of the antifouling 

feature to optode sensing improves the potential applicability of the technique and, in this 

case, will permit development of portable blood sensing monitoring devices for easy use 

in the field with the added advantage of fouling-resistance for more reliable serial usage. 

Potassium ions are physiologically significant and one of the most abundant 

elements found intra- and extra-cellular media. [50], [51] For the diagnosis of hyper- or 

hypo-kalemia, which can cause various deceases including potentially fatal cardiac 

arrhythmias, [52] the determination of potassium levels in patients' blood is of significance 

for clinical analysis. Previously, various methods for the quotative determination of 

electrolytes in blood have been developed such as atomic absorption/emission 

spectroscopy (AAS/AES), [53] capillary electrophoresis (CE), [54] and ion selective 

electrodes (ISEs). [55] However, these methods require special devices and usually 

additional calibration. [56] 
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    As an alternate, polymeric bulk optodes has been utilized for quantification of 

electrolyte in blood. Insertion of an ionophore selective for a reference ion into the sensor 

membrane allows to monitor the protonation degree of a dyestuff which can in number 

be used to quantify the activity of the target ion in analyte samples since the response 

mechanism is based on a competitive ion–exchange equilibrium (see Figure 2-9A). [57], 

[58] Optical response of an optode device is usually observed in absorbance or fluorescence 

mode�����������������������������������optode can be used to quantify the activity of the 

primary ion, it is suitable for in situ blood analysis in the absence of an electrical supply 

such as occurs at the time of a natural disaster or in remote locations. However, most of 

the approaches to blood analysis are based on fluorescence mode, not visual one largely 

due to contamination of blood hinder accurate sensing in the visual region. In addition, it 

also increases the risk of infection from the wounds. [59] 

    Here, we report a visually responsive system for determination of potassium level in 

blood. The system has the additional property of blood fouling resistance. While in most 

previous reports adapted poly(vinyl chloride) (PVC) as based polymer, [60], [61] the 

fluorinated co-polymer: poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 

have been used due to its low surface energy over PVC (Figure 2-9B). [62] However, the 

effect of surface energy on ionic-exchange in liquid-����������������������������������������

we investigated the influence of sensor response by changing the polymer from PVC to 

PVDF-������������������������������������������������������ 
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selectivities Kopt
ij were calculated from the response curve constructed using absorption 

spectra measured under different chloride salt concentrations. Potassium levels in human 

blood were measured by using a standard addition method. [64] A color difference meter 

(Color Reader CR-13, Minolta Co., Ltd., Tokyo, Japan) was used to quantify the color 

change of the sensor. Blood contact angles and sliding angles were measured by casting 

pig blood (20 ̀ L) on a Contact-Angle Meter (CA-DT, Kyowa, Tokyo, Japan). Blood 

contamination area on the sensor was imaged using Image J software (U. S. National 

Institutes of Health, Bethesda, Maryland, USA). Surface 

structure was observed using a scanning electron microscope (SEM, TM3030Plus 

Microscope, HITACHI, Japan). 

 

2.3.3 Results and Discussion 

Mechanism of ion-selective optode. Ion-selective optodes usually respond triggered 

by selective interaction between hydrogen ions and a oleophilic dyestuff. The films are 

made to respond to cations under a competitive ion-exchange equilibrium yielding: 

MW
z++zSO+zDOH+RO

-↔SzOMO
z+RO

z-+zDO+zHW
+ where Mz+ is the analyte cation, S is the 

ionophore, D is the dye, R is the cationic ion-exchanger, the subscript W denotes “existing 

in the analyte solution”, and the subscript O denotes “existing in the polymer film” as 

shown in scheme in Figure 2-9A. When Mz+ comes in the optode, hydrogen ions are 

extracted from the film in order to conserve electrical neutrality within the film. This 

results in the release of protons from the optode without the observable morphological 

change in the membrane structure (Figure 2-11), and thus the deprotonation degree of the 

dyestuff is changed by Mz+ concentration to turn into the color as shown in Figure 2-12A. 

Considering the mechanism of the ion exchange, the dynamic range of optodes can be 
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intensity of 10 mM KCl tris-buffer at 470 nm (C) and 625 nm (D) in each pH. 
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Table 2-2. Exchange constants (Kexch) 

Ion Kexch 

K 6.47×10-6 

Na 1.68×10-9 

Mg Unmeasurable 

Ca Unmeasurable 

 

Table 2-3. Ion selectivity (Kij
opt, i = K+) 

ion log K
ij

opt
 

log K
ij

opt
 

(required for 10-fold diluted blood) 

log K
ij

opt
 

(required for undiluted blood) 

Na -3.59 -3.14 -3.09 

Mg <-3 -0.92 -0.88 

Ca <-3 -1.39 -1.31 

 

Blood fouling resistance. Figure 2-15A shows the blood contact angle and sliding 

angle of each polymer optode. It indicates that the PVDF-HFP based optode (���=25 mN) 

exhibit superior blood fouling resistance than the PVC (���=39 mN) based optode thanks 

to the formers higher contact angle and lower sliding angle. The difference of contact 

angle can be understood by Young’s theory. [19] Thanks to the blood adhesion on PVDF-

HFP based optode is weaker than that on the PVC based one, the sliding on the former 

was lower than that on the latter. When a blood droplet slides on the PVC based optode, 

some small blood contamination remained on the films. For this reason, we measured a 

color histogram for each polymer optode just after the sliding of a blood as shown in the 

Figure 2-15B, C. The red area indicates remaining contaminating blood while the blue 

colored area indicates where the optode has reacted with blood. The PVC based optode 

showed the higher blood contamination than the PVDF-HFP based optode, in that the 
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2.3.4 Conclusions 

In conclusion, we developed the ion selective polymeric bulk optode by giving the 

additional function of blood-fouling resistance. This system will be helpful to the in situ 

and low infection-risk blood analysis in the absence of an electrical supply such as occurs 

at the time of a natural disaster or in remote locations. Interestingly the lower surface 

tension base polymer showed the better anti-fouling property whereas having maintained 

the sensing ability. Our work gives the possibility of improved antifouling properties for 

the preparation of more effective and versatile polymer bulk optodes. The system also has 

potential for use in functional analytical systems applied to fouling analyte samples such 

as polluted water or slime, by selecting the combination of polymer surface tension and 

sensing media components.  
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Chapter 3 Selective-wetting materials biologically 

inspired by predation mechanism of a spider 

Uloborus Walckenaerius 
This chapter is based on [Tenjimbayashi, M., Sasaki, K., Matsubayashi, T., Abe, J., Manabe, K., 

Nishioka, S., & Shiratori, S. (2016). A biologically inspired attachable, self-standing nanofibrous 

membrane for versatile use in oil–water separation. Nanoscale, 8(21), 10922-10927.] 

 

3.1 Selective wetting properties 

In this chapter, selective-wetting porous materials biologically inspired by predation 

of a spider are introduced. Selective wetting surfaces which are wet by a liquid whereas 

de-wet against the other liquid, have recently been well researched because of the 

potential application for separation filter. [1] Liquid surface tension, and interfacial tension 

�������������������������������������������������������������������������������������������

liquid kinds, too. The difference of contact angles can become larger with surface 

morphology such as surface roughness and liquid-solid interactions to lead the liquid 

dependent wetting with Cassie-Baxter state or Wenzel state as shown in Figure 3-1. [2] 

Especially, porous materials with controlled morphology and/or surface chemistry 

perform selective wettability in extreme because the wetting behaviors are divided into 

two states. The one state is Cassie-Baxter state in which liquid droplets do not come into 

���� ������ ��� ����� ����� �������� ������� ���� ������ ������ ��� Wenzel state in which liquid 

droplets penetrate among the pores to show contact angle being 0º. The wetting/de-

wetting threshold (WT) are decided by the robustness factor 1∗, which is the ratio of 
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    From these backgrounds, various selective wetting materials are introduced, which 

are categorized by hydrophobic/oleophilic materials, [6-10] hydrophilic/underwater-

oleophobic type, [11-14] hydrophilic/oleophobic type, [3] dual-phobic (incorporates 

hydrophilic/underwater-oleophobic and oleophilic/underoil-hydrophobic) type [15, 16], 

selective oleophobic/oleophilic type [2], smart switching type [17-20], and some exception 

[21-23]�� ��������������������������������������������������������������������������������

theoretical and practical development of this fields enabled highly efficient liquid 

separation including emulsion with high flux, there still remains the challenges for 

practice including low selectivity of materials, low formability, high cost, complex 

process, and large-scale fabrication. [24] In section 3-2, we introduce an attachable self-

standing nanoweb sheet inspired by an impeding mechanism of a spider Uloborus 

Walckenaerius����������������������������������������������������������������������������

be attached to the various materials to give them a hydrophobic/oleophilic property. The 

versatility of this material will be helpful for the practice in industry of selective wetting 

materials.  

 

 

3.2 Design of Hydrophobic/Superoleophilic nanofibrous film for 

effective oil/water separation 

3.2.1 Introduction 

    As represented by 2010 Deepwater Horizon oil spill accident in the Gulf of Mexico, 

oil pollution in water is a worldwide problem. [25] It causes long-term negative effects on 

the health of living organisms and the environment. [26] However, high purity oil is an 
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important energy resource for human lifestyle. [27] The refuse disposal systems currently 

available for industrial effluents from factories or for burning rubbish are both expensive 

and time consuming. [28] Therefore, it is important to develop methods for the extraction 

of oil from water. [29] 

    Recent approaches to separate oil and water are based on the selective wetting of 

them onto 2D or 3D porous materials. [30] Various approaches to design selective wetting 

materials are reported to separate oil-water mixtures, emulsions, and chemical 

components. [6-20, 28-31] For example, Dong et al. reported superhydrophilic and 

underwater superoleophobic membranes by coating graphene oxide to meshes. [14] Yang 

and co-workers reported oil absorbent by coating melamine sponge with lignin. [31] In 

these approaches, the materials designed for oil-water separation need to make use of 

both 2D and 3D structured porous solids with a specific supporting body. Thanks to the 

development of selective wetting materials, this technology has already achieved the 

highly effective and continuous separation of oil from mixtures and emulsions using 

strategies of oil-water filtration, [13-15] oil absorption, [31, 32] and oil collection [33, 34] The 

remaining challenges of oil-water separation are: (i) adding other functions such as 

transparency, [7] durability, [33] self-healing [35] and a stimuli-response [21, 36]���������������

under special conditions i.e. at different pressures, [13] or at different temperatures, [37] or 

������������������������������������ [2] and (iii) making this technology scalable, facile, 

and low cost. [2, 38] The last requirement, especially, is essential in practical use of this 

technology. Hence, we aimed to develop a scalable, facile, and low-cost material that 

could be applied to both 2D and 3D structured porous supporting bodies for oil-water 

separation techniques. 

    Our strategy is to design a self-standing sheet with selective-wettability that can be 
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attached to various materials to provide this function to both 2D and 3D materials. 

However, this type of versatile attachment is difficult to design because the conventional 

approach to this requires chemical bonding or physical cross-linking between the 

supporting material and the coating material. 

    Here, nature offers a remarkably simple alternative idea. The spider Uloborus 

walckenaerius weaves an electrically charged thread into fluffed nanofibers from 

individual spigots using specialized co���������������������������������������������������

electrostatic van der Waals forces (Figure 3-3A). [39, 40] Inspired by the capture 

mechanism, we designed an attachable self-standing nanofiber sheet (NF-S) using the 

easily chargeable fluorine polymer Poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF-HFP) as shown in Figure 3-3B, C. Thanks to the electrostatic van der Waals 

forces, the NF-S can attach to various materials as shown in Figure 3-3D-G. The strategy 

provided oil-water separation ability to both 2D and 3D materials. [41] In addition, the 

scalability, versatility and low cost fabrication of the NF-S will contribute to the practical 

use of oil-water separation. Also, the concept of attaching the function to various 

materials gives new insight into the development of functional materials. 
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Saijo, Japan) and dyed with Brilliant Blue (Tokyo Chemical Industry Co., Ltd., Tokyo, 

Japan). Melamine sponges, poly(vinylchroride) tubes (PVC tubes), and aluminum foil 

were purchased from a supermarket. Plastic syringes (Volume ~20 mL) and needles (21G 

½) were purchased from Terumo Co. (Tokyo, Japan). 

Fabrication of a PVDF-HFP/Et-CA nanofibers sheet. Figure 3-4 summarizes the 

designing procedure of various oil-water separating devices. The NF-S was designed by 

an electrospinning method. PVDF-HFP (1 g) and Et-CA (0.1 g) were dissolved in acetone 

(3.9 g) by stirring for 24 h at 60 °C. The solution was loaded into a plastic syringe with 

needles. The vertical tip-to-collector distance between the tip of the nozzle and the 

aluminum foil (used as a collector) was 20 cm. The applied voltage was set at 20 kV by 

a high voltage power unit. The flux of the syringe pump was set at 3 mL/h. The nanofibers 

collection area was about 450 cm2. The electrospinning time was 2400 s and the weight 

change before and just after electrospinning was 3.0 g. The electrospun nanofibers on the 

aluminum foil were dried for one day. The designed NF-S was easily peeled from the 

aluminum foil. The self-standing NF-S was attached to a melamine sponge, glass 

container, or PVC tube. Furthermore, we found that the NF-S was able to be attached to 

materials firmly and closely by wetting the NF-S using isopropanol (IPA, 

CH3CH(OH)CH3). When wetted with IPA, the NF-S become sticky, and after drying it 

was firmly attached to the materials. 
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liquid droplets at room temperature (20 °C) (n = 5 for each sample surface). The wetting 

processes on the NF-S at room temperature were observed by time-resolved images of 

the 10 ̀ L casting liquid droplets on the NF-S monitored by a high-speed camera (HAS-

D3, Ditect, Tokyo, Japan). The separation efficiency for the oil-water mixtures was 

calculated by the following equation: Separati�n effi�ien�y /% = [\]^_`[\]^_`a[bcd ×1�� 

where fghijk and flmn are the weight of water and oil that remained in the PVC tube, 

respectively (n = 3 for each oil on NF-S). The flux of the penetrating oil on the NFs-S 

was calculated by the following equation: Flux / Lh*�m*v = �w_x_^`]^cbx)w_x_^`]^cbx×+yz__^  where 

{|j}jikhiml} is the volume of penetrated oil on the NF-S, ~|j}jikhiml} is the time of oil 

penetration, and 1��jji is an area of the NF-S that was penetrated by the oil. To mitigate 

the influence of gravity on the flux, the penetrating oil was cast in small volumes that just 

covered the whole surface of the NF-S. The mechanical strength of the melamine sponge 

covered by the NF-S was evaluated by cycles of compression and release using pressing 

equipment (AH-2003, AS ONE Co., Osaka, Japan). The intervals between compression 

and release were within 30 seconds at room temperature. 

 

3.2.3 Results and Discussion 

Characterization of the NF-S. The NF-S was fabricated by electrospinning a PVDF-

HFP/Et-CA mixture on the aluminum collector. The thickness of the NF-S was 

approximately 135 m̀ (see Figure 3-5) and estimated cost was US$ 0.88 m-2 (see Table 

3-1). The NF-S is self-standing and stretchable (Figure 3-3B) whose maximum strain 

was about 250% at a stress >1 MPa (Figure 3-6A) The fracture behavior of the NF-S in 

a strain-stress test was gradual, meaning the thinner fibers within the sheet fractured first, 
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Table 3-3. Characteristics for each oil. 

 Viscosity / mP s Surface tension / mN m-1 Density / g m-3 

Toluene 0.560 28.50 0.865 

Hexadecane 3.061 27.47 0.773 

n-Dodecane 1.352 25.35 0.745 

n-Decane 0.841 23.83 0.730 

Oleic acid 31 32 0.894 

Gasoline 

[44, 45] 
0.86 21.56 0.726 

 

Table 3-4. Summary of 2D materials for oil/water separation properties 

Materials Preparation 

methods 

Separation 

efficiency 

(%) 

Flux 

(L m
-2
 h

-1
) 

Cost 

(US$) Reference 

Polyaniline coated 

cotton fabric 
vapor phase 

deposition 97.8 n.a. 4.5 [33] 

polydopamine/n-

dodecyl mercaptan 

mesh 

Michael 

addition 

reaction 
98.12 n.a. 7.6 [46] 

cellulose hollow fiber 
immersion 

precipitation 

technique 
>97 7.7 <5 [47] 

cellulose acetate-graft-

polyacrylonitrile 

membranes 

phase 

inversion 

method 
>97 300 16.9 [48] 

Vertically-aligned 

carbon nano-tube 

thermal 

chemical 

vapor 

deposition 

n.a. 85.6 - [49] 

poly(2-

methacryloyloxylethyl 

phosphorylcholine) 
grafting >99.9 880 37.2 [50] 
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    Effect of PVDF-HFP: Et-CA ratio on NF-S performance. We furthermore discuss an 

influence of PVDF-HFP per Et-CA ratio on the NF-S properties. As varying the Et-CA 

weight ratio from PVDF-HFP: Et-CA=1:0.1 / w: w to =0.8:0.3 /w: w, the elastic property, 

wettability, fiber diameter, surface chemistry of NF-Ss changed as shown in Figure 3-14. 

The Et-CA is rigid and fragile, has higher surface energy than PVDF-HFP as mentioned 

in Chapter 2. The viscosity of Et-CA in acetone is lower than that of same contents of 

PVDF-HFP, considered with molecular weight. Thus, the addition of Et-CA in PVDF-

HFP makes NF-Ss the lower strain and the more robust (Figure 3-14A), and the decrease 

of fiber diameter (Figure 3-14C, D). The decrease of surface energy and the fiber 

diameter with Et-CA addition makes NF-Ss an unlinered wettability change (Figure 3-

14B) owing to the variation of surface energy and trapped air ratio. The surface chemistry 

of each NF-S consisted of PVDF-HFP and Et-CA was confirmed by Fluorine per Nitrogen 

atomic ratio from EDX (Figure 3-14 E, F, Table 3-5). 
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materials field, that is, the possibility of designing advanced materials by combining 

different functional materials (e.g. In this work, the high absorption capacity by the 

melamine sponge and the selective wettability by NF-Ss are combined to be an oil-

absorbent.)  

 

  



67 
 

References 

[3-1]    Wang, B., Liang, W., Guo, Z., & Liu, W. (2015). Biomimetic super-lyophobic 

and super-lyophilic materials applied for oil/water separation: a new strategy beyond 

nature. Chemical Society Reviews, 44(1), 336-361. 

[3-2]    Wang, L., Zhao, Y., Tian, Y., & Jiang, L. (2015). A general strategy for the 

separation of immiscible organic liquids by manipulating the surface tensions of 

nanofibrous membranes. Angewandte Chemie International Edition, 54(49), 14732-

14737. 

[3-3]    Kota, A. K., Kwon, G., Choi, W., Mabry, J. M., & Tuteja, A. (2012). Hygro-

responsive membranes for effective oil–water separation. Nature communications, 3, 

1025. 

[3-4]    Tuteja, A., Choi, W., Mabry, J. M., McKinley, G. H., & Cohen, R. E. (2008). 

Robust omniphobic surfaces. Proceedings of the National Academy of Sciences, 

105(47), 18200-18205. 

[3-5]    Dagastine, R. R., Manica, R., Carnie, S. L., Chan, D. Y. C., Stevens, G. W., & 

Grieser, F. (2006). Dynamic forces between two deformable oil droplets in water. 

Science, 313(5784), 210-213. 

[3-6]    Zhang, X., Li, Z., Liu, K., & Jiang, L. (2013). Bioinspired Multifunctional Foam 

with Self‐Cleaning and Oil/Water Separation. Advanced Functional Materials, 

23(22), 2881-2886. 

[3-7]    Yokoi, N., Manabe, K., Tenjimbayashi, M., & Shiratori, S. (2015). Optically 

transparent superhydrophobic surfaces with enhanced mechanical abrasion 

resistance enabled by mesh structure. ACS applied materials & interfaces, 7(8), 4809-

4816. 

[3-8]    Feng, L., Zhang, Z., Mai, Z., Ma, Y., Liu, B., Jiang, L., & Zhu, D. (2004). A 

super‐hydrophobic and super‐oleophilic coating mesh film for the separation of oil 

and water. Angewandte Chemie International Edition, 43(15), 2012-2014. 

[3-9]    Si, Y., Fu, Q., Wang, X., Zhu, J., Yu, J., Sun, G., & Ding, B. (2015). Superelastic 

and superhydrophobic nanofiber-assembled cellular aerogels for effective separation 

of oil/water emulsions. ACS nano, 9(4), 3791-3799. 

[3-10]    Si, Y., Yu, J., Tang, X., Ge, J., & Ding, B. (2014). Ultralight nanofibre-assembled 

cellular aerogels with superelasticity and multifunctionality. Nature communications, 

5, 5802. 

[3-11]    Xue, Z., Wang, S., Lin, L., Chen, L., Liu, M., Feng, L., & Jiang, L. (2011). A 

novel superhydrophilic and underwater superoleophobic hydrogel‐coated mesh for 



68 
 

oil/water separation. Advanced Materials, 23(37), 4270-4273. 

[3-12]    Zhang, L., Zhong, Y., Cha, D., & Wang, P. (2013). A self-cleaning underwater 

superoleophobic mesh for oil-water separation. Scientific reports, 3, 2326. 

[3-13]    Gao, X., Xu, L. P., Xue, Z., Feng, L., Peng, J., Wen, Y., ... & Zhang, X. (2014). 

Dual‐Scaled Porous Nitrocellulose Membranes with Underwater Superoleophobicity 

for Highly Efficient Oil/Water Separation. Advanced Materials, 26(11), 1771-1775. 

[3-14]    Dong, Y., Li, J., Shi, L., Wang, X., Guo, Z., & Liu, W. (2014). Underwater 

superoleophobic graphene oxide coated meshes for the separation of oil and water. 

Chemical Communications, 50(42), 5586-5589. 

[3-15]    Tian, X., Jokinen, V., Li, J., Sainio, J., & Ras, R. H. (2016). Unusual Dual 

Superlyophobic Surfaces in Oil–Water Systems: The Design Principles. Advanced 

Materials, 28(48), 10652-10658. 

[3-16]    Tao, M., Xue, L., Liu, F., & Jiang, L. (2014). An intelligent superwetting PVDF 

membrane showing switchable transport performance for oil/water separation. 

Advanced Materials, 26(18), 2943-2948. 

[3-17]    Zhang, L., Zhang, Z., & Wang, P. (2012). Smart surfaces with switchable 

superoleophilicity and superoleophobicity in aqueous media: toward controllable 

oil/water separation. NPG Asia Materials, 4(2), e8. 

[3-18]    Sun, T., Wang, G., Feng, L., Liu, B., Ma, Y., Jiang, L., & Zhu, D. (2004). 

Reversible switching between superhydrophilicity and superhydrophobicity. 

Angewandte Chemie, 116(3), 361-364. 

[3-19]    Xia, F., Feng, L., Wang, S., Sun, T., Song, W., Jiang, W., & Jiang, L. (2006). 

Dual‐Responsive Surfaces That Switch between Superhydrophilicity and 

Superhydrophobicity. Advanced Materials, 18(4), 432-436. 

[3-20]    Lim, H. S., Kwak, D., Lee, D. Y., Lee, S. G., & Cho, K. (2007). UV-driven 

reversible switching of a roselike vanadium oxide film between superhydrophobicity 

and superhydrophilicity. Journal of the American Chemical Society, 129(14), 4128-

4129. 

[3-21]    Hou, X., Hu, Y., Grinthal, A., Khan, M., & Aizenberg, J. (2015). Liquid-based 

gating mechanism with tunable multiphase selectivity and antifouling behaviour. 

Nature, 519(7541), 70-73. 

[3-22]    Shannon, M. A., Bohn, P. W., Elimelech, M., Georgiadis, J. G., Marinas, B. J., & 

Mayes, A. M. (2008). Science and technology for water purification in the coming 

decades. Nature, 452(7185), 301-310. 

[3-23]    Park, C. H., Lee, S. Y., Hwang, D. S., Shin, D. W., Cho, D. H., Lee, K. H., ... & 

Doherty, C. M. (2016). Nanocrack-regulated self-humidifying membranes. Nature, 



69 
 

532(7600), 480-483. 

[3-24]    Tenjimbayashi, M., Sasaki, K., Matsubayashi, T., Abe, J., Manabe, K., Nishioka, 

S., & Shiratori, S. (2016). A biologically inspired attachable, self-standing 

nanofibrous membrane for versatile use in oil–water separation. Nanoscale, 8(21), 

10922-10927. 

[3-25]    Reddy, C. M., Arey, J. S., Seewald, J. S., Sylva, S. P., Lemkau, K. L., Nelson, R. 

K., ... & Van Mooy, B. A. (2012). Composition and fate of gas and oil released to the 

water column during the Deepwater Horizon oil spill. Proceedings of the National 

Academy of Sciences, 109(50), 20229-20234. 

[3-26]    Liu, X., Meng, R., Xing, Q., Lou, M., Chao, H., & Bing, L. (2015). Assessing 

oil spill risk in the Chinese Bohai Sea: a case study for both ship and platform related 

oil spills. Ocean & Coastal Management, 108, 140-146. 

[3-27]    Jayaramulu, K., Datta, K. K. R., Rösler, C., Petr, M., Otyepka, M., Zboril, R., & 

Fischer, R. A. (2016). Biomimetic Superhydrophobic/Superoleophilic Highly 

Fluorinated Graphene Oxide and ZIF‐8 Composites for Oil–Water Separation. 

Angewandte Chemie International Edition, 55(3), 1178-1182. 

[3-28]    Cristóvão, R. O., Botelho, C. M., Martins, R. J., Loureiro, J. M., & Boaventura, 

R. A. (2015). Fish canning industry wastewater treatment for water reuse–a case 

study. Journal of Cleaner Production, 87, 603-612. 

[3-29]    Kwon, G., Post, E., & Tuteja, A. (2015). Membranes with selective wettability 

for the separation of oil–water mixtures. MRS Communications, 5(03), 475-494. 

[3-30]    Chu, Z., Feng, Y., & Seeger, S. (2015). Oil/water separation with selective 

superantiwetting/superwetting surface materials. Angewandte Chemie International 

Edition, 54(8), 2328-2338. 

[3-31]    Yang, Y., Yi, H., & Wang, C. (2015). Oil absorbents based on melamine/lignin 

by a dip adsorbing method. ACS Sustainable Chemistry & Engineering, 3(12), 3012-

3018. 

[3-32]    Yang, Y., Deng, Y., Tong, Z., & Wang, C. (2014). Renewable lignin-based 

xerogels with self-cleaning properties and superhydrophobicity. ACS Sustainable 

Chemistry & Engineering, 2(7), 1729-1733. 

[3-33]    Zhou, X., Zhang, Z., Xu, X., Guo, F., Zhu, X., Men, X., & Ge, B. (2013). Robust 

and durable superhydrophobic cotton fabrics for oil/water separation. ACS applied 

materials & interfaces, 5(15), 7208-7214. 

[3-34]    Brown, P. S., & Bhushan, B. (2015). Mechanically durable, superoleophobic 

coatings prepared by layer-by-layer technique for anti-smudge and oil-water 

separation. Scientific reports, 5, 8701. 



70 
 

[3-35]    Fang, W., Liu, L., Li, T., Dang, Z., Qiao, C., Xu, J., & Wang, Y. (2016). 

Electrospun N‐Substituted Polyurethane Membranes with Self‐Healing Ability for 

Self‐Cleaning and Oil/Water Separation. Chemistry–A European Journal, 22(3), 878-

883. 

[3-36]    Wang, H., Zhou, H., Yang, W., Zhao, Y., Fang, J., & Lin, T. (2015). Selective, 

Spontaneous One-Way Oil-Transport Fabrics and Their Novel Use for Gauging 

Liquid Surface Tension. ACS applied materials & interfaces, 7(41), 22874-22880. 

[3-37]    Li, J., Shi, L., Chen, Y., Zhang, Y., Guo, Z., Su, B. L., & Liu, W. (2012). Stable 

superhydrophobic coatings from thiol-ligand nanocrystals and their application in 

oil/water separation. Journal of Materials Chemistry, 22(19), 9774-9781. 

[3-38]    Wang, G., He, Y., Wang, H., Zhang, L., Yu, Q., Peng, S., ... & Xue, Q. (2015). A 

cellulose sponge with robust superhydrophilicity and under-water 

superoleophobicity for highly effective oil/water separation. Green Chemistry, 17(5), 

3093-3099. 

[3-39]    Kronenberger, K., & Vollrath, F. (2015). Spiders spinning electrically charged 

nano-fibres. Biology letters, 11(1), 20140813. 

[3-40]    Peters, H. M. (1984). The spinning apparatus of Uloboridae in relation to the 

structure and construction of capture threads (Arachnida, Araneida). Zoomorphology, 

104(2), 96-104. 

[3-41]    DiStasio, R. A., von Lilienfeld, O. A., & Tkatchenko, A. (2012). Collective 

many-body van der Waals interactions in molecular systems. Proceedings of the 

National Academy of Sciences, 109(37), 14791-14795. 

[3-42]    Vazquez, G., Alvarez, E., & Navaza, J. M. (1995). Surface tension of alcohol+ 

water from 20 to 50 C. Journal of chemical and engineering data, 40(3), 611-614. 

[3-43]    Wong, T. S., Kang, S. H., Tang, S. K., Smythe, E. J., Hatton, B. D., Grinthal, A., 

& Aizenberg, J. (2011). Bioinspired self-repairing slippery surfaces with pressure-

stable omniphobicity. Nature, 477(7365), 443-447. 

[3-44]    Zhu, L., Chen, J., Liu, Y., Geng, R., & Yu, J. (2012). Experimental analysis of 

the evaporation process for gasoline. Journal of Loss prevention in the process 

Industries, 25(6), 916-922. 

[3-45]    Wang, F., Wu, J., & Liu, Z. (2006). Surface tensions of mixtures of diesel oil or 

gasoline and dimethoxymethane, dimethyl carbonate, or ethanol. Energy & fuels, 

20(6), 2471-2474. 

[3-46]    Cao, Y., Zhang, X., Tao, L., Li, K., Xue, Z., Feng, L., & Wei, Y. (2013). Mussel-

inspired chemistry and michael addition reaction for efficient oil/water separation. 

ACS applied materials & interfaces, 5(10), 4438-4442. 



71 
 

[3-47]    Li, H. J., Cao, Y. M., Qin, J. J., Jie, X. M., Wang, T. H., Liu, J. H., & Yuan, Q. 

(2006). Development and characterization of anti-fouling cellulose hollow fiber UF 

membranes for oil–water separation. Journal of Membrane science, 279(1), 328-335. 

[3-48]    Chen, W., Su, Y., Zheng, L., Wang, L., & Jiang, Z. (2009). The improved 

oil/water separation performance of cellulose acetate-graft-polyacrylonitrile 

membranes. Journal of Membrane Science, 337(1), 98-105. 

[3-49]    Lee, C., & Baik, S. (2010). Vertically-aligned carbon nano-tube membrane filters 

with superhydrophobicity and superoleophilicity. Carbon, 48(8), 2192-2197. 

[3-50]    He, K., Duan, H., Chen, G. Y., Liu, X., Yang, W., & Wang, D. (2015). Cleaning 

of oil fouling with water enabled by zwitterionic polyelectrolyte coatings: 

Overcoming the imperative challenge of oil–water separation membranes. ACS nano, 

9(9), 9188-9198. 

[3-51]    Li, J. J., Zhou, Y. N., & Luo, Z. H. (2015). Smart fiber membrane for pH-induced 

oil/water separation. ACS applied materials & interfaces, 7(35), 19643-19650. 

[3-52]    Zhang, W., Lu, X., Xin, Z., & Zhou, C. (2015). A self-cleaning 

polybenzoxazine/TiO2 surface with superhydrophobicity and superoleophilicity for 

oil/water separation. Nanoscale, 7(46), 19476-19483. 

[3-53]    Li, J., Kang, R., Tang, X., She, H., Yang, Y., & Zha, F. (2016). Superhydrophobic 

meshes that can repel hot water and strong corrosive liquids used for efficient gravity-

driven oil/water separation. Nanoscale, 8(14), 7638-7645. 

[3-54]    Zhang, W., Shi, Z., Zhang, F., Liu, X., Jin, J., & Jiang, L. (2013). 

Superhydrophobic and superoleophilic PVDF membranes for effective separation of 

water‐in‐oil emulsions with high flux. Advanced Materials, 25(14), 2071-2076. 

  



72 
 

Chapter 4 Slippery-wetting materials bioinspired 

by pitcher plant Nepenthes rafflesiana Jack 
This chapter is based on [Tenjimbayashi, M., Togasawa, R., Manabe, K., Matsubayashi, T., 

Moriya, T., Komine, M., & Shiratori, S. (2016). Liquid‐Infused Smooth Coating with 

Transparency, Super‐Durability, and Extraordinary Hydrophobicity. Advanced Functional 

Materials, 26(37), 6693-6702.] 

 

4.1 Slippery wetting properties 

The carnivorous pitcher plants such as Nepenthes rafflesiana Jack wet their leaves 

with lubricating oil to make insects slide down into their digestive juices. Inspired by the 

‘slippery’ mechanism, Wong et al. reported slippery liquid infused porous surface(s) 

(SLIPS) by infusing a porous substrate with lubricating oil as in Figure 4-1. [1] 

Introduction of the slippery liquid interface rather than air-solid interface such like lotus 

surface enabled perfect slipperiness toward various kinds of liquid which was immiscible 

with lubricating oil. Indeed, the state-of-the-art surfaces have potential development of 

antiwetting materials with multi-functionality including transmittance, self-healing, 

damage tolerance, and pressure-stability. 

    Slippery wetting surface are designed by forming the porous oleophilic base layer 

(BL) and the following lubricant infusion to form a liquid layer (LL). SLIPS fabrication 

is based on three criteria: (i) LL must wick into, wet and stably adhere within the BL, (ii) 

the BL must be preferentially wetted by the LL rather than by the target liquid to be 

repelled, and (iii) the LL and the target liquid must be immiscible. [1] The first requirement 

is satisfied by micro-nanotextured rough BL to immobilize LL using capillary interaction. 
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To satisfy the second criterion-the BL must perform selective-wettability in that wet by 

the liquid as LL whereas dewet by the liquid to be repelled. From the viewpoint of 

thermodynamics, SLIPS must fulfill the criteria shown in Figure 4-2: Configuration 1 

[lubricating liquid (liquid A) layer is formed on the roughened solid and target liquid 

(liquid B) does not replace the liquid layer] must be more stable than configuration A 

(roughened solid is wet by liquid B), and also configuration 2 (roughened solid is wet by 

liquid A) must be more stable than configuration A at the same time. The stability can be 

quantified by calculating total interfa��������������� ��<�+, and �v<�+ where the energy 

of configuration 1,2, and A are ��, �v, and �+, respectively. They yield Ȃ�� = �+ −
�� = H(��	
��� − �+	
��+) − �+� G � , and Ȃ�v = �+ − �v = H(��	
��� −
�+	
��+) + �+ − �� G �  where �+ , �� , and �+�  are the surface tension of liquid A, 

liquid B, and the interfacial tension between the liquids, �+  and ��  are equilibrium 

contact angles of the liquids on a smooth BL, H is roughness factor. 

    SLIPS technology opened the new insight into the whole materials science by 

introducing a liquid coating rather than solid coating materials. Previously liquid infused 

surface materials have been widely studied. Aizenberg group developed SLIPS 

technologies into anti-icing metal materials, [2] antithrombosis and biofouling resistant 

medical device, [3] liquid gate filter, [4] highly effective heat transfer condensation material, 

[5] and smart optics/wettability tunable materials. [6] In our group, various liquid infused 

materials are reported including self-standing gel-like material, [7] anti-reflective anti-

icing surface, [8] anti-biofouling endoscope lens, [9] solar cell coating, [10] and temperature 

triggered smart coating materials. [11]  

Although such liquid immobilizing coating technology as represented in SLIPS 

showed the potential development, there still remains challenges in long-term use and 
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4.2 Surface with ̀-interaction liquid adsorption, smoothness and 

hydrophobicity (SPLASH) 

4.2.1 Introduction 

Hydrophobic coatings are of great importance in many scientific and technological fields, 

and various approaches have been used for their preparation and development of 

applications. [13-15] Lotus leaf inspired superhydrophobic surface is one of the famous 

approaches. The concept of superhydrophobic surface is to reduce the contact area 

between a liquid layer and the surface by trapped microscopic air layer on the controlled 

rough structure. Thus, the created air/solid composite surface enables liquid droplets to 

easily roll off. Although the development of superhydrophobic surfaces has made it 

possible to incorporate excellent liquid repellency with transparency or durability, [16, 17] 

there are still challenges for practical use, such as limited hydrophobicity (depending on 

the wetting state, temperature, size or viscosity), [18, 19] limited self-healing, and pressure 

instability due to the rough surface structure. [20] 

    SLIPS, where a LL is formed at the interface by infusing lubricating liquid in a 

nano/microscale porous BL, overcome the challenges of conventional hydrophobic 

���������� ������� ��� ���� ������� �������� ����������� ������ �������� ��� �������� �������

hydrophobicity, transparency, quick self-healing property, and pressure stability. 

    From these backgrounds, LL-formation on surfaces has attracted strong attention for 

the design of multi-functional materials with special wettability, such as SLIPS, [1] 

xerogels, [21] and self-lubricating organogels [22] that contain a hydro-immiscible LL with 

multi-functional properties. Indeed, recently surfaces with covalently attached liquid-like 

molecules that show slipperiness towards liquids are also being developed. [18, 23, 24] 
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Hydrophobic surfaces that make use of the fluidity of the liquid interface retains the 

immobilized LL by capillary forces of the sponge-like BL. [25] Thus, the remaining 

challenges for next generation LL-immobilized surfaces are patternable LL formation on 

solid surfaces and LL transport to realize the systematic use of the LL surface. However, 

our concern is that the change of the LL thickness during the process of LL transport or 

patterning can make the immobilized LL surface properties unstable along with the 

exposure of the rough structure of BL. [1, 3, 6, 26] Therefore, a drastically different approach 

is required for designing controllable LL formation or transport on solids with a 

completely smooth structure to realize stable LL properties regardless of its thickness. 

    Here, we introduce a new approach for constructing liquid-absorbed smooth surface 

using ̀ -electron interactions at the solid-BL/LL interface. In our approach, a ̀-electron-

abundant smooth surface interacts with organic materials via ̀-stacking, which works 

even under a liquid state, [27, 28] allowing a wide variety of LLs to be trapped on the solid 

BL without rough structure. In addition, the localization of ̀-electrons enabled 

controllable LL formation, and liquid transport on smooth BL is also realized by patterned 

liquid adsorption, which has been limited only to water, previously. [25, 29] Furthermore, 

the ̀ -stacking interaction realized superwetting of decyltimethoxysilane (DTMS) on BL 

without roughness enhancing to realize stable LL formation. By applying this concept, 

our ̀-electron-abundant smooth BL, which retains a hydrophobic and extremely low 

viscosity organic liquid (in this case DTMS), was designated as a surface with ̀-electron 

interaction liquid adsorption, smoothness, and hydrophobicity: SPLASH, which allows 

the development of a hydrophobic surface with multifunctional properties such as high 

optical transparency, extraordinary hydrophobicity, and defect-free self-healing 

������������������������������������������������ess of a changing in LL thickness. 
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    This novel concept demonstrates the potential for designing controllable and stable 

liquid surfaces with multifunctionality, which may serve as the next generation state-of-

the-art surfaces by replacing the “solid functional surface” with the “liquid-adsorbing 

surface”. [1, 6, 11, 21, 30-32] These liquid-adsorbing surfaces can be applied not only to 

hydrophobic surfaces but also to functional liquid surfaces for the development of a wide 

range of thin-film technologies, we believe. [33] 

 

4.2.2 Experimental 

Cocktail preparation. Mixture A for phenyl group modification was prepared by 

mixing 0.4322 g of phenyltriethoxysilane (PTES, Shin-Etsu Chemical Co., Ltd., Tokyo, 

Japan), 1.3791 g of tetramethoxysilane (TMOS, Junsei Chemical Co., Ltd., Tokyo, Japan), 

5.59 mL of ethanol, 0.7566 mL of deionized water, and 2.04 ̀L of HCl in order, and the 

resulting mixture was stirring for 24 h for the reaction. Mixture B for decyl group 

modification was prepared by mixing 0.4725 g of decyltrimethoxysilane (DTMS, Shin-

Etsu Chemical Co., Ltd.), 1.8876 g of tetraetoxysilane (TEOS, Wako Chemical Co., Ltd., 

Osaka, Japan), 5.59 mL of ethanol, 0.7566 mL of deionized water, and 2.04 ̀L of HCl in 

order, and the resulting mixture was stirring for 24 h for the reaction. Mixture C for the 

rough BL was prepared by dispersing 4 wt.% (CH3)3-Si modified hydrophobic SiO2 

nanoparticles (Aerosil RX 200, diameter ~12 nm, Evonik Industries, Germany) in ethanol. 

Preparation of the surfaces. All of the substrates were made hydrophilic using 

UV/O3 treatment [NL-UV253, Shoko Scientific Co., Ltd., (formerly Japan Laser 

Electron), Kanagawa, Japan] before coating with the LLs. The SiO2-Ph were attached to 

the substrate by spin coating mixture A at a speed of 1000 rpm for 5 s and then at 2000 

rpm for 10 s. SiO2–C10 were attached to the substrate by spin coating cocktail B at a speed 
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of 1000 rpm for 5 s and then at 2000 rpm for 10 s. These coatings were dried for 24 h at 

room temperature. The SPLASH was prepared by casting 0.08 ̀L cm-2 DTMS on the 

ethanol (purity 99.5%)-rinsed SiO2–Ph substrate. DTMS was spread by a blower (The 

components of the SPLASH showed low toxicity with the standard of both LC-50 and 

LD-50.). The rough BL was prepared by spraying mixture C with the conditions of 0.8 

MPa spraying pressure, 5 s spraying time, and about 30 cm of spray distance between the 

sprayer and the substrate, and drying for 1 h at room temperature. 

Liquid spreading behaviour. Liquid spreading behaviour and liquid layer formation 

were measured using a high-speed camera (HAS-D3, Ditect Co., Ltd., Tokyo, Japan) and 

analyzed with Image J software (U. S. National Institutes of Health, Bethesda, Maryland, 

USA).  

Wettability. Static contact angles, sliding angles, and underwater contact angles were 

measured using a contact-angle meter (CA-DT, Kyowa, Tokyo, Japan) and our own 

instrument. Endoscope application was conducted using an oscillating endoscope 

(SM20052, Machida Endoscope Co., Ltd., Japan). Contact angle hysteresis was measured 

by increasing and decreasing the droplet volume while taking screenshots and extracting 

the advancing and receding contact angles. Self-cleaning procedure of the SPLASH was 

assessed by covering the SPLASH with sands (Akadama-tuchi, Marukei, Co., Ltd., 

Tochigi, Japan) and casting deionized water droplet. Liquid sliding speeds were measured 

using a high-speed camera and analysed with Image J software. Mist spraying tests were 

conducted using a commercial hand sprayer and digital microscope (VHX5000, Keyence 

Corporation, Japan). 

    Optical analysis. Optical measurements were performed using a spectrophotometer 

(UVmini-1240, Shimadzu, Japan) and a haze meter (NDH-5000, Nippon Denshoku 

Industries, Japan) with a white-light-emitting diode (5 V, 3 W) as the optical source. The 
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photocurrent density–voltage curves of single-crystal standard solar cells (Akihabara, 

Japan) were measured under illumination with an AM 1.5 solar simulator (100 mW cm–

2) for a 2.8 cm2 masked area. A 500W xenon lamp (UXL-500SX, Ushio Inc., Tokyo, 

Japan) was used as the light source. A thickness and a refractive index of BL was 

measured using Ellipsometry (MARY-102, Five Lab, Japan). 

Surface analysis. The surface smoothness was measured by atomic force microscopy 

(Nanoscope IIIa, Digital Instruments, USA). The surface morphology of the rough BL 

was measured by field emission scanning electron microscopy (FE–SEM, S-4700, 

Hitachi, Japan) with 5 kV voltage. The existence of ̀ electrons was confirmed using the 

FE-SEM with charging-up and X-ray photoelectron spectroscopy (XPS, JPS-9010TR; 

JEOL Ltd., Japan) of ̀ electrons derived from the satellite peak. 

Durability analysis. Mechanical durability was assessed by vigorously cutting or 

wiping the SPLASH by cutter or cotton fabrics, respectively.  Long term stability of the 

SPLASH was measured by preparing 6 samples under deionized water (ionic resistance: 

18.2 MΩ) covered by container for preventing water evaporation, and 6 samples in our 

laboratory (20 °C). 0.08 µL cm-2 of DTMS as LL was casted on SiO2–Ph coated glass 

substrate. 

 

4.2.3 Results and Discussion 

π-interacted liquid control on smooth surface. We firstly discuss how the existence of ̀-

electrons affects the liquid wettability of the smooth solid surface. On the smooth surface, 

liquid without interactions never soaks into the substrate because there are no pore or 

space on solids. Thus, the design of hydrophobic smooth surface with patterned 

adsorption can achieve the control of LL formation or transport. We prepared two kinds 

of hydrophobic smooth surface using silane technology. One is the ̀ electron abundant 

smooth surface by attaching phenyl groups to glass substrates with SiO2 cross-linker 
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(SiO2–Ph), because ̀ electrons are charged in compounds including aromatic or alkyne 

groups. In this case, ̀ electrons are confined in phenyl group tethered non-conducting 

SiO2 matrix to make substrates ̀ electron-abundant. The existence of ̀ electrons was 

confirmed by X-ray photoelectron spectroscopy (XPS), whose satellite peaks derived 

from the ̀ electrons were observed in 287-292 keV (Figure 4-3A). The other is 

essentially non-polar smooth surface prepared by decyl-group-modified surfaces (SiO2–

C10) and the XPS spectrum is shown in Figure 4-3B. These two surfaces are almost 

completely flat, with root mean square roughness Rrms of <1 nm (Figure 4-4). The 

existence ̀-electrons influenced on various liquid wetting behavior as shown in Figure 

4-5A. The liquid adsorption properties of the surfaces were quantified by measuring the 

sliding angles (SAs) of various test liquids (10 ̀L), as shown in Figure 4-5B. On smooth 

surface, liquids are never soaked into the surface, generally. Thus, all test liquids slide on 

SiO2–C10, whereas the liquids are completely pinned to form LL on SiO2-Ph. In addition, 

static contact angles (SCAs) of test liquids are shown in Figure 4-5C (with visual images: 

Figure 4-5A). Oily liquids become superoleophilic on SiO2–Ph coatings regardless the 

values of liquid surface energy, whereas the SCAs are proportional to liquid surface 

energy on SiO2–C10. These wettability analyses indicate that the liquid is adsorbed on the 

smooth surface owing to ̀ interactions. The results showed that oily liquids with –OH, –

COOH, –CHO, –CH, –OMe, –OEt, and –Ph groups except water, adsorb on SiO2–Ph by 

CH-̀ , XH-̀ (X=O, COO, CO), or ̀ -̀ interactions. Thus, we prepared various 

hydrophobic liquids with the functional groups mentioned above and checked whether 

they form a LL on SiO2–Ph and whether the liquid-adsorbed surface can repel water 

droplets (see Table 4-1). 
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����������������Photographic images of various liquids dropped on the surface of SiO2–

Ph or SiO2–C10. These liquids are castedusing micropipette (10 ̀L). (B) Check of LL 

wetting on SiO2–Ph compared with SiO2–C10 (without ̀  electrons). Sliding angle (SA) of 

various liquids measured on each surface. These liquids are casted on the surface using 

micropipette (10 ̀L). When the test liquid is adsorbed, the liquid does not slide. (C) Static 

contact angle (SCA) of various liquids measured on each surface. 
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Table 4-1. Summary of the types of liquid that can be adsorbed on the smooth surface 

and act as a liquid-repelling surface. 

Liquid 

Surface 

tension 

/ mN m-

1 

Viscosity 

/ cSt 
Structure 

Whether 

liquid has 

interaction 

group 

Whether 

a surface 

can repel 

water or 

not 

Water 

sliding 

angle 

/º 

KF-56A 24.4 15 CH3Si(CH3)2O[Si(CH3)2O]m[Si(Ph)2O]nSi(CH3)3 Y Y 7.2±4.2 

KF-96-30cs 20.7 30 

CH3Si(CH3)2O[Si(CH3)2O]nSi(CH3)3 

Y Y 22.3±3.8 

KF-96-

100cs 
20.9 100 Y Y 24±9.7 

KF-96-

300cs 
21.1 300 Y Y 21.7±4.3 

KF-96-

500cs 
21.1 500 Y Y 26.3±3.3 

KF-99 20 20 CH3Si(CH3)2O[SiHCH3O]nSi(CH3)3 Y Y 18.2±4.8 

KF-50-

100cs 
21.8 100 

CH3Si(CH3)2O[Si(CH3)2O]m[Si(Ph)2O]nSi(CH3)3 

Y Y 19±0.9 

KF-50-

300cs 
22.2 300 Y Y 5.8±1.8 

DTMS 27 ≈3.0 CH3(CH2)9Si(OMe)3 Y Y 2.8±0.8 

PFOTS <20 – CF3(CF2)5(CH2)2Si(OEt)3 Y Y 20.2±1.4 

PFDTS <20 – CF3(CF2)7(CH2)2Si(OEt)3 Y Y 21.7±3.0 

Krytox GPL 

103 (PFPE) 
17.1 30 F(CFCF3CF2O)nCF2CF3 N N N/A 

Hexadecane 27.6 ≈3.1 CH3(CH2)14CH3 Y Y 6.2±1.1 

Oleic acid 32 ≈30 CH3(CH2)7(CH)2(CH2)7COOH Y Y 2.8±1.8 

Olive oil ≈35.8 46.7 

Mixture of fatty acid 

R-COOH 

Y Y 5.8±1.9 

Sesame oil ≈31.8 – Y Y 3.9±0.4 

Rapeseed 

oil 
≈35.0 50.6 Y Y 4.2±1.0 

 

 

     These results show the possibility that the patterning of SiO2–Ph and SiO2–C10 can 

form localized LL and even with LL transportation capability. Figure 4-6A shows the 
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designing approach of SiO2–Ph and SiO2–C10 patterned surface. The localization of ̀-

electron-abundant layer can form LL, whereas non-polar layer cannot form them, 

achieving the mm-ordered control of LL formation (Figure 4-6B). Additionally, we 

demonstrated LL transport by designing a “sticky” [20, 29] ̀ electrons, with the procedure 

as shown in Figure 4-6C, resulting in LL transport by diagonal sliding on the smooth 

solid (Figure 4-6D). 

 
������������(A) Preparation procedure of the patternable LL formation. Patterned mask 

substrate (green) (1) is modified with SiO2–C10 (red) to give (2). SiO2–Ph precursor 

solution is then cast on the surface after the mask is removed (3) and the SiO2–C10 area 

(blue) repels this liquid (4) to give the patterned surface (5). Dyed acetone as LL is cast 

on the patterned surface. (B) LL is formed in the shape of KEIO the scale bar is 10 mm. 

(C) Preparation procedure of the programmed LL transportation. Movement of LL on the 

patterned surface by the pinning effect. (1) SiO2–C10 precursor solution (blue) is cast on 

the substrate and the (2) SiO2–Ph precursor solution (red) is cast using a micropipette 
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during the SiO2–C10 modification to program the way to transport (3). The LL (dyed 

acetone in this case) navigates along the blue dots by Marangoni Fm with gravity Fg forces, 

resulting movement of a LL droplet on the programmed surface. (D) The LL slides along 

the direction of the blue dotted arrow.  

 

π-interacted dynamic wetting control on smooth surface. We discuss the wetting 

behaviour on SiO2–Ph and SiO2–C10 to investigate how the wetting are influenced by ̀-

interaction and how the LL are formed. We prepared DTMS (viscosity ≈ 0.003 Pa s, 

surface tension = 27 mN m−1) droplet to cast on SiO2–Ph and SiO2–C10 under a weber 

number We=1.79 with We=ρν2Dγ-1 to observe the liquid-solid interactions because CH-̀ 

interactions work between –OMe of DTMS and SiO2–Ph as shown in Figure 4-7A. Here, 

ρ is the liquid density, ν is the impact velocity, D is the droplet diameter, and γ is surface 

tension of DTMS. [34] Figure 4-7B, C show the time lapsed images of DTMS wetting 

behaviour on SiO2–Ph and SiO2–C10 captured by high speed camera with frame rate 1000 

fps. Whereas DTMS droplet gradually shrink on SiO2–C10 after the impact at -0.1 s, the 

droplet gradually spread to wet on SiO2–Ph, finally being superoleophilicity (static 

contact angle, SCA <1°) at -30.0 s. Similar tendency was observed with changing DTMS 

into other test liquids. For quantifying wetting behaviour on two surfaces, the spreading 

width of the DTMS droplet was plotted as shown in Figure 4-7D, indicating that the 

width of LL on SiO2–Ph gradually increasing. The wetting behaviour was approximated 

by the law of W2 (W4−Wimpact
4) ~ γL cosθadv (τ−τimpact) where W is spreading width, Wimpact 

is initial wetting width (cross point of red and blue plot in Figure 6D), γL is surface tension 

of casting liquid, is θadv advancing contact angle, τ is time, and is τimpact initial wetting 

time. [21] The fitting coefficient on SiO2–C10 and SiO2–Ph was 0.825 and 0.995, 

respectively (Figure 4-7E). In addition, we compared three smooth surfaces of SiO2–C10, 
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SiO2–Ph, and SiO2-OH (Uncoated glass washed by EtOH) with the surface tension γs 

=24.4, 33.3, and 50.2 mN m-1, respectively calculated from Van Oss method (Table 4-2), 

[35] whereas DTMS showed superoleophilicity (Oil contact angle [τ=30]≈0°) only on 

SiO2–Ph as shown in Figure 4-8A. Although the surface energy of SiO2–Ph surface is 

lower than uncoated glass from the water contact angle values, the contact angle of DTMS 

on SiO2–Ph is much lower than that on SiO2–OH. This result appears the adsorption of 

LL by CH-̀  interaction [36] between SiO2–Ph and DTMS works as the combination of 

affinity force such as electrostatic force (like hydrogen bond) and dispersion force by 

aromatic groups’ high polarizability. Thus, existence of ̀-electron on SiO2–Ph leads to 

decrease interfacial tension between DTMS and SiO2–Ph because of the Fowkes equation, 

[37] given by γ�� = �� + �� − 2���#��# − 2���6��6 where ��� is interfacial tension of 

solid (S) and liquid (L), ��, �� is the surface tension of S and L, �#  is the dispersion 

component, �6  is the affinity component. Thus, the low �� and high �# ,  �6  results 

low γ��. In addition, the Young’s theory, [38] given by � = 	
�*� ���*����� � where � is 

contact angle of liquid, reveals that the low ���  can decrease contact angle and also 

induce moving of contact line to realize spread-wetting even though the �  is small. Thus, 

the existence of ̀-electron on surface enables low contact angle with selective liquid 

interaction (i.e. polar liquids became superoleophilic (SCA=0°) by ̀-electron effect 

shown in Figure 4-6A, C). Also, we observed the wetting behaviour of water droplet on 

DTMS cast BLs as shown in Figure 4-8B. In case of water droplet cast on SiO2–OH with 

DTMS layer, the water droplet was pinned on the surface because the affinity of water 

with solid was stronger than that of DTMS with solid. In case of water droplet cast on 

SiO2–C10 with DTMS, both water and DTMS was slid on the surface. In case of water 
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droplet cast on SiO2–Ph s with DTMS, water droplet was slid on the surface stably. 

Although perfluoropolyether (PFPE) does not adsorbed in pi electrons charged smooth 

base layer, PFPE has been retained on the base layer. Thus, we observed the condition of 

water droplet casting on smooth BL with PFPE as LL. Water droplet on PFPE surface is 

soaked to be pinned between LL and BL, as shown in Figure 4-9. This phenomenon 

supports our theory that SPLASH requires ̀ interaction between LL and BL. 

 
������� ����� ̀-interacted liquid wetting analysis. (A) CH-̀ interactions between 

decyltrimethoxysilane (DTMS) as LL and SiO2–Ph as BL. (B, C) Time-lapsed DTMS 

(10 ̀L) wetting behaviour on (B) SiO2–C10 and (C) SiO2–Ph. The scale bar is 5 mm. 

Because of the CH/pi interaction between LL and SiO2-Ph BL, DTMS showed the 

extreme superoleophilicity (static contact angle SCA<1°) on SiO2–Ph coated glass (25 

mm × 25 mm) after 30 s. (D) Spreading width W of DTMS droplet wetting on SiO2–Ph 

(Red) and SiO2–C10 (Blue) per time t. (E) Approximation of droplet spreading with the 

law of W2(W4−Wimpact
4) ~ γLcosθadv(τ−τimpact).  
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Table 4-2. Surface tensions of each surface calculated by the Van Oss method. 

Solid 
γSV(LW) / 

mN m−1 

(γSV
+)0.5

 / 

(mN m−1)0.5 

(γSV
−)0.5 / 

(mN m−1)0.5 

γSV(AB) / 

mN m−1 
γSV / mN m−1 

C10- tethered 

area 
24.12 0.38 0.35 0.27 24.39 

Ph- tethered 

area 
27.31 0.73 4.12 5.97 33.28 

 

 

 
������� ����� ̀-interacted liquid wetting analysis on different 3 functionalized smooth 

surfaces. (A) ���������������������������������� ������������������������������ ����

��������������������������������������������������������������������������������������

������������������������������������  
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������� ����� Photo image and schematic illustration showing the condition of water 

droplet casting on smooth BL with PFPE LL. 

 

�������� ������� ���� ��������������� ��� ���� ��������The SPLASH is realized by 

super-wetting of DTMS on SiO2–Ph. Figure 4-10A shows the schematic illustration of 

the SPLASH structure. The UV/O3-treated hydrophilic glass substrate was covalently 

attached to SiO2–Ph via sol gel reaction to design smooth BL (Rrms=0.237 nm). Then, 

0.08 L̀ cm-2 of DTMS was casted on the BL after EtOH washing. The limited thickness 

of LL was adsorbed by CH-̀ interaction and excess LL is adsorbed by the homogeneity 

between the liquid and the LL. We measured the change of the LL thickness and anti-

wetting to water of a 50 mm × 50 mm SPLASH with adding shear stress using a spin 

coater. The LL thickness and the weight change are correlated with an equation; ~ =
Ȃ�/(=N), where ~ is the LL thickness, Ȃ� is the mass change, = is the density and 

N is the surface area. Even though the thickness of the excess LL drastically decreased 

with increasing spin rate until a spin rate of 3000, the thickness of the LL remained almost 

constant after the addition of shearing stress above 4000 rpm (Figure 4-10B). Figure 4-
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11A, B show the wettability change of water on glass, the BL, and the LL-covered BL 

(the SPLASH). The SPLASH showed extraordinary water repulsion with a SA=0.5°. In 

addition, the dynamic water contact angle was extremely low with the contact angle 

hysteresis Δθ=0.75° (Figure 4-11C, D). That’s not only because of the LL property but 

also of the smoothness of BL with keeping the fluidity of LL. When we compared rough 

BL designed by self-assembly of hydrophobic nanoparticles and our smooth BL, LL on 

rough BL slides a water droplet with high hysteresis whereas LL on smooth BL can 

smoothly slide a water droplet (Figure 4-12). In addition, the SPLASH showed self-

cleaning ability against sand on the surface (Figure 4-11E). It means that water droplets 

roll on the SPLASH. Differentiating water rolling from sliding is performed using the 

value of (�l/�g) ∙ (ℎ��/~), where �g is viscosity of water, ℎ�� is the height of the 

centre-of-mass of the water droplet above the solid surface, and ~ is thickness of the LL. 

[26] When (�l/�g) ∙ (ℎ��/~) >> 1 (or <1) water rolls (or slides) on the SPLASH. The 

calculated (�l/�g) ∙ (ℎ��/~) ≈ 2.1×1�� , indicating water rolling on the SPLASH. 

Figure 4-11F shows various targets sliding on the SPLASH, and the SPLASH repels not 

only water but also water in various states (boiled water and ice blocks) and other aqueous 

solutions (saline and blood). A strong benefit of the SPLASH is that the surface can 

strongly repel blood with fluorine-free materials. Figure 4-11G shows photographs of 

uncoated and SPLASH-coated glass after immersing in blood for a few seconds, showing 

that there is no blood contamination on the SPLASH-coated surface. We expect that this 

technology is suitable for medical applications, because the LL can be oleic acid via XH-

̀ interaction (Table 4-1), which is classified as an edible oil, immiscible with blood, and 

the BL can endure ethanol disinfecting (ethanol cleaning is included in the preparation 

procedure of the SPLASH). Interestingly, the SPLASH repelled ice cream (a complex of 
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solid, liquid, and chemical components), in which the melted part of the ice cream rapidly 

slid on the SPLASH, as shown in Figure 4-11H. We also expect this technology to be 

suitable for food packaging applications, because the LL can be silicone oil KF-54 via ̀-

̀ interaction, which is contained in the positive list and immiscible with various fluidic 

foods containing oil as shown in Figure 4-11I. 

 
������������� �������������� �������������������������� �������������������������� ����

�����������������������������������������������������������������������������������

������������ 
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�������������Hydrophobicity of the SPLASH. (A) Static contact angle (SCA) and (B) 

sliding angle of water droplet on each layered coating. Their values change after attaching 

SiO2-Ph as the BL and DTMS as the LL. (C, D) Wetting image of (C) advancing contact 

angle (θadv) and (D) receding contact angle (θrec) measurement of water droplet. The 

calculated contact angle hysteresis (Δθ) was 0.75°, that is extremely low values realized 

by fluidity of LL not resisted by the roughness of BL. (E) Photo-images of self-cleaning 

procedure of the SPLASH. Sands covering the SPLASH are cleaned by water droplet. (F) 

Various liquids with high temperature, chemical complexity, different states, and 

biomedia sliding on the SPLASH tilting 15°. (G) Images of glass (left) and coated glass 

(right) after dipping in blood. (H) High-speed camera images of ice cream, which is a 

complex with water/salt and solid/liquid, on BL+LL tilting 15°. (I) Various fluidic foods 

(soy sauce, ketchup, honey, coffee, mayonnaise, curry, carbonara sauce) slide on a 

SPLASH when a LL of silicone oil KF-54 is chosen. Soy sauce, ketchup, honey, coffee, 

mayonnaise, curry and carbonara sauce from supermarket. 

 

�����������������������������������������������������������������������������������

����������� conceptual change from a superhydrophobic surface to a SLIPS results in 

loss of the quantity of the target liquid motion [6] to limit high speed removal or small 
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water droplet removal. A recent approach has been reported to improve the quantity of 

the target liquid motion where a super-hydrophobic-like slippery surface [39] is prepared 

by constructing a needle-like base structure or decreasing the viscosity of the lubricant on 

SLIPS based on the equation p~ ρV(1 − ϕ�)/μ? , where F is the liquid quantity of 

motion, %  is the area fraction of BL, ρ is the density of targeting liquid, V is the 

volume of targeting liquid and �? is the lubricant viscosity. [40] However, decreasing the 

lubricant viscosity causes exposure of the BL in few minutes after LL formation, prohibits 

droplet movement and thus SLIPS have a large limitation for high speed removal or small 

water droplet removal (Figure 4-12). The uniqueness of the SPLASH with the low 

viscosity (μ?≈ 0.003 Pa s) and smoothness of BL (ϕ� ≈ �) can achieve high targeting 

liquid quantity of motion even though the liquid volume is small. Figure 4-13A shows 

the liquid sliding length L per time τ ranging 0-1 s. The linear approximation for the 

calculation of water sliding velocity v with the law of L = vτ (τ < 1) with the lowest 

fitting coefficients was 98.07. Figure 4-13B shows the water sliding speed with the 

various volume of water. Because of the high quantity of motion on the SPLASH, even 

the water droplet of V=1 ̀ L slides on the surface. These properties enabled the surface 

to repel water mist applied by hand-spraying. Figure 4-13C, D show the continuously 

mist sprayed coatings. The SPLASH remained transparent after mist spraying. To 

investigate the reason why the SPLASH can efficiently repel water mist, we observed the 

behavior of water mist with a digital microscope. The observation revealed that the water 

mist removal process is composed of two stages: coalescence and the “sweep” effect. 

Figure 4-13E, F show a digital microscope image and a schematic illustration of 

coalescence, showing that microsized water droplets (yellow circles) move slowly and 

coalesce to form a large droplet (red circle) that slides. This phenomenon is realized 
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because of the movement of small water droplets, which is unique to the SPLASH. The 

sweep effect is the behavior of a large droplet, as shown in the digital microscope image 

and the schematic illustration in Figure 4-13G, H. The large droplet moves and absorbs 

more microdroplets. The blue dotted area shows the passage of the large droplet. No 

droplets remain after the passage. Interestingly, the direction of the movement of the large 

droplet is not completely straight because the movement of the droplet is driven not only 

by gravity, but also by hydrophilic forces between droplets. Hence, the large droplet slides, 

searches for, and absorbs microdroplets, which is similar to how a sweeper finds dust to 

collect. Conventionally, to slide micro-size water droplet was extremely challenging. 

Recently J. Aizenberg and co-authors constructed the SLIPS with water collection and 

asymmetric bumps to realize the sliding of microdoplets. [5] Thus, here we note that the 

sweep and coalescence mechanism in the SPLASH can be used for various applications, 

such as heat transfer condensation, anti-fogging, and anti-icing. [41-43] 

 
������� ������ ������������ ������� ����� ������� water sliding behavior on rough 

BL+DTMS and smooth BL+DTMS. 
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�������������An analysis of water droplet sliding behaviour on the SPLASH. (A) The 

sliding length L of various volume water droplet per time τ on the SPLASH tilting 6° 

following the linear approximation with the law of L = vτ (τ < 1). (B) The sliding 

velocities v of various volume V of water droplet on the SPLASH tilting 6°. This graph 

revealed even 1 ̀L of water droplet slides on the SPLASH. (C, D) Photo images of (C) 

control and compared to (D) the SPLASH after misty water spraying test. Misty water 

was sprayed several times to them with same conditions. The scale bars are 20 mm. (E-

H) Magnified images and schemes of water mist sprayed several times on the SPLASH 

tilting 75°. The water droplets circled in yellow coalescence into the droplet circled in red 

in an interval of 20 ms. The misty water droplets were removed by two steps of (E, F) 

and (G, H) process. (E, F) Microsized water droplets (yellow circles) coalesce into the 

large droplet and then the droplet slides (red circle). (G, H) Large water droplet moves 

absorbing microdroplets. The blue dotted area is the passage of the large droplet. No 

droplets remain in the blue dotted area. 
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Optical properties of the SPLASH. The optical properties of the SPLASH along with 

the rough BL+DTMS surface for comparison were analysed by photographs, 

transmittance in the visual wavelength range, and optical values of total transmittance 

(TT), parallel transmittance (PT), haze (HAZE) and diffusion (DIF). PT means the degree 

that light passes through a sample within a small range of angles (<15°). Figure 4-14A-

C shows the measured transmittance of uncoated glass, the BL coating, and the BL with 

LL coating. The transmittance values are about 90% and not significantly different before 

and after applying the LL coatings, as shown in Figure 4-14A, B. However, the scattering 

of uncoated glass, the BL coating and the BL with LL coating slightly changes. To further 

investigate the optical components, we measured the TT, PT, HAZE and DIF values of 

the coatings (Figure 4-14C). The results indicate that there is no apparent loss of optical 

reflectance through the BL and LL coating and the scattering values of HAZE and DIF 

decreased after BL (and LL) coating because of the BL smoothness, resulting in higher 

PT than the uncoated surface. After LL coating on BL, the scattering values of HAZE and 

DIF are higher than those of the BL coating. The reason for the scattering value changing 

after LL coating can be associated with the change of phenyl groups arrangement by ̀–  ̀

interactions due to the LL adsorption. This is completely different from the concept of 

the liquid-infused surface, [1] where scattering decreases after infusing lubricant on the 

rough surface. Compared to uncoated substrate, the SPLASH showed lower scattering. 

Thus, a solar cell covered with the SPLASH showed higher performance than the one 

covered with uncoated substrate (Figure 4-14D). We further investigated the smoothness 

of the SPLASH showing the stable transparency against the change of LL thickness on 

smooth BL (Figure 4-14E for SEM image) compared to rough BL (Figure 4-14F for 

SEM image). Figure 4-14G shows the influence of BL roughness and LL on the visual 
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transmittance of PT and the scattering loss of HAZE. The smooth BL after LL addition 

maintained its high transparency and low scattering  with time because the interface 

between the layer and air is always flat in these states, as shown in the schematic 

illustrations in Figure 4-14H. On the other hand, the rough BL with LL shows relatively 

low transmittance and high scattering because of surface hierarchy. Figure 4-14H also 

shows schematic illustrations of the surface-state transitions on the rough BL. When LL 

is cast on the rough BL, the coating temporally becomes transparent because the 

surface/air interface becomes smooth. However, this surface becomes hazy with time 

because LL absorbs into the rough BL to decrease LL thickness, resulting the exposure 

of roughness. [6] These data indicate why BL must be smooth. Here the film thickness of 

smooth BL was 144.18±5.76 nm and the refractive index was 1.4422±0.0056 

 
�������������Optical properties of the hydrophobic-liquid-adsorbed smooth surface. (A–

D) Transparency of the SPLASH. (A)  Photograph of the BL-coated glass substrate and 

(B) photograph of dyed water sliding on the BL with LL coating. (C) Total transmittance 

(TT), parallel transmittance (PT), haze (HAZE), and diffusion (DIF) of each surface. PT 

means the degree that light passes through a sample within a small range of angles (<15°). 

The HAZE value is given by haze (%) = DIF/TT × 100. (D) Solar cell application of the 
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SPLASH. Photocurrent density (Jsc) versus voltage (Voc) for solar cells tilting 30°, one 

covered with a glass substrate, and one covered with SPLASH. Inserted table is a 

summary of the photovoltaic performance of solar cells under various conditions. (E-H) 

Assessment of the optical properties with the smooth BL [the same coating as the BL in 

(C)] and rough BL with DTMS as the LL. (E, F) The SEM images of smooth BL (E, the 

scale bar is 10 ̀m) and rough BL (F, the scale bar is 0.5 ̀m) by self-assembly of SiO2 

nanoparticles. (G), Optical values of PT and DIF for the smooth BL, smooth BL with LL, 

smooth BL with LL with time (30 min) to decrease LL thickness, rough BL, rough BL 

with LL, and rough BL with LL with time. (H), Schematic illustrations of the surface 

scattering change in the surface structure on the smooth BL and the rough BL with LL 

thickness. Smooth BL with LL shows stable transmittance with LL decrease whereas 

rough BL with LL increase light scattering with LL decrease. 

 

Assessment of SPLASH stability and defect tolerance. The SPLASH maintained 

transparency and hydrophobicity despite the decrease of LL thickness controlled by 

spinning rate (see Figure 4-10B) as shown in Figure 4-15A. In addition, the SPLASH 

was stable continuously for at least 2 weeks under ambient conditions and even in water 

(Figure 4-15B). Even though the LL thickness decreased with time, the sliding angle was 

kept low whereas SLIPS gradually decreased the sliding angle along with the decrease of 

LL thickness. [44] This difference comes from whether BL was exposed or not. Thus, the 

SPLASH can perform stable hydrophobicity against the change of LL thickness. In 

addition, the SPLASH focus on repelling water based solution. Thus the adaptive pH 

range of targeting liquid is important for practical use. We worried the hydrolysis of Si–

O bond in LL reacting with the water in specific pH values. Although the SPLASH 

repelled water with different pH values ranging 2-13 adjusted by HCl and NaOH, the 

water with pH>13.88 is soaked into a surface as shown in Figure 4-15C. In addition, pH 

values changed the water sliding angle, because pH values change the interfacial tension 

between LL and water ���  followed by �6
  changing with pH values. [37] The 
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SPLASH coated on flexible PET film showed stable water sliding ability against bending, 

as shown in Figure 4-15D. The flexibility of the SPLASH comes from the smoothness 

of the BL and the stable LL. When the BL is rough, change of the LL height causes an 

exposure of rough solid to pin the target liquid. [6] On the other hand, a smooth BL does 

not get exposed by changing the LL height, as shown in Figure 4-15E. As shown in 

Figure 4-15F, we quantified the flexibility by measuring the sliding angle with the 

substrate bending rate of H/L, where H is the difference of the height from the centre of 

the substrate above the lowest area and L is the length of the substrate from end to end. 

Even bending 90% (when H/L ≈ 3.7, the acute angle of the bent substrate is about 15.45° 

so the bending rate of (18� − 15.45)°/18�°×1�� ≈ 9�%), the sliding angle of the 

vertical side against the bending direction remained <2°. Furthermore, we investigated 

the mechanical robustness of the SPLASH. The SPLASH remained hydrophobicity even 

after cutting it 16 times (Figure 4-15G). Detailed analysis of cutting test revealed that the 

SPLASH shows self-healing ability of the LL as shown in schematic illustration in Figure 

4-15H. When the LL is partially removed, the separated LL heals itself driven by the 

spreading wetting force as shown in Figure 4-7C. The SPLASH also showed abrasion 

resistance against cotton fabric. Cotton fabric is inherently superhydrophilic and shows 

strong liquid-absorbing properties. The SPLASH maintained hydrophobicity even after 

80 times abrasion, as shown in Figure 4-15I. This is because the LL adsorbed on the BL 

by a stronger adsorbing force of ¢�ih�£m}¤ than the liquid absorbing force of ¢�h| by 

cotton fabrics (Figure 4-15J). This data also supports the liquid adsorption strength by 

̀-stacking. 
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�������������Assessment of SPLASH stability. (A) Sliding angle of deionized water after 

adding shearing stress from 0 to 6000 rpm by a spin coater for 30 s. (B) Long-term storage 

of glass slides covered with the SPLASH under air conditions (20°C, blue dots) and under 

water (red dots). Even though DTMS can possibly react on water or evaporate under air 

condition, the 0.08 ̀L cm-2 of DTMS casted SiO2–Ph on glass slides (25 mm × 25 mm) 

kept the sliding angle low (<5°) for about 2 weeks under both conditions. Although the 

sliding angle decreased after long time, re-cast of LL have regenerated the sliding 

property. (C) Stability of the SPLASH against various pH conditions of water droplet 

ranging from 1.82 to 13.88. The sliding properties was stable in pH conditions ranging 

1.82-13.06. In the case of pH 13.88, the water droplet was soaked into the SPLASH. (D-

F) Flexibility of the SPLASH coated on PET film. (D) Photographs of the flexible 

SPLASH and (E) Schematic illustrations of water slides on the bent surface. Even though 

the thickness of the LL decrease, the hydrophobicity of the SPLASH does not change. 

That’s because of the smoothness of the BL. (F) Quantification of the flexible SPLASH 

hydrophobic property by changing the ratio of H/L. (G, H) Self-healing property of 

SPLASH. (G) Photographs of the cut SPLASH maintaining the hydrophobicity and (H) 

schematic illustrations showing why the SPLASH retains the hydrophobicity after cutting. 

(I, J) Mechanical durability against cotton abrasion. (I) Photographs of the SPLASH after 
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cotton abrasion showing that the hydrophobicity is retained and (J) schematic illustrations 

showing why the SPLASH retains the hydrophobicity after cotton abrasion. 

 

4.2.4 Conclusions 

In conclusion, we have reported controllable liquid-adsorption and transportation on 

smooth surfaces using ̀ interactions as the next generation of liquid-infused surfaces. 

This technology can change the solid coating technology into liquid coating technology 

to add fluidic properties to coatings and can also realize controllable liquid-state materials 

at room temperature, which would be useful in a wide range of fields. 

In this Chapter, we introduced the SPLASH as an example of a multifunctional 

coating using pi-interacted wetting control. The SPLASH is prepared by casting 

hydrophobic organic liquid on a phenyl-group-modified smooth base coating. The 

SPLASH showed not only extraordinary hydrophobicity but also high transparency, 

flexibility, self-healing and strong mechanical robustness that are independent of the 

change of LL thickness. In addition, the method to prepare the SPLASH is easy, cost-

effective, fluorine free and available on various substrates. These properties are caused 

by the smoothness of the BL and the strongly adsorbed LL. The technology will be useful 

in industrial and medical fields, including the familiar applications such as anti-fouling 

windows, anti-adhesive containers or biomedical instruments.   
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Chapter 5 Anisotropic-wetting materials learned 

by water harvesting method of cactus Cactaceae 
This chapter is based on [Tenjimbayashi, M., Higashi, M., Yamazaki, T., Takenaka, I., 

Matsubayashi, T., Moriya, T., ... & Shiratori, S. (2017). Droplet Motion Control on Dynamically 

Hydrophobic Patterned Surfaces as Multifunctional Liquid Manipulators. ACS applied materials 

& interfaces, 9(12), 10371-10377.] 

 

5.1 Anisotropic wetting properties 

���������������������������������������������������������������������������������������

instance, (super)hydrophobicity and (super)hydrophilicity were classified according to 

static contact angle values. [1] Recently, the concept of dynamic wetting behaviors: 

continuous liquid wetting motions as a function of time are unavoidable to measure 

special wetting behaviors including anisotropic wetting (: droplet wets, spreads or moves 

directionally on materials). [2, 3] Anisotropic wetting behaviors has been researched 

because of their potential application such as fluidic system, [4, 5] water harvesting, [6, 7] 

heat transfer condensation, [8, 9] and patternable liquid layer formation. [10] Cactus 

Cactaceae spine in nature offered an idea to obtain anisotropic wetting materials. Cactus 

collects water droplet on tips of spine to the body using anisotropic wetting. Here, the 

chemical or morphological patterning or gradient surface gives an asymmetric droplet a 

directional driving force as shown in Figure 5-1. [11] Surface chemistry driven force 

(¢��j�m�ik¥ ) can be described as ¢��j�m�ik¥~¦H?���(��� �� − ��� �+) , where H?  and 

��� are droplet radius, and the surface tension, �� and �+ are contact angles on each 

area (Figure 5-1A). Morphology driven force (¢�lk|�lnl¤¥) with spine model (Figure 5-
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���������������� ¢�lk|�lnl¤¥~ − § v�(¨(©)a¨ª)« �in ¬¨�¨� �­�������� H(­)� ��������������������

�������������������������������� H��� H�� ������������������������������������������������

������ ��� ���� ��������� ���� ¬�� ��� ���� ����� ����� ������ ��� ���� ������� �­�� ��� ���� �������

������������ ������� ������ ���� ������� ��� ����� ������ ��� ��������������� ������� ����������

����������������������������������������������������������¢kj�m�i�����������������������

����������������������������������� ¢kj�m�i~¦H?���(��� �kj� − ��� �h¯°)� ������ �h¯°� ����

�kj�� �����������������������������������������������������������������������������������

�Ȃ� = �h¯° − �kj���������������������������������������������������������������� 

 
������� ����� ���������� ������������� ��� ������������ �������� ������������ ���� ��������

������������������������¢��j�m�ik¥�����������������������������������¢�lk|�lnl¤¥�������

������������������������������������������������������������������������������������������

����������������������������������������������� 
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materials surface and it is unavoidable that small droplets remains on the sticky area to 

decrease transport efficiency (see Figure 4-5C in Chapter 4). [12, 18] Thus in section 5.2, 

we introduce dynamically hydrophobic and statically hydrophobic/hydrophilic patterned 

���������������������������������������������������������������������������������������

droplets can directionally wet on surfaces without losing their volume. We applied this 

technique to 100% yield micro-droplet reactor. This propose will be helpful to develop 

anisotropic wetting materials for practical use. 

 

 

5.2 Droplet motion control on dynamically hydrophobic and 

statically hydrophobic/hydrophilic patterned surface 

5.2.1 Introduction 

Active surfaces having unique solid-liquid interactions are of both scientific and 

technological interest. In particular, anti-wetting surfaces that control liquid motion are 

attracting extensive attention because of their potential in industrial applications as fluidic 

devices and micro-reactors, [19] in addition to fundamental studies in areas such as, liquid 

transportation, [5, 20] controlled deposition [21] and as patterned devices. [22, 23] Such liquid 

manipulation techniques require composite hydrophobic/hydrophilic surfaces, where a 

patterned hydrophilic, high-adhesion area guides a droplet on a hydrophobic surface. Lai 

and co-workers reported a super-hydrophobic/hydrophilic patterned surface with 

photocatalytic TiO2 nanotubes. [12] Manna and Lynn designed slippery liquid-infused 

porous surfaces (SLIPS) with a hydrophilic sticky area. [18] If applying 

hydrophobic/hydrophilic patterning surfaces to specific applications, for example, as the 
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surface of a micro-reactor, then care must be taken to ensure that the surface can suitably 

guide a droplet over the hydrophobic area and to limit the contact of the droplet with the 

hydrophilic area so as not to decrease the transport efficiency. [24] Furthermore, challenges 

remain to improve liquid manipulative surface properties such as, transparency and 

mechanical durability, in addition to developing new routes to identify facile fabrication 

methods. [25–27] 

Recently, dynamically hydrophobic surfaces have been introduced as third-

generation anti-wetting surfaces, fabricated by covalently fixing flexible hydrophobic 

molecular chains on smooth surfaces to prevent the penetration of liquid into the coating. 

[28-30] These surfaces have shown the possibility to design statically hydrophilic but 

dynamically hydrophobic surfaces to control the adhesion of droplets so as not to deviate 

away from the hydrophobic path. 

Herein, we introduce a novel liquid manipulation strategy to design dynamically 

hydrophobic and statically hydrophobic/hydrophilic patterned surfaces: two different 

hydrophobic molecular chains covalently fix to a smooth surface using an 

‘omniphobicity’-based patterning technique (details given below) via silane chemistry.[31, 

32] The surfaces guide the sliding direction of a droplet in the presence of a statically 

hydrophilic area and simultaneously prevents the droplet from sticking on the 

transportation path. Furthermore, the smooth structure and chemical stability of the 

patterned surfaces provide high transparency and mechanical robustness to the surface. 

The concept of liquid manipulation by dynamically hydrophobic and statically 

hydrophobic/hydrophilic patterned surfaces have not been advanced; and hitherto is still 

a subject of intense investigation. Furthermore, for practical use, designing hydrophobic 

liquid manipulative surfaces via facile wet processes that study properties such as, 
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transparency and durability, play an important role in optimizing structure-controlling 

methods that employ multi-step chemical modification.[33, 34] We believe that the 

omniphobic patterning concept when applied to designing a multi-functional, 

dynamically hydrophobic and statically hydrophobic/hydrophilic patterned surface offers 

potential in both fluidic applications and for the future development of materials 

engineering. [35] 

 

5.2.2 Experimental 

Materials. Decyltrimethoxysilane (DTMS, (CH3O)3Si(CH2)9CH3), phenyltriethoxysilane 

(PTES, (CH3CH2O)3Si-Ph) and hexyltrimethoxysilane (HTMS, (CH3O)3Si(CH2)5CH3) 

were purchased from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Tetramethyl 

orthosilicate (TMOS, Si(OCH3)4) was purchased from Junsei Chemical Co., Ltd. (Tokyo, 

Japan). Tetraethyl orthosilicate (TEOS, Si(OC2H5)4) was purchased from Wako Pure 

Chemical Industries, Ltd. (Osaka, Japan). Ethanol (CH3CH2OH, purity; 99.5 wt.%), 

hydrochloric acid aqueous (HCl, 35–37 wt.%), sodium hydroxide aqueous (NaOH, 

5mol/L), potassium hydroxide (KOH), acetone (CH3COCH3), toluene (Ph-CH3), thymol 

blue (TB) (C27H30O5S) and bromothymol blue (BPB) (C19H10Br4O5S) were purchased 

from Kanto Chemical Co., Inc. (Tokyo, Japan). Hexadecane (C16H34), and isopropanol 

(CH3CH(OH)CH3) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 

Japan). An Aquarius GS-500.CPW (Advantec Co., Saijo, Japan) purifier was used to 

generate deionized water (resistance ~18.2 MΩ). Glass substrates (76 × 26 mm) with a 

thickness of 1.0 mm and refractive index of 1.52 were purchased from Matsunami Glass 

Ind. Ltd. (Kishiwada, Japan). 
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Cocktail preparation. Ph- precursor solution, and C10- precursor solution were 

prepared along with our previous work. [36] C6- precursor was prepared by substituting 

the DTMS in the C10- precursor with 0.3710 g of HTMS. TB solution and BPB solutions 

for reactor applications were prepared by dissolving 2 mg of TB or 1 mg of BPB, 

respectively, in 5 mL of deionized water. The pH values of the aqueous systems were 

adjusted by HCl and NaOH. An aqueous KOH solution for alkaline treatment was 

prepared by dissolving 1 wt.% KOH in IPA/deionized water (= 2: 3 w: w) mixture. 

Fabrication of patterned smooth surfaces. Patterned smooth surfaces were 

fabricated by a two-step wet coating process as shown in Figure 5-3. In short, Ph and C10 

terminated group patterned surfaces were designed by the following procedure: 

First, a glass substrate was hydrophilized by KOH alkaline treatment (sonicated for 3 

minutes, rinsed, sonicated for a further 3 minutes, rinsed for 1 minute before repeating) 

or UV-O3 treatment with NL-UV253 (Shoko Scientific Co., Ltd., (formerly Japan Laser 

Electron), Kanagawa, Japan). Thereafter, a section of the glass was masked using PVC 

masking tape (N-380 PVC masking tape, Nitto Denko, Tokyo, Japan) and the C10- 

precursor was spin coated onto the substrate at a speed of 1000 rpm for 5 s and then at 

2000 rpm for 10 s so as to produce a patterned coating. After drying for 24 hours, the 

mask was peeled off and the Ph- precursor was spin coated onto the substrate at a speed 

of 1000 rpm for 5 s and then at 2000 rpm for 10 s using a K-359S1 instrument (Kyowa 

Riken Co., Ltd., Tokyo, Japan). Because of the omniphobicity of the C10- tethered area, 

the location of the Ph- tethering to the substrate was only in the area where the masking 

tape had previously been, i.e. the Ph- precursor did not attach to the C10 tethered area. 

After drying for 24 hours, the patterned sample was washed with acetone or ethanol. The 
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C6 and C10 terminated group patterned surfaces were designed following the same 

procedure, except for the replacement of the Ph- precursor with a C6 precursor. 

 

 

 
������� ����� ���������� ������������� ��� ���������������������� ����������� ��� ������� ���

���������������������������� 

 

Characterization. SCA and SA were measured using a commercial contact angle 

(CA) system (FACE; Kyowa Interface Science Co., Ltd., Niiza, Japan). Dynamic contact 

angle (DCA) was measured by a tilted plate method using a high-speed camera (HAS-

D3, Ditect, Tokyo, Japan). Each measurement was performed using 20 ̀L liquid droplets 

at room temperature (20 °C). Surface chemical contaminations were analyzed by EDX 

(QUANTAX 70; Bruker Nano GmbH, Berlin, Germany). The surface smoothness and 

the border of the patterned area was observed using a 3D laser scanning microscope (VK-

9710, Keyence, Osaka, Japan) and a digital microscope (Dino-Lite AM2111 Series, 

AnMo Electronics Corporation, New Taipei, Taiwan). Optical measurements were 

performed using a spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan) and a 

haze meter (NDH-5000, Nippon Denshoku Industries, Tokyo, Japan) with a white-light-

emitting diode (5 V, 3 W) as the optical source. Mechanical durability was measured 

using an abrasion device (Tribogear Type 18L, Shinto Scientific Co., Ltd., Tokyo, Japan) 
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under a pressure of 1 kPa. Cotton fabrics were used as the abrasive material. Flexibility 

was also measured by use of the same abrasion device. 

 

 

 

5.2.3 Results and Discussion 

Surface design and assessment of surface morphology. We designed a patterned 

hydrophobic functional tethered smooth surface comprising decyl (C10-) and phenyl (Ph-) 

groups. C10- and Ph- surfaces display statically hydrophobic and hydrophilic properties, 

respectively (i.e. static contact angle (SCA) θ² = 96.93° on the surface of C10-, 73.59° 

on the Ph- surface) whereas, the functional groups are dynamically hydrophobic having 

differences in their dynamic wettability to liquids that enables liquid manipulation 

through the Ph- tethered area. [12] The design procedure is shown in Figure 5-3. The 

transportation path of a liquid droplet is programmed by our proposed masking and 

coating method. A partially masked surface is coated by the C10- precursor forming a 

partially C10- tethered surface. Thereafter, the Ph- precursor is coated onto the surface. 

Here, the ‘omniphobicity’ of the C10- tethered area prevents the Ph- precursor from 

reacting on the C10- tethered area resulting in a ∼1 µm thick tailored chemical 

modification layer having limited roughness and a near seamless patterned surface. This 

method allows facile fabrication of hydrophobic/hydrophilic patterned surfaces without 

the need for energy-consuming UV-O3 or plasma treatments, whereby limitations exist as 

a result of precursor solution surface tension (Figure 5-4A). Surface morphologies of the 

C10/Ph patterned surfaces are analyzed using a Dektak profilometer for thickness 

information (Figure 5-4B) and Laser microscopy for surface uniformity (Figure 5-4C). 
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Although the thickness of the patterned surface is ~1 µm on average, compared with the 

C10 area the thickness of the Ph area is ~0.1 ̀m higher. Furthermore, the height 

distribution over the Ph area forms curvatures similar to oleophilic wetting precursors 

having become a gel as in Figure 5-4C. These results show the possibility that the height 

gap between patterned areas can be controlled by liquid surface tension because it is 

possible to adjust the shape of the patterned area by varying the micro contact angle 

between the ‘Ph precursor-C10 area-air’ interfacial three-contact line as in Figure 5-4A. 

Such a novel coating strategy has potential in the design of micro-scale height controllable 

patterning methods. However further investigations into the effect of morphology as a 

function of surface tension are required. 
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Dektak profilometer over a scanning area of 0.5 mm employing 3000 plots per modified 

area. (C) Surface uniformity and height distribution measured by Laser microscopy. 

 

Assessment of surface wettability. The difference in dynamic wettability is a result of 

the flexibility of the tethered molecules: the C10- group is more flexible than the 

corresponding Ph- group because mobility of the Ph group is restricted by inter-̀-̀ 

interactions. i.e. The XPS analysis (Figure 4-2 in Chapter 4) revealed the presence of ̀ 

electrons derived from satellite peaks on the Ph coating, which means that the flexibility 

of the hydrophobic molecules are limited by ̀-̀ interactions resulting in a decrease in the 

contact line movement—at least being more static than C10). The surface has both C10- 

and Ph- tethered areas, each of which possesses a different interfacial energy against a 

liquid droplet. Thus, the difference in wettability in each area of the patterned surface 

changes the water droplet asymmetry when moving over a solid-liquid contact line. The 

water droplet transport behavior and surface manipulation are shown in Figure 5-5A–C. 

While both the C10- and Ph- tethered areas are hydrophobic, their dynamic contact angles 

(DCAs) are different: advancing/receding contact angles (CAs) and sliding angles (SAs) 

(θh¯°/θkj�/α²) are (101.77°/93.91°/28.73°) on C10- and (92.96°/62.89°/51.48°) on Ph- 

tethered areas, respectively (Figure 5-5A). Comparing CA hysteresis (=θkj�-θh¯°) values 

and SA, the droplet adhesion force on the Ph- tethered area is found to be stronger than 

the corresponding C10- tethered area. Thus, a water droplet crossing from the Ph- surface 

to the C10- tethered area, requires energy driven by the curvature change of the droplet. 

Here, the net resistance force (mainly by frictional dissipation) for a moving contact line 

(Fkj�m�i) is given by: 

Fkj�m�i = F¤kh°mi¥ + F´ − Fm}jkimh (1) 
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where F¤kh°mi¥ is the gravity derived force, F´ is a surface tension derived force by 

asymmetry of the droplet shape, and Fm}jkimh is the inertial force. Thus, under a state of 

equilibrium, the surface tilting angle (TA) is equal to SA (α= α²), 

Fkj�m�i = F¤kh°mi¥ + F´ 

= ρVg �inα² + 2R γ�·(���θkj� − ���θh¯°) 
(2) 

where ρ  and V  are density and volume of a droplet, respectively. g is the 

gravitational acceleration constant. R  is the liquid droplet radius in contact with the 

surface, and γ is interfacial tension. When a droplet is water, Fkj�m�i for C10- and Ph- 

are obtained as 0.149 and 0.395 mN, respectively (Figure 5-5A). Therefore, a droplet is 

more stable on Ph- tethered areas with liquid motion restricted by the difference of Fkj�m�i. 
Figure 5-5B shows the change in SA values as a function of the Ph- tethered path rotating 

angle (φ), resulting in a controlled droplet S-shape sliding direction along the Ph- tethered 

area as in Figure 5-5C, without contamination, even though the whole surface is 

dynamically hydrophobic Figure 5-5D. Here, the droplet transportation weight ratio was 

only slightly below 100% (see Table 5-1, Figure 5-6), and the average controlled water 

droplet sliding speed was 107.6 mm s−1, which is significantly (at least 10 times) higher 

than recent representative liquid manipulation reports, even when considering variations 

in liquid volume and TA.[18,36] This is thought to result as conventional liquid 

manipulation has been performed by both statically and dynamically 

hydrophilic/hydrophobic patterning to limit droplet mobility. 
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Table 5-1. Changes to water droplet masses before and after transportation over an 8 mm 

patterned surface for ~40 seconds. The mass of droplets and substrates were measured 

using an electronic balance (GR-200, A&D Co., Ltd., Tokyo, Japan) with 0.1 mg accuracy. 

Droplet yield was calculated by [Mass of droplet before manipulation] / [Mass of droplet 

after manipulation] × 100 [%]. Although, in theory, the material balance should be 100%, 

partial evaporation of a droplet decreases the yield as shown in Figure 5-6. 

 Mass   

# 
substrat

e (g) 

substrate + 

droplet (g) 

droplet before 

manipulation (g) 

remained 

droplet (g) 

droplet after 

manipulation (g) 

Yield 

(%) 

MEAN 

(%) 

1 3.3477 3.4367 0.0890 0.0006 0.0884 
99.32

58 

99.254

4 

2 3.3475 3.4368 0.0893 0.0006 0.0887 
99.32

81 
SD (%) 

3 3.3476 3.4374 0.0898 0.0008 0.0890 
99.10

91 
0.1258 

Driven force analysis. We further studied the driving force change when droplet 

transportation overlaps the border from the Ph- tethered area to the C10- tethered area 

(Figure 5-7A) to obtain the limitation of the liquid trapping force on the patterned surface 

as a function of droplet volume. Total force working on a stable droplet (Filihn ) is 

calculated by: 

Filihn = F¤kh°mi¥ + F´ + Fkj�m�i (3) 

with the condition of Fm}jkimh = � . Here, Filihn  depends on the composition of the 

patterned area that the drop is in contact with and changes to Filihn are calculated as 

shown in Figure 5-7B (Calculation details for each force change are shown in next 

paragraph). Droplet transportation within the Ph- tethered area (dx<0, dx: the vertical 

overlapping distance of a droplet across the border on a patterned smooth surface), results 

in a constant Filihn because of surface homogeneity. However, when a droplet overlaps 

the border of the Ph- and C10- tethered areas (0<dx<2R (R¹ºª )), Filihn  suddenly 

decreases as the values of F´ and Fkj�m�i change. When a droplet slides beyond the 
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border (dx>2R) Filihn recovers because the droplet contact area becomes homogeneous 

again. The graph in Figure 5-7B indicates that the Filihn value can increase as a function 

of liquid volume and the maximum Filihn  value in the range of 0<dx<2R becomes 

positive when V = 80 ̀L, which is a critical droplet size between overlapping the C10- 

and Ph- border and remaining in the desired area under this condition. We conducted 

further experiments to support this calculation to statically cast water droplets of various 

volumes on the tilted surface as shown in Figure 5-7C. As droplets cross the Ph- and C10- 

tethered area border, 10–80 ̀L-sized droplets stop on the border (Figure 5-7D), whereas 

droplets ranging between 90–100 ̀L overlap beyond the border (Figure 5-7E). 

Here, calculation details for each force change are shown as follows. In the case that 

the water droplet is in contact with the complex Ph-/C10- surface, the total force applied 

to the droplet is given as follows in the equilibrium state:  

Fili = F¤kh°mi¥ + F´ + Fkj�m�i   ( Fm}jkimh ≈ � t� be ��ntr�lle� ) (4) 

Where, F¤kh°mi¥, F´ and Fkj�m�i are written as:  

F¤kh°mi¥ = ρVg�inα (5) 

F´ = ¼ γ²·���φR�φ + ¼ γ²����φR�φ +  ¼ γ�·���φ���θR�φ  (6) 

Fkj�m�i = μ¹ºªN¹ºª + μ¾�N¾� (7) 

The values of F´ and Fkj�m�i depend on the area where the droplet is located. μ is the 

dynamic friction coefficient.  

(i) When the droplet, as a whole, is located on the Ph-area, which means �x < �, F´ is 

obtained by:  

F´ = ¼ γ²·���φR�φ + ¼ γ²����φR�φ +  ¼ γ�·���φ���θR�φ  
= 2R¾�γ�·À���θkj�¾� − ��� θh¯°¾� Á 

 

(8) 
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Here, R = R(θ², V) is equal to 

R(θ², V) = �inθ� Ã 4V2θ² − �in2θ²
Ä

 (9) 

From the Young’s equation, F´ is given by equation (10) in the case that the droplet is 

in contact with both areas, which is equal to: � D �x < 2R¹ºª.  

(ii) When the droplets are in contact with both areas (� D �x < 2R¹ºª), F´ is given by 

the Young’s equation as follows: 

F´ = ¼ γ²·���φR�φ + ¼ γ²����φR�φ +  ¼ γ�·���φ���θR�φ  
= 2R¹ºªÀγ²·¹ºª − γ²�¹ºª − γ�· ��� θh¯°¹ºª Á

− 2R¾�Àγ²·¾� − γ²�¾� − γ�· ��� θkj�¾� Á 

= 2R¹ºªγ�·(���θ²¹ºª − ��� θh¯°¹ºª ) − 2R¾�γ�·À���θ²¾� − ��� θkj�¾� Á 

 

 

(10) 

(iii) When the whole droplet is located on the C�?-area ( 2R¹ºª < �x), we can calculate 

F´ by the following equation. 

F´ = ¼ γ²·���φR�φ + ¼ γ²����φR�φ +  ¼ γ�·���φ���θR�φ  
= 2R¹ºªγ�·À���θkj�¹ºª − ��� θh¯°¹ºª Á 

 

(11) 

To summarize equations (8) ~ (11), F´ can be obtained by 

F´

= Æ 2R¾�γ�·À���θkj�¾� − ��� θh¯°¾� Á2R¹ºªγ�·(���θ²¹ºª − ��� θh¯°¹ºª ) − 2R¾�γ�·À���θ²¾� − ��� θkj�¾� Á2R¹ºªγ�·À���θkj�¹ºª − ��� θh¯°¹ºª Á
�x < �    � D �x < 2R¹ºª2R¹ºª D �x  

Conversely, Fkj�m�i is the frictional force of the complex surface of the Ph- and C�?-

areas, which is given as: 

Fkj�m�i = μ¹ºªN¹ºª + μ¾�N¾� (12) 
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where μ is written as 

μ = Fkj�m�ijÇNkj�m�ijÇ = ρVg �inα² + 2Rγ�·(���θkj� − ���θh¯°)ρVg ���θ² − 4Rγ�·(�inθkj� + �inθh¯°) (13) 

 

By applying equation (13) to both the Ph-area and C�?-areas, we calculated both μ¹ºª 

and μ¾�. N¹ºª and N¾� can be expressed by both the gravity force and the interfacial 

forces between the contact line of the water droplet and the surface of the coating. 

Therefore, when the droplet moves over both areas: overlapping dx on the C10- tethered 

area and overlapping dy on the Ph tethered area (� D �x < 2R¹ºª  an� � D �y < 2R¾�), 

N¹ºª and N¾� are given by equations (14) and (15) respectively. 

N¹ºª(φÈ) = ρV¹ºªg���α² − 2ÀR¹ºª + �xÁγ�·�inθh¯°¹ºª  (14) 

N¾�(φÈ) = ρV¾�g���α² − 2(R¾� + �y)γ�·�inθh¯°¾�  (15) 

However, the relationship between �y and �x is given by: 

�y = V − 2Rv�inθ²¹ºª À1 − ���θ²¹ºªÁ�x
2Rv�inθ²¾� À1 − ���θ²¾�Á  

 

(16) 

Additionally, V¹ºª and V¾� are given using similar equations as followings: 

V¹ºª + V¾� = V (17) 

V¹ºª: V¾� = 2R¹ºª ¼ �inθ�inθ² R�θ�xÊË
? ∶  2R¾� ¼ �inθ�inθ² R�θ�yÊË

?  

= 2R¹ºªv (1 − ���θ²)�x�inθ² ∶  2R¾�v (1 − ���θ²)�y�inθ² = R¹ºªv �x: R¾�v �y 

 

(18) 

V¹ºª = R¹ºªv �xR¹ºªv �x + R¾�v �y ×V (19) 

V¾� = R¾�v �yR¹ºªv �x + R¾�v �y ×V (20) 
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When all of the droplet is located on the Ph-area (�x < �)Fkj�m�i is written as equation 

(21) with vertical components of interfacial tension.  

Fkj�m�i = μ¹ºªN¹ºª + μ¾�N¾�= μ¾�ÍρVg���α² − 2R¾�γ�·(�inθh¯°¾� + �inθkj�¾� )Î (21) 

When the droplet is in contact with both areas (� D �x < 2R¹ºª and � < �y D 2R¾�), 

F´ is given by: 

Fkj�m�i = μ¹ºªN¹ºª + μ¾�N¾� 

 = μ¹ºª Ïρ Ð R¹ºªv �xR¹ºªv �x + R¾�v �y ×VÑ g���α²
− 2ÀR¹ºª + �xÁγ�·�inθh¯°¹ºª Ò
+ μ¾� Ïρ Ð R¾�v �yR¹ºªv �x + R¾�v �y ×VÑ g���α²
− 2(R¾� + �y)γ�·�inθh¯°¾� Ò 

 

 

 (22) 

Additionally, if the whole of the droplet is located on the C�?-area only, (2R¹ºª < �x), 

we can calculate Fkj�m�i as in equation (23): 

Fkj�m�i = μ¹ºªN¹ºª + μ¾�N¾�
= μ¹ºªÍρVg���α² − 2R¹ºªγ�·(�inθh¯°¹ºª + �inθkj�¹ºª)Î (23) 

To summarize equations (21) ~ (23), Fkj�m�i is written as: 

Fkj�m�i =
ÓÔÔ
Õ
ÔÔÖ

μ¾�ÍρVg���α² − 2R¾�γ�·(�inθh¯°¾� + �inθkj�¾� )Î
μ¹ºªÍρV¹ºªg���α² − 2ÀR¹ºª + �xÁγ�·�inθh¯°¹ºª Î
+μ¾�ÍρV¾�g���α² − 2(R¾� + �y)γ�·�inθh¯°¾� Î

μ¹ºªÍρVg���α² − 2R¹ºªγ�·(�inθh¯°¹ºª + �inθkj�¹ºª)Î

�x < �
    � D �x < 2R¹ºª

2R¹ºª D �x
 

The calculated values for each force change with volume as a function of dx are shown 

in Figure 5-7F-I. It is apparent that F¤kh°mi¥  increases with droplet volume, and the 
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values are constant regardless of �x and in whole positive to the tilting direction (Figure 

5-7F). F´ increases with droplet volume because of an increase of liquid-vapor-solid 

contact line, and they decrease to almost 0 when droplet across the border (� D �x <
2R¹ºª); When droplets lie on homogeneous surface, F´ is in theory constant (Figure 5-

7G). The friction by Fkj�m�i in whole negative with any droplet volume and position. 

Effect of friction is getting larger as the increase of volume along with the droplet-surface 

contacting area, and the strongest friction occurs when a droplet comes across the border 

(Figure 5-7H). Hence, the total force becomes positive when surface homogeneous to 

increase the kinetic energy and the energy is dissipated and droplet stops in the border. 

Therefore, the condition that governs if droplets do not overlap beyond the potential is 

given by: 

E� < ¼ Filihn�xvØ
?  (24) 

Where E� is the kinetic energy of a droplet in the area of dx = 0. This equation also 

indicates that a droplet stops overlapping when x�  satisfies E� = § Filihn�xÙI? . 

Interestingly, 10–80 ̀L-sized droplets refrain from crossing the border area rather than 

remaining in contact with it (see Figure 5-7C). This is a new discovery. The patterned 

smooth surfaces herein do not obey the classical pinning theory law: liquid is pinned as 

the droplet head reaches the border with the condition: θh¯°¾� (�x = �) < θ²¹ºª. [37] In fact, 

our analysis considers not only θh¯°¾�  and θ²¹ºª but also θh¯°¹ºª , θ²¹ºª, θkj�¾� , and θ²¾� as 

follows: 

F´ = 2R¹ºªγ�·À��� θ²¹ºª − ��� θh¯°¹ºª Á
− 2R¾�γ�·À��� θ²¾� − ��� θkj�¾� Á 

(25) 
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Therefore, E� depends on various parameters such as, transportation path width, φ, TA 

and liquid volume, which can be optimized depending on the path design. 
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Application of liquid remaining-free micro-reactor system. We applied this liquid 

manipulation system to a micro-fluid reactor. When two micro-volume droplets slide on 

two separate non-parallel paths, the coalescence of droplets, if miscible, can occur at the 

intersection. Figure 5-8A shows SAs of various micro-volume water droplets on the 

patterned surface as a function of path width parallel to the sliding direction. Here, the 

condition of TA for droplet transportation is α² < α as long as the droplets do not 

completely overlap the border. For practical use, the droplet volume can be modified by 

its use, whereas the TA value is usually fixed. Notably, when the droplet volume range 

lies between 0–40 ̀L, the liquid-manipulating surfaces herein show controllable SAs 

with respect to φ and path width (see Figure 5-5B). The liquid manipulation studies 

have shown that the optimized V-patterned path (see Figure 5-8B) works as a micro-

reactor as shown in Figure 5-8C, D. As the patterned smooth surface is durable to both 

acidic and basic liquids (see Figure 5-8E, F), the acidic aqueous (pH = 2.13) reaction 

with bromophenol blue (BPB) succeeded as the droplet transportation remained on the 

hydrophobic patterned surface (Figure 5-8C), and the basic aqueous (pH = 13.06) 

reaction with thymol blue (TB) also succeeded in a similar manner (Figure 5-8D). 

Surface contaminations after the reaction were confirmed by energy-dispersive x-ray 

(EDX) spectroscopy and compared with the dynamically hydrophilic surface (Figure 5-

9A, B), indicating no observed contamination on the dynamically hydrophobic surfaces. 



127 
 

 

�����������������������������������������������������������������������������������������

������������� �������� ������������������������������������������� �������������� ����

���������������̀�������������������������������������������������������������������������

������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

�������� ��������� ��� ���� ��������� ������� ���������� ������ ���� ����������� ���� ����

������������� ���� ����������������� ������ ������������� ������ ������� ��� �� ��������������

��������������������������������������������������������������������������������������

����������������������������������������������������������������������̀�������������̀�

��������������������������������������������������������������������������������������

����������������������������������������������������������������������̀�������������̀�



128 
 

�����������������������������������������������������������������������������������������

����������������������������������������������������������������������̀�������������������

������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

��������������������������������������������������������������������� 

 

 

������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������� 

 

Furthermore, we demonstrate omniphobic liquid manipulation—controlling not 

only water but also organic solvents by replacing the Ph- tethered smooth surface with a 

C6- tethered counterpart (Figure 5-10A). Figure 5-10B shows FT-IR spectrum whose 

doublet peaks of C6 and C10 coatings around 2850 cm−1 and 2930 cm−1 are shifted by Δ = 

6 cm−1 and Δ = 3 cm−1, respectively, signifying a difference for each alkyl chain 

movement. Additionally, the intensity of the C10 doublet peak ratio around 2930 cm−1 is 

clearly higher than that of C6, indicating enhanced mobility of the C10 molecules 



129 
 

compared with C6 molecules. Thus, they exhibit a suitable difference of DCAs against a 

wider range of target liquids (see Figure 5-11A-H). As a result, diagonal sliding of three 

solvent types are realized on the surface as shown in Figure 5-11I–K. This technique can 

be utilized across a wider variety of micro-fluidic applications. For more versatile use of 

liquid manipulation, we measured the transport range of aqueous droplets having different 

viscosities by adjusting the water/sodium alginate mixture ratio, resulting in droplet 

viscosities in the range of <28 cP (see Figure 5-12). 

 
�����������������Wide-range x-ray photoelectron spectroscopy (XPS) analysis of the C6- 

coatings showing the O1s, C1s, and Si2p spectra employing an MgK̀ laser (see Figure 4-

2 in Chapter 4 for XPS analysis of the Ph-, C10- area). (B) FTIR attenuated total reflection 

spectra of C10 (blue), C6 (Black), and Ph (red) modified Si-wafer surfaces. The peak shifts 

* and ** (circled yellow) are based on the C10 spectra. 
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����������������������������������������������������Dynamic contact angles and (E-H) 

static CAs of various liquids on various functional tethered smooth surfaces. Based on 

this study, we adapted C6-/C10- patterning for solvent manipulation. (I–K) Time-elapsed 

photo images of omniphobic liquid manipulation by replacing the Ph- tethered area with 

a C6- tethered area to realize diagonal sliding of (I) acetone, (J) toluene, and (K) 

hexadecane (V = 10 L̀, TA = 8°,  ̀= 20°, path width = 1 mm). 
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Transparency and mechanical robustness of patterned surface. Liquid manipulative 

techniques have been developed to improve surface smoothness while simultaneously 

adding mechanical robustness and a transparency to the surface, offering advantages over 

conventional liquid manipulation techniques. The relief structure normally consists of a 

nano-micro scale roughened surface, whose high surface roughness causes a 

transmittance decrease by increasing scattering, as predicted by the optical theory: 

�n(�/�?) Ȃ (Ý/̀)v (7) 

where � and �? are transmittance of the surface with and without surface roughness, 

respectively. Ý  is the root mean square surface roughness (Rrms), and ̀  is the 

wavelength. Thus, the smoothness of the patterned surface prevents surface scattering and 

maintains high transmittance as shown in Figure 5-13A–D. Additionally, the patterned 

structure retains wettability even after being subjected to an abrasion test over 1000 times 

(Figure 5-14A) and 100 cycles of bending-stretching (Figure 5-14B) because of the 

structural robustness. [29] Liquid manipulative behaviors on complex bent coatings were 

also confirmed as shown in Figure 5-14C. 
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�������������(A) Mechanical durability analysis measured by abrasion time versus SA of 

a 10 ̀ L water droplet. (B-C) Flexibility of the patterned smooth surface coated on a 

polyethylene terephthalate (PET) film. (B) Quantification of bending resistance measured 

by bending times versus SA of a 10 ̀L water droplet. (C) Photographic images indicating 

that the water droplet can diagonally slide on the bent patterned smooth surface while the 

water droplet can perpendicularly slide on the C10- tethered area. 

 

 

����������������� 

In summary, our dynamically hydrophobic and statically hydrophobic/hydrophilic 

patterned transparent smooth surfaces are capable of high speed water manipulation with 

tunable and anisotropic sliding, durable against both acidic and basic conditions, and even 

show the potential for omniphobic manipulation. Furthermore, the smoothness of the 

patterned surface displays excellent transparency and flexibility properties, and 

performed well against durability testing of abrasion and bending, which extends these 

materials across a wide range of applications. Additionally, we also observed that the 

mechanism of liquid trapping on the border is different to conventional understandings: 
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the droplet transport stops as the droplet is pinned to its path even as the droplet head 

reaches the border, which indicates a droplet kinetic energy of zero, which can improve 

the interfacial dynamics. This new strategy of liquid manipulation displaying a near 100% 

yield as a multi-functional fluidic device can help future scientific development and 

expand into new industrial applications. 
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Chapter 6 Summary 

6.1 Summary and outlook 

In this thesis, biomimetic approaches to design functional materials for practical 

application were studied. Especially, highly motivated by nature systems which control 

surface wettability, the biomimetic materials with anti-wetting (hydrophobicity), 

selective-wetting (hydrophobicity and superoleophilicity), slippery-wetting (slipperiness 

on liquid surfaces), and anisotropic-wetting (directional droplet motion) properties were 

designed and developed for the applications to anti-fouling coatings, biomedical sensors, 

oil/water separation systems, and microfluidic devices. 

Firstly, how the biomimetics impact on materials engineering field was overviewed 

for the research motivation. A number of peer-reviewed publications including the 

keyword of biomimetics had been exponentially increased with years, indicating the 

strong demands of biomimetic approaches for designing the materials and/or systems. 

Thus, learned by a lotus Nymphaea leaf, a spider Uloborus Walckenaerius, a pitcher plant 

Nepenthes rafflesiana Jack, a cactus Cactaceae, the functional wettable materials were 

designed by controlling surface chemistry, molecular- and nano-scale structure. 

Secondly, anti-wetting coatings inspired by lotus Nymphaea leaf were designed 

using self-assembly of hydrophobic SiO2 nanoparticles (NPs), and their mechanical 

durability was enhanced by the addition of Ethyl-alpha-Cyanoacrylate (Et-CA) as an 

adhesive resin. We considered 4 types of structures by NPs/Et-CA composite: (1) single 

layer NPs coating by a single step spray method, (2) NPs/Resin composite coating by 

spraying NPs/Resin mixture, (3) NPs and resin double layer coating by double steps spray 

method, and (4) the NPs/Resin gradient coating by newly proposed single step movable 
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spray method, respectively. The comparison revealed the best composite structure in 

terms of mechanical durability had been the NPs/Resin gradient coating. The proposed 

structured surface performed the strongest abrasion resistance in lotus inspired materials. 

In addition, the facile process (one step spray method), substrate selectivity (available to 

woods, glasses, and metals) contribute to the development in industry. 

Lotus also offered an idea of developing biosensors. Optical electrode, which 

determinates ion level in liquids by color changes has developed as a visually available 

diagnosis kit. However, the dirty sample determination must interfere the accurate 

determination. Thus, potassium ion sensor in blood with blood contamination resistance 

are designed as rarely reported examples of application which combines anti-fouling 

surface function with the optical sensor. While in most previous reports adapted 

poly(vinyl chloride) (PVC) as based polymer, the fluorinated co-polymer: 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) have been used owing to 

its low surface energy over PVC. Even though surface anti-wetting properties has been 

enhanced by the change of base polymer, the sensing ability did not deteriorate whereas 

the blood fouling resistance improved. This PVDF-HFP based optical electrode 

contributes to the development of sensing materials targeting contaminated samples 

thanks to its hydrophobicity. 

Thirdly, selective-wetting hydrophobic and superoleophilic materials were designed 

to help a solution of environmentally serious oil spill accidents in a sea. Inspired by an 

impeding mechanism of a spider Uloborus Walckenaerius, whose web can capture any 

insect using electrostatic force, electrostatically attachable self-standing nanofiber sheet 

(NF-S) with selective wettability were designed by electrospinning PVDF-HFP and Et-

CA mixture. The merit of NF-S is scalable, low cost, and attachable to both 2D and 3D 
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materials, whereas the conventional approach to this required chemical interaction or 

physical cross-���������������������������������������������������������������������thus, 

such type of versatile attachment has been difficult. NF-S performed over 99% separation 

efficiency to various oil/water mixtures including emulsified oil. In addition, the NF-S 

covered with melamine sponge made it possible to collect and extract an oil from an oil-

water mixture. Thus, this work will contribute to solving oil spill accident. Furthermore, 

from the viewpoint of materials engineering insight, that is, the possibility of designing 

advanced materials by combining different functional materials� In this work, the high 

absorption capacity by the melamine sponge and the selective wettability by NF-Ss are 

combined to be an oil-absorbent. 

Fourthly, slippery wetting surfaces were designed from the inspiration that a pitcher 

plant Nepenthes rafflesiana Jack wet their leaves with lubricating oil to make insects slide 

down into their digestive juices. Here, SPLASH (surface with ̀-interaction liquid 

adsorption, smoothness, and hydrophobicity) was designed using silane technology as an 

advanced slippery surface. Conventional slippery surfaces relied on a aporous base layer 

��������� ������������������ ������������ �������� ������ ������������������������������������

transparency were deteriorated due to the roughness exposure with the decrease of the 

liquid layer (LL) by evaporation or contact. However, thanks to the smoothness of BL, 

SPLASH kept the hydrophobicity, transparency, and durability regardless of the LL 

thickness. Moreover, since the smoothness of the BL enhanced the fluidity of LL, 

SPLASH performed the advantage over conventional surfaces in terms of hydrophobic 

properties. I’m sure that SPLASH: next age hydrophobic fluidic surface will offer big 

effect not only on industry but on whole materials engineering. 

Fifthly, inspired by directional liquid transportation on a spine of cactus Cactaceae, 
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anisotropic-wetting surfaces were designed by dynamically hydrophobic and statically 

hydrophobic/hydrophilic patterned surfaces using silane technology. The patterned 

surfaces performed high speed water manipulation with tunable and anisotropic sliding, 

durable against both acidic and basic conditions, and even performed the potential for 

omniphobic manipulation. In addition to the wettability, the surface performed 

transparency and mechanical robustness, and was available on a flexible substrate. Such 

multi-functional droplet transportation system will contribute to a design of advanced 

fluidic materials. It also will be helpful to design liquid replenishing system to SPLASH 

forming long-term stable slippery coatings.  

Finally, the future prospect of biomimetic functional materials is discussed as a 

conclusion of this thesis. On one hand, studies of biomimetic functional materials rely on 

new discovery and development of nature systems. As our technology of molecular and 

nanoscale science develops, nature systems also advance through fierce struggles for 

survival. Therefore, we must develop materials not only for practical use but also strongly 

contribute to the advancement of materials chemistry and physics so as not to get a late 

start than nature evolution as well as the struggles. On the other hand, recently biomimetic 

approaches to design multi-functional materials have been developed via the rational 

integration of nature unique properties. For example, Aizenberg group developed highly 

efficient vapor condensation system by integrating three natural examples, i.e. water 

harvesting of desert beetle, anisotropic wetting of cactus spine, and slipperiness of pitcher 

plant. [1] Jiang group developed magnetic force driven morphological change of butterfly 

wing inspired structure to nepenthes surface. [2] In our case, the integration of pitcher plant 

inspired SPLASH technique (see Chapter 4) with cactus spine inspired liquid 

manipulation technique (see Chapter 5) will develop long-term stable SPLASH coating 
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着雪防止性能のある透明コーティングの作製及び屋外試験による検証, 
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日発表． 

(６) 天神林 瑞樹, 佐々木 開地, 阿部 純一郎, 真部 研吾, 白鳥 世明, エレ
クトロスピニング法による自立型ナノファイバーの作製と油水分離膜
への応⽤, 第 65 回高分子学会年次大会, 神⼾国際会議場・展⽰場, 2016

年 5 月 26 日 発表. 
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⽤, 第 65 回高分子学会年次大会, 神⼾国際会議場・展⽰場, 2016年 5 月
26 日 発表. 
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Komine, Seimei Shiratori, Electrically Conductive Superhydrophobic Films for 
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(９) 守谷赳夫, 小峰正嗣, 天神林 瑞樹, 真部研吾, 白鳥世明, 塩添加による
滑液性表面の防霜性能向上, 第 63回応⽤物理学会春季学術講演会, 東京
工業大学 大岡山キャンパス, 2015年 3 月 19 日発表. 

(１０) 天神林 瑞樹， 真部 研吾, 松林 毅,守谷 赳夫, ⼾賀沢 稜, 白鳥 世明, 

微小液体を弾く液体保持型フラット表面, 第 76 回応⽤物理学会秋季学
術講演会, 名古屋国際会議場, 2015年 9 月 14 日発表. 

(１１) 佐々木開地, 天神林瑞樹, 真部研吾, 白鳥世明, セルロース繊維への生
体適合性材料による耐摩耗性片面超撥水機能, 第 62 回応⽤物理学会春
季学術講演会, 東海大学 湘南キャンパス, 2015年 3 月 13 日発表. 

(１２) S. Nishioka, M. Tenjimbayashi, K. Suwabe, S. Shiratori, Slippely surface using 
edible oil, 24th The Materials Research Society of Japan, Yokohama, Japan, Dec. 
11, 2014. 

(１３) T. Nishiyama, M. Tenjimbayashi, K. Suwabe, S. Shiratori, Preparation and 
evaluation of biomimetic transparent film using a hollow nanosilica, 24th The 
Materials Research Society of Japan, Yokohama, Japan, Dec. 11, 2014. 

(１４) T. Nakashima, M. Tenjimbayashi, S. Shiratori, Fabrication of self-standing 
flexible transparent slippery film by sol-gel method, 24th The Materials 
Research Society of Japan, Yokohama, Japan, Dec. 11, 2014. 

(１５) ⻄岡紗知子, 天神林瑞樹, 諏訪部憲, 白鳥世明, 植物油を⽤いたフッ素
フリー滑液面, 第 75 回応⽤物理学会秋季学術講演会, 北海道大学 札幌
キャンパス, 2014年 9 月 19 日発表. 

(１６) 中島太一, 天神林瑞樹, 白鳥世明, 藤田将人, 神谷武志, 本田常俊, Sol-

gel 法による自立型フレキシブル透明滑水滑油膜の作製, 第 75 回応⽤物
理学会秋季学術講演会, 北海道大学 札幌キャンパス, 2014年 9 月 18 日
発表. 

(１７) 松林毅, 天神林瑞樹, 白鳥世明, 中空シアノアクリレートナノ粒子を⽤
いた半透明高撥油膜の作製, 第 75回応⽤物理学会秋季学術講演会, 北海
道大学 札幌キャンパス, 2014年 9 月 17 日発表. 

(１８) ⻄澤真吾，天神林瑞樹，白鳥世明, スキージ法による透明超撥水膜の作
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製, 第 61 回応⽤物理学会春季学術講演会, ⻘山学院大学 相模原キャン
パス, 2014年 3 月 18 日発表. 

(１９) Atthaporn Ariyarit，天神林瑞樹，白鳥世明, Fabrication and Evaluation of 

Transparent Conductive Oxide CuAlO thin films, 第 61 回応⽤物理学会春季
学術講演会, ⻘山学院大学 相模原キャンパス, 2014年 3 月 18 日発表. 

(２０) 天神林 瑞樹， 諏訪部憲, 白鳥 世明, Fluorine-free slippery surfaces with 

omniphobicity, 第 61 回応⽤物理学会春季学術講演会, ⻘山学院大学 相
模原キャンパス, 2014年 3 月 20 日発表. 

(２１) 天神林 瑞樹， 藤本 幸司, ⻄澤 真吾, 慶 奎弘, 白鳥 世明, Fabrication of 
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会, 同志社大学 京田辺キャンパス, 2013年 9 月 17 日発表. 

 

Patents 
(１) 繊維製品、および、被膜付き物品 白鳥 世明, 天神林 瑞樹, 佐々木 

開地, 松川 義彦 (特願 2016-097813, H28. 5. 16) 

(２) 滑液膜、その製造方法、及びそれにより被覆された表面を有する物品 白
鳥 世明, 天神林 瑞樹, ⼾賀沢稜 (特願 2015-231603, H27. 11. 27). 
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(１) R. Togasawa, M. Tenjimbayashi, T. Matsubayashi, T. Moriya, K. Fujimoto, S. 

Shiratori, 第 26 回日本 MRS 年次大会奨励賞受賞, 日本 MRS, 2016年 12
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(６) 天神林 瑞樹, 2015年度藤原奨学基金奨学生採⽤ 2016年 3 月 28 日. 
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エンス＆テクノロジー株式会社, 第３章 第１節「交互積層法による超
撥水・超撥油表面」, 第４章 第２節 「オムニフォビシティ滑液性表
面の作製」 




