
1 

Supporting Information for 

Investigating and Biomimicking the Surface Wetting 

Behaviors of Ginkgo Leaf 

Shuaijun Pan, Rui Guo, and Weijian Xu* 

Dr. Shuaijun Pan 

State Key Laboratory of Chemo/Biosensing and Chemometrics, Institute of Polymer Science and 

Engineering, College of Chemistry and Chemical Engineering, Hunan University, Changsha 

410082, China. Email: shuaijunpan@gmail.com 

 

Miss Rui Guo 

State Key Laboratory of Chemo/Biosensing and Chemometrics, Institute of Polymer Science and 

Engineering, College of Chemistry and Chemical Engineering, Hunan University, Changsha 

410082, China.  

Patent Examination Cooperation Hubei Center of the Patent Office, State Intellectual Property 

Office, Wuhan 430070, China. 

Email: ruierlisa@sina.com 

 

Dr. Weijian Xu 

Corresponding Author 

State Key Laboratory of Chemo/Biosensing and Chemometrics, Institute of Polymer Science and 

Engineering, College of Chemistry and Chemical Engineering, Hunan University, Changsha 

410082, China. Email: weijianxu59@gmail.com 

Electronic Supplementary Material (ESI) for Soft Matter.
This journal is © The Royal Society of Chemistry 2014



2 

Movie Captions 

Movie S1. Water droplets impact on the fresh ginkgo leaf. The shady side perfectly repels the 

continuous impacting water droplets as water drop readily bounces off the surface. The sunny 

side of ginkgo leaf could repel only a few impacting droplets which could bounce off the surface 

but with an obvious retention. The sunny side could not hold the composite Cassie-Baxter 

interface after a few impact, that is, the air plastron forms at the interface beaks thus droplet 

adhesion appears at last. In the video, droplets were released from 1~2 cm above the surface. The 

leaf was naturally lying on the horizontal table. A tilt angle of ~10 was formed due to the natural 

state of the leaf. 

Movie S2. Stain removal on the fresh ginkgo leaf. The preset red ink droplet is easily and 

completely removed from the shady side of the ginkgo leaf by a strip of filter paper. The sunny 

side is left with obvious residue and cannot be removed completely with cut filter paper. The 

adhesion force at the water-epidermis interface of sunny side is higher than that of shady side. 

Movie S3. Air plastron observation. Shady side forms a bright stable air plastron in water and no 

stains are left when being lifted out. Sunny side also forms an air plastron but relatively unstable 

as obvious water residues are left on the surface after taken out of the solution. 
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Figure S1. SEM images of dry ginkgo leaf. (A) Shady surface (abaxial surface). (B) Cross 

section. (C) Sunny surface (adaxial surface). Surface features collapse after drying. 
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Figure S2. Wettability of dry ginkgo leaf. (A) Water drops stick on the dry sunny side with 

anisotropic wettability: water drop elongates along the vein. (B) Water drops ball up on the dry 

shady surface showing isotropic wettability. Scale bar is 5 mm. (C) Water silhouettes on the 

corresponding surface. Water contact angle on shady surface slightly decreases (~150º) due to 

the collapse of surface structure. Water contact angles on the sunny side decreases greatly while 

with a much smaller value (~90º) along the vein and a relatively larger value (~120º) 

perpendicular to the vein. 
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Figure S3. Stain removal of dry ginkgo leaf. (A) Sunny side. (B) Shady side. Shady side exhibits 

much more resistance to red ink, compared with sunny side which has a large contact angle 

hysteresis and red ink stain cannot be removed completely. Scale bar is 5 mm. 
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Table S1. Summary of equations for contact angle estimation. 

Model Cassie-Baxter Regime 

Square packing spheres 
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Table S2. Adaxial and abaxial surface properties of the fresh ginkgo leaf. 

Nomenclature Adaxial Surface* Abaxial Surface** 

R2  Texture diameter 20 m 20 m 

D2  Texture spacing 10 m 10 m 

L2  Length of texture 60 m 20 m 

  Aspect ratio 3 1 

*d  Linear spacing ratio of surface texture 1.5 1.5 

*D  Global spacing ratio of surface texture 2.25 1.5 

*H  Air thickness parameter 0.54 0.63 

airh  Calculated air thickness 10.9 m 12.6 m 

s  Area ratio of projected wet interface 0.64 0.33 

r  Surface roughness of wet area 1.36 1.59 

lvf  Fraction of liquid‒air interface 0.36 0.67 

slf  Fraction of solid‒liquid interface 0.87 0.52 

Note: Surface features are simplified as high aspect ratio ellipsoidal particles* and spherical particles**. 
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Table S3. Water contact angles and sliding angles on the natural and biomimetic surfaces. 

Working Surfaces Adv. CA Rec. CA Cal. ECA As-placed CA Sliding Angle

Flat wax coating 107 92 99 105 25 

Fresh sunny side 146 130 136 136/126* 10/9.3* 

Fresh shady side 157 154 155 156/144* 1/0.7* 

Dry sunny side  vein 137 115 123 120 28 

Dry sunny side  vein 99 85 92 90 20 

Dry shady side 154 148 151 150 2 

Flat PVA film 28 0 7 22 ‒ 

PVA replica of sunny side (negative) 11 0 3 8 ‒ 

PVA replica of shady side (negative) 9 0 3 5 ‒ 

Flat PS Film 107 85 95 104 27 

PS replica of sunny side (positive) 143 126 133 130/125* 13/12.2* 

PS replica of shady side (positive) 155 147 150 151/143* 3/2.4* 

Note: * These values are in the set of measured/predicted. As-placed or static contact angles were predicted using the rewritten 

Cassie-Baxter equations (e.g. models of square packing particles and periodic fibers) derived in this work. For the CA calculation 

of shady surfaces, Equation S6 was applied, and Equation S12 was used for the sunny surfaces (see the supporting information 

Section S1). Sliding angles were predicted using the Furmidge method reported in the literatures.S2-S6 Cal. ECA in the 4th column 

stands for the calculated equilibrium contact angle adopting Tadmor method.S17 Sliding angle is discussed in detail in the 

supporting information Section S3. Unit of above values is degree (o). Derivation for contact angle is averaged within ±2° and 

sliding angle ±0.5°. ~10 L water droplet was applied for the measurements. It is worth noting that the contact angles of flat 

polystyrene (PS) coating reported here is slightly different with those in the literaturesS23, S24 and we assume that the different 

nanoscale roughness introduced inevitably during the fabrication process (i.e. technical errors arising from dip-coating, 

evaporation, annealing, et al.) does matter the accuracy of the measurement.S24-27 
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Supplementary Discussions 

Section S1. Contact Angle Estimation for Cassie-Baxter Regime 

Particles constituting the practical surfaces can be simplified as spheres in theoretical 

calculations. Surfaces consisting of high aspect ratio features can be simplified as periodic 

alignments.  

 

Figure S4. Schematic diagram of the cross section of spherical or fiber-like surfaces and 

characteristic geometrical parameters used in calculations. 

To theoretically quantify the surface performance about wetting, parameters are defined above 

according to the literature.S7-S8 s is the area fraction of the air-liquid interface occluded by the 

surface texture (i.e. the ratio of the projected wet area to the total projected area). r is the 

surface roughness of the wetted region (i.e. the ratio of the actual contacting surface to the 

projected wetted area). r is the global surface roughness (i.e. the ratio of the total surface area to 

the projected area). Thus, for a partially wetted surface ( o0e ) shown above, the area fraction 

of liquid-solid interface is ssl rf  and that of liquid-air interface is slvf 1 . 
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Figure S5. Schematic diagram shows side view (A) and top view (B) of a water drop ball-up the 

substrate in composite Cassie-Baxter state and the zoom-in interface (C) illustrating the local 

air-water-solid contact. 

When a millimeter-sized water drop contacts with a non-wetting rough surface, provided the 

drop size is much greater than the surface feature size and the line tension applied on the triple 

line could be negligible, system free energy will reach global minimum as the apparent contact 

angle * of the composite interface attains a value derived from the following Cassie-Baxter 

equations:S9-S16 

lvesl ff   coscos *    (S1) 

1coscos *  sesr      (S2) 

Effectively the above two equations are all referred as mixed wetting state – a droplet partially 

wets the surface and partially sits on air pockets, which is commonly used in solving wetting 

problem on rough porous surfaces especially those with curvatures like cylindrical fibers or 

particlesS21. However, in solving the wetting problem of the most commonly considered surfaces 

in the literature as vertical arrays of flat-top pillarsS22, the original CB equation has been slightly 

transformed in a more coherent one (fsl + flv = 1), a form which has also been referred as pure 
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Cassie state (especially holds for surfaces composed of flat-top pillars and holes). In our case, the 

spherical texture represents a re-entrant geometry – the solid-liquid area is function of liquid 

penetration depth. Thus, regarding the roughness of wetted area (r ≥ 1), the sum of solid-liquid 

area (fsl) and liquid-vapor area (flv) is always greater than 1.S7, S9 Equation S2 is an extended form 

of the Cassie relation (a generalized textural wetting equation). Actually, the CB equation with a 

unit sum of coefficients (pure Cassie State) is just a specific form of Equation S2 if the 

roughness of wetted area (r) is equal to 1 (i.e. flat-top pillars and holes referred previously).S12 

In order to better describe the mixed wetting state when water drops come to contact with the 

surface of ginkgo leaf, the above Cassie-Baxter equations could be rewritten as the following. 

Case I. As for a partially wetted surface featured by square pitch arranged spheres, we have: 
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Here *D is the global spacing ratio of the surface texture, it is the square of the linear spacing 

ratio *d for spherical features: 
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Thus, Cassie-Baxter equation can be transformed as: 
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And the area fraction of solid-liquid interface slf and liquid-air interface lvf is computed as: 
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Case II. As for a partially wetted surface composed of periodic cylinders or high aspect ratio 

spheroids with  >> 1, we have:S1 
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Here, the global spacing ratio *D is equal to the linear spacing ratio *d for fiber features: 
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Thus, Cassie-Baxter equation and the interface fractions can be transformed as: 
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Section S2. Thickness Estimation of Trapped Air Layer 

 

Figure S6. Rectangular coordinate system for the calculation of trapped air layer for 

non-embedded spheroidal particles (i.e. spherical or ellipsoidal features). 

Build a two-dimensional rectangular coordinate system first, and then place the lying spheroid 

particle at the origin of coordinates. The cross-section of the particle appears as an ellipsoid. The 

intercepts are the particle radii along X axis ( xR ) and Y axis ( yR ) respectively. Then the elliptic 

equation is obtained: 
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Consider the contacting water locally reaches the equilibrium Young’s contact angle e at point P 

(m, n) on the elliptic curve, the relation between m and n is: 
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The tangent slope at point P is given by the derivative of the elliptic equation: 
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By substituting Equation S16‒18 into Equation S15, the coordinate of P along Y axis is obtained: 
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Then, the air thickness is given by: 
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Here, plus sign applies for hydrophobic coating, that is, the equilibrium Young’s contact angle

o90e , and minus for o90e . 

A dimensionless factor for the trapped air layer thickness is defined as: 
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Then, a dimensionless form of Equation S20 is obtained by defining yR as unit ( 1yR ): 
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A final form is obtained by defining a reference thickness yref RH 2 : 
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Equation S24 provides a general estimation of air trapped at the air‒liquid‒solid interface for 

contacting surfaces with different features () and Young’s wettability (e). By careful designing 

surface textures and controlling the surface wettability, extreme liquid resistance may be 

achieved in the development of functional surfaces (i.e. robust surface resisting impact of liquid 

such as the shady surface of a fresh ginkgo leaf), and it is worth note that not thick enough air 

plastron may cause the triple interface to break down (i.e. unstable plastron at the sunny side of 

ginkgo leaf which causes wetting transition after continuous water impact). 

 

Figure S7. Different particle morphologies characterized by dimensionless aspect ratio . 
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Figure S8. The effect of surface features (vertically equal) on the air plastron thickness at the 

triple contact region. Spheroid particles (>1) have different air thickness at spherical section (B, 

E) and ellipsoidal section (C, F). Least air thickness arises at ellipsoidal section for hydrophobic 

(e > 90º) particles (F) and spherical section for hydrophilic (e < 90º) particles (B). As for the 

trapped air thickness for ellipsoids (<1) (A, D) comparing with sphere (B, E), thinner air layer 

appears in ellipsoids for hydrophilic (e < 90º) particles (A) and spheres for hydrophobic (e > 

90º) particles (E). The order of the above illustrated air thickness is D > E > F > C > B > A. 
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Section S3. Sliding Angle Calculations 

Consider a liquid droplet on a tilted at an angle ω relative to the horizontal. By balancing the 

work done by droplet gravity and surface tension during wetting/dewetting, the tilt angle at 

which the drop starts to slide is given by the following relationS2-S6: 

 
gV
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** coscos2
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Here,  and lv are the density and surface tension of the liquid, respectively, g is the acceleration 

due to gravity, V is the volume of the droplet, and DTCL is the averaged diameter of the triple 

phase contact line perpendicular to the sliding direction, which can be predicted using an average 

apparent contact angle * . The width of the droplet can then be computed as: 

 3
*3*

*

coscos32

3
sin2







V
DTCL    (S26) 

2

coscos
cos

**
* advrec 




    (S27) 

Our experimentally measured sliding angles match reasonably well with those predicted by 

equations above (see Table S3).  

Tadmor methodS17 may also be used in calculating the average contact angle (i.e. calculated 

equilibrium contact angle E ) thus further for the calculation of the sliding angle. 
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Here A is the advancing contact angle and R is the receding contact angle. Although the 

Tadmor method is commonly used for flat surface, the calculated equilibrium contact angle 

(using the values obtained on our surfaces) matches well with the as-placed contact angle (see 

Table S3), since the value of as-placed contact angle falls between that of advancing and 

receding contact angles and at some point matches that of the equilibrium contact angle 

depending on the drop size.S18 

Additionally, sliding angle is an expression of liquid retention on the surface – lateral (retention 

or adhesion) force applied on the surface plays an important role in the interaction of liquid with 

the solid surface. The related lateral forces may be calculated or experimentally measured 

adopting the approaches reported in the literatures.S2, S5, S19-S20 By investigating the physical 

forces between a droplet and the contacting surface (i.e. tilt or horizontally placed), it may offer 

another way in revealing the distinct wetting behaviors of ginkgo leaf (see Movies S1-S3). 
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