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Droplet arrays with monodisperse size 
and ordered pattern should be satisfied to 
reach “one cell, one well” target.[5] For biology 
application, Zhu et al. reported a nanoliter 
droplet array to quantify gene expression in 
individual cells.[6] By sequentially printing 
nanoliter-scale droplets on a microfluidic 
robot, all liquid-handling operations can 
be automatically achieved.[7–9] For optical 
application, droplet-based microfluidic 
system was used to obtain lens arrays by 
using a thin liquid layer on a polar electric 
crystal like LiNbO3.[10] For electronic appli-
cation, liquid metal droplet array is used as 
a capacitive-type touch sensor.[11]

Usually, heterogeneous surface with 
ordered hydrophilic islands/cavities on 
hydrophobic area is the key to confine liq-
uids to form droplet array.[12,13] To fabri-
cate a heterogeneous surface, a uniformly 
hydrophobic surface was generated first. 
Various methods are available for surface 
hydrophobicity. Then, a mask was prepared 
for selective etching to create hydrophilic 
islands/cavities. Ultraviolet light,[14–17]  
X-ray,[18] laser,[19] and plasma[8,20,21] can be 
used for etching, which should match the 
hydrophobic surface behavior. For example, 

the ultraviolet light can etch hydrophobic surface with ZnO 
nanostructure due to their photo catalytic degradation nature.[17]

It is noted that masks are fabricated by microelectrical 
mechanical systems (MEMS) using silicon wafer. Heteroge-
neous surface size is limited by silicon wafer with a typical size 
of 4 inches. The etching technique not only has high cost but 
also is not suitable for large scale utilization. An emerging area 
using heterogeneous surface to produce droplets pattern is the 
mechanical engineering. Yoo et al. noted that water droplets on a 
piece of metallic surface can absorb electromagnetic wave, which 
is attractive for military fighter, tank, and warship to avoid radar 
detection.[22] For environment protection, it is difficult to collect 
ultrafine dust particles from a large air volume. An idea was pro-
posed to absorb fine particles by electriferous droplet array.[23] For 
these applications, large area heterogeneous surface in ≈m2 scale 
should be fabricated on metal substrate with acceptable cost.

We proposed a novel method to create metal based heteroge-
neous surface for controllable condensing droplets arrays. Mesh 
screen is used as mask. The diffusion welding technique in metal-
lurgy area is introduced here. The fabrication principle adjoining 
mesh screen and diffusion welding technique was carefully 
described. The observed droplet dynamics and a theoretical 

Nonsilicon micromachining is a challenge, especially for large scale 
heterogeneous (hydrophilic/hydrophobic) surface fabrication. Here, 
mesh screen and diffusion welding technique are coupled to form a novel 
fabrication method. Mesh screen is used as mask. The diffusion welding 
technique sinters mesh screen on copper surface to form welding junction 
array. Chemical treatment of sintered package forms superhydrophobic 
nanostructures on surfaces except welding junction array. Separating 
mesh screen from copper substrate exposes hydrophilic dots array, cor-
responding to welding junction array. Thus, heterogeneous surface is 
created. By condensing wet air, main droplet and neighboring droplet occur 
on hydrophilic dot and superhydrophobic part, respectively. For horizontal 
surface, neighboring droplets initially generated on nanograsses behave 
consecutive events of coalescence, jump, and return, triggering contact/
noncontact effect induced jumping. Thus, defect droplet area is formed 
and droplet size uniformity is broken. A nondimensional equation is pro-
posed for the contact effect induced jumping analysis. Noncontact effect 
induced jumping is found for the first time. For vertical surface, droplet 
array behaves monodisperse size due to departure of merged neighboring 
droplets without returning, and equal opportunities of neighboring drop-
lets captured by main droplets. The work opens a new way for large scale 
droplet array generation by controllable condensation.
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Controllable Condensation

1. Introduction

Condensing droplets on hydrophobic surface have a wide range 
of size distribution.[1] The distances between droplets vary too 
much. Many factors influence droplet size distribution. Droplet 
nucleation is a random behavior.[2] Even for an ordered nanostruc-
tured surface, it is impossible to nucleate liquid droplets simul-
taneously. Droplets have different sizes due to different time 
history of droplet growth.[3] Droplets coalescence creates larger 
droplet than not merged. Droplet size distribution is important 
to influence thermal performance of heat exchangers.[4]

Adv. Mater. Interfaces 2017, 1700684
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model for horizontally positioned surface were 
reported to explain the poor quality of droplet 
array formation. Perfect droplet array on ver-
tically positioned surface was demonstrated, 
which is expected for large scale utilization.

2. Results and Discussion

2.1. The Heterogeneous Metal Surface

The original contribution of this paper is to 
combine the diffusion welding technique and 
mesh screen to fabricate heterogeneous surface. 
Using diffusion welding technique or mesh 
screen alone cannot reach such target. Diffu-
sion welding technique is used to weld different 
materials such as nickel and molybdenum/
copper joints.[24] The two parts to be welded use 
either bulk or film materials.[25,26] Pore structure 
is seldom considered to be welded. Mesh screen 
has pore structure which has been used for 
wicking in heat pipes,[27] collection of droplets in 
fog,[28] separation of oil–water mixture,[29,30] etc. 
It is not used as mask for material fabrication. 
In this study, welding mesh screen on metal 
substrate forms hydrophilic microdot array. 
Pores in mesh screen allow the surface except 
microdot array to be immersed in chemical 
solution, forming hydrophobic nanograsses.

Figure 1a shows tinbronze mesh screen used here. Mass con-
centration of tin element was 6.15–7.79% based on energy dis-
persive spectrometer measurement. The mesh screen had d = 
41 µm (wire thickness) and w = 62 µm (pore width). The sub-
strate was pure cooper. After sintering, the whole package was 
immersed in chemical solution. Even though the mesh screen 
was oxidized (see Figure S1, Supporting Information), it pre-
vented welding junction arrays from oxidization. Much attention 
was paid to heterogeneous surface after removing mesh screen 
(see Figure 1b). Four microdots form one unit. Distance between 
neighboring dots is expressed as 2( )= +P w d . Here, P is  
146 µm with w = 62 µm and d = 41 µm. Figure 1c,d shows supe-
rhydrophobic nanograsses and hydrophilic microdot. Microdot 
is ellipse with a horizontal axis length of a = 47 µm and a vertical 
axis length of b = 22 µm. Several micropits exist in a dot. Each 
pit had a sphere particle coming from tin element embedded in 
mesh screen, induced by diffusion welding technique.

Experimental setup can be seen in the Supporting Informa-
tion. We demonstrate droplet dynamics on the heterogeneous 
surface. Practically, any droplet has 3D motion. Achieving 3D 
velocities of a droplet is difficult. The 3D to 2D conversion of 
droplet velocities is fulfilled by ensuring image files in focus plane 
of the high speed camera. Image files are on X–Y plane (focus 
plane), with a pixel resolution of δ. Within a time step Δt, pixel 
locations of the droplet are at (Mt, Nt) at time t and (Mt−Δt, Nt−Δt)  
at time t − Δt, where M and N are the pixel number in  
X and Y coordinate, respectively. Thus, velocities are uX = 
(Mt − Mt−Δt)δ/Δt, uY = (Nt − Nt−Δt)δ/Δt. Thus, the absolute velocity 
is = +2 2u u uX Y .

2.2. Observed Droplet Dynamics on Horizontal Surface

Droplets are preferred to be nucleated and growing on hydro-
philic dot. Contact area between droplet and solid material is 
specified at the hydraulic/hydrophobic interface. Contact angles 
are continuously increased versus time. This process is stopped 
until contact angle reaches the advancing value, beyond which 
the contact area expands. Droplets on hydrophilic dots and 
hydrophobic area are called main and neighboring droplets, 
respectively.

Figure 2 shows consecutive images of condensing droplets 
on horizontal surface. Main droplet array is formed. Each main 
droplet corresponds to a specific hydrophilic dot. Main droplets 
become larger versus time. Neighboring droplet on hydrophobic 
area is one to two orders magnitude smaller than main 
droplet. Main droplet array is not perfect due to two reasons:  
(1) some larger main droplets than others (see Figure 2c) and 
(2) defect droplet area due to disappearance of some main 
droplets (see Figure 2h).

Figure 3 shows side view droplet trajectories coming from 
Videos S2−S6 in the Supporting Information. Figure 4 plotted 
3D drawing for droplet dynamics. Figures 3 and 4 explained 
nonuniform main droplet size and defect droplet area observed 
in Figure 2. Available studies dealt with coalescence induced 
jumping for droplets initially on solid surface.[31–38] Here, a 
returning droplet impacting droplets on the solid surface was 
paid attention (see Figure 4b). After impacting, five cases are 
classified:

Case 1—Stabilized Droplet after Coalescence: Figures 3a and 4c  
show a returning droplet impacting a larger droplet on a  

Adv. Mater. Interfaces 2017, 1700684

Figure 1. The structure of mesh screen and heterogeneous surface: a) mesh screen; b) het-
erogeneous surface; c) hydrophobic nanograsses; d) microhydrophilic dot with a = 47 µm,  
b = 22 µm, and P = 146 µm.
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hydrophilic dot. After coalescence, the merged droplet did 
not jump and stayed on the hydrophilic dot, explaining 
larger droplet size on such location than others (see 
Figure 2c).

Case 2—Single Time Droplets Coalescence Induced Jumping: 
Different from case 1, Figures 3b and 4d demonstrate the 
merged droplet successfully escaped from hydrophilic dot to 
yield defect droplet area (see Figure 2h).

Case 3—The Domino Effect of Droplets Coalescence and 
Jumping: Coalescence induced jumping can be repeated for sev-
eral times to form domino effect (see Figures 3c and 4e). A pre-
vious jumping droplet becomes the seeding droplet to trigger 
a new turn of coalescence and jumping. For the current turn 
compared with the previous turn, the flying droplet is larger 
and can also jump much higher. Luo et al.[39] and Lv et al.[40] 
found similar phenomenon. In this study, the domino effect 
causes severe defect droplets area.

Case 4—Droplet Jumping Triggered by Rotating-Droplet-
Induced-Gas-Disturbance: When a returning droplet impacts 
a main droplet tangentially, coalescence yields the merged 
droplet rotating. The nearby wet air is being sheared to have 
a rotating flow field, triggering a nearby droplet jumping (see 
Figures 3d and 4f).

Case 5—Droplet Jumping Triggered by the Billiard Effect: 
When a returning droplet impacts a main droplet on a hydro-
philic dot, a nearby droplet is being triggered to jump by the 
gas turbulence at a specific angle with respect to the incoming 
seeding droplet trajectory, similar to a billiard movement (see 
Figures 3e and 4g).

Cases 2 and 3 belong to the coalescence induced droplet 
jumping, we call it as the contact effect induced droplet jumping. 
Cases 4 and 5 involve the droplet jumping by gas disturbance, 
we call it as the noncontact effect induced droplet jumping, 
which is reported here for the first time. We note that, for cases 2  
and 3, each impacting creates a single seeding droplet leaving 
the surface. However, for cases 4 and 5, each impacting may 
create several seeding droplets, which can severely destroy the 
self-organization of droplets array.

2.3. Theoretical Model of the Droplet Dynamics

This section theoretically explains: (1) droplet jumping/
not jumping after coalescence and (2) increased jumping 
height for specific turn than previous turn. The problem 
is described using nondimensional parameters to provide 

Adv. Mater. Interfaces 2017, 1700684

Figure 2. Droplet growth and pattern on horizontal heterogeneous surface (note that all panels have identical scale bar and time difference Δt is 2 min 
between consecutive images; see Video S1, Supporting Information).
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a general analysis. Figure 5 shows the physical model. A 
returning droplet with a radius of r0 impacts several droplets 
on a surface simultaneously (see Figure 5a). The impacting 
velocity is u0. Droplets on the surface are recorded as 
1···i···N, with radiuses of r1···ri···rN and contact angles 
of θ1···θi···θN, respectively. After coalescence, the jumping 

velocity is uc, the mass conservation yields 
the radius of rc as (see Figure 5b)

∑ θ θ( ) ( )= + − + 
=

=1

4
1 cos 2 cosc 0

3 3 2

1

3r r ri i i

i

i N

 
(1)

The residue kinetic energy Ek,c character-
izes how much energy can be converted into 
kinetic energy after coalescence. The merged 
droplet cannot jump if Ek,c < 0. The energy 
conservation yields

k,c k,0 s h visE E E E E= + ∆ + ∆ −  (2)

where Ek,0 is the kinetic energy of the seeding 
droplet before coalescence, ΔEs is the differ-
ence of surface energy before and after coa-
lescence, ΔEh is the gravity potential energy 
due to the variation of center mass of drop-
lets before and after coalescence, ΔEvis is the 
viscous dissipation during coalescence. Ek,0 
and Ek,c are

2
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,
2
3
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where ρ is the liquid density. Liu et al.[41] 
divided the whole process into two substages 
of coalescence and departure. Adhesion work 
was introduced in the later stage. Physically, 
adhesion work is the difference of surface 
energy due to solid–liquid interface before 
droplet departure replaced by gas–solid 
interface on solid surface, and gas–liquid 
interface on droplet, after droplet departure. 
A final droplet with a spherical cap and a flat 
bottom interface is considered to treat adhe-
sion work, deviating from practical sphere 
droplet. Instead, ΔEs is used to treat the sur-
face energy difference, similar to the treat-
ment of Kim et al.[42] ΔEs is

∑

∑
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 (4)

where σ is the surface tension force and θY 
is the characteristic contact angle. We note 
that Equation (4) is a general expression to 
consider micro/nanoroughness effect. The 

parameter ϕs considers wetting behavior and surface rough-
ness effect, which is the ratio of solid–liquid contact area 
(including wetted regions inside roughness) to contact area 
between droplet and a flat surface. Relative roughness rs is the 
extended surface area of micro/nanostructure divided by the 
flat surface area. Three cases are considered (see Figure S3, 
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Figure 3. Droplet return induced dynamics: a) a return droplet with radius of 19.9 µm and 
velocity of 57 mm s−1 impacts a main droplet with radius of 30.1 µm and CA of 123.7°, the 
merged droplet has a radius of 37.5 µm and CA of 138.8°, Δt = 2.0 ms; b) a return droplet with 
radius of 24.2 µm and velocity of 99 mm s−1 impacts a 56.7 µm radius droplet (CA = 155.6°), 
inducing the merged droplet jumping with radius of 61.2 µm and velocity of 162 mm s−1,  
Δt = 2.0 ms; c) the droplet return and coalescence triggered domino effect; d) the neighboring 
droplet jumping triggered by rotating-droplet-induced-gas-disturbance; e) the billiard effect 
induced droplet jumping by the droplet sweeping disturbance, see Videos S2−S6, Supporting 
Information, corresponding to (a)−(e).
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Supporting Information). For partial wetting, ϕs is smaller than 
rs. For complete wetting, ϕs equals rs. We study a returning 
droplet impacting a droplet on microhydrophilic dot, which is 
sufficiently smooth compared with nanostructure to yield ϕs = 
rs ≈ 1. ΔEh is

4
3

12
1 cos 3 cos

h 0
4

c
4

4 3

1
∑

πρ

π ρ θ θ
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where g is the gravity acceleration, ΔEvis is
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where µ is the liquid viscosity. Combining 
Equations (1)–(6) and introducing nondi-
mensional parameters yield
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where We, Oh, and Bn are Weber number, 
Ohnesorge number, and Bond number, 
respectively. They are

, ,c c
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In Equation (7), β0 = r0/rc, βi = ri/rc, ξ = 
u0/uc. Ψ(θi), Π(θi,), and Ω(θi) are

( ) 2 2cos (1 cos )sins s
2

i i Y iθ θ ϕ ϕ θ θΨ = − + − −

 (9)
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−

− +
( )

12 sin cos

1 cos 2 cos

2

2 2i
i i i
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θ θ θ( ) ( )Ω = − +( ) 1 cos 3 cos3
i i i  (11)

Equation (7) is a general expression. 
Specifically, it is suitable for all droplets 
on the surface without returning droplet 
involved (u0 = 0 and r0 = 0),[43] a returning 
droplet impacting a single (N = 1) or mul-
tidroplets (N > 1)[42] on the surface. We 

consider a returning droplet impacting a single droplet,  
Equation (7) becomes

2
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Equation (12) was used to analyze the effect of r0 and u0 on 
uc, including the case of Figure 3b. Droplet grows according to 
constant contact area between droplet and surface with varied 

Adv. Mater. Interfaces 2017, 1700684

Figure 4. The mechanisms explaining nonuniform droplet size and defect droplet area.
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contact angles.[44] Droplet radius r1 is written as 
θ

=
2sin

1
1

r
a

, 

where a is the horizontal axial length of hydrophilic dot (a = 
47 µm in Figure 1d), other properties are ρ = 999 kg m−3, µ = 
1.001 × 10−3 Pa s, σ = 0.072 N m−1, and ϕs = 1. Various κ values 
are suggested in the literature. It is not acceptable for κ = 0. 
Lv et al.[40,45] assumed that velocity gradient only exists in the 
droplet height direction during coalescence and suggested κ = 
1/2. Most of studies[33,41,43] considered velocity gradient existing 
in 3D and used κ = 12. Aili et al.[46] suggested κ = 13/3 based on 
their experimental data.

Figure 5c shows Ek,c versus r1 with r0 = 24.2 µm and u0 =  
99 mm s−1 (r0 and u0 are from Figure 3b). The κ values of 1/2, 13/3, 
and 12 are used. It is found that κ = 13/3 matched our experi-
mental data well. The effect of r1 on jumping velocity uc is plotted 

in Figure 5d with three returning droplet radiuses of 1.05r0, r0, 
and 0.95r0. For specific r0 and u0, uc displays quasi-parabola shape 
versus r1. Droplet on the surface has a specific size range within 
which the merged droplet can jump, but beyond which the 
merged droplet cannot jump. For example, a returning droplet 
of r0 = 24.2 µm can lift a maximum droplet of r1 = 63.0 µm 
on the surface (red curve in Figure 5d). For u0 = 99 mm s−1, 
r0 = 24.2 µm, and r1 = 56.7 µm, the computed uc is 175 mm s−1,  
approaching the measured value of 162 mm s−1 (see red star 
symbol in Figure 5d). The maximum uc at r1 = 37.5 µm is 
386 mm s−1, almost four times of u0. The seeding droplet size 
r0 significantly influences the droplet size range that can be 
lifted. A slight increase of r0 (for example, 5% larger), apparently 
enlarges the r1 range and increases the maximum uc. However, 
Figure 5e shows the insensitive effect of impacting velocities u0 

Adv. Mater. Interfaces 2017, 1700684

Figure 5. Droplet dynamics on horizontal heterogeneous surface: a) droplets just before impacting; b) droplet after coalescence; c) Ek,c versus r1 with 
u0 and r0 from Figure 3b; d) uc versus r1 at u0 = 99 mm s−1 and 1.05r0, r0 and 0.95r0 (r0 = 24.2 µm); e) uc versus r1 at r0 = 24.2 µm and u0, 2u0, and 4u0 
(u0 = 99 mm s−1); f) uc versus r0 at u0 = 99 mm s−1, ri = 56.7 µm, and N = 1, 2, and 4, respectively.
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on uc ≈ r1 curves. The surface energy and viscous dissipation 
are competed with each other to yield the quasi-parabola curve. 
Under specific condition, a smaller seeding droplet can lift a 
larger droplet on the surface, and/or the jumping velocity can 
be significantly larger than the impacting velocity. The release 
of surface energy, not the kinetic energy of the seeding droplet, 
provides the energy to lift a larger droplet, or to create a larger 
jumping velocity. For u0 = 99 mm s−1 and r1 = 56.7 µm, Figure 5f 
demonstrates the seeding droplet impacting single or multidro-
plets (N = 1, 2, and 4). The multidroplets coalescence appar-
ently enlarges the seeding droplet size range r0 and maximum 
jumping velocity uc.

We talk about the domino effect of droplets coalescence 
and jumping. The time scale for multitimes jumping is sig-
nificantly shorter than that of condensation heat transfer. 
During domino process, droplets on surface remain con-
stant size, but the seeding droplet size is increased due to 
coalescence. Figure 5f told us that when a seeding droplet is 
large enough, it cannot lift a droplet on the surface to termi-
nate the domino effect. Even though the domino effect can 
be finally stopped, it caused defect droplet areas on a set of 
locations.

2.4. Ordered Droplets Pattern on Vertical Heterogeneous 
Surface

Ordered droplets pattern was achieved on vertical heteroge-
neous surface. Figure 6 shows growing droplets with uni-
form size. Defect droplets area was not observed. Droplet 
density n is determined by the distance of hydrophilic dots P 
(see Figure 1b), which is n = 1/P2. Here, n is 47 mm−2, corre-
sponding to Figure 6i. Main droplets have narrow size range to 
display monodisperse characteristic (see Figure S4, Supporting 
Information). The deviation parameters of eR, eA, and en cited 
from ref. [47] characterized droplet size deviation. The smaller 
the deviation, the more uniform of droplet size is. For visual-
ized droplets in Figure 6i, eR, eA, and en are −0.08%, 3.64%, and 
4.83%, respectively. Figure 7 shows neighboring droplets coa-
lescence and jumping (see Video S8, Supporting Information). 
Figure 8 illustrates two mechanisms to keep uniform size of 
main droplets.

Equal Capture Opportunity of Neighboring Droplets by Main 
Droplets: Under main droplets, a neighboring droplet is growing 
to be captured by a main droplet (see case 1 in Figure 8b). 
Alternatively, coalescence induced jumping of two or more 

Adv. Mater. Interfaces 2017, 1700684

Figure 6. The formation of perfect main droplet array on vertical heterogeneous surface (note that panels (a)−(h) have identical scale bar as shown in 
(a), panel (i) has the scale bar of 250 µm, and time difference is 3 min between consecutive images; see Video S7, Supporting Information).
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neighboring droplets yields the capture by a main droplet (see 
case 2 in Figure 8b). Even though neighboring droplets display 
random behavior on hydrophobic part, the capture opportuni-
ties are identical for all main droplets (see Figure 8c).

Successful Departure of Merged Neighboring Droplets Not Under 
Main Droplets: After coalescence of neighboring droplets not 
under main droplets, the merged droplet departs from the 
surface without returning. Such process does not influence 
main droplet size (see case 3 in Figure 8b).

When main droplets diameters approach the distance of 
hydrophilic dots P (see Figure 8d), large scale coalescence and 
jumping happens (see Figure S5 and Video S9, Supporting 
Information). Considering this criterion, let u0 = 0, r0 = 0, ri = 
0.5P, and θi = arcsin(a/P) = 161°, Equation (7) gives

∑ ∑β β θ κ β θ

β ξ
σ
ρ( )=

− + Ψ − + Π










−
=
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c
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For the present problem, Equation (13) indicates uc > 0 
to account for multidroplets coalescence induced jumping. 
Jumping velocity uc is increased by increasing N, matching the 
conclusion by Kim et al.[42] Thus, our functional metal hetero-
geneous surface is also helpful for surface self-cleaning, and 
preventing ice formation in cold weather.

The above results are for the heterogeneous surface gen-
erated by mesh screen of PPI = 240, where PPI means the 
number of pores per inch. To verify the effectiveness of the 
present method, another heterogeneous surface was made by 
mesh screen of PPI = 400 (see Figure S6, Supporting Informa-
tion, for micro/nanostructure). Nanostructure does not depend 
on mesh screen size, but microdot size is apparently decreased 
to a = 18 µm, b = 14 µm. P is decreased to 90 µm. The decrease 
of P generates more droplets in a specific area by condensing 
wet air. Similarly, droplet pattern is not good when the surface 
is horizontally positioned. The vertically arranged surface cre-
ates perfect droplets array (see Figure S7, Supporting Informa-
tion). The droplet density is 121 mm−2, which is almost three  
times of that on the surface generated by mesh screen of 
PPI = 240.

3. Comments on the Present Method and Finding

To fabricate heterogeneous surface, conventional lithography 
method is used with the help of a mask.[14,18] Initially, a uniform 
hydrophobicity surface is prepared. Then, selective etching gen-
erates hydrophilic island/cavity arrays.[15,20] The prepared het-
erogeneous surface has sufficient resolution benefitted from 
high accuracy of MEMS fabricated mask. The prepared surface 
area is limited by mask size and fabrication cost, thus it cannot 
be large. Recently, atomic force microscope or femtosecond 

Figure 7. The neighboring droplets coalescence and jumping without returning (note that panels (a)−(c) have identical scale bar and time difference 
is 2 ms between neighboring images from (a) to (c); see Video S8, Supporting Information).
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Figure 8. Interactions between neighboring droplet and main droplet to explain perfect main droplets array: a) coexistence of neighboring and main 
droplets; b) three cases for neighboring droplets dynamics; c) equal possibility of neighboring droplets captured by main droplets; d) maximum main 
droplet diameter limited by hydrophilic dots distance.

Figure 9. Three steps to fabricate heterogeneous (hydrophilic/hydrophobic) surface: a) diffusion welding in oven; b,c) chemical treatment for super-
hydrophobicity; d) separating mesh screen from copper substrate to expose microhydrophilic dots.
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laser are also proposed to create heterogeneous surface.[48,49] 
The common characteristic of the above methods is the small 
surface size and relatively high cost. These surfaces can be 
applied in electronic, optical, or biology engineering. Here, a 
hydrophilic/superhydrophobic surface is created combining 
mesh screen and diffusion welding technique. Because mesh 
screen is commercialized with low cost, and diffusion welding 
technique is mature for industry applications, our metal hetero-
geneous surface is cost effective for large scale utilization such 
as heat exchangers and dust particle collection by fine droplets.

Many methods are available to grow nanostructure on sur-
face. The major contribution of this paper is to form hydro-
philic microdots arrays on metal substrate, belonging to the 

nonsilicon micromachining. For this method, the distance 
between neighboring hydrophilic microdots is = +2( )P w d , 
where w is the pore width and d is the mesh wire thickness. 
With PPI = 400, P can be 90 µm, which is almost the finest size 
for commercial mesh screen product. Microdot size is ≈10 µm 
scale, depending on geometrical parameters of mesh screen 
and external force applied on mesh screen. The size resolution 
of heterogeneous surface is in ≈1 µm, which is acceptable for 
large scale utilization.

This is the preliminary work using welding technique and 
mesh screen to create heterogeneous surface. This method 
can be extended for such surface formation on other metal 
substrates. This extension depends on suitable matches of 

Adv. Mater. Interfaces 2017, 1700684

Figure 10. The principle to form heterogeneous surface: a) mesh screen on metal substrate; b) point contact array forms between mesh screen and 
copper; c) dot contact array forms by applying an external force; d) welding junction array forms by diffusion welding; e) chemical treatment forms 
hydrophobic structure; f) heterogeneous surface is formed after tearing mesh screen from metal surface.
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materials of mesh screen and metal substrate. Mesh screens 
of copper (Cu), nickel (Ni), molybdenum (Mo), titanium (Ti) 
and stainless steel are available commercially. For example, tita-
nium mesh screen can be welded on one of the following metal 
substrates: copper,[50] steel,[51] and nickel.[52] Fabrication of het-
erogeneous surface on these metal surfaces is recommended to 
be continued.

4. Conclusions

Mesh screen is used as mask and diffusion welding technique 
is introduced. Diffusion welding technique creates “welding 
junction array.” Chemical treatment of sintered package gener-
ates nanostructures to behave hydrophobicity except welding 
junctions. Tearing mesh screen from copper surface exposes 
hydrophilic dots to form hydrophilic/hydrophobic surface.

Droplet array is not perfect on horizontal surface. When 
a returning droplet impacts a main droplet, the merged 
droplet may induce stabilization without jumping, single 
time jumping, multitimes jumping (domino effect), rotating 
or billiard effect induced jumping, explaining the not perfect  
droplets array. A theoretical analysis using nondimensional 
parameters was performed to explain if a merged droplet can 
jump and why jumping velocity can be larger than impacting 
velocity for specific condition.

Droplets array is perfect on vertical surface. For neighboring 
droplets not under main droplets, the merged neighboring 
droplet departs without returning. For neighboring droplets 
under main droplets, they are captured by main droplets, and the 
capture possibilities are identical for different main droplets. Our 
heterogeneous surface paves a new road for large scale nonsil-
icon micromachining. Perfect droplets array can be generated by 
controllable dropwise condensation, for various functions such as 
fine particle collecting and electromagnetic wave absorption etc.

5. Experimental Section
Three steps for fabrication of heterogeneous surface were involved: 
(1) welding junction array formation by the diffusion welding technique 
in an oven (Figure 9a); (2) nanosurface modification by chemical 
solutions (Figure 9b,c); and (3) separating mesh screen from copper 
substrate to expose hydrophilic dot array (Figure 9d). The detailed 
fabrication of the heterogeneous surface can be seen in the Supporting 
Information.

Figure 10 describes the fabrication principle. Mesh screen consists 
of straight weft wires and curved warp wires (see Figure 10a). Due to its 
perfectly periodic structure, “point contact array” is formed when one 
puts a mesh screen on a plain surface (see point A in Figure 10b). At 
an environment temperature of Te, when an external force F is applied 
uniformly on mesh screen, the “point contact array” is extended to 
form “dot contact array,” due to weak deformation of warp wires (see 
dot BC in Figure 10c). The small amount of specific element in mesh 
wires slightly decreases melting temperature compared with pure metal 
substrate. Sintering the bonded package in an oven at high temperature 
melts the “dot contact array.” Oven temperature should be controlled 
in a range between softening temperature Ts and melting temperature 
Tm. At the desired oven temperature, dot BC is extended to dot B′C′ 
(see Figure 10d). After decreasing oven temperature, melting areas 
are solidified to form welding junction array. The method is called 
diffusion welding technique in metallurgy industry. Chemical treatment 

of the sintered package generates nanostructure on metal surface except 
welding junction array. The welding junction prevents such area from 
exposing in chemical solution (see Figure 10e). Removing mesh screen 
from metal surface leaves microdot array. Figure 10f shows hydrophilic 
microdot array among superhydrophobic nanostructure, yielding 
the heterogeneous surface. The hydrophilic microdot array exactly 
corresponds to the welding junction array shown in Figure 10e.

It is difficult to characterize wettabilities of nanograss area and 
microdot. A novel method was developed for contact angle (CA) 
measurement. Another sample was prepared, half with a solid film 
cover and the left without a film cover. The cover material was identical 
to mesh screen. Similar welding, chemical treatment, and separating 
processes were performed. CA was measured on the two half parts 
independently. The superhydrophobic part had a static CA of 154.7°, 
advancing CA of 162°, and rolling angle of less than 2°. The other part 
had a static CA of 45.3° and advancing CA of 73.9° to display hydrophilic 
nature. The CA of 154.7° corresponds to nanograss area in Figure 1c 
and the value of 45.3° corresponds to microdot area in Figure 1d.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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[21] E. Ölçeroğlu, M. Mccarthy, ACS Appl. Mater. Interfaces 2016, 8, 
5729.

[22] Y. J. Yoo, S. Ju, S. Y. Park, Y. J. Kim, J. Bong, T. Lim, K. W. Kim,  
J. Y. Rhee, Y. Lee, Sci. Rep. 2015, 5, 14018.

[23] Z. W. Zuo, J. F. Wang, Y. P. Huo, H. L. Liu, R. B. Xu, Environ. Eng. 
Sci. 2016, 33, 650.

[24] J. Zhang, Q. Shen, G. Q. Luo, M. J. Li, L. M. Zhang, Mater. Des. 
2012, 39, 81.

[25] T. Gietzelt, V. Toth, A. Huell, F. Messerschmidt, R. Dittmeyer, Adv. 
Eng. Mater. 2014, 16, 1381.

[26] B. X. Liu, L. J. Huang, L. Geng, B. Wang, C. Liu, W. C. Zhang,  
J. Alloys Compd. 2014, 602, 187.

[27] X. M. Dai, F. H. Yang, R. G. Yang, Y.-C. Lee, C. Li, Int. J. Heat Mass 
Transfer 2013, 64, 1101.

[28] M. Y. Cao, J. S. Xiao, C. M. Yu, K. Li, L. Jiang, Small 2015, 11, 
4379.

[29] Z. J. Cheng, C. Li, H. Lai, Y. Du, H. W. Liu, M. Liu, K. N. Sun,  
L. G. Jin, N. Q. Zhang, L. Jiang, Adv. Mater. Interfaces 2016, 3, 
1600370.

[30] H. Li, M. Y. Cao, X. Y. Ma, Y. X. Zhang, X. Jin, K. S. Liu, L. Jiang, Adv. 
Mater. Interfaces 2016, 3, 1600276.

[31] R. Enright, N. Miljkovic, J Sprittles, K. Nolan, R. Mitchell,  
E. N. Wang, ACS Nano 2014, 8, 10352.

[32] X. M. Chen, J. A. Weibel, S. V. Garimella, Adv. Mater. Interface 2015, 
2, 1400480.

[33] F. C. Wang, F. Q. Yang, Y. P. Zhao, Appl. Phys. Lett. 2011, 98, 
053112.

[34] N. Miljkovic, R. Enright, Y. S. Nam, K. Lopez, N. Dou, J. Sack,  
E. N. Wang, Nano Lett. 2013, 13, 179.

[35] M. He, X. Zhou, X. P. Zeng, D. P. Cui, Q. L. Zhang, J. Chen, H. L. Li, 
J. J. Wang, Z. X. Cao, Y. L. Song, L. Jiang, Soft Matter 2012, 8, 6680.

[36] J. Liu, H. Y. Guo, B. Zhang, S. S. Qiao, M. Z. Shao, X. R. Zhang, 
X.-Q. Feng, Q. Y. Li, Y. L. Song, L. Jiang, J. J. Wang, Angew. Chem., 
Int. Ed. 2016, 55, 4265.

[37] J. B. Boreyko, C. H. Chen, Phys. Rev. Lett. 2009, 103, 184501.
[38] K. Rykaczwski, A. T. Paxson, S. Anand, X. M. Chen, Z. K. Wang, 

K. Varanasi, Langmuir 2013, 29, 881.
[39] Y. T. Luo, J. Li, J. Zhu, Y. Zhao, X. F. Gao, Angew. Chem., Int. Ed. 

2015, 54, 4876.
[40] C. J. Lv, P. F. Hao, Z. H. Yao, Y. Song, X. W. Zhang, F. He, Appl. 

Phys. Lett. 2013, 103, 021601.
[41] X. L. Liu, P. Cheng, X. J. Quan, Int. J. Heat Mass Trans. 2014, 73, 

195.
[42] M. K. Kim, H. Cha, P. Birbarah, S. Chavan, C. Zhong, Y. H. Xu, 

N. Miljkovic, Langmuir 2015, 31, 13452.
[43] X. M. Chen, R. S. Patel, J. A. Weibel, S. V. Garimella, Sci. Rep. 2016, 

6, 18649.
[44] Y. M. Hou, M. Yu, X. M. Chen, Z. K. Wang, S. H. Yao, ACS Nano 

2015, 9, 71.
[45] C. J. Lv, P. F. Hao, Z. H. Yao, F. L. Niu, Langmuir 2015, 31, 2414.
[46] A. Aili, H. X. Li, M. H. Alhosani, T. J. Zhang, presented at The ASME 

5th Int. Conf. on Micro/Nanoscale Heat Mass Transfer, Biopolis,  
Singapore, January 2016.

[47] F. Xing, J. L. Xu, J. Xie, H. Liu, Z. X. Wang, X. L. Ma, Int. J. 
Multiphase Flow 2015, 71, 98.

[48] F. F. Wang, P. Li, D. Wang, L. H. Li, S. X. Xie, L. Q. Liu, Y. C. Wang, 
W. J. Li, Sci. Rep. 2014, 4, 6524.

[49] M. Moura, E. Teodori, A. S. Moita, A. L. N. Moreira, Y. Bai, X. L. Li, 
Y. Liu, presented at The 5th Int. Conf. Bionic Eng., Ningbo, China 
2016.

[50] K. Aydın, Y. Kaya, N. Kahraman, Mater. Des. 2012, 37, 356.
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