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Hypothesis: Thermocapillary migration is a phenomenon that liquid droplets can move from warm to
cold regions on a nonuniformly heated surface. We expect to construct functional surfaces to manipulate
the migration of liquid lubricants on rubbing surfaces.
Experiments: Superoleophobic surfaces with wedge shaped superoleophilic grooves of varying geometri-
cal parameters are fabricated, and migration experiments of typical liquid lubricants are performed on
the designed surfaces.
Findings: Manipulation capacity of the designed surfaces on the migration of liquid lubricants is con-
firmed, and the mechanism is revealed. An effective method using superoleophobic surfaces with wedge
shaped superoleophilic grooves to reconcentrate the migrated lubricants is highlighted. Moreover, a gen-
eral design philosophy for patterns of wedge shaped groove is proposed.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Thermocapillary migration describes an intriguing phe-
nomenon that liquid droplets can move from warm to cold regions
on a nonuniformly heated surface in which the thermal unbalance
induced surface tension gradient provides the driving force [1–4].
Attributing to its potential applications in the liquid self trans-
portation, condensation heat transfer, miniature rolling bearings,
and micro fluidic devices, abundant researches have be devoted
to control this interfacial thermal flow, and among which surface
modification is a feasible and effective approach [5–8].

Chemically, depositing coatings of different wettability or wet-
tability gradient [9–11] on solid surfaces can drive water droplets
moving spontaneously. Physically, fabricating structures pattern
with disparate topographies in terms of shape [12], dimension
[13], area density [14], or arrangement mode [15–17] on surfaces
can also accelerate or decelerate this motion. Nowadays, scholars
are trying to combine the two methods together to achieve a
reinforced effect. Sommers et al. [18] fabricated a hydrophilic
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aluminum surface containing a hydrophobic copper background
for propelling water droplets. Yasuda et al. [19] designed a hydro-
philic film with wedge shaped patterns on a hydrophobic sub-
strate, which can transport water droplets rapidly. Cheng et al.
[20] achieved a wedge shaped superhydrophilic surface on a super-
hydrophobic layer, on which water droplets can move easily.

These findings have revealed that constructing geometry or
wettability differences on a solid surface can achieve a controllable
movement of water droplets on it. However, it is noticed that most
of the reported investigations are focused on manipulating the
water droplets. Since the surface tension of water is much higher
than other types of liquids such as mineral, synthetic, or ester oils,
which can totally wet these surfaces, thus ordinary wettability dif-
ferences perform practically no function for liquids with low sur-
face tensions.

Given the fact that thermocapillarymigration of liquid lubricants
on rubbing surfaces can result in a starved or dry lubrication condi-
tion, is it possible to construct a surface tomanipulate themigration
of liquid lubricants? If it works, will the constructed surfaces be able
to reconcentrate the migrated lubricants back to the designated
regionswhen the thermal gradient fades,what is the functionmech-
anism? To date, little researches on these aspects exist. Implement-
ing these functions is of special importance for scientific research
and has a great application prospect in modern machinery.

Hence, superoleophobic surfaces with wedge shaped super-
oleophilic grooves are fabricated on pure aluminum surfaces, and
the manipulation capacity on typical liquid lubricants is investi-
gated. The effects of vertex angle and depth of wedge shaped
grooves are discussed. Using superoleophobic surfaces with wedge
shaped superoleophilic grooves to reconcentrate the migrated
lubricants is highlighted and the pattern configuration of wedged
grooves is confirmed.
2. Materials and methods

2.1. Materials

Solids. In this study, all substrates are made of high purity alu-
minum (99%) with dimensions of 70 mm � 28 mm � 2 mm, and
the untreated surfaces are initial oleophilic. The testing surfaces
were firstly polished with sandpapers (mesh number of 1600) to
remove the residual oxidation layer; then via electrochemical
anode dissolving processing in an aqueous solution of NaCl
(0.4 mol/L) with a current density of 0.7 A/cm2 for 7 min, irregular
micro rough structures were generated on these surfaces; further,
substrates were dipped into boiling water for 25 min to form irreg-
ular nano structures on these micro rough structures; finally, by
immersing the substrates into an aqueous solution of pentade-
cafluorooctanoic acid (PFOA, CF3(CF2)6COOH, 0.02 mol/L, pur-
chased from Aladdin, China) for chemical modification,
superoleophobic surfaces were produced. Superoleophilic wedge
shaped grooves were directly fabricated on the superoleophobic
surfaces with laser treated method (LP020, NIALT, China), of which
the output power and processing velocity of laser is 5 W and
500 mm/s, respectively. By setting different processing times of
1, 4, and 8, wedge shaped superoleophilic grooves with different
depths were fabricated.
Table 1
Geometric parameters of the prepared surfaces in this study.

Type Depth, lm Vertex angle (w), �

Single 5 4, 6, 8, 10
25
50

Pattern 5 10
The detailed technological process is shown in Fig. S1 (in Sup-
plementary material), and geometric parameters of the prepared
surfaces are listed in Table 1. Fig. 1 confirms the morphology and
component of a micro/nano structured surfaces, on which the
apparent contact angles of paraffin oil are 140� and nearly 0�
respectively. The micro/nano structures are irregularly distributed
on the surface, and the average surface roughness of superoleopho-
bic and superoleophilic regions is approximately 4.8 um and 1.7
um, respectively (Fig. S1). Although surface roughness would affect
the migration performance [21], this influence is not evaluated in
the present work since all specimens are fabricated via a same
technological process.

Liquids. To test the manipulation capacity of the prepared sur-
faces, four typical liquid lubricants of paraffin oil, synthetic polyal-
phaolefin (PAO4), silicone oil, and diester (purity > 95%, Sinopec
Yangzi Petrochemical Company, China), as received, are employed
and their properties are shown in Table 2. Paraffin oil is a typical
mineral base lubricants derived from crude oil, while PAO4 is a
typical synthetic base oil and has an excellent lubricating property
under extreme temperature condition. Silicone oil and diester are
widely used due to their excellent anti foam and oxidation proper-
ties, respectively.

To confirm the superoleophobic properties, apparent contact
angles of these lubricants on the prepared surfaces were measured
via a sessile drop method (SL200KS, Solon, China). Dosage of the
droplets was 6 mL and images were taken within several seconds
after the equilibrium state reached, besides, surface tensions of
these liquid were also measured via the Wilhelmy plate method
(A101Plus, Solon, China), all the measured results are shown in
Fig. 2. Since the values for apparent contact angle on the designed
oleophobic surfaces are about 140� or higher (closely to the super-
oleophobic state), while on the oleophilic ones are about 5� or
smaller (superoleophilic state), these surfaces are described as
superoleophobic and superoleophilic in this study.
2.2. Methods

The schematic diagram of migration apparatus is illustrated in
Fig. S2 (in Supplementary material). In brief, the available migra-
tion length is 50 mm, via setting the temperature of the heating
and cooling elements to 110 and 0 �C simultaneously, a thermal
gradient of 2.2 �C/mm could be generated along the length direc-
tion of specimens. An automatic moving platform is adopted to
detach the substrate from the heating and cooling components to
remove the applied thermal gradient. Before migration tests, the
specimens are ultrasonically cleaned by ethyl alcohol and rinsed
by deionized water. As the set thermal gradient formed, lubricant
droplets with a certain volume of 6 lL are initially placed at the
vertex of the wedged groove, as shown in Fig. S2. A digital camera
is employed to monitor the whole migration. Regarding the
advancing edge of the migrated liquid as reference, the migration
distance and velocity can be calculated.

Moreover, three non-dimensional parameters of the Bond

(Bo, qgR02

c ), Reynold (ReqUR0l ), and capillary (Ca, lU
c ) numbers are

employed to describe the experimental situation, where R0 is the pla-
nar radiusof thedroplet [22]. Thecorresponding initial valuesof these
non-dimensional parameters are calculated and shown in Table 2.
Initial width, lm Wedged groove length, mm

500 50

300 15 (each)



Fig. 1. SEM images and EDS of the fabricated (a) superoleophobic and (b) superoleophilic structures; (c) a superoleophobic surface with a wedge shaped superoleophilic
groove of a vertex angle of 4�.

Table 2
Properties of the tested lubricants and their initial values of the inherent parameters, Bo, Re, and Ca.

Lubricant Molecular formula Density, g/cm3 Dynamic viscosity, mPa�s (at 40 �C) Bo Re Ca

Paraffin oil n CnH2n+2 (n = 16–20) 0.82 4.6 18.16 30.8 0.0035
PAO4 C10H21(C10H20)nH 0.85 16.6 17.05 6.60 0.0085
Diester C26H50O4 0.914 21.2 18.97 5.86 0.0119
Silicone oil (C2H6OSi)n 0.963 100 29.94 0.17 0.0109
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Fig. 2. Surface tensions and apparent contact angles of the tested lubricants on the
prepared surface.
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3. Results

3.1. Basic manipulation capacity

Fig. 3 shows the basic migration performance of liquid lubri-
cants on surfaces with different structures subjected to a thermal
gradient of 2.2 �C/mm. As shown in Fig. 3a, a paraffin oil droplet
can migrate rapidly on a superoleophobic surface with a super-
oleophilic wedged groove (vertex angle of 6�, depth of 25 lm)
towards the divergent direction (from vertex to bottom edge of a
wedged groove), and the migration distance is approximately
40 mm within 15 s. While the migration distances on a super-
oleophilic surface with the same wedged groove and a super-
oleophilic surface without wedged groove are nearly the same
(approximately 24 mm). Besides, oil droplet can hardly migrate
on a superoleophobic surface. It is believed that a superoleophobic
surface with a superoleophilic wedged groove can accelerate the
migration effectively, and this manipulation capacity is further
confirmed by different lubricants of PAO4, paraffin oil, diester,
and silicone oil, as shown in Fig. 3b. Compared to our previously
published results, this manipulation capacity is robust, of which
the increment in migration distance is approximately two to three
times higher than surfaces just featured with parallel [23] or radial
[24] microgrooves pattern without coatings.

Note that the migration distances of PAO4, paraffin oil and die-
ster are in the same order of magnitude, approximately 40 mm,
while the distance of silicone oil is 16 mm. It is because the ther-
mal gradient induced interfacial force constitutes the dominating
driving force for the migration, which is balanced by the viscous
resistance force generated within the liquid. Ideally, the migration
velocity can be described as [25]: V � h=lð Þdc=dL, where h and l is
the height and viscosity of the droplet, dc is the surface tension
change along the drop length dL. As shown in Fig. 2, the surface
tension of silicone oil is approximately 20 mN/m while the others
are approximately 30 mN/m, it means that the driving force for sil-
icone oil is smallest. Besides, the viscosity of silicone oil is much
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Fig. 3. Basic migration performance of (a) paraffin oils on four different surfaces, and (b) four different lubricants on a superoleophobic surface with a superoleophilic wedged
groove.
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higher than these of the others, which could generate a larger vis-
cous resistance force. These are the main reasons for the lowest
migration velocity of silicone oil. Besides, the small contact angle
and surface tension of silicone oil make it more easily to wet a
solid, which contributes to the migration to a certain degree.

Overall, the differences in the migration distance mainly origins
from the property of liquids. Since the manipulation capacities of
the designed surfaces on PAO4, paraffin oil and diester are nearly
the same, paraffin oil is employed in the following sections.

3.2. Effects of vertex angle and groove depth on the manipulation
capacity

Fig. 4a exhibits the migration phenomena of paraffin oil dro-
plets on wedge shaped surfaces with varying vertex angles of 4,
6, 8, and 10� and a fixed depth of 5 um under a thermal gradient
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Fig. 4. (a) Dynamic migration process of paraffin droplets on wedge shaped surfaces with
versus elapsed time. (c) Effect of the wedged groove depth on the manipulation capacit
of 2.2 �C/mm. Attribute to the superoleophobic coating around
each wedged groove, all droplets are confined to the groove. Migra-
tion distance on surface with a vertex angle of 4� is highest. As the
quantitative results shown in Fig. 4b, initially, the migration dis-
tance increases rapidly and the velocity is fast, the increment of
migration distance and decrement of migration velocity becomes
smooth as time elapsed. After 15 s, the surface with a vertex angle
of 4� yields a longest migration distance of 45.1 mm. The migration
distances on these surfaces are, in descending order of 4�, 6�, 8�,
10�. However, at the very beginning 2 s (shadow region), the sur-
face with a vertex angle of 10� yields a fastest migration velocity,
and the initial migration velocity on these surfaces are in acceding
order of 4�, 6�, 8�, 10� on the contrary.

Fig. 4c presents the effect of wedged groove depth on the
manipulation capacity. Experiments are performed on surfaces
with wedge shaped grooves with varying depths of 5, 25 and
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50 lm, and vertex angles of 4, 6, 8, and 10�. For the sake of compar-
ison, the average migration velocity within 15 s is calculated. It is
noticed that for each depth, the general trend of the average veloc-
ity on surfaces with different vertex angles are consistent, that is,
in descending order of 4�, 6�, 8�, 10�. While for a specific vertex
angle, the average velocities on surfaces with different depths of
5, 25, and 50 lm are nearly the same.
3.3. Reconcentration capacity

The above results indicate that designed surfaces could enhance
the migration in the divergent direction, so what will happen if the
divergent direction is right opposite to the direction of thermal
gradient? Can this structure reconcentrate the migrated droplet
back? Keeping this in mind, migration tests are performed in both
divergent and convergent direction.

As shown in Fig. 5, on the surface with a vertex angle of 10� and
a depth of 5 lm, the droplet migrates much faster in the divergent
direction than in the convergent direction (Stage I). As time
elapsed, most lubricant migrates to the cold side and the thermal
gradient maintains this status for quite a long time (Stage II). When
removing the applied thermal gradient, the paraffin oil droplet al-
most remains where it located (square region) on the surface with
a divergent wedged groove, just with a slight diffusion. However, it
is interesting to see that on the surface with a convergent wedged
groove, the paraffin oil flows from the cold to warm regions
rapidly. It means that in lubrication system encountered with ther-
mal gradients, one can reconcentrate the migrated liquid lubri-
cants back to the designed regions by taking advantage of this
special capacity for a stability and durability lubrication
conditions.
3.4. Pattern configuration of wedged grooves

Fig. 6a shows the manipulation capacity of three typical pattern
configurations of wedge shaped grooves, the vertex angle is 10�
and groove depth is 5 lm, the detailed migration process can be
seen in the Video S1 (in Supplementary material). Compared to a
single wedge shaped groove (blue line), the surface with a pattern
of wedge shaped grooves with sharp corners unexpectedly yields a
slower migration velocity (black line). While chamfering these cor-
ners can result in a significantly enhanced migration distance,
which is nearly twice than that of the single one.
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Fig. 5. Reconcentration capacity of superoleophobic surfaces with superoleophilic
wedged grooves when the thermal gradient fades.
Previously, Comanns et al. [26] found that this asymmetric pat-
tern could enable directional liquid transport and extend the trans-
port distance. To confirm the differences between pattern
configurations, the microscopic migration processes on patterned
surfaces with smooth and sharp corners are recorded and shown
in Fig. 6b and c (VHX500, Keyence, Japan). Initially, oil droplets
can freely spread within the wedged grooves on these surfaces
(Fig. 6b1, 2 and c1, 2). Situations become complex when the dro-
plets encountered with the connection regions. For the surface
with sharp corners (Fig. 6b3, 4), the migration is obstructed by
the featured edges significantly, and the obstruction effect contin-
ues gathering the liquid at the corners, slowing down the migra-
tion velocity. Moreover, the gathered liquid can deform the
advancing contact line, forming a curved triple phase interface, this
curved interface can also generate a Laplace pressure there, acting
as a resistance for migration. These effects together weaken the
manipulation capacity. While for the surface with smooth corners
(Fig. 6c3, c4), smooth corners do not have the ability to gather the
liquid there. Although the advancing contact line is deformed to a
certain degree, this deformation is not as significant as that of the
sharp ones to generate a robust obstruction effect. Moreover,
grooves with chamfered edges have an overall smaller width than
the single channel, this would also contribute to a faster migration
velocity. The results reveal that when designing the patterns of
wedge shaped grooves, special attentions should be paid to the
regions between the connected grooves.

4. Discussion

4.1. Superoleophilic and superoleophobic property

For a droplet resting on an ideal smooth surface, Young equa-
tion presents the relation between the equilibrium contact angle
(hE) of the droplet makes with the solid surface and the surface ten-
sions of solid/gas (cSG), solid/liquid (cSL), and liquid/gas (c) [27,28]:

coshE ¼ cSG � cSL
c

ð1Þ

When the surfaces are rough, the apparent contact angle of
drops on rough surfaces can be evaluated by the famous Wenzel
and Cassie–Baxter formulas [29,30]. If the liquid fills up all the
topological variations of the rough surface (Wenzel state), the
apparent contact angle (hrW ) can be expressed as [31–33]:

coshrW ¼ rcoshE ð2Þ
where r is the ratio of the real to the projected area covered by the
liquid.

If the droplet settles on the peaks of the protrusions or bumps,
this is referred to as a composite contact with the rough substrate
(Cassie–Baxter state), the apparent contact angle (hrC) can be
expressed as [34–36]:

coshrC ¼ /S � 1þ /S
cSG � cSL

c
ð3Þ

where /S is the area fraction of the solid/liquid contact.
With the above Wenzel and Cassie–Baxter formulas, the super-

oleophilic and superoleophobic property is understandable. Since
the initial aluminum surface is oleophilic, roughening the surface
can significantly increase the ratio of the real to the projected area
covered by the liquid (r). Based on Eq. (2), the apparent contact
angle (hrW ) would decrease accordingly. Therefore, roughening
the oleophilic aluminum surfaces via laser can achieve a super-
oleophilic property. According to Eq. (3), a smaller cSG can yield a
larger apparent contact angle. Modifying a rough surface with a
quite low energy material of PFOA can transform to the oleophobic



Fig. 6. (a) Pattern configuration of the wedge shaped superoleophilic grooves on superoleophobic surfaces; optical microscope migration process of paraffin oil droplets on
surfaces with patterns of wedge shaped grooves with (b) sharp and (c) smooth corners.
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stage. The reported works by Song et al. [37,38] have revealed that
when the irregular micro/nano rough structures are coated with
PFOA, Cassie–Baxter state holds, it means that the liquid can
remain on top of the asperities and trap air in the interstices, gen-
erating a superoleophobic property.

Generally, the migration is caused by the surface tension gradi-
ent. On a superoleophilic surface, since the adhesion work between
aluminum surface and oil molecules is much higher than the cohe-
sive work of lubricant molecules, when the surface tension of liq-
uid changes due to a thermal gradient, the interaction between
liquid and solid can yield a migration. However, when the surface
is coated with a low surface energy material of PFOA, the adhesion
work becomes much lower than the cohesive work. Consequently,
the liquid droplet remains stationary on superoleophobic surfaces.
Fig. 7. Migrated droplet on a superoleophobic surface with a wedge shaped
superoleophilic groove: (a) side view and (b) plan view, (c) Theoretical external
force acting on the droplets on surfaces with different vertex angles.
4.2. Manipulation mechanism

In this study, the geometric dimension of droplets grows far
beyond its capillary length (LC=

ffiffiffiffiffiffiffiffiffiffiffi
c=qg

p � 1.6 mm) as the migration
progresses, and the liquid lubricants are always confined to the
wedged groove due to the robust interface between the super-
oleophilic and superoleophobic regions. The capillary force due
to wedged groove can be ignored here, and increasing the depth
of wedged groove has little effect on the manipulation capacity.
Nevertheless, when the droplet volume increases to a certain
extent, it would affect the manipulation capacity.

To explain the manipulation mechanism, a theoretical sketch of
a migrated droplet on superoleophobic surface with a wedge
shaped superoleophilic groove (a is the vertex angle) is shown in
Fig. 7. The droplet is assumed to be a sector with a radius of R
(L = 2R) and a corresponding central angle of d (d = 2a). Since the
surface tension of liquid (c) decreases with increasing temperature,
this variation can be described as:

cx ¼ c0 þ CTcTx ð4Þ

where c0 denotes the surface tension at a reference temperature,
and cx denotes the surface tension at the position x, cT denotes
the surface tension coefficient, CT denotes the constant thermal
gradient.

Due to the basic superoleophilic property in the wedge shaped
groove (apparent contact angle <5�), the liquid droplet can be
regarded as a thin film and curved at edges, the lubrication approx-
imation theory holds. Following the theoretical derivations pro-
posed by Brochard [39], Subramanian et al. [40] and Dai et al.
[41,42], this thermal gradient induced driving force (Fthermal) acting
on the droplet per unit area can be expressed as:

FThermal ¼ 2
R

R d=2
0 cxcosholeophyliccosddd

¼ 2
R c0 þ CTcTLð Þsinacosholeophylic

ð5Þ
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Referring to the migration phenomenon shown in Fig. 4a, the
lubricants always remain in the superoleophilic groove by super-
oleophobic surface, as the side view shown in Fig. 7b, this wettabil-
ity gradient can yield a structure force (FWedge) on the droplet,
affecting the migration. Although the pinning effect of groove
could also leads to the enhancement of spreading along the groove
[43,44], this effect is not taken into consideration due to a single
groove here. Assuming that the apparent contact angle changes
abruptly from superoleophobic region to the superoleophilic
region, and integrating the surface tension force acting along the
three phase contact line, the wedge shaped groove induced struc-
ture force (FWedge) acting on the droplet per unit area can be
expressed as [18,45]:

FWedge ¼ 2
L
c0 þ CTcTLð Þsina

2
cosholeophylic � cosholeophobic
� � ð6Þ

For a migration occurs in the divergent direction of the wedged
groove, both the thermal driving force (FThermal) and the structure
force (FWedge) would contribute to the migration; while in the con-
vergent direction, the structure force (FWedge) would weaken the
movement. Since the capillary force acts on both sides of the dro-
plet and this force is far smaller than the thermal driving force
(FThermal) and the structure force (FWedge), it is ignored here. Then,
the total external forces acting on the droplets can be written as:

Uþ ¼ FThermal þ FWedge; divergent dirction
U� ¼ FThermal � FWedge; convergent dirction

(
ð7Þ

By substituting the surface tension (c = 28.7 mN/m at 20 �C),
surface tension coefficient (cT = 0.08 mN/m�C), apparent contact
angles of holeophilic = 2� and holeophobic = 140� and other values into
Eq. (7), the theoretical external forces (Uþand U�) are calculated
and plotted versus the position of the droplet’s front edge, as
shown in Fig. 7c.

It can be seen that a larger vertex angle can yield a higher exter-
nal force (Uþ) in the divergent direction. Therefore, at the very
beginning, the migration velocity on the surface with a vertex
angle of 10� is highest, this is consistent with the experiment
results shown in Fig. 4b (shadow region). The theoretical external
force (Uþ) is in a significant level initially and decreases linearly
with the position of the droplet’s front edge. As a droplet migrates
forward, the front edge needs to wet much more superoleophilic
area in the groove but limited by the finite volume, it means that
the external force (Uþ) needs to drive much more lubricant to
wet the surface with a larger vertex angle. That is the reason
why the final migration distance on the surface with a vertex angle
of 10� is shortest (Fig. 4b). Note that when a migration occurs in
the convergent direction, the external force (U�) acting on the dro-
plet is nearly zero on each surface, it indicates that the structure
force (FWedge) is of the same order of magnitude as the thermal
driving force (FThermal). The motion of liquid droplets in the conver-
gent direction of the wedged groove is a normal wetting phe-
nomenon. Therefore, designing this wedge shaped
superoleophilic and superoleophobic surfaces in the opposite
direction to the thermal gradient can reconcentrate the migrated
droplet back effectively.

5. Conclusions

Previous researches have proven that constructing wettability
gradient [9,10] disparate topographies in terms of shape [12],
dimension [13], area density [14], or arrangement mode [15–17],
and wedge shaped patterns [18–20] on solid surfaces can control
the movement of water droplets effectively. In this work, we fur-
ther put forward the manipulation strategy of functional surfaces
on the migration of liquid lubricants with low surface tensions.
Superoleophobic surfaces with wedge shaped superoleophilic
grooves of varying geometrical parameters are fabricated, and
the manipulation capacity are verified, which could be enhanced
with a smaller vertex angle of wedge shaped groove. This manipu-
lation capacity is robust, of which the increment in migration dis-
tance is approximately two to three times higher than surfaces
featured with parallel [23] or radial [24] microgrooves pattern
without coatings.

The existing theoretical models on smooth surfaces or surfaces
with patterned structures assumed the migration as a steady state
process [24,46]. Since prepared surfaces are heterogeneous and
with irregular micro/nano structures of peaks and pits, these struc-
tures can strongly keep the liquid lubricants at the superoleophylic
regions, results in a time depended film thickness, thus the migra-
tion is indeed an unsteady state flow. The presented theoretical
derivation clearly reveals the manipulation mechanism, and pro-
vides a preliminary information on the manipulation capacity of
the wedge shaped superoleophylic and superoleophobic surfaces.

An effective method using superoleophobic surfaces with
wedge shaped superoleophilic grooves to reconcentrate the
migrated lubricants is proposed, and a general design philosophy
for patterns of wedge shaped groove is proposed. This study
advances the manipulation strategies for the thermal flow and
has great application prospect in modern machinery encountered
with the migration.

Acknowledgements

The authors are grateful for the support provided by the
National Natural Science Foundation of China (Grant No.
51805252).

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcis.2019.09.094.

References

[1] S. Daniel, M.K. Chaudhury, J.C. Chen, Fast drop movements resulting from the
phase change on a gradient surface, Science 291 (2001) 633–636.

[2] R. Tadmor, Marangoni flow revisited, J. Colloid Interface Sci. 332 (2009) 451–
454.

[3] E. Bormashenko, Y. Bormashenko, R. Grynyov, H. Aharoni, G. Whyman, B.P.
Binks, Self-propulsion of liquid marbles: Leidenfrost-like levitation driven by
marangoni flow, J. Phys. Chem. C 119 (2015) 9910–9915.

[4] Q.W. Dai, M.M. Khonsari, C. Shen, W. Huang, X.L. Wang, On the migration of a
droplet on an incline, J. Colloid Interface Sci. 494 (2017) 8–14.

[5] A. Musin, R. Grynyov, M. Frenkel, E. Bormashenko, Self-propulsion of a metallic
superoleophobic micro-boat, J. Colloid Interface Sci. 479 (2016) 182–188.

[6] C. Bakli, P.D. Sree Hari, S. Chakraborty, Mimicking wettability alterations using
temperature gradients for water nanodroplets, Nanoscale 9 (2017) 12509–
12515.

[7] M. Wang, Q. Liu, H. Zhang, C. Wang, L. Wang, B. Xiang, Y. Fan, C.F. Guo, S. Ruan,
Laser direct writing of tree-shaped hierarchical cones on a superhydrophobic
film for high-efficiency water collection, ACS Appl. Mater. Interfaces 9 (2017)
29248–29254.

[8] S. Dhiman, K.S. Jayaprakash, R. Iqbal, A.K. Sen, Self-transport and manipulation
of aqueous droplets on oil-submerged diverging groove, Langmuir 34 (2018)
12359–12368.

[9] M.K. Chaudhury, G.M. Whitesides, How to make water run uphill, Science 256
(1992) 1539–1541.

[10] L. Qi, Y. Niu, C. Ruck, Y. Zhao, Mechanical-activated digital microfluidics with
gradient surface wettability, Lab Chip (2018).

[11] R. Tadmor, Drops that pull themselves up, Surf. Sci. 628 (2014) 17–20.
[12] P.G. Grützmacher, A. Rosenkranz, A. Szurdak, C. Gachot, G. Hirt, F. Mücklich,

Lubricant migration on stainless steel induced by bio-inspired multi-scale
surface patterns, Mater Des. 150 (2018) 55–63.

[13] P.F. Zhang, H.W. Chen, L. Li, H.L. Liu, G. Liu, L.W. Zhang, D.Y. Zhang, L. Jiang,
Bioinspired smart peristome surface for temperature-controlled unidirectional
water spreading, Appl. Mater. Interfaces 9 (2017) 5645–5652.

[14] A.D. Sommers, T.J. Brest, K.F. Eid, Topography-based surface tension gradients
to facilitate water droplet movement on laser-etched copper substrates,
Langmuir 29 (2013) 12043–12050.

https://doi.org/10.1016/j.jcis.2019.09.094
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0005
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0005
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0010
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0010
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0015
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0015
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0015
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0020
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0020
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0025
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0025
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0030
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0030
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0030
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0035
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0035
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0035
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0035
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0040
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0040
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0040
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0045
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0045
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0050
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0050
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0055
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0060
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0060
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0060
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0065
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0065
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0065
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0070
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0070
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0070


844 Q. Dai et al. / Journal of Colloid and Interface Science 557 (2019) 837–844
[15] O. Bliznyuk, H.P. Jansen, E.S. Kooij, H.J. Zandvliet, B. Poelsema, Smart design of
stripe-patterned gradient surfaces to control droplet motion, Langmuir 27
(2011) 11238–11245.

[16] J. Li, X.L. Tian, A.P. Perros, S. Franssila, V. Jokinen, Self-propelling and
positioning of droplets using continuous topography gradient surface, Adv.
Mater. Inter. 1 (2014) 1400001.

[17] P.G. Grützmacher, A. Rosenkranz, C. Gachot, How to guide lubricants – tailored
laser surface patterns on stainless steel, Appl. Surf. Sci. 370 (2016) 59–66.

[18] M.H. Alheshibri, N.G. Rogers, A.D. Sommers, K.F. Eid, Spontaneous movement
of water droplets on patterned cu and al surfaces with wedge-shaped
gradients, Appl. Phys. Lett. 102 (2013) 174103.

[19] Y. Nakashima, Y. Nakanishi, T. Yasuda, Automatic droplet transportation on a
plastic microfluidic device having wettability gradient surface, Rev. Sci.
Instrum. 86 (2015) 6.

[20] Y.F. Zheng, J. Cheng, C.L. Zhou, H.T. Xing, X.F. Wen, P.H. Pi, S.P. Xu, Droplet
motion on a shape gradient surface, Langmuir 33 (2017) 4172–4177.

[21] Q.W. Dai, M. Li, M.M. Khonsari, W. Huang, X.L. Wang, The thermocapillary
migration on rough surfaces, Lubr. Sci. 31 (2019) 163–170.

[22] R. Balasubramaniam, R.S. Subramanian, The migration of a drop in a uniform
temperature gradient at large marangoni numbers, Phys. Fluids 12 (2000) 733.

[23] Q.W. Dai, W. Huang, X.L. Wang, Micro-grooves design to modify the thermo-
capillary migration of paraffin oil, Meccanica 52 (2017) 171–181.

[24] Q.W. Dai, Y.J. Ji, W. Huang, X.L. Wang, On the thermocapillary migration on
radially microgrooved surfaces, Langmuir 35 (2019) 9169–9176.

[25] D.T. Wasan, A.D. Nikolov, H. Brenner, Droplets speeding on surfaces, Science
291 (2001) 605–606.

[26] P. Comanns, G. Buchberger, A. Buchsbaum, R. Baumgartner, A. Kogler, S. Bauer,
W. Baumgartner, Directional, passive liquid transport: the texas horned lizard
as a model for a biomimetic ’liquid diode’, J. R. Soc. Interface 12 (2015)
20150415.

[27] E.Y. Bormashenko, Wetting of Real Surfaces, De Gruyter, 2013.
[28] E. Celia, T. Darmanin, E.T.d. Givenchy, S. Amigoni, F. Guittard, Recent advances

in designing superhydrophobic surfaces, J. Colloid Interface Sci. 402 (2013) 1–
18.

[29] D. Quéré, Wetting and roughness, Annu. Rev. Mater. Res. 38 (2008) 71–99.
[30] N.A. Patankar, Consolidation of hydrophobic transition criteria by using an

approximate energy minimization approach, Langmuir 26 (2010) 8941–8945.
[31] N.A. Patankar, Hydrophobicity of surfaces with cavities: making hydrophobic

substrates from hydrophilic materials?, J. Adhes. Sci. Technol. 23 (2009) 413–
433.
[32] R. Tadmor, Approaches in wetting phenomena, Soft Matter 7 (2011) 1577–
1580.

[33] A. Starostin, V. Valtsifer, V. Strelnikov, E. Bormashenko, R. Grynyov, Y.
Bormashenko, A. Gladkikh, Robust technique allowing the manufacture of
superoleophobic (omniphobic) metallic surfaces, Adv. Eng. Mater. 16 (2014)
1127–1132.

[34] M. Ramiasa, J. Ralston, R. Fetzer, R. Sedev, The influence of topography on
dynamic wetting, Adv. Colloid Interface Sci. 206 (2014) 275–293.

[35] E. Bormashenko, Progress in understanding wetting transitions on rough
surfaces, Adv. Colloid Interface Sci. 222 (2015) 92–103.

[36] R. Grynyov, E. Bormashenko, G. Whyman, Y. Bormashenko, A. Musin, R. Pogreb,
A. Starostin, V. Valtsifer, V. Strelnikov, A. Schechter, S. Kolagatla,
Superoleophobic surfaces obtained via hierarchical metallic meshes,
Langmuir 32 (2016) 4134–4140.

[37] Y. Lu, J.L. Song, X. Liu, W.J. Xu, Y.J. Xing, Z.F. Wei, Preparation of
superoleophobic and superhydrophobic titanium surfaces via an
environmentally friendly electrochemical etching method, ACS Sustainable
Chem. Eng. 1 (2012) 102–109.

[38] J.L. Song, S. Huang, K. Hu, Y. Lu, X. Liu, W.J. Xu, Fabrication of superoleophobic
surfaces on al substrates, J. Mater. Chem. A 1 (2013) 14783.

[39] F. Brochard, Motions of droplets on solid surfaces induced by chemical or
thermal gradients, Langmuir 5 (1989) 432–438.

[40] V. Pratap, N. Moumen, R.S. Subramanian, Thermocapillary motion of a liquid
drop on a horizontal solid surface, Langmuir 24 (2008) 5185–5193.

[41] Q.W. Dai, M.M. Khonsari, C. Shen, W. Huang, X.L. Wang, Thermocapillary
migration of liquid droplets induced by a unidirectional thermal gradient,
Langmuir 32 (2016) 7485–7492.

[42] Q.W. Dai, W. Huang, X.L. Wang, Contact angle hysteresis effect on the
thermocapillary migration of liquid droplets, J. Colloid Interface Sci. 515
(2018) 32–38.

[43] R.R. Rye, F.G. Yost, E.J. O’Toole, Capillary flow in irregular surface grooves,
Langmuir 14 (1998) 3937–3943.

[44] S. Herminghaus, M. Brinkmann, R. Seemann, Wetting and dewetting of
complex surface geometries, Annu. Rev. Mater. Res. 38 (2008) 101–121.

[45] T. Ody, M. Panth, A.D. Sommers, K.F. Eid, Controlling the motion of ferrofluid
droplets using surface tension gradients and magnetoviscous pinning,
Langmuir 32 (2016) 6967–6976.

[46] M.L. Ford, A. Nadim, Thermocapillary migration of an attached drop on a solid
surface, Phys. Fluids 6 (1994) 3183–3185.

http://refhub.elsevier.com/S0021-9797(19)31137-3/h0075
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0075
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0075
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0080
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0080
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0080
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0085
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0085
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0090
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0090
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0090
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0095
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0095
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0095
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0100
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0100
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0105
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0105
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0110
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0110
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0115
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0115
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0120
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0120
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0125
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0125
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0130
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0130
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0130
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0130
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0135
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0135
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0140
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0140
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0140
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0145
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0150
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0150
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0155
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0155
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0155
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0160
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0160
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0165
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0165
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0165
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0165
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0170
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0170
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0175
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0175
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0180
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0180
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0180
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0180
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0185
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0185
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0185
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0185
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0190
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0190
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0195
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0195
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0200
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0200
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0205
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0205
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0205
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0210
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0210
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0210
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0215
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0215
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0220
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0220
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0225
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0225
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0225
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0230
http://refhub.elsevier.com/S0021-9797(19)31137-3/h0230

	Manipulating thermocapillary migration via superoleophobic surfaces with wedge shaped superoleophilic grooves
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods

	3 Results
	3.1 Basic manipulation capacity
	3.2 Effects of vertex angle and groove depth on the manipulation capacity
	3.3 Reconcentration capacity
	3.4 Pattern configuration of wedged grooves

	4 Discussion
	4.1 Superoleophilic and superoleophobic property
	4.2 Manipulation mechanism

	5 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


