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Surface wettability plays a critical role in a variety of key areas including orthopaedic implants and
chemical engineering. Anisotropy in wettability can arise from surface grooves, which are of
particular relevance to orthopaedic implants because they can mimic collagen fibrils that are the
basic components of the extracellular matrix. Titanium (Ti) and its alloys have been widely used for
orthopaedic and dental implant applications. This study is concerned with the fabrication of Ticoated microgrooves with different groove widths and the characterisation of the anisotropy in wettability through measuring water contact angles, compared with both the Wenzel and Cassie models.
Experimental results revealed that there existed significant anisotropy in the wettability of Ti-coated
microgrooves, and the degree of anisotropy (Dh) increased with an increasing groove width from
5 lm to 20 lm. On average, the contact angle measured parallel to the groove direction (h//) was
about 50 –60 smaller than that measured perpendicular to the groove direction (h?). In general, the
Wenzel model predicted the contact angles along the surface groove direction reasonably, and so did
the Cassie model for the contact angles perpendicular to the groove direction. Osteoblast spreading
was affected by the anisotropy in wettability, which occurred preferably along, rather than perpendicular to, the groove direction. These findings are informative for the design of Ti implant surfaces
when anisotropy in wettability matters. Published by AIP Publishing.
https://doi.org/10.1063/1.5020517
I. INTRODUCTION

Titanium (Ti) and its alloys exhibit high strength-toweight ratio, high fracture toughness, excellent corrosion
resistance, outstanding biocompatibility and good fatigue
properties.1 Consequently, they have found critical applications in a wide variety of sectors including chemical engineering, pharmaceutical manufacturing, marine and deep sea
engineering, filtration of various types of liquid-solid mixtures, orthopaedic implants, etc.2 In most of these applications, the surfaces of Ti components or devices are kept in
contact with a liquid, where wettability is important for the
anticipated functionality. Typical examples include open
porous Ti used as corrosion-resistant filters and bone implants
for enhanced osseointegration.2
A number of studies have shown that surface topography, especially patterned grooves, can noticeably affect the
wettability of a solid surface including the isotropy of wettability.3–5 One area of particular interest is the surface design
of orthopaedic implants. Wettability can play a critical role
in cell responses to microgrooved Ti substrates.6 Grooves on
such implant surfaces are capable of, e.g., mimicking collagen fibrils that are the basic components of the cell living
environment, namely the extracellular matrix (ECM).7 Ding
et al. have demonstrated that cells behaved similarly to viscous liquids in the initial stage of spreading on grooved surfaces,8 with their semimajor axis closely aligned with the
groove direction. This observation suggests that further
a)
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scrutinizing anisotropic wettability of a liquid can improve
our understanding of cell response to grooved surfaces.
In principle, surface wettability can be tuned by changing
either surface chemistry9 or surface topography10 or a combination of both approaches.11 For instance, the chemical treatment such as plasma treatment of CHF3, CF4 or O2 via
reactive ion etching (RIE) can modulate the anisotropic wettability of surfaces with submicron-scaled grooves.9 On the
other hand, anisotropic wettability can also be manipulated
via changing the aspect ratio of groove patterns (i.e., the
groove depth-to-width ratio).12 It requires no additional chemical treatments, thereby avoiding the introduction of surface
contamination.12 With regard to Ti surfaces, it has been shown
that enhancing surface wettability by simultaneously altering
the surface chemistry and surface topography can promote
in vitro osteoblast (bone-forming cell) responses.6 Owing to
the anisotropy in groove geometry, cells generally elongate
and align along the groove direction,13 as illustrated in Fig. 1.
As this is an area that is still not fully understood, here, we
aim to further unravel the underlying correlation between the
anisotropic wettability and the grooved patterns, particularly
the dependency of anisotropic wettability on the groove width,
the aspect ratio and the space ratio.
II. PATTERN DESIGN AND BASIC THEORETICAL
MODELS FOR WETTING A GROOVED SURFACE

Figure 2 shows a schematic drawing of the designed surface microgrooves with the ridge width denoted as a, the
groove width as b and the depth as d. Changing one of these
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TABLE I. Dimensions of designed surface microgrooves.

Substrate
A
B
C
D

FIG. 1. Illustration of cell responses to substrate anisotropy. When cells are
cultured on surface grooves, the cells tend to align along the groove direction.
Focal adhesions are protein assemblies, which are essential in regulating cell
responses and a few microns in size (green). Basal actin fibres (pink) and actin
cap fibres (blue) also align along the groove direction. The side view (bottom)
illustrates the arrangement of actin cap fibres and basal actin fibres.
Reproduced with permission from Tamiello et al., Cell. Mol. Bioeng. 9(1), 12
(2016). Copyright 2016, licensed under Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0).

groove features can potentially influence surface wettability.
As pointed out earlier, this study is particularly interested in
enhancing osteoblast responses. Considering the compatibility of grooved patterns with osteoblasts, here, a series of
groove widths in the range of 5 lm to 20 lm were selected
because the average size of a typical osteoblast is about
20–30 lm (Ref. 14), and more pronounced cell responses are
triggered when groove widths are comparable with cell
size.15 The minimum groove width is chosen to be 5 lm in
relation to the typical osteoblast size of 20–30 lm because
narrower grooves risk developing significant incomplete
contact with osteoblasts.16 The groove depth of 2 lm was
selected based on two findings. One is that grooves of 2 lm
deep can stimulate the expression of osteogenic markers
(i.e., the markers of osteogenic capacity for a bone implant
surface) to a greater extent than shallower grooves (35 nm
and 306 nm).17 The other is that they can induce more significant cell elongation than deeper grooves (e.g., 4.8 lm).18
This suggests that, in general, 2 lm-deep grooves are appropriate to exert contact guidance for cells.18
Ridge width is another parameter of the grooved surface
topography. It is fixed at 5 lm, in relation again to the osteoblast size of 20–30 lm to avoid turning them into sharp edges
for osteoblasts, where groove edges can hinder the migration
of a liquid or viscous object.3,19 Table I lists the detailed
dimensions of the designed microgrooves. The aspect ratio

FIG. 2. Schematic drawing of microgrooves on a surface: a: ridge width, b:
groove width, and d: groove depth.

Ridge
width
(a) lm

Groove
width
(b) lm

Groove
depth
(d) lm

Pitch
(a þ b)
lm

Aspect
ratio
(d/b)

Space
ratio
(b/a)

5
5
5
5

5
10
15
20

2
2
2
2

10
15
20
25

1:2.5
1:5
1:7.5
1:10

1:1
2:1
3:1
4:1

and the space ratio (groove width to ridge width) varies from
1:2.5 to 1:10 and 1:1 to 4:1, respectively. In addition, in order
to produce reliable statistic data, each grooved pattern is fabricated on an area of 1.05 cm  1.05 cm, which has the capability of hosting a total of 2.5  105 human fetal osteoblast cells.
Both Wenzel and Cassie states20,21 are commonly used
to address the relationship between the macroscopic surface
roughness (here, geometric dimensions of grooves) and the
contact angle of a water droplet, as shown in Fig. 3.22 In the
Wenzel state, a water droplet completely fills the grooves
and eventually comes into contact with the bottom of the
grooves, and its contact angle is described as
coshw ¼ rw cosh0 ;

(1)

where rw is the ratio of the actual wetted surface area to the
planar surface area, h0 is the intrinsic contact angle on a
smooth surface and hw is the contact angle in the Wenzel
state. In the groove geometry, rw is defined as4
rw ¼ 1 þ

d
:
aþb

(2)

However, in the Cassie model, a water droplet sits on top of
the grooves with air entrapped underneath the droplet. In this
case, the contact angle is described as
cos hC ¼ f ð cos h0 þ 1Þ  1;

(3)

where f is the ratio of the actual wetted surface area to the
planar surface area and hC is the contact angle in the Cassie
model. In the given groove geometry, f is defined as4
f ¼

a
:
aþb

(4)

FIG. 3. Wetting behaviour of a water droplet on rough surfaces: (a) Wenzel
model and (b) Cassie model. Reproduced with permission from Liu et al.,
Chem. Soc. Rev. 39(8), 3240 (2010). Copyright 2010 The Royal Society of
Chemistry.
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TABLE II. Measured dimensions of fabricated Ti-coated microgrooves
(lm).
Substrate
A
B
C
D

FIG. 4. Standard micro-processing steps for the fabrication of Ti-coated
microgrooves on Si substrates.

III. MATERIALS AND PATTERN FABRICATION

Figure 4 shows the flow chart of the fabrication process
of Ti-coated microgrooves on Si substrates, including photolithography, reactive ion etching (RIE), and sputter coating.

Ridge width (a)

Groove width (b)

Groove depth (d)

5.06 6 0.12
5.14 6 0.22
5.07 6 0.13
4.98 6 0.08

4.81 6 0.19
9.60 6 0.27
14.90 6 0.18
19.43 6 0.22

2.26 6 0.19
2.05 6 0.25
2.10 6 0.24
2.22 6 0.83

they were rinsed with deionized (DI) water and dried with N2
gas, then dehydrated by baking at 120  C for 2 min and cooled
down to room temperature. Next, they were spin-coated with the
positive photoresist AZ1512HS (Merck Performance Materials
GmbH) for 45 s at 4000 rpm, followed by baking at 100  C for
50 s to give a 1.3–lm thick layer, measured using a stylus profilometer (Dektak XT, Bruker). The photoresist layer was exposed
to UV radiation in a Karl Suss MA6 mask aligner for 9 s (exposure power: 12.22 mW/cm2). The exposed resist layers were
subsequently immersed in an AZ 726 metal ion free (MIF)
developer for 10 s. Finally, all substrates were hard baked on a
hotplate at 100  C for 50 s.
B. Reactive ion etching (RIE) and sputter-coating

A. Photolithography

Si wafers of 100 mm in diameter (phosphatase/boron
doping, h100i orientation, 525 6 20 lm thickness, Silicon
Materials Inc.) were cleaned sequentially in acetone and isopropanol (IPA) in an ultrasonic bath for 3 min each. Subsequently,

In order to completely remove the photoresist residue, a
descum recipe of using oxygen plasma to blast the substrate for
10 s was performed in a Bostch etching system (PlasmaPro 100
Estrelas Deep Silicon Etch System, Oxford). Then the patterns
on the photoresist were transferred to the underlying Si

FIG. 5. SEM micrographs of Ti-coated
grooves on Si substrates. (a) Substrate
A, (b) Substrate B, (c) Substrate C, (d)
Substrate D, and (e) cross-sections of
Substrate A.
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FIG. 6. 3D images for Ti-coated
grooves using a light interferometer.
(a) Substrate A, (b) Substrate B, (c)
Substrate C, (d) Substrate D, (e) AFM
analysis on the groove surfaces of
Substrate A and its corresponding surface height profile plotted along the
black line, and (f) AFM analysis on the
ridge surfaces of Substrate A and its
corresponding surface height profile
plotted along the black line.

substrates by running a Si deep reactive ion etching (DRIE) recipe. Experimental parameters included the use of SF6 and C4F8
ionized gases, respectively, at 35 sccm and 40 sccm, 25 W
high frequency (HF) forward power, 650 W integrated-coupled-plasma (ICP) forward power, and helium (He) backing
pressure at 10 Torr. This set of parameters produced grooves
with a depth of 2 lm into the Si substrates. After DRIE, the
remaining photoresist on the substrate was stripped using oxygen plasma for 80 s.
To improve the biocompatibility of the microgrooved
surface, both microgrooved and blank Si wafers were
sputter-coated with a 40-nm thin Ti film. The coating was
realised using radio frequency (RF) magnetron sputtering
from a metallic Ti target (pressure of 5  103 Torr, RF
power of 200 W, Ar atmosphere, and room temperature).
C. Surface characterisation

Surface morphology was analysed using an ultra-highresolution scanning electron microscope (SEM, Verios

460L, FEI). SEM imaging was acquired at an accelerating
voltage of 5 kV and a beam current of 25 pA. The true
dimensions of each designed groove were measured from
three replicates. To evaluate the cross-sections of the microgrooves as well as the quality of the Ti coating on the
grooves, substrates were cleaved to allow cross-sectional
SEM imaging. A white light interferometer (ContourGT,
Bruker) was used to characterise the three-dimensional (3D)
surface morphology and surface roughness including the
average roughness (Sa), the root mean square roughness (Sq)
and the maximum height of the surface (Sz). To further analyse the roughness at the nanoscale of both the ridge and
groove surfaces, atomic force microscopy (AFM, Bruker)
was used in a tapping mode.
The static water contact angle (h) was measured using a
sessile-drop contact angle goniometer (Theta Lite Optical
Tensiometer, ATA Scientific). The value of h was measured
at 5 s after placing Milli-Q water droplets (2 ll) at three
different areas on the substrate. All measurements were
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FIG. 9. Contact angles for the Ti-coated microgrooved and flat surfaces.
Note that the Ti-coated flat surface has a contact angle of 84.0 6 1.6 .

FIG. 7. Surface roughness values at the microscale of Ti-coated grooved
and non-grooved flat surfaces. Sa: the average roughness, Sz: the maximum
height of the surface, Sq: the root mean square roughness.

performed under ambient conditions and repeated three times.
The degree of anisotropy in wettability is defined as Dh ¼ h?
h//, where h//and h? are contact angles measured along and
perpendicular to the groove direction, respectively.3,4
D. Cell culture and cell morphology analysis

In vitro assessments were conducted on micro-grooved substrates using the human fetal osteoblast line (hFOB 1.19, ATCC,
CRL-11372). The osteoblast cells were cultured in a mixture of
Dulbecco’s Modified Eagle’s medium and Ham’s F12 medium

(DMEM/F12, Thermo Fisher Scientific), supplemented with
10% (v/v) fetal bovine serum (Interpath Services) and 0.3 mg/ml
Geneticin selective antibiotics G418 (Thermo Fisher Scientific).
Cells were incubated at 34  C in a humidified atmosphere that
contains 5% CO2. The entire medium was replaced every three
days and confluent cells were passaged using TrypLETM
Express Enzyme (Invitrogen). Cells between the 4th and 7th
passages were used in this study.
After culturing for three days, the cell-seeded substrates
were transferred into new six-well plates and washed with
sodium cacodylate. Then, the cells were fixed with 0.1 M
sodium cacodylate solution that contained 2% (v/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde for 30 min.
Afterwards, all substrates were dehydrated through a graded
series of ethanol (30%, 50%, 70%, 90%, 95%, and 100%).
Finally, they were chemically dried with 100% hexamethyldisilizane (Sigma-Aldrich) for 20 min. The dried substrates
were sputter-coated with platinum (Pt) prior to SEM analyses, which were performed at a voltage of 2 kV and a beam
current of 0.8 nA (FEI, Verios 460L).
IV. RESULTS AND DISCUSSION
A. Surface morphology of grooved patterns

Representative SEM micrographs of Ti-coated microgrooves of different groove widths are shown in Figs.

FIG. 8. Optical images of water droplets on four Ti-coated grooved surfaces and a non-grooved flat surface. Upper row: h? (perpendicular to grooves) and bottom row: h// (parallel to grooves). (a) and (e) Substrate A, (b) and (f) Substrate B, (c) and (g) Substrate C and (d) and (h) Substrate D, and (i) a non-grooved flat
surface.
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5(a)–5(d). Their cross-sectional views [Fig. 5(e)] revealed
that these grooves are rectangular and their side walls are
nearly perpendicular to the groove bottom (92 ). The
achieved parallel microgrooves shown in Fig. 5 are indicative of the high reliability of the micro-fabrication process
employed. Table II summarises the measured dimensions of
these grooves. The average thickness of the Ti coating on the
ridge surface was 56 nm, which was slightly higher than
41 nm measured on the groove bottom surface, but doubled
that of 27 nm on the groove sidewall. This is acceptable as
long as the entire surface is coated with Ti.
A 3D view of each grooved substrate is shown in Figs.
6(a)–6(d). According to 2D and 3D observations shown in
Figs. 5 and 6, the grooved patterns achieved are consistent
with our designs. The deviations from designed widths
(5–20 lm) mainly arise from the developing or exposure
time of the photoresist, while the deviations from the
designed depth (2 lm) are mainly from the DRIE time.
Figures 6(e) and 6(f) show AFM analyses of the ridge surfaces and groove bottom surfaces of Substrate A, respectively.
The ridge and groove surfaces exhibited equivalent average
Ra values (1.38 6 0.07 for ridge and 1.59 6 0.08 nm for
groove). Figure 7 compares the surface roughness measured
for grooved surfaces and non-grooved flat substrate surfaces.
The variations of Sa (the average roughness), Sz (the maximum height of the surface) and Sq (the root mean square
roughness) are limited to a small range for all four Ti-coated
grooved surfaces, although the groove width varies significantly. This provides an important experimental basis for
investigating the influence of surface grooves on wettability.
B. Surface wettability

FIG. 10. The relationship between the space ratio (a), the aspect ratio (b)
and the anisotropy in wettability of the Ti-coated microgrooved surfaces.

Figure 8 shows a side view of the water droplets formed
on both grooved surfaces and on a non-grooved flat surface.
The latter exhibited isotropic water droplets which are essentially hemispherical. In contrast, droplets on the grooved surfaces were more elongated along the groove direction vs. its
perpendicular direction. Figure 9 compares the measured h//
and h? with the calculated contact angles using both Wenzel
and Cassie models for all grooved surfaces. The non-grooved
flat Ti-coated surface has a contact angle of 84.0 6 1.6 [without Ti coating, the flat Si substrate has a contact angle of 38
(Ref. 3)]. Overall, increasing groove width tends to increase
wetting anisotropy. For example, h? decreased marginally
from 126.7 6 6.5 to 122.3 6 4.2 with increasing groove
width from 5 to 15 lm, but then increased sharply to
141.4 6 5.9 with further increasing groove width to 20 lm
(Fig. 9). A similar trend was found for h// as shown in Fig. 9.
The measured h// was close to that calculated from the Wenzel
model, while h? were close to that predicted from the Cassie
model. In other words, these models can be used to predict the
degree of anisotropy in wettability on Ti-coated grooves. In
particular, the wetting anisotropy (Dh: 60.8 ) was distinct
for the grooved surfaces with a groove width of 20 lm, where
the measured h? was very similar to the calculated contact
angles using the Cassie model. Moreover, by increasing the
groove width to 20 lm, the measured h// gradually approached
the contact angle of 84.0 for the non-grooved flat surfaces.

As surface chemistry (high purity Ti) and surface roughness
(Fig. 7) are similar for all grooved surfaces, it can be concluded that the observed anisotropic wettability is a result of
anisotropic geometry of grooves. From Fig. 10(a), the anisotropy in wettability (Dh) gradually increased from 51.8 6 9.5
to 52.8 6 8.5 with increasing space ratio from 1:1 to 2:1, and
then increased to 60.8 6 6.3 at the space ratio of 4:1. The
opposite trend was observed for the anisotropy in wettability
(Dh) vs. the aspect ratio as shown in Fig. 10(b).
As proposed by Chung et al. and Xia and Brueck, anisotropic wettability was affected mainly by the anisotropic surface geometry.3,19 On the one hand, water droplets spread
along the groove direction, and on the other hand, they were
pinned at the groove edges in the direction perpendicular to
the grooves.3,19 In other words, the three-phase contact line
was continuous along the groove direction, but discontinuous
in the direction perpendicular to the grooves.23 It is easier for
water droplets to spread along the groove direction as the
energy barrier for spreading is usually much lower than in the
direction perpendicular to the grooves.19,23 Chung et al. further suggested that the three-phase contact line can be more
influential on anisotropic wettability than surface roughness.19
Based on the above observations and discussion, an
effective way to enhance surface wettability is to minimise
or avoid the discontinuity of the three-phase contact line of a
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FIG. 11. SEM micrographs of osteoblasts cultured on grooved and nongrooved flat surfaces coated with Ti
after culturing for 3 days. (a) Substrate
A, (b) Substrate B, (c) Substrate C, (d)
Substrate D, and (e) a flat substrate.

water droplet in the direction perpendicular to grooves.3,5 In
that regard, it is desirable to increase the ridge width and/or
reduce the groove depth.5 For instance, it is challenging to
achieve a deep penetration of a water droplet into narrow
and deep grooves or those with high-aspect ratios,5,19 due to
a substantial increase in the energy barrier for spreading with
increasing groove depth.19 To cope up with such situations,
the contact angle tends to increase and the water droplet
finally reaches the Cassie state.19,24 In addition to the groove
aspect ratio, the ridge slope (measured by a) can also play an
important role in influencing surface wettability by affecting
the energy barrier for spreading.19 For instance, rectangular
grooves (i.e., a 90 slope) tended to hinder the spreading of a
water droplet with air entrapped underneath.3 Decreasing the
ridge slope can lead to increased surface wettability.5
Our results show that h// is much smaller than h? for all
fabricated grooves, which is consistent with the above discussion. For grooved patterns with a fixed ridge width and
groove depth, increasing the groove width from 5 to 20 lm
means a reduction of the aspect ratio (1:2.5 to 1:10), but an
increase of the space ratio (1:1 to 4:1). This leads to an
increase in the discontinuity of the three-phase contact line.
Therefore, the contact angle in the direction perpendicular
to grooves was close to that calculated using the Cassie
model. On the other hand, the calculated free energy profile
in the direction perpendicular to grooves displayed various
high-energy metastable states, while the energy profile in

the direction parallel to grooves and for non-grooved flat
surfaces exhibited a minimum global free energy.8,19 This
further suggests that water droplets that spread along
the groove direction and on non-grooved flat surfaces are in
a stable low-energy state, i.e., the Wenzel state.19,25
Consequently, the measured contact angle along the groove
direction was close to that calculated using the Wenzel
model (Fig. 9).
C. The influence of anisotropic wettability on
osteoblast morphology

The SEM micrographs shown in Fig. 11 revealed significant differences in cell alignment and morphology between
microgrooved and non-grooved flat surfaces. The osteoblasts
spread randomly on the flat surfaces in polygonal shapes. In
contrast, cells became elongated along the groove direction
on all microgrooved surfaces. Moreover, cells tended to conform to the entire groove width as a result of the contact
guidance by grooves.
It is generally accepted that a hydrophilic (h < 90 ) surface is in favour of cell spreading, differentiation and protein
adsorption compared with a hydrophobic (h > 90 ) surface.26–29 Under in vitro conditions, osteoblasts tend to align
and migrate along the groove direction.30,31 As mentioned
earlier, cells behave similarly as viscous liquids do in the initial stage of spreading so that the low energy barrier allows
the ease of cell spreading along the groove direction. This
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differs from the scenario of cell spreading along the direction
perpendicular to the grooves, where cell spreading was
largely restrained within one or two microgrooves, especially
for narrow grooves (e.g., Substrate A). These observations
are informative for the design of Ti bone implant surfaces
when anisotropy in wettability is critically considered.
However, more experimental data on in vitro and in vivo
studies are needed to further clarify the detailed influence of
each groove parameter on osteoblast responses.
V. CONCLUSIONS

This study has investigated the effect of groove geometry on anisotropic wettability. Ti-coated microgrooves with
groove widths ranging from 5 lm to 20 lm at a constant
ridge width of 5 lm and a fixed depth of 2 lm were successfully fabricated and characterised. Wettability experiments
with water droplets revealed that the Ti-coated surface
grooves exhibited significant anisotropy in wettability. On
average, the contact angle measured parallel to the groove
direction (h//) was about 50 –60 smaller than that measured
perpendicular to the groove direction (h?). The degree of
anisotropy increased with increasing groove width. The
Wenzel model can be used to predict the water contact angle
along Ti-coated surface grooves, while the Cassie Model
was used to predict the contact angle perpendicular to the
grooves. Together, they can reasonably predict anisotropy in
wettability of Ti-coated grooves. The anisotropy of wettability can significantly affect in vitro cell responses, where cells
tend to spread preferentially along the microgrooves. The
experimental findings of this study provide first-hand information for understanding the effect of Ti surface grooves on
anisotropic wettability for various applications, including
orthopaedic Ti implants.
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