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ABSTRACT: Shark skin-inspired riblets have represented the tremendous potential for drag reduction (DR) and antifouling in
submarine, ship, and so on. Most studies simplified the complex denticle embedded in the shark skin into the single-stage riblet with
uniform parameters, ignoring the influence of riblet height gradient and material deformation on DR and antifouling. In the present
study, flexible multistage gradient riblets (MSGRs) with varied heights were proposed, and their DR and antifouling effects were
investigated by the experiment and numerical simulation. The experimental results showed that the maximum DR rate of flexible
MSGRs with an elastic modulus of 4.592 MPa could reach 16.8% at a flow velocity of 0.5 m/s. Moreover, the dynamic adhesion
measurement indicated a reduction by 69.6% of the adhesion area of Chlorella vulgaris on the flexible MSGR surface. The results
identified that flexible MSGRs with low surface energy could generate steady high- and low-velocity streaks and alter the flow state of
the fluid, thus lessening the average velocity gradient near the wall and the adhering selectivity of pollutants in riblet and achieving
synergistic DR and efficient antifouling. Taken together, the proposed flexible MSGR surface holds promise for reducing surface
friction and inhibiting particle attachment in engineering applications.

1. INTRODUCTION
Drag reduction (DR) and antifouling have been plaguing
various industries. For instance, over 50% of fuel consumption
in ships is attributed to surface drag.1 Moreover, the surface
fouling on the underwater ships is also severe and inevitable,
usually intensifying the drag. Generally, as the fouling coverage
rate was 5%, the ship drag was twice greater than that of the
clean surface, and the fuel consumption increased by 10%.
Therefore, it was beneficial to design the composite surface
with DR and antifouling abilities.2 Natural creatures evolving
unique structures and excellent surface functions through
millions of years of natural selection could adapt to the
harshest environment.3−9 Inspired by natural creatures,
scientists and engineers have obtained many innovative
inspirations to address the above technical challenges.10−12

Numerous studies have indicated that many tiny denticles
embedded in the shark skin and parallel to the streamwise
direction played a decisive role in reducing drag and
antifouling.13−16

However, due to the complexity of the denticle structure, it
was intractable to fabricate the real shark skin surface in a large
area, and thus, scientists generally simplified the denticle into
riblet structures with triangular, rectangular, and other cross-
sections.17−20 Schumacher et al.21 prepared a new type of
environment-friendly ship coating named barnacle-specific
Sharklet AF based on the micro-topographical characteristics
of shark skin. Dai et al.22 developed the shark-skin-like surface
with a 90° orientation by three-dimensional (3D) printing and
accessed its DR effect with a rheometer. Qin et al.23 modified
the bionic non-smooth surface by combining ZIF-67 particles
to enhance its DR and antifouling properties. Zhou et al.20,24
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fabricated multilayer hierarchical riblets by three-layer hybrid
mask lithography, which presented an excellent air DR.
Additionally, shark skin has an excellent antifouling
effect.20,22,25,26 Chung et al.27 and Schumacher et al.21 found
that Sharklet AF based on the shark skin had a significant
antifouling effect on Staphylococcus aureus and zoospores of
Ulva linza. Choi et al.28 and Yoo et al.29 investigated the
influence of the spacing dimension of the Sharklet structure on
membrane biofouling and observed that the 2 μm spaced
pattern exhibited the least fouling. Lee et al.30 and Schumacher
et al.31 found that the increasing length gradient of the riblet
on the bionic shark skin surface was beneficial in reducing the
residence time of pollutant particles on the patterned surface.
It can be seen that the application of bionic shark skin
structure with changing parameters has been a new trend for
DR and antifouling. Therefore, it is significant to further study
the comprehensive effect of bionic shark skin structure with
changing heights in response to DR and antifouling. In
addition, DR and antifouling are a complicated subject related
not only to the surface morphology of bionic shark skin
structure but also to wettability, surface free energy, surface
roughness, and mechanical properties.32,33

In this paper, considering the height gradient of the shark
skin shield scale structure, five bionic flexible multistage
gradient riblet (MSGR) surfaces with different mechanical
properties were prepared by polydimethylsiloxane (PDMS).
To analyze the DR and antifouling effects of the prepared
flexible MSGR surface, it was compared with MSGR surfaces
and classic single-stage riblet surfaces. Surface drag and fouling
were determined using a closed water tunnel and Chlorella
vulgaris coloring tests, respectively. Moreover, numerical
evaluation was performed on the flow characteristics of the
bionic surface; the influence of the bionic surface on the near-
wall flow field was analyzed; the pollutant pathway was
determined by numerical simulation; the effects of wettability
on DR and antifouling were evaluated by dynamic and static
contact angles (CAs) and surface free energy; and the possible
new DR and antifouling mechanisms of the flexible MSGR
surface were studied. In addition, in terms of the DR and
antifouling, the flexible MSGR surface inspired by shark skin
not only showed great application potential in underwater
vehicles but also enlightened the reasons for other similar
flexible gradient structures by exploring its internal mechanism.

Figure 1. Shark skin shield scale model construction. (a) Schematic diagram of shark and SEM image of shark skin. Photograph courtesy of Huawei
Chen, Xin Zhang, Lingxi Ma, Da Che, Deyuan Zhang, and T.S. Sudarshan. Copyright 2014. (b) Simplified shield scale structure. (c) Stress−strain
curve of shark skin in the hydrated state. (d) Conceptual model of various patterned surfaces: riblets (Rs), discontinuous riblets (DCRs), equal
gradient riblets (EGRs), and flexible MSGRs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07729
ACS Omega 2023, 8, 8569−8581

8570

https://pubs.acs.org/doi/10.1021/acsomega.2c07729?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07729?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07729?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07729?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. METHODS
2.1. Establishment of the Flexible MSGR Model. Early

members of our laboratory used scanning electron microscopy
(SEM) to observe epidermis samples from the abdomen of
gray whale sharks.11,12,34 The surface of the shark skin was
geometrically non-smooth and covered with many tiny
denticles, as shown in Figure 1a. For a single denticle, the
length and height of the riblet decreased from the middle to
both sides, presenting a multistage gradient distribution, and
this main feature formed the basis of the MSGR design.
Considering the limitations of experiments and fabrication
processes, the designed MSGRs were simplified into three-
stage gradient riblets. The length of the primary, secondary,
and tertiary riblets was obtained by multiplying the average of
the scale characteristic dimensions by 3, with the correspond-
ing size parameters shown in Figure 1b. Based on the
dimensionless unit of the riblet spacing s+ ≈ 15 and test
conditions, the riblet spacing (s) of all experimental samples
was 325 μm. The denticle embedded in the flexible dermis
layer can move in real time. Therefore, it is necessary to
analyze the mechanical properties of shark skin in the hydrated
state to study the DR and antifouling mechanism of real sharks.
According to the stress−strain curve obtained from the tensile
test in Figure 1c, the elastic modulus and tensile strength of
shark skin were 4.096 and 9.544 MPa, respectively. Based on
the mechanical properties of shark skin and the simplified scale
structure, a flexible MSGR surface was established.
To verify the DR and antifouling effect of flexible MSGRs,

several classic single-stage riblets with uniform height, that is,
R, DCR, and EGR surfaces, were designed, as illustrated in
Figure 1d. As can be seen, all riblets were rectangular
parallelepipeds with a width of 50 μm. The heights of all
riblets except for flexible MSGRs were 160 μm. In flexible
MSGRs, the heights of the primary, secondary, and tertiary
riblets were 220, 160, and 100 μm, respectively. The EGR and
flexible MSGR surfaces comprised five riblets of different
length scales within one rhombus-shaped pattern. The longest
riblet in the design was 875 μm in length in the middle, and
the other riblets with lengths of 525 and 175 μm were
symmetrically positioned on both sides. In R and DCR
surfaces, the lengths of a single riblet were infinite and 875 μm,
respectively.

2.2. Fabrication of Samples. Compared with traditional
milling and molding, 3D printing was easy and cost-effective in
generating surfaces with shark skin textures.22,35 This study
fabricated all rigid bionic patterned surfaces using a 3D printer
(nanoArch P150) with an optical resolution of 25 μm. The
printing materials were high-temperature-resistant resins with
an elastic modulus of 4.2 GPa, and printing was performed at
room temperature. The ultraviolet exposure time was 1 s, with
an intensity of 150 lx. The thickness of each layer was 10 μm,
and the delay time for the platform to stay after descent was 2
s. The length and width of all printed bionic surfaces were 39
and 24 mm, respectively. In addition, the flat (F) surface was
also printed for comparison. Five flexible MSGR surfaces with
different elastic moduli were prepared by the PDMS replica
molding method, and the preparation process is shown in
Figure S1.

2.3. Wetting Properties. The values of static and dynamic
CAs with 2 μL of ultrapure water droplets on various surfaces
were evaluated by a CA meter (OCA25, Beijing Audreno
Instrument Co., Ltd., China). The surface free energy γs of all
substrates was evaluated by the Owens−Wendt−Rabel−
Kaelble method via measuring the static CA using two polar
liquids, water and ethanol. Due to the anisotropic pattern of
the bionic patterned surface, the static CAs of all surfaces were
measured in the directions parallel and perpendicular to the
surface.

2.4. DR Evaluation of the Flexible MSGR Surface. A
closed circulating water tunnel was used to evaluate the DR
performance of the flexible MSGR surface, as shown in Figure
2a. The prepared flexible MSGR surface was placed in the
groove of the mold, and the direction of flexible MSGR was
parallel to the flow direction. The total length of the test
section made of transparent acrylic acid was 1500 mm, and the
mold was placed in the middle of the test section. All flexible
MSGR surfaces were tested at different flow velocities (0.5, 1,
1.5, 2, and 2.5 m/s). The Reynolds number (Re = ρU∞d/μ,
where ρ is the water density, U∞ is the flow velocity, d is the
hydraulic diameter of the test section, and μ is the dynamic
viscosity) was much greater than 4000 at the flow velocity of
0.5 m/s, indicating the turbulent flow.36 Figure 2b shows the
drag measuring device of the flexible MSGR surface in the
circulating water tunnel. The stress−strain sensor is a
unidirectional force device with an accuracy of 0.01 mN and
a measuring range of 0−50 N and is used for measuring the

Figure 2. Schematic diagram of the closed circulating water tunnel. (a) 3D diagram, with the red dotted box showing the physical diagram of the
bionic surface installation. (b) Schematic diagram of the bionic surface and stress−strain sensor installation.
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total drag. The drag of flat surfaces and other rigid bionic
patterned surfaces was measured to evaluate the DR effect of
flexible MSGR surfaces. Before the experiment, the sensor
should be calibrated, and the evaluated error should be
controlled within ±0.02 mN to ensure the accuracy of each
experiment.

2.5. Antifouling Evaluation of the Flexible MSGR
Surface. C. vulgaris (Nanjing Haiersi Biotechnology Co., Ltd.,
China) was selected to evaluate the antifouling performance of
bionic surfaces. Artificial seawater without heavy metals and
with 24‰ salinity was prepared according to ASTM D1141-98
(2013). The culture container and the prepared sample were
sterilized at 120 °C for 30 min. Subsequently, the sample was
immersed in C. vulgaris solution which was placed in a
homeothermic double-layer oscillation incubator (HZQ-X 100,
Suzhou Pei Ying Experimental Equipment Co., Ltd.) to test
the antifouling effect under dynamic water flow. By shaking the
culture container, the solution was disturbed to simulate the
water flow in the real environment.
The samples were cultured at 20−28 °C under sufficient

light conditions for 21 d. Then, the non-adsorbed C. vulgaris
on bionic surfaces was washed away by deionized water. An
intuitive observation method was carried out to evaluate the
antifouling effect of the surface, during which four observation
points were randomly selected on the surface for quantitative
analysis using an optical microscope. To visually observe the
antifouling performance of the flexible MSGR surface, a certain

amount of coffee solution was dripped on different bionic
surfaces to observe the rolling of coffee droplets at different
inclination angles.

2.6. Simulation of Flow Fields around the Flexible
MSGR Surface. To explore the DR and antifouling
mechanisms of the flexible MSGR surface and rigid bionic
surfaces, the isothermal and 3D flow of fluids on various
surfaces were numerically simulated using Ansys Fluent
software under the experimental turbulent flow conditions.
The flat surface (upper surface) and the bionic patterned
surface (bottom surface) were placed in the same calculation
domain for comparison, which was convenient for analyzing
the DR effect of the bionic surface. The calculation model is
shown in Figure S2a. The x, y, and z directions of the flow field
corresponded to the spanwise direction, flow direction, and
longitudinal direction of the model, respectively. The mesh size
of the model decreased from the wall by 1.2 equal proportion.
The height of the first layer of the mesh from the wall was 1 ×
10−6 m, which could meet the requirements of large eddy
simulation (LES) on the accuracy of the mesh, as shown in
Figure S2b. In addition, grid independence was verified, and
the average grid quality index confirmed the excellent
construction of elements in each case. Translational periodic
boundary conditions were utilized on the inlet and outlet of
the computational domain to ensure the fully developed flow,
and the inlet velocity (U∞ = 1 m/s) was applied to the entire
channel. Symmetric boundary conditions were adopted on

Figure 3. Morphology of four different bionic surfaces. (a) Optical images, (b) SEM images, (c) 3D topographical images, and (d) z profile of the
fabricated surfaces. Scale bars: 100 μm.
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both side walls. When fluid−solid coupling was not considered,
no-slip conditions were set at the bottom surface. When the
fluid−solid coupling was considered, a coupling interface was
set at the bottom surface. In the computational fluid dynamics
analysis, water was chosen as the fluid medium. First, the
steady flow field was calculated by the re-normalization group
(RNG) k−ε turbulence model, which provided the initial field
for transient calculation. On this basis, the flow field
characteristics were analyzed using the LES method and the
wall-adapting local eddy-viscosity subgrid-scale model. In
addition, the pressure−velocity coupling was modified by the
pressure-implicit with splitting of operators algorithm. The
momentum equation was discretized by bounded central
differencing, and the time term was solved by a second-order
implicit method to obtain higher accuracy. When the residual
values of continuity, x-velocity, y-velocity, and z-velocity were
less than 1 × 10−8, the solution was assumed to be convergent.

3. RESULTS
3.1. Microstructure of MSGRs. Figure 3a shows the

optical images of the printed three classic single-stage riblets
and MSGRs, and Figure 3b shows partially enlarged SEM
images. It can be seen that the designed structure was precisely
printed, and the straightness of the riblet edges was well
maintained. The surface topography of the fabricated samples
was measured by an atomic force laser confocal microscope
(OLS4500, Olympus Corporation, Japan), as shown in Figure
3c,d. All fabricated samples had a surface roughness of less
than 5 μm and an average height of 163.5 μm, with an error of
2.2% compared to the design height of 160 μm.

3.2. Wetting Properties of Flat and Bionic Patterned
Surfaces. The surface free energy γs is the work required to
increase the surface area of a solid, and γs of a solid is closely

related to its wettability. Higher γs values indicate that the
surface is easier to wet, and the static CA is smaller.37

Therefore, F was the most wettable substrate in this paper,
which was consistent with the measured small static CA (94.5
± 0.3°), as shown in Figure 4a. The PDMS substrates with
different elastic moduli showed similar γs values (close to 20
mJ/m2) and low surface free energy, which made these
substrates less wettable. In addition, the wettability of all
polymers is affected by the micro-morphology. As shown in
Figure 4b,c, R, DCR, EGR, and MSGR surfaces showed greater
hydrophilicity than the F surface. This phenomenon was more
pronounced in the parallel direction than that in the
perpendicular direction. PDMS with different elastic moduli
showed similar hydrophobicity in the perpendicular direction.
However, PDMS with a ratio of 10:0.6 in the parallel direction
exhibited slightly higher hydrophobicity, and the smooth
substrates also showed similar behavior. The difference
between the advancing angle and the receding angle is CA
hysteresis, which can be directly reflected by the sliding angle,
as shown in Figure S3. For flexible MSGR surfaces, PDMS
with a ratio of 10:1 had the smallest sliding angle, indicating
that droplets rolled off the surface easily, as shown in Figure
4d. For marine DR and antifouling research, the surface to be
analyzed needs to be immersed in a liquid medium.37 In this
case, only describing the wetting properties in the air cannot
provide enough details about the surface properties, but it may
help detect the dynamic behavior of the surface.

3.3. DR Effect Analysis. The drag data of each surface
were measured by the circulating water tunnel, and the
collected drag data were averaged to obtain the average drag of
each surface at different flow velocities. Figure 5a shows the
drag of the flat at different flow velocities. In addition, three
experiments were conducted for each measurement, and the
average was taken as the final value of the measurement. A

Figure 4. Wetting properties of different surfaces. (a) Surface free energy γs of different materials. (b) Static CAs of different bionic surfaces in the
parallel direction. (c) Static CAs of different bionic surfaces in the perpendicular direction. (d) Advancing and receding angles of different bionic
surfaces.
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confidence interval of 0.95 was taken as the error bar of the
measurement. Figure 5b shows the average drag measured on
the F surface, the MSGR surface, and three classic single-stage
riblet surfaces. The drag was proportional to the flow velocity,
and the drag of bionic patterned surfaces was smaller than that
of the F surface under the same test conditions when s+ was
within 8−21. To quantitatively analyze the DR effect of the
bionic surface, the relative DR rate was calculated as follows

= ×F F
F

DR (%) 100%flat bionic

flat (1)

where Fflat and Fbionic denoted the drag force of the F surface
and the bionic surface, respectively.
The dimensionless spacing s+ value varies with velocity, and

the DR rate can be compared among different surfaces for a
given s+ value. As shown in Figure 5c, all bionic surfaces

Figure 5. DR effects on different surfaces. (a) Drag of the F surface. (b) Average drag of the rigid bionic surface. (c) DR rate of the rigid bionic
surface. (d) Drag of the flexible MSGR surface. (e) DR rate of the flexible MSGR surface. (f) Simulation reliability verification. (g) Wall shear stress
distribution of the R, DCR, EGR, MSGR, and flexible MSGR surfaces was compared with that of the F surface, where the flexible MSGR surface
was made of PDMS and curing agent in the ratio of 10:1.
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exhibited an excellent DR effect, and the DR rate first
increased and then decreased with the ascending s+ values. It
should be noted that the DR rate varied with the surface
structure. Over the entire test range, the MSGR surface had the
highest DR rate of about 10.3%, followed by the EGR surface.
The maximum DR rate of EGR and MSGR surfaces was very
close. However, when the s+ value exceeded 15, the DR rate of
three classic single-stage riblet surfaces decreased rapidly; when
the s+ value reached 27, EGR reached the state of increasing
drag, while MSGR still maintained the DR state. The results
showed that the MSGR surface could achieve DR over a wide
velocity range compared with other single-stage riblet surfaces,
expanding the effective DR velocity range.
To study the DR effect of the coupling of flexibility and

denticle, boundary conditions and material properties were set
to allow the flexible riblet to deform under the action of fluid
shear. The water tunnel was used to calculate the surface drag
of flexible MSGR with different elastic moduli, and the DR
effect with different s+ values was obtained, as shown in Figure
5d,e. With the increasing s+ value, the DR rate tended to
decrease. Even at a high s+ value, the DR effect of some flexible
surfaces was inhibited. Generally speaking, the DR effect of the
flexible MSGR surface was better than that of the rigid MSGR
surface. The maximum DR rate of the flexible surface with a
ratio of 10:1.5 could reach 16.8%. Even when the s+ value was
35, there was still a DR effect. According to the literature, the
elastic modulus was 0.219, 0.941, 2.22, 3.114, and 4.592 MPa
when the ratio of PDMS to the curing agent was 10:0.4, 10:0.6,
10:1, 10:1.2, and 10:1.5, respectively.38 Therefore, it was not
difficult to conclude that the maximum DR rate first increased
and then decreased as the elastic modulus increased, and the
elastic modulus of shark skin was close to the optimal DR
elastic modulus.
To investigate the reasons for the difference in the DR

performance of different bionic patterned surfaces, the flow
field around different bionic patterned surfaces was analyzed.
In addition, the simulation reliability was verified under the
simulation setting. As shown in Figure 5f, the simulation values
agreed well with the experimental values, indicating that the
simulation model was reliable. Significantly, the experimental
results were a little lower than those of the simulated one,
which might be attributed to the difference in the machining
precision of the surface microstructure of the bionic sample
and the numerical simulation model. Figure 5g shows the wall
shear stress distribution of different bionic patterned surfaces.
Note that the same legend was used to represent different
situations for ease of comparison. Obviously, almost no
extreme shear stress was observed for an F surface, such as

the maximum and minimum values in the legend. For the
bionic surface, the riblet tip and the top half of the riblet
sidewall presented relatively high wall shear stress, even
reaching the maximum value in some places. However, the wall
shear stress in most areas of the valley and riblet sidewalls was
far less than that of the F surface, resulting in a lower total
average shear stress than that of the F surface. Notably, fewer
areas with higher shear stress were found near the riblet tip of
the flexible MSGR surface, and more areas with lower shear
stress existed in the valley, leading to the minimum total
average shear stress of the flexible MSGR surface. This
indicated that flexible MSGRs with height gradient structure
could sufficiently reduce the shear stress and achieve an
excellent DR effect.

3.4. Antifouling Performance. Two main reasons
explained why fouling was often observed on the bottom and
sidewalls of bionic surfaces. First, microorganisms naturally
preferred the lower surface without additional external force.
Second, fouling was affected by the shear stress level of the
upper and lower walls under dynamic flow.39 According to
Figure 5g, the surface averaged wall shear stress on the top wall
was considerably higher than that on the bottom wall, and a
relatively minimal but significant difference in shear stress for
different bionic surfaces was observed. Therefore, it was
necessary to analyze the antifouling effect of different bionic
surfaces, and this paper used the adhesion coefficient to
evaluate the antifouling ability of different bionic surfaces, as
expressed in eq 2.

= ×A
N
N

(%) 100%i

j (2)

where Ni was the adhesion area of C. vulgaris to different bionic
surfaces per unit area, while Nj was the adhesion area of C.
vulgaris to the F surface per unit area.
ImageJ software was employed to convert the images of the

antifouling test results into the binary format, and the adhesion
area was determined by the ratio of the black area (indicating
C. vulgaris attachment) to the total area. Figure 6a shows the
adhesion coefficient of C. vulgaris on different bionic surfaces.
A confidence interval of 0.95 was taken as the error bar of the
measurement. Compared with that on the F surface, the
adhesion coefficient of C. vulgaris on different bionic surfaces
was significantly declined. The adhesion coefficient decreased
by ∼32 and ∼39% on the EGR surface and MSGR surface,
respectively. The adhesion coefficient of C. vulgaris further
reduced on the flexible MSGR surface, and the adhesion
coefficient of C. vulgaris on the flexible MSGR surface with a

Figure 6. C. vulgaris attachment on different surfaces. (a) Adhesion coefficient. (b) Change of coffee droplets on different material surfaces with
inclination angles, where the flexible MSGR surface was made of PDMS and curing agent in the ratio of 10:1.
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ratio of 10:0.6 decreased by nearly 69.6%. Moreover, the
adhesion coefficient of C. vulgaris was slightly lower on the
DCR surface than that on the R surface. As shown in Figure
S4, C. vulgaris uniformly adhered to the F surface, with a
significantly higher adhesion density than that of the bionic
surface. Note that the lowest adhesion density of C. vulgaris
was found on the riblet structure on the bionic surface. Overall,

the adhesion coefficient and the number of C. vulgaris
decreased significantly on the MSGR surface and flexible
MSGR surface.
Figure 6b illustrates the antifouling performance of the

MSGR surface and flexible MSGR surface. When the
inclination angle increased from 15 to 30°, coffee droplets
on all surfaces began to roll, with different rolling patterns

Figure 7. Velocity contours and velocity profiles on different bionic surfaces. (a) Velocity contours of R, DCR, EGR, and MSGR surfaces at a
distance of z = 0.1δ from the bottom in a wall-parallel plane. The flow direction is indicated by arrows. Note that the blue arrows are consistent in
length at the inlet, the lengths of the red and black arrows at the outlet are different at the MSGR surface, and the green arrows are uniform in the
other cases. (b) Velocity variation of R, DCR, EGR, and MSGR in the spanwise direction at different wall-normal distances in the boundary layer.
The black line indicates a position in the y-direction at a distance of 3100 μm from the inlet. (c) Velocity contours of MSGR, R, and F surfaces in
the x−z plane at a distance of 3100 μm from the inlet. (d) Velocity profile in the groove region corresponding to (c).
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between the MSGR and flexible MSGR surface. When the
inclination angle increased to 60°, coffee droplets on the
flexible MSGR surface rolled down to the bottom of the
inclined surface. The results showed that flexible MSGR
surfaces had better antifouling performance than MSGR
surfaces.

4. DISCUSSION
4.1. Synergistic DR Effect of the Flexible MSGR

Surface. The comparison of the DR results with wettability
showed no direct correlation. The MSGR surface showed a
low static CA in rigid bionic surfaces but a small drag.
Therefore, it is important to analyze the effect of structure and
material deformation on DR. Figure 7a presents contours of
constant flow velocity in a wall-parallel plane at a distance of
0.1δ from the bottom for different rigid bionic surfaces, where
δ denotes the boundary layer thickness.40 On the MSGR

surface, high- and low-velocity streaks appeared near the low
riblet (black arrow) and high riblet (red arrow), respectively.
Similar conclusions were obtained from the study of the
European bass and tuna.40−42 More detailed information on
the velocity variation in different bionic surfaces is demon-
strated in Figure 7b, which exhibited spanwise velocity profiles
for different wall-normal locations at the location y = yo + 3100
μm. Except for that of the MSGR surface, the streak amplitude
of other surfaces was less than 0.07 of the inlet velocity, and no
high- and low-velocity streaks were formed. For the MSGR
surface, the high- and low-velocity streaks extended through
most of the boundary layer at different depths. As the normal
distance from the wall was lengthened, the amplitude of the
streak decreased monotonically until the outer edge of the
boundary layer reached zero amplitude. In order to explore the
effect of high- and low-velocity streaks on DR, velocity
contours of the boundary layer cross-sections of the R, F, and

Figure 8. Velocity and displacement contours on the MSGR surface and the flexible MSGR surface. (a) Velocity contours, (b) total displacement,
and (c) normal displacement on the MSGR surface and the flexible MSGR surface, where the flexible MSGR surface was made of PDMS and
curing agent in the ratio of 10:1.
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MSGR surfaces were analyzed, as shown in Figure 7c. Note
that for each row of rhombus-shaped patterns, the results were
periodic in the spanwise direction. A detailed comparison of
dimensionless velocity profiles in the R surface and the high-
and low-velocity regions of the MSGR surface are shown in
Figure 7d. Compared with the velocity profile of the F surface
(black line), the velocity gradient near the wall became flatter
at points A, B, and C. However, the thickness of the boundary
layer was almost consistent. This suggested that riblets
changed the shape of the velocity profile in the boundary
layer area but not the thickness of the boundary layer (despite
affecting the near-wall flow). The near-wall flow was
modulated by the MSGR surface, with streaks that would
affect the wall shear stress (τw) distribution compared with
flow over a classic single-stage riblet surface. In comparison
with the velocity profile for an R surface (green line), the
velocity gradient of the MSGR surface got flatter along the
low-velocity area (red line) but steeper along the high-velocity
area (blue line). The wall shear stress had direct relationship to
the velocity gradient; thus, the wall shear stress along the span
of the MSGR surface was relevant to the low- and high-velocity
areas. The integral of the wall shear stress over the entire
surface was the total friction drag, which was the synergistic
DR effect of streaks.

In addition, the MSGR surface could be deemed to be
distributed roughness on an F surface, and the roughness
Reynolds number was calculated to be 55 based on Rek = ρukh/
μ, where uk denoted the velocity at the peak roughness height
(i.e., riblet height h1). The critical roughness Reynolds number
of induced bypass transition was approximately 250.40

Therefore, the roughness Reynolds number was much smaller
than the critical value. This suggests that MSGRs, as micro-
roughness elements placed within the boundary layer, could
generate stable low- and high-velocity streaks without causing
bypass transitions. Taken together, the presented MSGR
surface could generate steady low- and high-velocity streaks
and reduce the velocity gradient in the boundary layer, thus
achieving DR.
To explore why the DR effect of the flexible MSGR surface

is better than that of the MSGR surface, Figure 8a shows the
velocity contours of both surfaces at the same position. A small
velocity was generated in the near-wall region of the flexible
MSGR surface, while the fluid velocity in the near-wall region
of the MSGR surface was almost 0. Velocity slips were
produced in the flexible MSGR surface, which further reduced
the velocity gradient in the boundary layer. In addition, the
flexible MSGR surface was slightly deformed by fluid flow, as
shown in Figure 8b,c. At the inlet velocity of 1 m/s, the

Figure 9. Velocity contours and flow fields on different rigid bionic surfaces. (a) Velocity distribution of a single riblet with a height of 0.1δ from
the bottom of different bionic surfaces. (b) Path lines in y−z planes in the groove region corresponding to the dashed box in (a), and the velocity
distributions of (c) x- and (d) y-components at a height of 0.1δ from the bottom on different surfaces.
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maximum deformation of the flexible MSGR surface was 5.64
× 10−9 m, which was significantly larger than that of the
MSGR surface and effectively absorbed turbulent pulsation.
Therefore, the flexible MSGR surface showed superior DR
effects compared with the MSGR surface. However, greater
deformation displacement did not mean better DR perform-
ance of the surface. When the deformation of the flexible riblet
in the downstream and spanwise directions gradually increased,
the basic shape of the riblet changed, and the DR effect
diminished. The elastic modulus was an important factor in
maintaining the shape, which explained why the flexible MSGR
surface with an elastic modulus of 4.592 MPa had the best DR
performance.

4.2. Efficient Antifouling Effect of the Flexible MSGR
Surface. The attachment point theory indicated that
organisms preferred to attach to shaped surfaces with more
contact points,23 which explained the difference in the
attachment of organisms on different bionic surfaces in static
antifouling experiments. However, the contact points of
organisms on the surface were variable in dynamic testing.
By predicting the physical pathway of pollutants via analyzing
the flow characteristics adjacent to the various bionic surfaces,
the possible antifouling performance of bionic surfaces was
explained physically. Notably, the flow between protruding
riblets could be divided into main and secondary streams, as
shown in Figure S5. For example, in the R and EGR surfaces,
the red and blue curves represented the main and secondary
streams, respectively. The EGR surface with asymmetric
intersections enabled the flow to partially enter or leave the
riblet gap to form a secondary stream.
Figure 9a illustrates the velocity distributions of a single

riblet at 0.1δ height from the bottom of different rigid bionic
surfaces. Because no geometric factors interfered with the flow,
the flow velocity of the main stream was uniform on the R
surface. In contrast, the flow on the DCR surface was affected
by small vortices, and thus, the main stream was locally
decelerated, as shown by the dashed box in Figure 9a. The
small vortex originated from the rotating flow of the riblet gap
in the bottom pattern. In addition, the secondary stream in the
EGR and MSGR surfaces caused local flow communication
between adjacent grooves. The secondary stream weakened the
small vortex near the riblet gap, alleviating the main stream
deceleration in the groove. It was worth noting that the flow
velocity of the main stream on the MSGR surface was much
more uniform than that on the EGR surface, which might be
because almost no isolated rotating vortex existed in the groove
of the MSGR surface, as shown in Figure 9b. Figure 9c
presents the velocity distributions of the x-component at 0.1δ
height from the bottom of different rigid bionic surfaces. The
flow velocity in the groove was similar, but a slight difference
was observed near the riblet gap. The secondary stream was
observed near the riblet gap on the MSGR and EGR surfaces
but not on the R and DCR surfaces. The secondary stream on
the MSGR surface was significantly stronger than that on the
EGR surface, leading to almost no vortex near the riblet gap;
the main stream velocity in the groove was more uniform. As
shown in Figure 9d, due to the high- and low-velocity streaks
in the MSGR surface, the secondary stream was enhanced, and
the residence time of pollutants was shortened. In detail, the
secondary stream could pass through the riblet gap inward and
outward, breaking the isolated rotating vortex in the groove
and reducing the residence time of pollutants at the bottom. In
addition, high- and low-velocity streaks on the MSGR surface

could reduce the selectivity of pollutants, namely, the
synergistic antifouling effect of streaks.
Compared with the MSGR surface, the flexible MSGR

surface had certain hydrophobicity and lower surface energy,
which improved its adhesion resistance and further enhanced
its antifouling performance.

5. CONCLUSIONS
Flexible MSGRs was proposed to improve DR and antifouling
ability by the optimization of the near-wall velocity
distribution. Experimental and numerical simulation methods
were performed to characterize the DR and antifouling effects
of the flexible MSGR surface. According to the analysis of the
circulating water tunnel, flexible MSGRs could accomplish
greater DR than the classic single-stage riblet with uniform
parameters and expand the effective DR speed range. In
addition, computational fluid dynamics was used to analyze the
flow on the flexible MSGR surface, which identified that high-
and low-velocity streaks alternated along the span. This regular
arrangement of streaky structures could bring about changes in
the flow near the wall, velocity gradient reduction of the
boundary layer, and further DR. Moreover, the elastic modulus
of the flexible MSGR surface with the best DR effect was 4.592
MPa, which could produce velocity slip, further reduce the
velocity gradient of the boundary layer, and absorb pressure
fluctuations, thus achieving a DR rate of 16.8% at a flow rate of
0.5 m/s. Flexible MSGRs, serving as an antifouling micro-
structure, could reduce the adhesion coefficient of C. vulgaris
by about 69.6% compared with an F surface. The secondary
stream and high- and low-velocity streaks were generated in
the low surface energy flexible MSGR surface with asymmetric
intersection and high- and low-gradient riblet, breaking the
isolated rotating vortex in the groove, shortening the residence
time of pollutants, reducing the selectivity of pollutants, and
enhancing the anti-adhesion property. In summary, flexible
MSGRs provide a feasible solution for ship DR and pollution
prevention.
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