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Drag reduction through  
self-texturing compliant  
bionic materials
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Compliant fish skin is effectively in reducing drag, thus the design and application of compliant bionic 
materials may be a good choice for drag reduction. Here we consider the drag reduction of compliant 
bionic materials. First, ZnO and PDMS mesh modified with n-octadecane were prepared, the drag 
reduction of self-texturing compliant n-octadecane were studied. The results show that the mesh 
modified by ZnO and PDMS possess excellent lipophilic and hydrophobic, thus n-octadecane at solid, 
semisolid and liquid state all have good adhesion with modified mesh. The states of n-octadecane 
changed with temperature, thus, the surface contact angle and adhesive force all varies obviously 
at different state. The contact angle decreases with temperature, the adhesive force shows a lower 
value at semisolid state. Furthermore, the drag testing results show that the compliant n-octadecane 
film is more effectively in drag reduction than superhydrophobic ZnO/PDMS film, indicating that the 
drag reduction mechanism of n-octadecane is significantly different with superhydrophobic film. 
Further research shows that the water flow leads to self-texturing of semisolid state n-octadecane, 
which is similar with compliant fish skin. Therefore, the compliant bionic materials of semisolid state 
n-octadecane with regular bulge plays a major role in the drag reduction.

Learning from nature give us important information on develop new materials with superior performance. For 
example, nature has created various ways in drag reducing, such as the efficient movement of dolphins, sharks 
or other fish. The highest swimming speed of dolphin is not more than 20 km/h according to the biomechanical 
calculation, but the actual speed is up to 40 km/h1. During swimming, the surfaces of fish is directly contact with 
water, thus, the compliant skins or mucus on the fish surfaces plays a major role in drag reduction. Thus, learn-
ing from nature, learning from such as dolphin, shark or fish becomes the main direction of the drag reduction 
research2–4.

It is well known that drag is the force required to move an object through a fluid or a fluid through a device, 
which occurs due to the physical dimensions of the object obstructing and altering the flow of the fluid5–8. 
Therefore, surface of fish, such as shark skin, dolphin skin or mucus is a model from nature for drag reduction. 
Microstructure shows that the shark skin is covered by very small individual dermal dentils ribbed with longi-
tudinal grooves. These grooves make the water moving efficiently over the surface, resulting in the drag present 
on a smooth surface reduction9,10. In addition, the sector-like scales of fish with diameters of 4~5 mm are almost 
covered by papillae with a size of 100~300 μ​m in length and 30~40 μ​m in width, which is also an inspired design, 
adaptation, or derivation from nature11,12. Thus, design and fabrication of bionic materials based on nature is an 
effective way to reduce drag.

Firstly, the streamline shape of dolphin or shark is considered as the main reasons for drag reduction, but the 
drag testing results of dolphin shape liked model indicates that the drag is nine times than dolphin13,14. Further 
research shows that the compliant dolphin skin can respond to the water flow during swimming, and then reduc-
ing the drag15–17. Kramer’s tried to mimic the dolphin’s epidermis and claimed drag reduction of as much as 60%. 
Carpenter reports the results of optimizing a rather simple plate-spring coating, it leads to a drag reduction of 
36% at the typical dolphin’s sustained speed and 20% at burst speed8,18–20. Those results all show that the drag 
reduction of dolphin like coating is about 30–50%. According to above results, Kramer uses rubber to make a 
compliant ship model, the maximum drag reduction coefficient is up to 50%21. The research of Blick shows that 

Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and 
Protective Technologies, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, 
Ningbo, 315201, China. Correspondence and requests for materials should be addressed to Z.Z. (email: zengzhx@
nimte.ac.cn)

received: 25 July 2016

accepted: 30 November 2016

Published: 05 January 2017

OPEN

mailto:zengzhx@nimte.ac.cn
mailto:zengzhx@nimte.ac.cn


www.nature.com/scientificreports/

2Scientific Reports | 7:40038 | DOI: 10.1038/srep40038

the relative motion of compliant surface and water flow change the fluid boundary layer. The thickness of the fluid 
boundary layer increases with compliant surface, the transition of laminar into turbulence flow delays, the veloc-
ity gradient and shear force decreases, thus, these change of boundary layer reduce the drag18,22–24. Sam indicates 
that regular bulge forms on the dolphin skin during the dolphin swimming, and many micro-vortex appeared 
on the dolphin skin with regular bulge. The sliding friction of water flow can be replaced by rolling friction, thus 
reducing the drag of dolphin during swimimg2,25,26. Thus, learning from dolphin, shark or fish, the design and 
application of compliant bionic materials may be a good choice for drag reduction.

In this study, stainless steel mesh modified by ZnO and polydimethylsiloxane (PDMS) was used as the 
matrix and n-octadecane was selected to simulate the compliant dolphin skin, due to that the melting process 
of n-octadecane pass three states: solid, semisolid and liquid state27,28. In semisolid state, n-octadecane was  
composed of melting liquid area and unmelted solid area, which was similar with the dolphin skin containing 
regular bulge29–31. Thus, the drag reduction of self-texturing ZnO/PDMS/n-octadecane film at different states was 
investigated, and the drag-reduction mechanism of compliant bionic materials was researched.

Experimental Approach
Materials.  Stainless steel meshes with pore sizes of 40 μ​m * 40 μ​m were selected as the matrix material. Zinc 
chloride (AR), Ammonium chloride (AR), Ammonia (AR), Urea (AR), Ethyl acetate (AR), and n-octadecane 
were purchased from Aladdin Reagent and used as received without further purification. SYLGARD®​ 184 sili-
cone elastomer was purchased from Dow Corning Corporation.

Preparation of ZnO film.  A piece of steel mesh (18 ×​ 9 cm) was ultrasonically cleaned in ethanol and deion-
ized water for 30 min to remove the oils stained on surface. After cleaning, the mesh was dried in oven and 
then immersed in a solution to prepare ZnO film. The process was followed as listed: 2.9749 g zinc chloride 
was dissolved in deionized water firstly, 0.10689 g ammonium chloride, 0.6004 g urea, 5 ml ammonia, and 95 ml 

Figure 1.  Schematic of the drag testing equipment. 

Figure 2.  SEM images of the mesh covered with ZnO film (a,b) and 3-D morphology of mesh covered with 
ZnO film (c), ZnO/PDMS film (d) and ZnO/PDMS/n-octadecane film (e).
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deionized water was added into the solution one by one, and then the mesh was added at 90 °C for 1 h. Finally, the 
modified mesh was cleaned in deionized water and dried at 90 °C to form ZnO film on mesh matrix.

Preparation of ZnO/PDMS film.  SYLGARD®​ 184 silicone elastomer (Dow Corning Corporation), a trans-
parent PDMS (polydimethylsiloxane) was used to modify the ZnO film on stainless steel mesh. The elastomer was 
first prepared by 1 g resin and 0.1 g curing agent (in weight), and then 100 ml ethyl acetate was added. The ZnO 
modified mesh was immersed in PDMS solution and then dried in oven, the process repeats ten times to form 
ZnO/PDMS film on mesh matrix.

Preparation of ZnO/PDMS/n-octadecane film.  N-octadecane was used to fill the ZnO film and ZnO/
PDMS film. After modified by ZnO and PDMS, the liquid N-octadecane was dropped into the mesh to form 
ZnO/PDMS/n-octadecane film on the mesh matrix. The change of n-octadecane during melting process was used 
to simulate the compliant dolphin skin.

Characterization.  The microstructure of ZnO film on mesh were characterized by SEM (FEI Quanta 
250 FEG, U.S.). The surface contact angle, advancing angle, receding angle and hysteresis of contact angle was 
detected by a contact angle meter (OCA20, Germany). During testing, the volume of water droplets was 3.0 μ​L, 
and it was dropped onto the surfaces carefully. After testing, five measurements were performed and averaged.

The adhesive behaviors of water and n-octadecane on the above three films were measured by dynamic 
CA-measuring device, the testing process was shown in Fig. 3. Firstly, water or n-octadecane droplet with a size 
of 3.0 μ​L was placed on a metal circle with a diameter of 2 mm, which was connected to microbalance detector by 
a metal thread. Then the samples was placed on a movable stage, derived the samples upwards or downwards at 
a set speed. During testing, the samples were moved to contact with the suspended droplet first and then further 
moving up to ensured sufficient contact for water adhesion to samples. During testing, the change of weight and 
distances of the samples and water droplet in the contact-detachment process was plotted on the microbalance 
versus the position of the stage.

Figure 3.  Schematic of the adhesive force testing process (a), adhesive force as a function of motor position of 
n-octadecane infltrated with different film (b), Mesh (c), ZnO film (d), and ZnO/PDMS film (e).
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Drag reduction of different films was tested by water tunnel, and the schematic of the drag testing equipment 
was shown in Fig. 1. It can be seen that the observation area was focused on a section of the water tunnel with 
length 80 cm, width 10 cm, and height 10 cm. Before testing, a plate samples with a size of 18 cm * 9 cm * 0.4 cm 
are placed on the sample stage firstly, and then the water flow was induced into water tunnel by an electric pump. 
During testing, a dynamometer was used to measure the drag of the sample, a speed adjustable pump was used to 
vary the water velocity of water tunnel. In this testing, the plate samples only with steel mesh were selected as con-
trast sample for drag reduction calculating. The drag force of mesh films denoted as D0, the drag force of different 
films (ZnO film, ZnO/PDMS film, and ZnO/PDMS/n-octadecane film) denoted as Dp, thus, the drag reduction 
coefficient of samples was calculated by the followed formula (1)

= − ×( )D D D(%) 1 / 100% (1)p 0

Figure 4.  Contact angle evolution of different film (a), contact angle evolution (b), and hysteresis of contact 
angle evolution (c) of ZnO/PDMS/n-octadecane film at different temperature.

Figure 5.  Drag reduction as a function of flow velocity for different film at 28 °C (a), ZnO/PDMS/n-octadecane 
film at different temperature (b).
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Results and Discussion
We designs a self-texturing ZnO/PDMS/n-octadecane film for drag reduction testing. The microstructure of 
ZnO film is observed by SEM, and the results are shown in Fig. 2. SEM image shows that the mesh all covered 
with dense ZnO film, High magnification image indicates that the ZnO is an acicular chrysanthemum and the 
ZnO clusters like a flowers. After modified by ZnO film, the mesh is better to storage liquid, such as high viscosity 
oil (n-octadecane), which can be attributed to the bionic structure. In addition, the high viscosity oil is similar 
to mucus on fish, thus, ZnO/PDMS/n-octadecane film can be used to simulate the compliant dolphin skin and 
mucus32,33.

3-D morphology of mesh covered with different films is characterized, as shown in Fig. 2. Large numbers 
peaks is existed on ZnO films, ZnO/PDMS and ZnO/PDMS/n-octadecane film. The roughness value of different 
film was about Rsa10, and the ZnO/PDMS/n-octadecane film is smoother, which is because n-octadecane fills the 
low-lying area in ZnO/PDMS film.

The dynamic CA-measuring device is used to investigate the change of adhesive force of superoleophilic sam-
ple with n-octadecane, and a typical adhesive force curve of n-octadecane with different films is shown in Fig. 3. 
Prior to contacting with the suspended n-octadecane droplet, the change of weight was zero during the film sam-
ples moving toward n-octadecane droplet. Upon contacting the n-octadecane droplet, the force increases sharply 
because n-octadecane droplet is adsorbed by superoleophilic films. During contacting process, n-octadecane 
droplet is rapidly adsorbed, because the superoleophilic film sample is easily wetted by oil, such as n-octadecane.

The adhesive behaviors of n-octadecane with above three films indicates that the ZnO/PDMS film is easier 
wetted by n-octadecane. Furthermore, the time of wetting process shows that ZnO/PDMS is 0.58 s, but it is 8.46 s 
for mesh and 0.71 s for ZnO film. The result confirms that ZnO/PDMS film is more superoleophilic, which is 
better used to storage n-octadecane.

The wettability of ZnO, ZnO/PDMS, and ZnO/PDMS/n-octadecane film with water in air are shown in Fig. 4, 
respectively. In the liquid/air/solid three-phase system, water droplet with the volume of 3 μ​L is used to con-
tact with film samples. The surface contact angle of different film indicates that ZnO and ZnO/PDMS film is 
hydrophobicity samples, and ZnO/PDMS/n-octadecane film is hydrophily samples. The change of contact angle 
indicates that the microstructure and surface energy of two type films are all remarkably different, thus, the drag 
reduction mechanism of three samples is also different.

The states of hydrophilic n-octadecane films is changed with temperature, the contact angle at solid, sem-
isolid or liquid state is also varied with temperature. The change of contact angle, advancing angle, receding 
angle and hysteresis of contact angle of ZnO/PDMS/n-octadecane film at solid, semisolid, and liquid state is 
shown in Fig. 4(b,c). We knows that the melting temperature range of n-octadecane is 28.18 °C, thus, 25 °C, 
28 °C, 31 °C is used to achieve the different state of n-octadecane. The results show that the contact angle of ZnO/
PDMS/n-octadecane film decreases with temperature, indicating that the solid, semisolid, and liquid state of 

Figure 6.  Adhesive force as a function of motor position for the ZnO film (a), ZnO/PDMS film (b), ZnO/
PDMS/n-octadecane film (c) at 28 °C, and Maximum adhesive force of different films (d).
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n-octadecane is corresponded to different contact angles. Furthermore, the advancing angle, receding angle and 
hysteresis of contact angle of ZnO/PDMS/n-octadecane film at different state shows that the advancing angle 
decreases and receding angle increases with temperature, thus, the hysteresis of contact angle decreases rapidly 
with temperature. The change of the hysteresis of contact angle indicates that the semisolid or liquid state is 
advantageous for the slipping of water droplet.

Figure 5 shows the drag reduction against flow velocity for all different samples. Figure 5(a) indicates that all 
the film show a drag reduction when comparing with steel mesh at 0.6–1.2 m/s. The drag reduction coefficient of 
ZnO film is lower than ZnO/PDMS film and stable with flow velocity. The highest drag reduction is 49% for ZnO/
PDMS/n-octadecane film at 0.6 m/s, and it decrease to 34% at 1.2 m/s, indicating that ZnO/PDMS/n-octadecane 
is more suitable for drag reduction, and the drag coefficient decreases with flow velocity.

The drag reduction coefficient against flow velocity of ZnO/PDMS/n-octadecane film at different state is 
shown in Fig. 5(b). It can be seen that ZnO/PDMS/n-octadecane film shows drag reduction at solid, semisolid, 
and liquid state, and the drag reduction coefficient of ZnO/PDMS/n-octadecane increases first and then decreases 
with temperature, the drag reduction coefficient of ZnO/PDMS/n-octadecane film is about 20% for solid state 
(25 °C), 40% for semisolid state (28 °C), and 8% for liquid state (31 °C). The results indicate that n-octadecane in 
semisolid state is effectively in drag reduction. In addition, the drag reduction of semisolid n-octadecane film is 
much better than of superhydrophobic ZnO/PDMS film at same flow velocity and temperature. Thus, the differ-
ence in drag reduction mechanism is the main reasons for drag reduction of superhydrophobic ZnO/PDMS and 
hydrophilic n-octadecane film.

Figure 7.  Adhesive force as a function of motor position for ZnO/PDMS/n-octadecane film at 25 °C (a), 28 °C 
(b), 31 °C (c), Distance (d), and maximum adhesive force (e).
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The adhesive behaviors of water with the above three films are shown in Fig. 6. For ZnO film (Fig. 6a), the 
maximum force between the samples and water is 5.59 ×​ 10−5 N, which is lower than that of ZnO/PDMS films 
(8.33 ×​ 10−5 N). The increased of adhesive force suggests that the adhesion role between water and supports sam-
ple is relatively large, and this results are according with the drag reduction of two film. Thus, the variation of 
adhesive behaviors supports the hypothesis that the drag reducing effects of superhydrophobic film is correlated 
with adhesive force, high adhesive force means that the water droplet is hard to move on the superhydrophobic 
film. In addition, the adhesive force of ZnO film is negative after detachment, indicating that part of water droplet 
remains on the substrate. Thus, the status of that whether water captured by the samples indicates that the film 
is good or bad for drag reduction. Furthermore, the drag force is not only affected by adhesion, such as surface 
texture, mucous layer or water flow all have significant effect on drag reduction. Thus, the maximum adhesive 
force of n-octadecane films at semisolid state is although higher than superhydrophobic ZnO/PDMS film, but 
the drag reduction coefficient of hydrophobic ZnO or ZnO/PDMS film are 28.2% and 26.5%, and it is 34.0% for 
hydrophilic n-octadecane film. The results show that the drag reduction mechanism of superhydrophobic film or 
hydrophilic n-octadecane are obviously different.

The adhesive behaviors of water with ZnO/PDMS/n-octadecane film at different state are shown in Fig. 7. For 
n-octadecane film at solid state (25 °C), the maximum force is high to 2.47 ×​ 10−4 N, indicating the adhesive force 
between the solid n-octadecane film and water is much high than superhydrophobic samples. In addition, the 
maximum force of semisolid and liquid state is 1.95 ×​ 10−4 N and 2.46 ×​ 10−4 N, displaying that the adhesive force 
between semisolid n-octadecane film and water is much lower than liquid state. Thus, low adhesive force may be 
one reasons for the lower drag of semisolid n-octadecane film.

Drag reduction of fish is closely connected with the microstructure of skin or the mucus layer on skin, thus, 
only adhesion but also microstructure or high viscosity mucus layer all have obviously impact on the drag reduc-
tion of ZnO/PDMS/n-octadecane films. In order to study the microstructure of n-octadecane film at different 
temperature, OM images of n-octadecane at 25 °C, 28 °C, 31 are shown in Fig. 8. At 25 °C, n-octadecane is all in 
solid state and with no liquidity, thus, the microstructure of n-octadecane film is similar to the morphology of 
mesh. At 28 °C it can be seen that the semisolid n-octadecane is consisted of solid and liquid phases. The melting 
part of n-octadecane is mainly located at the connection area of mesh and the solid part is in the gap between the 
wire mesh. OM image shows that the mesh of semisolid n-octadecane is similar to shark skin or dolphin skin and 

Figure 8.  Microstructure of n-octadecane film (a) at 25 °C (b) 28 °C and (c) 31 °C.
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high viscosity liquid n-octadecane acts as fish mucus. The distribution of high viscosity liquid n-octadecane is 
self-textured along the water flow. Thus, the drag reduction of ZnO/PDMS/n-octadecane film at semisolid state 
can be attributed to the self-texturing compliant bionic structure and mucus layer. At 31 °C, melted n-octadecane 
become a liquid, the liquid n-octadecane shows low viscosity and it is easier flowed under water. Thus, semisolid 
n-octadecane is better to simulate the fish skin and mucus, and the ZnO/PDMS provides well effect on the store 
of high viscosity n-octadecane.

The drag reduction mechanism of n-octadecane film is significantly different from hydrophobic samples, 
as shown in Fig. 9. As we known, the melting process of n-octadecane occurs in a certain temperature range, 
thus, three states of solid, semisolid and liquid state exists in the melting process of n-octadecane. For the 
semisolid states, n-octadecane films are composed of the liquid area and solid area. Hale provides conclusive 
evidence that n-octadecane is partly melted at semisolid, and the residual solid areas are disorderly distributed 
in liquid area29, as shown in Fig. 9. When water flows through the films, self-texturing surface likes a fish skin 
and mucus, thus it plays an obviously role in drag reduction. In addition, Sam indicates that the regular bulge 
will be formed on the skin surface during the dolphin swimming, and many micro-vortex appeared on the 
dolphin skin with regular bulge. Thus, the sliding friction of water flow can be replaced by rolling friction, and 
the drag of fish swimming decreases significantly2,25,26. According to this theory, it can be deduced that the 
semisolid n-octadecane is similar to the fish skin with regular bulge and mucus. Thus, the drag reduction action 
of n-octadecane at semisolid state may be consistent with the fish, which is benefited for ship, torpedo or other 
moving equipment in water.

Above all, the studies of n-octadecane film indicate a new way to reduce the drag actively. Not only the 
n-octadecane, such as the materials that surface morphology changed with PH, temperature, or sunshine can 
also be used to change the drag (increasing or decreasing). Thus, the design and application of self-texturing 
compliant bionic materials will play an important role in the field of drag reduction and the smart material will 
be widely used in this field.

Conclusion
In summary, we have utilized the ZnO and PDMS mesh grafted with temperature-responsive n-octadecane to 
study the drag reduction of compliant bionic material. The states of n-octadecane changed with temperature, thus, 
the surface contact angle, advancing angle, receding angle, hysteresis of contact angle and adhesive force all varied 
obviously at solid state, semisolid state, and liquid state. For example, the surface contact angle and hysteresis of 
contact angle decreased with temperature, the adhesive force shown a lower value at semisolid state. In addition, 
the drag testing results shown that the hydrophilic n-octadecane film was more effectively in drag reduction than 
superhydrophobic ZnO/PDMS film, indicating that the drag reduction mechanism of n-octadecane film was sig-
nificantly different with superhydrophobic film. Further research deduced that the semisolid state n-octadecane 
was like compliant fish skin with regular bulge and mucus. The sliding friction of water flow can be replaced by 
rolling friction, which is the main reason for drag reduction.

Figure 9.  Illustration for the drag reduction mechanism of ZnO/PDMS/n-octadecane film at semisolid 
states. 
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