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1. Introduction

Systems moving through fluids experience a resistive 
force that decreases the efficiency with which the 
system moves through the fluid. Reducing this resistive 
force, or drag, increases the efficiency of such systems 
[1]. This efficiency is commonly measured in terms of 
the lift-to-drag ratio of the system, with more efficient 
systems tending to have a higher ratio. As a result, there 
is a significant focus on finding new ways to improve 
the lift-to-drag ratio. Nature serves as an inspiration for 
unique architectures, spurring the field of bioinspired 
materials to emulate the templates seen in natural 
materials [1–5]. After all, the evolutionary process 
produces highly functional and creative designs that 
can enable improvements to different properties of 
these individual systems [6–8].

Shark skin is a prime example of an evolution-
ary design that inspires new implementations of drag 
reducing technologies [9–15]. Of particular interest  
is the skin of the fastest swimming shark: the Isu-

rus oxyrinchus, otherwise known as the mako shark. 
Shark skin appears to be smooth but is actually cov-
ered with toothlike scales known as denticles [15, 16]. 
Denticles are composed of two layers: the outer layer 
and the inner bone structure. The outer layer is made 
up of an enamel called dentine and the inner layer is a 
rigid bone structure. Together they form a complex 3D 
system of ridges [17–19]. The denticles are arranged 
in a relatively unidirectional pattern. The denticle 
arrangement and composition causes shark skin to 
feel smooth when stroked in one direction and coarse 
when stroked in the other. Unlike the scales of typical 
marine animals (ctenoid scales) which grow larger as 
the marine animal grows, denticles remain the same 
size. The mako shark instead grows more denticles as it 
grows larger [16]. These denticles decrease drag as the 
shark moves through water, serving a similar purpose 
as vortex generators on airplane wings [20–26]. The 
shape of the denticle delays boundary layer separation  
in the wake of the denticle, enhancing suction of the 
fluid flow to the surface the fluid is passing over. Addi-
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Abstract
All engineering systems that move through fluids can benefit from a reduction in opposing forces, or 
drag. As a result, there is a significant focus on finding new ways to improve the lift-to-drag ratios of 
systems that move through fluids. Nature has proven to be an extremely beneficial source of inspiration 
to overcome current technical endeavors. Shark skin, with its low-drag riblet structure, is a prime 
example of an evolutionary design that has inspired new implementations of drag reducing technologies. 
Previously, it has been shown that denticles have drag reducing properties when applied to airfoils and 
other surfaces moving through fluids. Researchers have been able to mimic the structure of shark skin, 
but minimal work has been done in terms of optimizing the design of the denticles due to the large 
number of parameters involved. In this work, we use a combination of computational fluid dynamics 
simulations and optimization methods to optimize the size and shape of shark skin denticles in order 
to decrease drag. Results show that by changing the size, shape, and orientation of the denticles, the 
boundary layer can be altered, and thereby reduce drag. This research demonstrates that denticles play a 
similar role as vortex generators in energizing the boundary layer to decrease drag. These mechanisms, 
along with the fundamental knowledge gained through the study of these drag reducing structures can 
be applied to a vast number of fields including aeronautical, oceanic, and automotive engineering.
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tionally, the denticle creates vortices which help to 
restore boundary layer momentum losses due to skin 
friction in the boundary layer, similar to the method in 
which vortex generators reduce drag on conventional 
aircraft [27]. On the surface of an airfoil, the denticles 
are expected to reduce drag and thereby improve the 
lift to drag ratio. The topic of drag reduction from sur-
face roughness is well studied [25] and is most popu-
larly seen on the surface of golf balls.

The structure of shark skin denticles is currently 
attracting significant interest from the biological and 
engineering communities due to the denticle’s unique 
drag reducing properties [28, 29]. Recent efforts involve 
biologists and engineers studying the realistic effects 
of 3D-printed denticles on a moveable foil that mim-
ics the motion of sharks. This motion recreates the 
hydrodynamic environment experienced by sharks 
in nature [14]. Before this, bioengineering studies of 
denticles analyzed how surface roughness affects drag 
[4–6, 13]. As expected, decreasing the surface rough-
ness generally decreases drag for all surfaces. The  
aerodynamic community is also actively researching 
denticles [15]. Denticles were analyzed on their ability to 
passively alter fluid flow around a hydrofoil [27]. Con-
ducting the experiment underwater, researchers found 
that the hydrofoils with denticles successfully outper-
formed hydrofoils without denticles due to the way in 
which denticles acted as vortex generators to delay sepa-
ration of the boundary layer [27]. Experiments show 
that denticles reduce drag when tested on airfoils and 
other mechanisms in water, but significant efforts have 
not been made in order to optimize the size and shape 
of the denticles [9–14, 27]. The complex geometry of the 
denticle consists of several different param eters control-
ling its size, shape, and orientation. Up to this point, the 
interplay of these different geometrical features such 

as length, width, height, and angle of orientation is still 
unclear in literature due to the large design space.

This paper aims to fundamentally understand how 
altering these geometric parameters affects the perfor-
mance of the shark denticle. A combined effort of com-
putational fluid dynamics (CFD) and optim ization 
framework helps to elucidate the effects of the denti-
cle’s geometry and orientation on drag, building on the 
literature focusing on bioinspired design. Significant 
drag reduction results from optimizing the nume-rous 
parameters of the denticle design, paving the way for 
more efficient denticle inspired airfoils and hydrofoils 
in the future. Section 2 discusses the methods and mat-
erials used in this work. Section 3 discusses the results 
of the CFD and optimization scheme. Finally, section 4 
discusses conclusions and future work.

2. Methods

2.1. Parameterization of the shark skin denticle
This paper aims to optimize the geometry of shark skin 
denticles to understand the fundamental mechanisms 
through which they alter the surrounding flow. The 
first step in the process involves creating a solid model 
of a single denticle using the Computer Aided Design 
(CAD) tool, SolidWorks®. Once complete, the model 
is parameterized which involves creating variables for 
important dimensions in the model. Mi is the minor 
length, ML is the major length, Hi is the minor height, 
HM is the major height, and W is the width as seen in 
figure 1. Establishing the boundary conditions in 
table 1 for these variables is an important part of the 
process of parameterization, ensuring the geometry 
is always valid and a solid model can be created from 
the geometry. An invalid geometry consists of self-
intersections and is a nonphysical shape that has 

Figure 1. Parameterization of shark skin denticle design with five parameters that influence the length, width, and height of the 
central body. Mi is the minor length. ML is the major length. W is the width. HM is the major height and Hi is the minor height. The 
first row from left to right shows the isometric view, top view, and rear isometric view. The second row from left to right shows the 
right-side view, rear view, and front view.
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no meaning within the model. Therefore, placing 
constraints on the five parameters ensures that the 
geometry does not contain any self-intersections and 
is therefore always valid—meaning a 3D model can 
always be created. It is important to note that in this 
study we have chosen five key parameters that define 
the shape of the denticle. These five key parameters 
are a subset of the number of parameters that could 
be chosen to create a denticle geometry. The five 
parameters were chosen based on their capacity to 
influence primary geometrical features of the denticle 
shape. Other parameters that could be studied in the 
future include the denticle’s angle of orientation to the 
flow and non-symmetric denticle configurations.

2.2. Reynolds number consideration
With the initial denticle solid model, the Reynolds 
number range is established so that the denticle 
model can be properly scaled. The two Reynolds 
number regimes present in this study correspond 
to the two separate flow environments that mako 
sharks and commercial aircraft experience. 
Commercial aircraft operate in a Reynolds number 
regime of roughly 10 000–1000 000 from takeoff to  
landing [3, 27]. The average mako shark denticle of 
length 0.15 mm [13, 14, 27] has a Reynolds number 
of roughly 3000. Additionally, the average top 
speed of a mako shark is between 20 and 27 m s−1  
[13, 14, 27, 30, 31]. Using the values for the 
kinematic viscosity of water, Vw [23–25, 30, 31]  
and the kinematic viscosity of air, Va [13, 14, 30, 31], 
along with the Reynolds number equation [30, 31], the 
Reynolds number is determined to be 2900 with respect 
to the length of the denticle and 350 000 with respect 
to a NACA-0012 airfoil with a chord length of 240 mm.

With this Reynolds number range, the appropriate 
flow speed for the model can be calculated. For prac-
tical testing, these structures would be 3D-printed on 
the surface of an airfoil. Current, 3D-printing resolu-
tions restrict the smallest size of the denticle that could 
be fabricated. The average size denticle that can be 
3D-printed would have a length of 2 mm. Thus, the flow 
speed would have to be 21.82 m s−1 to match the Reyn-
olds number of 350 000. It is important to note that the 
Reynolds number is calculated across the denticle using 
the major length because only a small percent age of air 
particles are traversing the curved path of the denticle. 
Most of the surrounding air particles are unaffected by 
the denticle and travel the major length, making this a 
reasonable approximation in calculating the Reynolds 
number across the denticle, especially given the scale.

The corresponding airfoil chord length can now 
be calculated using the proper flow speed and Reyn-

olds number range of the denticle and airfoil. It is  
important to scale the Reynolds number for both 
the flow across the airfoil as well as the denticle. This 
ensures that the flow conditions for both length scales 
match that of real-world applications. By only focusing 
on the Reynolds number for the airfoil, the flow across 
the denticle may not match that experienced by the 
mako shark in nature. Proper scaling enables match-
ing the Reynolds number of common airfoils used in 
industry while also matching the Reynolds number 
that the denticles experience in nature [15].

2.3. Response surface optimization
A computational fluid dynamics (CFD) model 
is developed once the appropriate flow speed, 
Reynolds number, and scaled denticle solid model are 
determined. In particular, ANSYS® Fluent can perform 
a Response Surface Optimization to find an optimal 
geometry with the proper CFD model. Figure 2 walks 
through the process of starting with an initial geometry 
and then creating a mesh of the denticle geometry. 
The design of experiments populates the design space 
based on the specified parameterization constraints. 
The response surface optimization uses the results 
from the design of experiments to determine the 
optimal geometry. Note, all further mentions of 
‘design of experiments’ refers to simulation work. In 
this case, the objective function of the optimization 
is to minimize the coefficient of drag. Note that the 
denticle is placed at a zero-degree angle of attack with 
respect to the incoming flow, and the coefficient of lift 
is close to zero at zero angle of attack.

In nature, the denticle itself is on a curved surface 
(the shark’s body), but locally around the denticle it 
is as if the surface is flat. Because the denticle is signifi-
cantly smaller than the length scale of the shark’s body, 
the flow around the denticle can be approximated as 
being at zero angle of attack. Using this assumption 
and the fact that symmetric objects are expected to 
produce negligible lifting force at zero angle of attack, 
we can reasonably focus our attention on minimizing 
drag. While the ratio of the coefficient of lift to coef-
ficient of drag is still important, changes in the coef-
ficient of lift are two orders of magnitude smaller than 
changes in the coefficient of drag. Therefore, focusing 
our attention on drag is of greater interest.

3. Results

3.1. Flow model
The CFD model allows for the coefficient of lift and 
the coefficient of drag to be calculated across the 
shark denticle. In particular, the CFD model utilizes a 

Table 1. Parameterization of the denticle. See figure 1 for corresponding features on the denticle.

Minor length (Mi)

Major 

length (ML) Width (W)

Major 

height (HM) Minor height (Hi)

Range [mm] 1.25–2.125 1.5–3 2–7.5 0.25–2.5 0.035–1.65

Bioinspir. Biomim. 15 (2020) 026001
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hybridization of the finite element and finite volume 
method to discretize the Navier Stokes equations. 
With the adoption of the shear stress transport 
(SST) turbulence model, the flow separation across 
the denticle can accurately be predicted. The SST 
turbulence model combines the k  −  ω model near the 
surface of the denticle with the k  −  ε model further 
out from the surface of the denticle. This model greatly 
improves the predictions of adverse pressure gradients, 
creating a more accurate picture of the flow [26].

3.2. Mesh generation
Besides the methods for solving the flow model, the 
meshing of the fluid domain is another important 
factor to consider. The CFD model uses the default 
mesh parameters inside of a rectangular fluid domain. 
By deliberately decreasing the mesh size near the 
surface of the denticle, as well as in the wake of the 
denticle, the refined mesh guarantees more precise 
results. Further away from the surface of the denticle, 
the mesh size increases because less detail is required 
when solving for the homogenous flow parameters 
at a greater distance from the surface of the denticle. 
This process decreases the computational run time 
without compromising the accuracy of the results. 
The denticle solid model uses the parameterization 
shown in figure 1 to vary the size and shape of the 
denticle. The five parameters reflect the main defining 
characteristics of the geometry. Upper and lower 
bounds are placed in order to constrain the design of 
experiments from producing an invalid geometry 
with the constraints of the solid modeler. To evaluate 
the meshing related error in the numerical simulation, 
mesh sizes from 100 000 to 4 million elements are 
used. At 3 million mesh elements, a variation in the 
coefficient of drag of 2 × 10−5 is determined. This 

corresponds to roughly a 1% error deviation from the 
calculated coefficient of drag, which is believed to be 
sufficient for this study.

3.3. Design of experiments
In each design of experiments trial, thirty different 
denticle geometries are explored with the CFD 
model. Using the objective function of minimizing 
the coefficient of drag, the best geometry is selected. 
Six different design of experiments trials produce 
six optimal geometries. By averaging the values of 
the five parameters from the six different trials, the 
optimized geometry is determined. Note that some 
of the trials perform better than the overall optimized 
geometry since the average is taken over the six trials. 
Figure 3 depicts the results of one trial with certain 
selected geometries. An outlier geometry is denoted 
as Design 1. A geometry that has a similar structure to 
the optimized geometry is denoted as Design 2. The 
optimized design is denoted as the Optimized Design.

There are also striking trends to notice across the 
various trials. For example, the coefficient of lift is two 
orders of magnitude smaller than the coefficient of 
drag. This discrepancy is expected because the denticle 
is symmetric, producing negligible amounts of lift at 
zero degrees angle of attack. Figure 3 presents the pres-
sure contour comparison for three different stages of 
the response surface optimization process. The opti-
mal geometry should have a smaller frontal area to 
reduce drag. Additionally, the central body of the opti-
mal geometry should become more oblong to produce 
a greater defined streamlined shape. The trials confirm 
this expectation and illustrate that the high-pressure 
area on the front of the denticle is greatly reduced. Also, 
the two wing-shaped structures of the denticle do not 
have drastic changes due to the choice of parameters 

Figure 2. Workflow of research to design shark skin denticles starting from the initial geometry and ending with an optimized 
geometry. The response surface optimization (RSO) finds the optimal geometry from the design space populated by the design of 
experiments. The goal for this RSO is to minimize the coefficient of drag.

Bioinspir. Biomim. 15 (2020) 026001
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for the denticle. These wing structures are an integral 
part of the denticle geometry involved with vortex 
generation, aiding in energizing the boundary layer 
to delay separation. Thus, it is imperative to maintain 
the integrity of the wing-shape structures in order to 
preserve the inherent nature of the denticles. Again, 
note that the average value for the five key geometric 
parameters are taken from the results of six trials due 
to the small variation ANSYS reports in calculating the 
coefficient of lift and drag. This variation in the coef-
ficient of lift and drag is expected from all computa-
tional fluid dynamics solvers, especially when using 
turbulence models. This explains why some geom-
etries appear to outperform the overall optimized 
geometry. However, the average optimized geometry 
robustly outperforms the other designs when account-
ing for the variations caused by the turbulence model.

Previous studies indicate that geometric distur-
bances within the boundary layer can produce vor-
tices which energize the boundary layer and lead to 
a delay in separation [27]. The vortices bring fluid 
from the outer part of the boundary layer with greater 
momentum closer to the surface, where the negative 
effects of skin friction are the greatest. This separation 
delay decreases the amount of drag experienced by the 

object. As can be shown in figure 4, the denticle acts as a 
vortex generator by producing vortices to energize the 
boundary layer in their wake. Further optimization is 
required to determine the optimal spacing of denticles 
on the surface of an airfoil in order to achieve the great-
est effect from this vortex generation.

3.4. Drag reduction
Comparing different geometries generated by the 
design of experiments enables unique insight into the 
inherent nature of the denticle. The same denotations 
and designs are displayed in both figures 3 and 4. The 
first row of figure 4 indicates that the shear experienced 
at the upper surface of the denticle is similar between 
the Optimized Design and Design 2. However, the 
separation occurs further back on the Optimized 
Design as expected, which is apparent from the spiral 
forming at the rear of the denticle. In Design 1, the 
separation occurs even further ahead than Design 
2 due to the large frontal area of the design. In the 
second row, the velocity contours are shown at a plane 
equally spaced in the wake of each denticle. There 
is a significant difference between Design 2 and the 
Optimized Design. Because the Optimized Design 
has a significant reduction in frontal area, the velocity 

Figure 3. (a) and (b) Results from one of the six trials in the optimization process. The overall optimized geometry which is 
averaged from all six trials is shown in red. (c) Pressure contours comparison from three different stages of the response surface 
optimization process.

Bioinspir. Biomim. 15 (2020) 026001
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at the plane for the Optimized Design is greater than 
the velocity at the plane for Design 2. Additionally, 
Design 1’s velocity at the plane behind the two large 
wing structures is relatively low. These two large wing 
structures act as significant hindrances to the flow, 
producing a large amount of drag. Finally, the third 
row captures the streamlines around the denticle 
geometries. In the wake of the Optimized Design, 
there is far less disturbance than in both Design 1 and 
Design 2. Additionally, the mean velocity in the wake 
of the Optimized Design is significantly higher than 
the corresponding mean velocity in the wake of Design 
1 and Design 2 as a result of the reduced drag across the 
optimal design.

Figures 3 and 4 demonstrate that despite the simi-
lar structure between Design 2 and the Optimized 
Design, there is a significant difference in perfor-
mance. This difference indicates the need for optim-
ization. The decrease in frontal area combined with 
the oblong shape of the Optimized Design allows the 
Optimized Design to consistently outperform Design 
1 and Design 2. By optimizing the size and shape of the 
denticle geometry, there is a fundamental improve-
ment in the aerodynamic performance of the denticle. 
This paper takes the product of evolution and applies 
modern optimization techniques to determine the 
best performing geometry given an objective function. 

Similar improvements can be achieved in aquatic, aer-
onautic, and automotive applications by applying the 
knowledge gained from the optimization of these fun-
damental mechanisms to reduce drag and therefore 
increase efficiency and decrease overall cost.

4. Conclusions and future work

This work explores optimal designs of the shark 
denticle to decrease drag and optimize aerodynamic 
performance. A computational model paired with 
a response surface optimization allowed for the 
determination of the optimal geometry. This research 
demonstrates that denticles play a similar role as 
vortex generators in energizing the boundary layer to 
decrease drag. It was shown that too much disruption 
of the flow leads to large amounts of drag, but through 
optimization, the best design can be selected in order to 
maximize performance. The necessity for optimization 
in the size and shape of the denticle is demonstrated 
by significant improvements from creating a more 
streamlined shape. Through this optimization method, 
denticles can be further utilized as an essential tool in 
drag reduction. Future work will apply the denticles 
to the surface of an airfoil. Therefore, it is important 
to first create the optimal geometry with respect to 
the flow that the denticle will experience locally. This 

Figure 4. Comparison of pressure and velocity profiles in different designs. The first row indicates the shear at the surface of the 
denticle from the top view. Note that the separation occurs further to the rear of the denticle on the Optimized Design compared to 
Design 1 and Design 2. The second row displays the velocity contours on a fixed plane at equal distance in the wake of each design. 
Note that the velocity of the wake of the Optimized Design is the greatest. Finally, the third row shows the velocity streamlines 
around the structure of the denticle designs. The velocity in the wake of the Optimized Design is greatest due to the reduction in 
frontal area of the denticle as well as the more defined oblong shape.

Bioinspir. Biomim. 15 (2020) 026001
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is why the denticle was simulated separately from 
the surface of an airfoil. Future research also involves 
exploring the pairing of our design of experiments 
with machine learning techniques [32–37] to further 
enhance our optimization method. Additional work 
will be performed to additively manufacture and 
experimentally test denticle configurations in wind 
tunnels to compare different designs of denticles.
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