
of the plate is 10 mm in wing chord and 40 mm in 
wingspan (a/b = 4). Spike plate has 350 spikes on the 
surface, and the height of the spikes is about 
500~700μm. Moreover, the diameter of tungsten wire is 
30μm. We carried out each experiment with this spike 
plate. 
 
3.2 Drag measurement 

A drag force measurement is carried out to compare 
spike plate with flat plate. Figure 4 shows a setup for a 
drag force measurement. The setup consists of a wind 
tunnel (0.3 x 0.3 x 0.85 m), load cell (Minebea Co., Ltd., 
UTA-100GR), and a test plate. The test plate was put in 
the wind tunnel and was connected to the load cell. 
Meanwhile, speed of wind was set under condition from 
1 m/s to 10 m/s. In addition, for comparison with the 
numerical calculations, speed of wind in the 
neighborhood of 3m/s or 6m/s focuses and was 
measured 200 times. The experimental results are 
average value in 10 seconds. The drag coefficient CD 
was calculated by Eq. (1); 
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D : Drag [N]        : Density of air [kg/m3] 
U : Velocity [m/s]    A : Section area of wing [m2] 
 

4 CFD analysis 
Table 1 shows properties of boundary condition. 

The computation grids are set with ANSYS Ver.14.5 
software. The turbulence model used LES (large eddy 
simulation) model. It is better to direction and the 
movement vortices. The used of unstructured tetrahedral 
grid in the analysis. Figure 5 shows a close-up 
illustration on the conformal hybrid mesh system 
employed to model the aerodynamic forces of artificial 
wings. In addition, calculate at 3m/s, 6m/s for 
comparison with the velocity of experimental result. In 
this study, as some posit infinite width in width 
direction (y) to the numerical calculation model     
(a/b=∞, a=Wingspan, b=Wing chord). The rectangular 
computation domain is composed length of 200 mm and 
width of 4mm.  

The governing equations of LES are as follows. 
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In recent years, biomimetics has been attracting 
attention. Biomimetics is research method to apply 
function principle of organism. Surface microstructure 
plays an effective role also in either case. On the other 
hand, dragonfly which is kind of flight insect has some 
microstructure on their wings. It is thought that these 
microstructure effective in flight of dragonfly. Among 
them, surface micro spikes are very unique structure. 
Therefore, in this study experiment and CFD analysis 
was performed, with the aim to clarify the effect of this 
microstructure. And we compared the result of CFD 
analysis with the experimental result to examine 
mechanism of them. As a result, we confirmed that the 
drag coefficient was reduced because the generation of a 
vortex on the plate behind was suppressed by the 
micro-spikes. 
Keywords: biomimetic, dragonfly, micro fabrication, 
drag coefficient, CFD 
 

1 Introduction 
Recently, biomimetics has been attracting attention 

[1]. Biomimetics is research method to apply function 
principle of organism. There are numerous examples of 
biomimetic successes such as riblet structure of shark 
skin and surface structure of moth eyes [2] [3]. Surface 
microstructure is effective also in either case. On the 
other hand, dragonfly which is kind of flight insect has 
some microstructure on their wings [4]. It is thought that 
these microstructure effective in flight of dragonfly. 
Among them, surface micro spikes are very unique 
structure. As similar surface structure, it is reported in a 
field of aeronautical engineering that turbulence 
frictional resistance decreases by making groove called 
"riblet" structure [5]. Futhermore, “dimple” structure to 
be seen in golf balls promotes turbulence transition and 
reduces drag by suppressing exfoliation [6]. Same 
function can also be expected to micro structure of 
wings of dragonfly. However, researches on this 
microstructure have not been done at all. Therefore, in 
this study experiment and CFD analysis was performed, 
with the aim to clarify the effect of this microstructure. 
Moreover, we compared the result of CFD analysis with 
the experimental results for examining mechanism of 
them. 

 
2 Micro spikes on dragonfly wing surface  
The dragonfly has some micro structure in the surface 

of the wing. The structure that is the most characteristic 
in them is the micro-spikes. Figure 1 shows the SEM 
image of the micro-spikes. The height of the spike is 
about 10~100μm, and the number of spikes on one side 
is about 3,000. In the airplane, it has been reported that 
turbulent frictional resistance decreases by riblets on the 
surface of wings.  In the same way, the spikes on the 
wing of dragonfly affect the micro-flow and it is 
considered that spikes control the boundary layer flow. 
In this study, the effect of spikes is examined. 
 

3 Measurement 
3.1 Artificial wing  

    The artificial wing has spikes to confirm the effect 
of spikes experimentally. Figure 2 shows Fabrication 
method of the artificial wing having spikes. First, 
Acrylic plate is processed into 40.0 x 10.0 x 0.3 mm (a). 
Next, heated tungsten wires are vertically inserted into 
the acrylic plate (b). Then, tip of tungsten wires are 
sharpened by electropolishing (c). Finally, excess 
tungsten wires are cut (d). Figure 3 shows the plate 
having micro spikes fabricated by above method. Size 

(a) Obverse side 

(b) Reverse side 

Fig. 1 SEM image of a dragonfly wing surface 
(Orthetrum albistylum speciosum) 
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of the plate is 10 mm in wing chord and 40 mm in 
wingspan (a/b = 4). Spike plate has 350 spikes on the 
surface, and the height of the spikes is about 
500~700μm. Moreover, the diameter of tungsten wire is 
30μm. We carried out each experiment with this spike 
plate. 
 
3.2 Drag measurement 

A drag force measurement is carried out to compare 
spike plate with flat plate. Figure 4 shows a setup for a 
drag force measurement. The setup consists of a wind 
tunnel (0.3 x 0.3 x 0.85 m), load cell (Minebea Co., Ltd., 
UTA-100GR), and a test plate. The test plate was put in 
the wind tunnel and was connected to the load cell. 
Meanwhile, speed of wind was set under condition from 
1 m/s to 10 m/s. In addition, for comparison with the 
numerical calculations, speed of wind in the 
neighborhood of 3m/s or 6m/s focuses and was 
measured 200 times. The experimental results are 
average value in 10 seconds. The drag coefficient CD 
was calculated by Eq. (1); 
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D : Drag [N]        : Density of air [kg/m3] 
U : Velocity [m/s]    A : Section area of wing [m2] 
 

4 CFD analysis 
Table 1 shows properties of boundary condition. 
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software. The turbulence model used LES (large eddy 
simulation) model. It is better to direction and the 
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illustration on the conformal hybrid mesh system 
employed to model the aerodynamic forces of artificial 
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this study, as some posit infinite width in width 
direction (y) to the numerical calculation model     
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In recent years, biomimetics has been attracting 
attention. Biomimetics is research method to apply 
function principle of organism. Surface microstructure 
plays an effective role also in either case. On the other 
hand, dragonfly which is kind of flight insect has some 
microstructure on their wings. It is thought that these 
microstructure effective in flight of dragonfly. Among 
them, surface micro spikes are very unique structure. 
Therefore, in this study experiment and CFD analysis 
was performed, with the aim to clarify the effect of this 
microstructure. And we compared the result of CFD 
analysis with the experimental result to examine 
mechanism of them. As a result, we confirmed that the 
drag coefficient was reduced because the generation of a 
vortex on the plate behind was suppressed by the 
micro-spikes. 
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1 Introduction 
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[1]. Biomimetics is research method to apply function 
principle of organism. There are numerous examples of 
biomimetic successes such as riblet structure of shark 
skin and surface structure of moth eyes [2] [3]. Surface 
microstructure is effective also in either case. On the 
other hand, dragonfly which is kind of flight insect has 
some microstructure on their wings [4]. It is thought that 
these microstructure effective in flight of dragonfly. 
Among them, surface micro spikes are very unique 
structure. As similar surface structure, it is reported in a 
field of aeronautical engineering that turbulence 
frictional resistance decreases by making groove called 
"riblet" structure [5]. Futhermore, “dimple” structure to 
be seen in golf balls promotes turbulence transition and 
reduces drag by suppressing exfoliation [6]. Same 
function can also be expected to micro structure of 
wings of dragonfly. However, researches on this 
microstructure have not been done at all. Therefore, in 
this study experiment and CFD analysis was performed, 
with the aim to clarify the effect of this microstructure. 
Moreover, we compared the result of CFD analysis with 
the experimental results for examining mechanism of 
them. 

 
2 Micro spikes on dragonfly wing surface  
The dragonfly has some micro structure in the surface 

of the wing. The structure that is the most characteristic 
in them is the micro-spikes. Figure 1 shows the SEM 
image of the micro-spikes. The height of the spike is 
about 10~100μm, and the number of spikes on one side 
is about 3,000. In the airplane, it has been reported that 
turbulent frictional resistance decreases by riblets on the 
surface of wings.  In the same way, the spikes on the 
wing of dragonfly affect the micro-flow and it is 
considered that spikes control the boundary layer flow. 
In this study, the effect of spikes is examined. 
 

3 Measurement 
3.1 Artificial wing  

    The artificial wing has spikes to confirm the effect 
of spikes experimentally. Figure 2 shows Fabrication 
method of the artificial wing having spikes. First, 
Acrylic plate is processed into 40.0 x 10.0 x 0.3 mm (a). 
Next, heated tungsten wires are vertically inserted into 
the acrylic plate (b). Then, tip of tungsten wires are 
sharpened by electropolishing (c). Finally, excess 
tungsten wires are cut (d). Figure 3 shows the plate 
having micro spikes fabricated by above method. Size 
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Fig. 1 SEM image of a dragonfly wing surface 
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around the edge of plate. As can be seen in Fig. 9, the 
spike plate at edge of plate is reduced compared to that 
of flat plate.  

Figure 10 shows the results of pressure distribution. 
Comparing these figures, the pressure of vortex of flat 
plate is lower than result of spike plate. The pressure 
difference around the plate affects the drag coefficient.  

 
6 Conclusions 

In this study, the effect of the micro spikes of 
dragonfly wings on drag coefficient was verified 
experimentally and theoretically. As a result, there was 
no significant difference between results of experiment 
and analysis at 6m/s. On the other hand, result of 3m/s 
shows that the drag coefficient of the spike plate was 
3% lower than compared to the result of the flat plate. 
The velocity of spike plate at edge of plate was reduced 
compared to that of flat plate. Therefore, the drag 
coefficient was reduced because the generation of a 
vortex on the plate behind was suppressed by the 
micro-spikes. 
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5 Results 

5.1 Experimental result 
Figure 6 shows the result of drag coefficient at each 

Reynolds number. Drag coefficient at each Reynolds 
number is remaining range-bound. The average values 
of drag coefficient of flat and spike plates are 1.151, 
1.159, respectively. In general, the drag coefficient of 
flat plate is 1.19 in the case of a/b=4. However, drag 
coefficient of measurements were lower than the value. 
The measurement results were compared with analysis 
results under speed of wind of 3 m/s, 6m/s because there 
is no significant difference. Figure 7 shows the drag 
coefficient of measurement that was measured 200 
times. Table 2 shows the average values of drag 
coefficient. In Fig. 7, the values of 6 m/s were no 
significant difference between measurement and 
analysis results. On the other hand, the average value of 
experiments of the spike plate was 3% lower than the 
value of flat plate at 3m/s as shown in Table 2. The 
reason obtained the result is to suppress the reduction of 
pressure behind the plate.  

5.2 Calculation result 
In this study, as some posit infinite width in width 

direction (y) to the numerical calculation model (a/b=∞). 
In general, drag coefficient of flat plate is 2.01 in the 
case of a/b=∞. Drag coefficient of flat plate obtained in 
this analysis showed a value close to 2.01. Meanwhile, 
drag coefficient of spike plate was in the same range in 
this numerical calculation model in the 6m/s. On the 
other hand, the value of 3m/s was down 2% age point 
from drag coefficient of flat plate.  

Figure 8 shows the results of velocity distribution of 
3m/s. These figure show a comparison of the moment in 
which the vortex on the plate behind is generated. As 
can be seen in this figure, the vortex can be observed in 
both results. The vortex in the case of spike plate is 
smaller than that of flat plate. Moreover, the velocity of 
vortex was also lower compared to result of flat plate. 
The reason for this behavior is probably to block the 
flow by the spikes. Figure 9 shows the velocity vector Fig. 6 Drag coefficient at each Reynolds number 
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Table 2 Mean value of drag coefficient at each 
condition 
 Flat Spike 

Exp. 3m/s 1.16 1.12 
6m/s 1.2 1.19 

Cal. 3m/s 1.927 1.89 
6m/s 2.095 2.094 

 

Table 1 Calculation condition 
 

 
Flat Spike 

Cells 864,490 1,735,739 

Input 
condition 

Inlet 3m/s , 6 m/s 
Outlet 0 Pa 

Side 
Periodic boundary 

conditions 

Analytical 
area 

Size of 
flow box 

200 (20d)×4×150 
(15d) mm 

Size of 
wing 

0.3×4.0×10.0 (d) mm 

Wing 
position 

X：7d， Z：7.5d 

Calculation 
condition 

Time 
step 

About 5.0e-4 

Iteration About 100 
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around the edge of plate. As can be seen in Fig. 9, the 
spike plate at edge of plate is reduced compared to that 
of flat plate.  

Figure 10 shows the results of pressure distribution. 
Comparing these figures, the pressure of vortex of flat 
plate is lower than result of spike plate. The pressure 
difference around the plate affects the drag coefficient.  

 
6 Conclusions 

In this study, the effect of the micro spikes of 
dragonfly wings on drag coefficient was verified 
experimentally and theoretically. As a result, there was 
no significant difference between results of experiment 
and analysis at 6m/s. On the other hand, result of 3m/s 
shows that the drag coefficient of the spike plate was 
3% lower than compared to the result of the flat plate. 
The velocity of spike plate at edge of plate was reduced 
compared to that of flat plate. Therefore, the drag 
coefficient was reduced because the generation of a 
vortex on the plate behind was suppressed by the 
micro-spikes. 
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Abstract 

In this paper, we investigate the slip condition on a 
vertical wall surface and propose a cm-scale hexapod 
robot with claws that can climb the vertical wall. Since 
the volume force such as gravity is proportional to the 
length cubed and the area force such as muscle force is 
proportional to its cross section, i.e., the length squared, 
an object is more capable of overcoming gravity the 
smaller it is. This scaling effect allows a small robot to 
fly easily, accelerate rapidly, and climb a vertical wall 
with minimal difficulty. We developed a claw-type 
hexapod robot with a body length of 8.5cm and weight 
of 13.5g and realized horizontal and vertical movement 
on a vertical wall. In addition, we used a mathematical 
model and an experimental result to analyze the 
relationship between the gripping ability of the claws 
and the surface properties of the wall.  
Keywords: vertical wall climbing, scaling effect, 
hexapod robot, claws, slip condition  
 

1 Introduction 
Since vertical wall traversability is important for 

robotic operations such as window cleaning and 
maintenance of tall buildings, various wall adsorption 
mechanisms have been proposed and developed [1]-[4]. 
A suction cup using an electric vacuum pump generates 
a large adsorption force by exerting negative pressure 
on the cup surface [1], [2] and allows a robot to 
locomote even upside down on a ceiling, but this makes 
whole system large and increases the robot's risk of 
falling. A passive adhesive disc such as an octopus 
sucker also generates large adsorption force and makes 
a system small and simple, but this requires a 
mechanism for controlling the peeling force and is only 
operable on smooth surfaces [3]. An electromagnetic 
system, as used in window cleaning for example, is also 
useful [4], but its weight limits its range of operation 
environments.  

Due to the scaling effect, a small robot has great 
advantages for climbing vertical walls. Small objects 
such as insects can easily overcome gravity because 
gravity is a volume force that is proportional to mass, 
which is proportional to the length cubed. Furthermore, 
muscle is an area force proportional to its cross-section. 
Therefore, the smaller the object, the larger the area 
force per volume force, resulting in a higher muscle 
force to body weight ratio. This means cm-scale insects 
have a force to body weight ratio a hundredfold greater 

than that of m-scale animals. This same scaling effect is 
true of a cm-scale robot compared with a m-scale robot. 
Using this concept, several adhesion systems for a small 
wall climbing robot have been proposed and developed 
[5]-[7]. The sticky structure based on the Van der Waals 
force used by a gecko is not strongly limited by surface 
environment and is promising, but requires high MEMS 
technology to fabricate [5]. Claws, such as those of a 
beetle, allow a small and simple system, but they cannot 
be used for locomotion on a smooth surface such as 
glass [6]. The wet adhesion used by an ant, for example, 
is extremely promising for mm-scale or μm-scale, but it 
is still difficult to implement such a system for a robot 
because of the weight limitation imposed by sensor 
devices, etc. [7]. As mentioned above, although several 
mechanisms have been studied, a simple wall climbing 
robot based on the scaling effect, e.g., the cm-scale (for 
example, less than 10cm), has not yet been realized.  

From this point of view, we focus on the 
distributed operation on concrete walls of high buildings 
by many small robots and develop a cm-scale vertical 
wall climbing robot. The robot has six legs with claws 
and moves horizontally and vertically on the wall 
surface. Here we investigate the relationship between 
the grip by the claw of the leg and the surface properties 
of the wall using both a mathematical model and an 
experimental result to realize locomotion on the vertical 
wall.  
 

2 Hexapod robot with claws 
2.1 Robotic system overview  

Figure 1 shows the proposed wall climbing 
six-legged (hexapod) robot. The body length and width 
are 8.5cm, the height is 3.5cm, and the weight is 13.5g. 
The robot includes a battery (lithium polymer: 3.7V, 
90mAh, 2.8g). The robot consists of an upper body (the 
area enclosed by a red dashed line in Fig. 1) and a lower 
body which slide for traveling. The bodies are slid by a 
linear servomotor. Each body has three legs which are 
arranged every 120deg and driven by a shape memory 
alloy (SMA) spring (BMX100, TOKI Corp.). Two sets 
of directional claw units with four claws are mounted on 
each leg (the area enclosed by a black dashed line in Fig. 
1). Hence, the robot has a total of two bodies, six legs, 
12 claw units, and 48 claws. To grip the rough wall 
surface with high probability, the number of claw and 
the leg assignment were determined through the pilot 
experiments. Meanwhile, the robot has a total of 13 

[5] Walsh, M. J., “Drag Characteristics of V-Groove 
and Transverse Curvature Riblets”, AIAA, (1980), 
pp. 168-184. 

[6] Aoki, K., Ohike, A., Yamaguchi, K. and Nakayama, 
Y., “Flying Characteristics and Flow Pattern of a 

Sphere with Dimples”, Journal of Visualization, Vol. 
6, No. 1 (2003), pp. 67-76. 
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