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Abstract
Fabrication and Control of Bio-mimetic Flapping Ornithopter
Using Smart Soft Composite

Graduate School of Seoul National University
College of Engineering
Department of Mechanical & Aerospace Engineering
Minsik Kim
Fabrication of a flapping actuator entails a few possible materials such as shape
memory alloy (SMA), ionic polymer-metal composite, and piezo-ceramic material. In
this research, SMA wires were embedded into the soft composite actuator as the main
source of flapping motion. In order to build the flapping actuator capable of highfrequency motion, a soft composite was fabricated, integrating mainly 3 components:
SMA wires as the actuating source, 3D printed scaffolds as a control matrix for the
SMA wires which together create intended motion, and PDMS as a binder to hold all
the parts as one solid piece. The flapping mechanism is basically induced from the
division of the SMA wires into two groups on each side making it possible for the whole
actuator to move up and down when electricity is alternatively applied to each set of
SMA wires. With the mechanism, two types of flapping actuators were developed and
tested; one is the flipper type flapping actuator which displayed slow frequency
actuation with large deformation and the other one is miniature type high speed
actuator with relatively small deformation. Combining the designs of the two actuators,
a flapping module was optimized and made. A few models of bat-like ornithopter were
designed and fabricated, based on the flapping module. Design factors such as
wingspan, weight and angular orientation of the wings to the body were considered for
each model. Models with different design factors displayed distinguishing performance.
i

By repeating the process of optimization on fabrication and control, a model with the
best performance was chosen and tested. The optimal configuration of the testing and
design factors were 7.5 Hz frequency and 30 o angular orientation where the lift force
was maximized. Without the usage of mechanical components such as motors and
gears, it was successful to make the ornithopter which displays a flight behavior.

Key Words: Shape Memory Alloy, PDMS, 3D Printed Scaffold, Bending, Twisting,
Frequency, Deformation, Laminates, Airgap, Flapping
Student Number: 2016-20675
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Introduction
Since humanity invented an electric motor and a jet engine, a variety of flying
vehicles have been developed manufactured, and serviced to the needs of the society
and its people. Along with the development of such mechanical aero-crafts, scientists
and researchers also have been making attempts to create a biomimetic flying machine
such as an ornithopter which flies by flapping its wings.
Yet, the artificial flying mechanism human made is high-energy consuming, heavy,
and lacks agility. These demerits stem from using mechanical components such as a
gear, joint, nut, and parts made of metals in assembling aero-crafts.
To overcome the limitations and the flaws of the conventional aero-crafts' flying
mechanism, many research on utilizing ‘smart materials' to achieve biomimicry have
been carried out. A few substances considered smart materials and most frequently
used among them are ‘shape memory alloy (SMA)', ‘ionic polymer metal composite
(IPMC)', and ‘lead zirconate titanate (PZT)'. Each of the listed materials, in
combinations of other substances, displays specific activation traits of movement.
According to the previous works in related studies, while ‘IPMC' and ‘PZT' are capable
of relatively high actuation – that is moving repeatedly within the maximum tip points,
‘SMA' is denoted for its low actuation speed. Conversely, SMA-based actuators
generate stronger force while ‘IPMC' and ‘PZT' could not, as much as SMA does. Table
1 shows the trait specifications of the various type of actuators made of the
aforementioned smart materials, ‘SMA’, ‘IPMC’, ‘PZT’ For such reasons, the application
and functionality of the actuators fabricated from the academia are quite distinct and
differ from one another classified by the type of smart materials on which each actuator
was based.
To give a few examples, ‘IPMC'-based robots take the biomimetic form of a jellyfish,
fish, and mostly underwater creatures; IPMC displays a trait of high deformation with a
relatively weak level of force [4, 5]. For the case of PZT-based biomimetic robots, Wyss
Institute at Harvard successfully created a mini flying robot using PZT, named
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‘RoboBees’ in 2013 [6]. Now, the applications of SMA materials in crafting a biomimetic
robot include the ones such as a turtle, flea, fish and underwater creatures again [1, 2,
3, 7, 8]. Similarly, SMA based robots have been used in underwater environments as
well; this seems to be due to the available cooling advantages of the water for the
heated SMA wires actuated for the movement of the robots. Yet, if there were some
differentiation with the other two applications of the listed smart materials, because of
the SMA’s capability of generating stronger force, it is used in building small biomimetic
robots. As examples, a SMA spring actuated robot having the size of 2.2 x 2.7 x 1.2
mm and a water strider robot with the size of 100 x 80 μm were developed [9,10]. The
water strider robot, in particular, makes use of the TRC (Torque Reversal Catapult)
mechanism copied from the jumping motion of a flea. As can be seen from these robots,
SMA, by conventional scholars, is characterized with strong force generation, slow
actuations, and good deformations
Table 1. Traits of smart materials
SMA

IPMC

PZT

Deformation

High

High

Low

Actuation Speed

Low

High

High

Force Generation

High

Low

Low

What's more, the performance of the actuators of these smart materials, especially
SMA, was greatly improved by the usage of ‘SSC', the acronym for ‘Smart Soft
Composite' actuators [11]. This actuator enhanced the simple, limited motion of former
smart material based actuators, by integrating a scaffold, SMA wires, and PDMS
(polydimethylsiloxane). Especially, according to a specific pattern or structure of the
scaffold, a complex motion could be manifested, in combinations of SMA wires, without
any motors or mechanical structures. Using the SSC actuator, there has been a
research which achieved the SMA actuating speed of 35 Hz [2]. However, this high2

frequency SMA-based actuator realized the fast frequency not in twisting but in
bending direction. In this context, within this research, the purpose is to fabricate a
biomimetic, flapper based on SMA wires in the form of SSC actuator capable of
creating fast bending and twisting actuation simultaneously. More detailed objectives
would include 1) achievement of SMA based high-frequency actuator, 2) generating
positive lift force by the actuator and 3) integration of the flapping actuators into a soft
robot.

Chapter 2. Flipper-type Flapping Actuator
2.1 Design of Large Flapping Actuator
2.1.1 Design
The flapping actuator comprises of SMA wires, scaffolds, and PDMS whose
functionalities within the solid body differ. While SMA wires are the sources of the
flapping motion, the scaffold renders stiffness to the body and creates twisting and
bending trajectory of the actuators along with the contraction-expansion motion of the
SMA wires. PDMS encapsulates the scaffold and the SMA wires together as a solid
piece. The dimension of the PDMS would also have an impact on the stiffness of the
actuator.
The scaffold design is quite important in that according to the different patterns and
layer structures, the behavior of the flapping would totally change. The patterns of
scaffold parts could be drawn from any CAD programs and be printed into a physical
product. In this research, the flapping actuator has the scaffold embedded inside,
sandwiched up and down by the two sets of SMA wires. The role of the scaffold within
this type of actuator is to create a flapping motion that entails both bending and twisting
movement. Especially, if the flapping actuators were to fly, there needs to be a total
positive sum of lift force generated upon a few flapping movements by the actuators.
For this reason, the flapping up and down movement of the actuator requires different
3

trajectory of motion and that means it is necessary either to reduce the drag force for
the flapping-up movement or to increase the lifting force generated by the flappingdown movement. This could be achieved by configuring different patterns in each layer
of the scaffold embedded in the flapping actuator.
Three layers of different patterns make up the scaffold structures, shown in Figure 1.
Having the 2nd layer in the middle, the patterns of the other layers up and down are not
identical but cross each other in geometry. With its third layer facing upward and the
first layer placed at the bottom, each of them controls the movement behavior of the
flapping-up and flapping-down movement, respectively. The mechanism behind this is
the interaction between the pattern of the scaffold and SMA wires’ contraction and
expansion movement when actuated. In Figure 1, the angles between the pattern of
each layer and the deformation direction of the SMA wires are indicated; the angle
configuration is 45/ 0/ 90

o.

Since each set of SMA wires are placed above and below

the scaffolds, the behavior of the flapping-up movement is most strongly affected by the
interaction with the 3rd layer and that of the flapping-down movement is highly
influenced by the presence of the 1st layer structure.

Figure 1. Configuration of the scaffold
As the pattern of the bottom layer crosses with the bottom set of SMA wires
perpendicularly, during the flapping-down movement of the actuator, the generated
force by the SMA wires is almost evenly distributed throughout the actuator, resulting in
4

simple bending motion. However, for the flapping-up movement, the generated force is
asymmetrically delivered to the body, owing to the difference in the stiffness of the 3rd
layer in x-direction and y-direction, which as a consequence, results in the twisting and
bending motion of the actuator, shown in Figure 2.

Figure 2. Behavior of the actuators moving up and down
2.1.2 Fabrication Process
The fabrication process of the flapping actuator is indicated in Figure 3. It first starts
with the usage of a 3D printer to manufacture 1) a scaffold and 2) a mold which gives a
physical form of the actuator with PDMS. The specific name of the scaffold and the
mold materials used for the actuator is ABS (Acrylonitrile Butadiene Styrene). Once, the
parts are printed out, the three components which are the scaffold, SMA wires, and
PDMS are integrated. As can be seen in step 2 and 3 in Figure 3, two sets of SMA
wires are placed above and below the plane of the scaffold, being fixated on the mold.
Then, the PDMS is poured into the mold and cured in the furnace for a few hours.
These processes complete the solidification of the actuator to have a tangible form.
The next step entails wiring and clamping of the SMA wires, which is essential for the
electric control of the actuator.

After all these steps, a solid, complete flapping

actuator is made.

5

Figure 3. Fabrication process

The actual image of the fabricated actuator is shown below in Figure 4. In order to
make it a bird-wing-like structure and to test the lift force of the actuator, a wing frame
made of Polyvinyl was attached to the actuator, after the fabrication.

Figure 4. Large flapping actuator with its wing
6

2.2 Experiment Contents
The mechanism to trigger the flapping movement of the actuator is through the
alternative heating of each set of SMA wires inside the actuator. One cycle of the
flapping motions is achieved when first, the upper set of SMA wires are heated by the
electric current inducing the twisting and bending motion and then the lower set of SMA
wires are also heated by the current causing the flapping-down motion. Basically, it is
the contraction-expansion cycle of the SMA wires heated by the electric current that
makes the actuator move in interaction with the scaffold’s layer pattern. The quality of
the flapping performances of the actuator was assessed mainly by two measurements:
1) angular deformation of the actuator’s movement up and down and 2) the lift force
generated. The conditions for these two experiments share the voltage and current
value of 6 V and 1.5 A, respectively.

2.3 Result
First, the assessment of bending and twisting deformation of the flapping motion
was carried out. One of the ends of the actuator was fixed to the gripper and then its
flapping movement was triggered by conducting electricity to each set of SMA wires
alternatively. For the measurement of its performance, the maximum tip angle of the
flapping motion up and down was considered. The value of the maximum angle turned
out to be about 32 o for the bending motion and 25 o for the twisting motion, shown in
Figure 5-2. Within the figure, the reference line indicates the starting position of the
flapping actuator. It could be questioned why the angle was taken from the reference
line, instead of the maximum downward position induced by the flapping down
movement. This is simply because the maximum downward position happens to be
near the reference line.
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Figure 5-1. Maximum bending angle of the flapping motion

Figure 5-2. Maximum twisting angle of the flapping motion

Next, the lifting force of the flapping actuator was measured using a dynamometer
(KISTLER). The flapping actuator was fixed onto the gripper placed on the
dynamometer and the force created by the flapping movements were calculated
through the Matlab Program. The experiment as shown in Figure 6 was set up in ways
the force generation in the X direction indicates the lift power of the actuator and the
one measured in Y direction indicates its thrust.
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Figure 6. Set up for the flapping force measurement

The result is shown in Figure 7. For the testing, the frequency of the actuator was 4
Hz and therefore made 4 cycles up and down in one second. In the graph, the force
measured stayed approximately 0 until 2.5 seconds and after the actuation, the force
was calculated and then visualized. It shows the force generated in the X direction;
there exists positive upward force and negative downward force during one second of
its actuation period. To calculate the lift force of the flapping actuator in one cycle,
which in this case was recorded in the X direction, the difference between the
maximum upward force and the maximum downward force was taken into
consideration. The value of the difference between them is about 0.025 N; it could be
interpreted that per one cycle of flapping up and down motion, 0.025 N was created.
Additionally, because there were 4 cycles in one second, the force generated in one
period of second during the actuation is four times bigger than the difference value,
which happens to be about 0.1 N.
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Figure 7. Force generated in one cycle in the X and Y direction

Aside from the force gauged in the X direction, the one in the Y direction was as well
measured.

This force value corresponds to the thrust toward the position of the

gripper where the end of the actuator was fixed. The desired motion of the actuator is
the movement of flapping and flying. If the actuator, however, was to be used as a
biomimetic fin of a robotic fish, it would definitely create thrust needed to propel the
body of the robot forward. In the second graph of Figure 7, the thrust value was
calculated from the difference between the maximum upward force and the maximum
downward force. Per one cycle of flapping up and down motion, the total net force of
0.15 N was produced. Again, because there were 4 cycles of force generation in one
second, the amount of thrust force in one second is about 0.6 N. Yet, if the actuator
was connected to the body of a bird robot, the force in the Y direction would be directed
toward the inner side of the body, which would not play a significant role in making it fly.
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The summary of the actuator’s flapping performances is given in Table 2. Here, the lift
force measured does not directly indicates whether or not it is able to fly because the
weight and the drag factor need to be considered at the same. In this context, future
works would include the calculation of the lift to drag ratio which identifies its capability
of actually flying.

Table 2. Result of the flapping performances
Flapping Actuator at 4 Hz
Size (mm) & Mass (g)

100 x 30 mm

Voltage (V) & Current (A)

16 g

6 V

1.5 A

Bending Angle ( o )

32 o

Twisting Angle ( o )

25 o

Force (N) : X-Direction

0.1 N (max)

Force (N) : Y-Direction

0.6 N (max)

2.4 Summary
The fabrication process for making the flapping actuator has been developed
within the research. Overall, the actuator based on those process resulted in the
maximum lift force of 0.1 N, making flapping motions at the bending and twisting angle
of 32o and 25o at 4 Hz actuation speed, which hinted for possibility of fabricating actual
flying actuators made of soft composite. Its contribution lies in the design of the scaffold
pattern inside the flapping actuator. Owing to the asymmetrical structure of the scaffold,
the actuator is capable of creating lift force. The measured lift force per one cycle was
0.015 N. If the flapping frequency of the actuator is fast enough, force generation will
be greatly improved, having the multiples of 0.015 N by the number of strokes made
within one second. Though the lift force was not big enough to make the actuator fly,
artificially causing the actuator to do the bending and twisting motion at 4 Hz, as a form
of biomimicry was meaningful
11

Chapter 3. Miniature High-speed Actuator
3.1 Design of Miniature Flapping Actuator
3.1.1 Materials and Actuation Mechanism
The core functionality of the miniature actuator is to make flapping motions. Though
the flapping motions may seem simple, this is realized in combinations of three major
components within the actuator, which are PDMS (polydimethylsiloxane), sets of SMA
wires, and a scaffold.

First, the scaffold controls the behavior of the flapping

movements of the actuator and supplies stiffness to the mass. The scaffold is
composed of three different layers and the trajectory of the actuator is largely affected
by the configuration of each layer at the interface of the two layers of SMA wires up and
down, as shown in Figure 8. Next, the source of power for such motions is the
alternative cycle of SMA wires’ shrinkage and elongation caused by the heat from the
current conducted on the wires. The specification of the SMA wires used in the actuator
is described in Table 3. It should be noted that the diameter of the SMA wires used in
the miniature high-speed actuator is 38 μm, approximately one-third of ordinary hair.

Figure 8. Scaffold’s layer arrangement
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As the driving force of the actuation is the deformation caused by the cyclic heating
and cooling of the SMA wires, the heat dissipation is a significant factor for the flapping
response of the actuator. The higher the rate of heat dissipation is, the faster the
flapping frequency becomes available. Lastly, PDMS holds the scaffold and SMA wires
all together in the form of a soft elastic piece.

Table 3. Traits and components of the SMA wires

Manufacturer

Dynalloy, Inc

Constituents

Ni:50.4%, Ti: 49.6%

Diameter

38 μm

State Transformation

As = 56 oc, Af = 73 oc

Temperature

Ms = 40 oc, Mf = 32 oc

Now, in more details of the actuation mechanism, the heated side of the SMA wires
get contracted and it results in bending deformation, illustrated in Figure 9. Within the
actuator, two groups of SMA wires are located up and down from the scaffold, each
with 4 SMA wires. When one set of the wires are heated with electricity, the other set of
SMA wires goes through natural cooling. During the cooling cycle, the tension rendered
by the scaffold and the other set of the SMA wires relocates the mini actuator to its
original position. This process is repeated in the presence of the cyclic heating of the
SMA wires.

13

Figure 9. Flapping movements induced by electric heating
3.1.2 Fabrication Process
To manufacture the miniature high-speed actuator, the aforementioned scaffold and
the mold which would render a physical shape to the liquid PDMS are first 3D printed.
The material used for the printing is ‘ABS’ (Acrylonitrile Butadiene Styrene). After this
3DP process, SMA wires are positioned above and below the surface of first and
bottom layers of the scaffold, respectively all inside the mold, as depicted in Figure 10.
Then, PDMS is cast into the mold and solidified in hot and dry air conditions for a few
hours.

14

Figure 10. Assembly and solidification of the actuator

Upon the completion of the curing process of the miniature actuator, SMA wires are
clamped with a metal pipe. The clamping task is carefully carried out in ways the SMA
wires make no contacts with each other. This process serves another important role in
holding the SMA wires with fixed length along the actuator. Without this step, the
actuator will not display any flapping movements. After the clamping task, the SMA
wires are soldered with thin electric wires and then coated with rubber. This finalizes
the manufacturing process of the miniature actuator.

15

Figure 11. Fabrication processes of the actuator

3.2 Experiment Contents
To measure the force by the flapping motions of the small type actuator, the
experiment was designed to be conducted two times with and without the wing
attached to it. The material of the wing used is polyvinyl and was attached to the top
and bottom surface of the actuator, as shown in Figure 12. The total mass of the
actuator is 2.5 g and its length and width are 25 mm and 5 mm, respectively. The span
of the wing is about 30 mm.

16

Figure 12. Small type high-speed actuator with the wing structure

Figure 13. Setup view for flapping force measurement

The setup for the force measurement is shown in Figure 6. The symbols indicated
as X and Y specify the directions of the force gauged. The X-directional force refers to
the lift force as it coincides with the direction of its bending deformation. The Ydirectional force, on the other hand, is not directly related to the lift force, but instead, it
is the measurement value for the thrust created toward the stationary end of the
actuator.
17

The mini flapping actuator was installed with the gripper on the dynamometer for the
force measurements. As planned from the beginning, the measurements were
conducted with and without the presence of the wing structure. However, the moving
speed of the actuator was largely changed owing to the different stiffness induced by
the wing structure; its natural frequency was lowered to about 10 Hz. For this reason,
the force measurement was mainly conducted only for the miniature actuator without
the wing attached.

3.3 Result
For the actuation, each set of the SMA wires above and below the scaffold was
alternatively heated by the conditions of 7.6 V and 0.56 A at 36Hz. The result of the
force generated by the miniature actuator is visualized in Figure 14. As the actuator
was tested with the frequency of 36 Hz, there exists the indication of 9 strokes within
the time frame of 0.25 second, labeled by the X axis. The trend of the plots fluctuates
as the flapping motions occurred. The maximum upward force created by the down
stroke of the actuator is about 0.015 N. However, it is important to keep in mind that,
the calculation of true lift force should account for the presence of the downward force
induced by the flapping up strokes. The difference between the upward and downward
force is the lift force which plays a role in making the body fly. The lift force per one
stroke is about 0.005 N. The number itself may seem small. However, the lift force per
one second is 0.18 N, calculated from the multiplication between the lift force per
stroke and the frequency of the flapping movements. Considering that the weight of the
actuator is about 2.5 g, the value of 0.18 N is meaningful, as it is 7.3 times bigger than
its weight of 0.0245 N.

18

a) X-directional force

b) Y-directional force
Figure 14. Force generated by the actuator at 36 Hz.

The Y-directional force was evaluated as a measure of a thrust toward the
stationary end of the actuator. The value recorded is about 0.01N. This value is not so
19

much associated with the actuator’s capability of flying but could be meaningful in other
applications such as a fin of fish.
Lastly, the bending deformation induced by the alternative heating of the SMA wires
was about 5 mm, as referenced in Figure 14. This value was obtained as a result of
exciting the actuator at its natural frequency which seemingly lied between the range of
35~ 40 Hz. The experiment results are summarized in Table 4.

Figure 15. Bending deformation of the actuator

Table 4. Summary of the test measurements
Performance
Size (mm) & Mass (g)

25 x 5mm

2.5 g

0.56 A

7.6 V

Current (A) & Voltage (V)
Bending Deformation (mm)

32 mm

Lift Force (N)

0.18 N (max)

3.4 Summary
As the trend of the defense industry is being affected by the new emerging
technologies, different approaches to making military products are adopted as well.
This paper showed the process of fabricating a small type high-speed actuators in the
glimpse of developing a robotic bird in the future. The fabricated small type high-speed
actuator was able to go beyond the former highest record of 35 Hz frequency. The
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contribution of the research is in the increase of the flapping frequency between 35~40
Hz and its small size which is 25 mm long and 5 mm wide. Not from a distant future, it
will be technologically possible to make a small-sized biomimetic drone, using the
developed miniature actuator fom this research.

Chapter 4. Smart Soft Composite Ornithopter
4.1 Design and Fabrication of Flapping Actuators
To make a soft robotic ornithopter, it is first necessary to make at least two modules
of flapping actuators. That is, making a pair of wings is achieved by having two
modules of flapping actuators. To expedite the process of fabrication, 3D printing was
used to fabricate a zig and a mold. The zig serves a role of precisely layering the SMA
wires onto the mold. The mold is where the SMA wires and scaffold gets combined.
The usage of the 3D printed zig and mold not only speeds up the manufacturing
process, but also increases the precision factor which results in flapping actuators with
highly identical performances. Figure 16 shows the 3D printed zig and the mold where
layering of SMA wires is conducted.

Figure 16. Usage of 3D printed zig and mould to accelerate the fabrication
process

Following the layering task, PDMS is poured onto the mold which gets solidified after
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a few hours in the oven. After some soldering and wiring on the flapping actuator, it is
ready to be served as the wing of the ornithopter. The flapping module used in the
ornithopter is presented in Figure 17.

Figure 17. Flapping module

Using the 3D printed zig and mold, it becomes faster to design flapping modules with
different shape factors. Each actuator displays unique traits and may be used for
different applications, as shown in Figure 18. Some are very thin but not rigid enough
to be served as a wing. Some of the others may be rigid but not flexible enough to
create effective lift force.

Figure 18. Flapping modules with different design factors
The best flapping actuator which suits the purpose of the wing is the one shown in
Figure 17. The dimension of the actuator is 10mm in width and 70mm in length. It
weights around 2.5 - 3 g. It would be best to use the one with longest length dimension
for maximum tip deformation. However, such benefit is cancelled out by the increase
weight of the actuator itself. It is necessary to balance between the potential lift force
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and the weight of the actuator. Optimizing such factors as weight, maximum tip
deformation, SMA wires inside the actuator is crucial to make it actually fly.

4.2 Integration of Actuators into a Bird-like Robot
With the choice of the best flapping actuators, the body frame which would hold
those flapping actuators and make them one solid piece is required. As referenced in
Figure 19, the body frame of the ornithopter was designed using SolidWokrs, a 3D
modelling program. Minimal design was considered to reduce the complexity of the
structures and also its weight. The hole in the middle of the body plays a role to slide
up and down along the pivot guide used for a flight test. So far, the body frame weights
around 2.5 g.

Figure 19. 3D modeling of the body frame
Figure 19 shows the integrated state of the flapping actuators with the body frame.
Figure 21 shows the outlook of fully integrated ornithopter with its wing structures. The
thin membrane used as a wing structure is polyvynyl film. Designing the shape of the
wing was somewhat influenced by that of a bat. The noticeable difference between
Figure 20 and Figure 21 is the presence of the compliant bone structures at the tip of
the flapping actuators. Those add-on structures amplify the maximum tip deformation
which leads to the increase in the lift force. Since it is possible to attach and detach the
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compliant structures, it becomes handy to give a different flapping trait to the
ornithopter. Those compliant structures could either be very long or get attached to the
flapping modules at specific angles such as 30 o, 40 o, 50 o and more.

Figure 20. Integration of the flapping modules with the body frame
So far, three models of ornithopter have been created. Figure 22 displays the set of
ornithopter models fabricated with different design factors. The design factors include
the angular orientation of the wing to the body, wingspan, and weight and so on. The
main drawback which remains unsolved is the decrease flapping performance after
integrating the wing membrane onto the bone frames of the ornithopter. The presence
of the wing partially hinders the bending movement of the flapping modules. It seems
that greater bending deformation is necessary in presence of the wing membrane.

Figure 21. Bat-like ornithopter
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Figure 22. Ornithopters with different design factors

4.3 Control
In order to flexibly control a few flying modes of the ornithopter, a simple but effective
control mechanism was constructed. The usage of an Arduino board in connection with
the electric circuit made it possible to create sequential signal to the model. With these
control capability, manipulation of the wing’s trajectory was easily conducted by giving
different levels of electricity. Making the wings move in one direction alternatively or
simultaneously was possible. In real flights, these mechanism would have been used to
change its direction.

Figure 23. Flapping mode control
Another control mechanism was applied to differentiate frequency. Figure 24 shows
the distinguishing behavior of the ornithopter at different frequency level. The electric
consumption may differ accordingly to the specific flapping performance. For the best
actuation conditions, the values of 16 V and 0.7 A at frequency 7.5 Hz were used. The
power consumption would be around 22 W in total for the pair of wings. The increasing
trend of the wing’s maximum tip deformation were captured with increasing actuation
frequency level.
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Figure 24. Frequency mode control

4.4 Test Flight
Test flight of the ornithopter have been conducted. As the bat-like ornithopter has the
resonance frequency in the range between 7.5 – 8 Hz, it is necessary to give electric
current to the upper and lower set of SMA wires alternatively at the beat of such
frequency. The control board enables the controlled current flow to the ornithopter.
Even though different flapping performances may exist between the left and the right
wing, due to the slight asymmetry, it is possible to adjust the wing beat deformation and
frequency, which enables the variation as well as the synchronization of the two wings
at will.

Figure 25. Ornithopter flight test
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With these control options, the ornithopter was tested to fly. The result was a short
float in the air. It seems the lift is definitely created, however, not with the maximum tip
deformation. As pointed out eariler, the presence of the wing membrane reduces the
overall tip deformation of the flapping wings. The resonance behabior of the wings
would have been amplied with the usage of a support rod along which the model could
have been tested. Optimization of the wing design is necessary as well as the
reduction of body frame. In brief, a slight lift occurs.

4.5 Result
The effect of actuation frequency and angular orientation of the wing was verified.
Firstly, on the dynamometer, the ornithopter was tested at different angles which the
wings make to its body frame. It is noticeable that the lift force is close to zero at 0 o but
then it increases linearly toward the 30

o

point and decreases after that point in Figure

26. This outcome seems correct in the sense that the wings of a bird to its body make
flapping movements not facing directly toward the bottom but slightly tilted upward whle
flying. Moreover, the flapping actuator itself creates not just the bending motion but also
twisting motion which further enhances the lift force.

Figure 26. Lift force generated at specific flapping angle
Having this parameter fixed as the best angular configuration, the effect of actuation
at different frequency level was observed. The slope of the graph in Figure 27 displays
the increasing behavior toward 7.5 Hz region and drops beyond that point. The
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explanation for such result is the appearance of resonance frequency at 7.5 Hz which
maximizes the maximum tip deformation of the wing.

Figure 27. Lift force generated at specific frequency level
With this condition of actuation at the angle of 30

o

and frequency of 7.5 Hz, the lift

force profile of the ornithopter was obtained on the dynamometer. The flapping power
generated per stroke was about 0.15 N. The sheer value itself is more than enought to
overcome the weight of its body, 0.08N. From this perspective, the reason for a slight
lift of the model may be due to the insufficient amount of lift force throughout the flight.
Although the lift force is greater than the weight momentarilly, the gravity pulls on the
body coninuously. That could be why.

Figure 28. Lift force generated at 7.5 Hz
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4.6 Summary
A bat-like ornithopter or soft robot was designed and integrated with smart soft
composite flapping modules. The size of the ornithopter is 210 mm in width and 120 in
length. Its energy consumption for optimal operation is about 22 W, which is a result of
a pair of actuators taking in 16 V and 0.7 A each. The test ability is not fully achived, but
definitly it does float in the air for a short time.

Conclusion
Flapping actuators with different shapes and designs were first fabricted. The flippertype actuator with compliant wing membrane and miniature high-speed actuator were
tested. While the flipper-type actuator was relatively heavy with the weight of 16 g, it
displayed a stronger lift force. On the other hand, the miniature actuator having the size
and weight of 5mm X 25mm and 2.5 g was capable of moving at the frequency of 36
Hz. The general trend of actuation manner is the increase in wing tip deformation for
shorter flapping actuator with more stiffness. From this point of view, it can be now
understood that the miniaure actuator having high stiffness factor was possible to have
higher resonance frequency while the flipper-type actuator with less stiffness had lower
resonance frequency. However, the degree of deformation is somewhat conversely
related to the frequency of actuation. The lift force is solely maximized not solely on the
higher resonance frequency but on the combined effect of tip deformation and
frequency. So, it is necessary to locate the best combination of the flapping frequency
and the deforamtion. In this sense, combining these two designs, a flapping actuator
with best deformation and flapping performances was designed and fabricated. These
actuators with a body frame and wing membrane were integrated to be reborn as a batlike ornithopter. Delicate control mechanism for manipulating the wings behavior was
realized for the flight test. With these mechanism, the best configurations of the
actuation were 7.5 Hz frequency and the angular orientation of the 30 0. After a flight
test, the flying capability was found small, but it does fly for a short period of time.
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초록
날갯짓 구동기는 ‘형상 기억 합금(Shape Memory Alloy, 또는 SMA)’, ‘이온 고분자-철
복합재’, ‘피에조’ 등 몇 가지의 지능 재료를 이용해 제작이 가능하다. 본 연구에서는
SMA 와이어가 삽입되어 복합재 구동기 날갯짓의 주요 동력원으로 사용이 된다.
고속 구동이 가능한 날갯짓 구동기를 만들기 위해서 유연 복합재가 만들어졌고
3 가지의 주요 재료를 이용한다. 날갯짓의 동력원이 되는 형상 기억합금 와이어,
구동기로 하여금 의도된 동작을 유도하는 3D 프린터 출력된 방향성 구조체, 그리고
이 모든 재료를 하나로 잡아주는 PDMS (Polydimethylsiloxane) 가 그 3 가지
재료라고 할 수 있다. 날갯짓 움직임은 구동기 내부의 위, 아래로 이루어진 SMA
와이어 묶음에 전류가 번갈아 가면서 흐를 때, SMA 와이어가 저항에 의해 생긴
열을 받아 구동기가 위, 아래로 번갈아 가면서 수축하면서 작동이 된다. 이 방법을
기본 작동 원리로 하여, 다양한 구동기를 제작 할 수 있다. 본 연구에서는

‘물

갈퀴 형 구동기’, ‘소형 고속 구동기’를 제작하였는데 ‘물 갈퀴 형 구동기’ 는 큰
변형 률과 5 Hz 구동 속도 특성을 갖는 반면, ‘소형 고속 구동기’는 비교적 작은
변형 률과 36 Hz 정도의 높은 구동 속도를 보였다. 이 두 형태의 구동기의 특성을
조합하여 ‘날갯짓 모듈’을 제작 및 통합하여 오니솝터를 개발하였고 오니솝터의
날갯짓을 최적화 시키는 연구를 진행하였다. 최적화를 시킬 때 고려했던 변수는
주파수, 날개의 길이, 무게, 모양, 날갯짓의 각도 등이 있었고 몇 번의 최적화
사이클 후에 개발된 오니솝터는 7.5 Hz 주파수, 30
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날갯짓 각도에서 양력이 가장

잘 발생한다는 것을 확인하였다. 실제로 날개구조물을 장착하여 비행 시험을
진행하였고, 순간적으로 자중을 이기고 뜨는 모습을 확인할 수 있었다.
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