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Chapter

The Challenge of Controlling
a Small Mars Plane

Seiki Chiba and Mikio Waki

Abstract

Dielectric elastomers (DEs) are lightweight and high-power, making them ideal
for power control in a planetary exploration spacecraft. In this chapter, we will
discuss the control of an exploration airplane exploring the surface of Mars using
DEs. This airplane requires lightweight and powerful actuators to fly in the rare
Martian atmosphere. DEs are a possible candidate for use as actuator controlling the
airplane since they have high power, and high efficiency. A structural model of a
wing having a control surface, a DE, and a linkage was built and a wind tunnel test
of a control surface actuation using a DE actuator was carried out.

Keywords: mars airplane, control surface, dielectric elastomer, artificial muscle,
actuator, high efficiency, high power, power control of planetary spacecraft, SWCNT

1. Introduction

Dielectric elastomer actuators (DEAs) are currently used in a variety of applica-
tions such as robots and medical devices. Since a DEA is very light and capable of
high output, it is expected to be able to control the output of the planetary explora-
tion ship and the solar panels loaded on exploration ships.

We are developing a DEA related to the output and control of Mars probes that
observe the surface of Mars. Mars Airplane is a new Mars observation platform that
enables a wide range of observations from low altitudes. Since 2010, the Japanese
Mars spacecraft working group has been working on the conceptual design of Mars
airplanes and various basic researches [1-5]. Mars exploration is performed with a
weight of 6 kg, a wing width of 2.4 m, and a maximum cruising speed of 70 m/s. We
are developing such a machine, as shown in Figure 1 [6].

We would like to take this airplane down from the Mars exploration spacecraft
with a parachute, disconnect the parachute at a high altitude (30 km) on Mars,
control its flight remotely, and then gradually lower the altitude to fly a distance of
about 300 km. Therefore, it is necessary to avoid high mountains on flights after the
middle stage.

This Martian plane can obtain more detailed data than satellites and can observe
a wider range than rovers. Also, one of the unique features of the Mars plane is to
observe the formations of the canyons. Satellites cannot see the formation from the
sky, and rovers cannot approach them.

Flight exploration by Martian planes has some difficulties, as detailed below:

These planes are not mass-produced and are very expensive due to their special
payload and avionics for academic research. In addition to this, Mars planes must be
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Figure 1.
Image of the Mars exploration airplane.

lightweight to fly in the thin atmosphere of Mars. It also has to be fairly lightweight
to carry this spacecraft to Mars as well as to even be transported to Mars itself.

DEAs have the potential to be used as actuators for control surfaces (i.e. ailerons,
rudder, and elevator) and as a propeller for the Mars airplane, since it is light and
has high output and high efficiency. Another advantage of the DEA is that it is
linearly driven, making it less susceptible to dust. This research investigated the
teasibility of the DEA for the application of control surfaces (i.e., ailerons, rudder,
and elevators) on the Mars airplane. A structural model of a wing having the con-
trol surface, the DEA, and a linkage was built, and a wind tunnel test of a control
surface actuation using a DE actuator was carried out to investigate the feasibility of
the DE actuators for the Mars airplane.

The results obtained in this study will be useful not only for the development of
Mars exploration airplanes, but also for the structure and aerodynamic design of
lightweight airplanes where large aerodynamic deformation is expected. The study
also provides valuable examples of some of the expensive custom-made airplanes
for academic research, airplanes that are not capable of many flight tests, and
airplane development processes for which conducting flight tests are difficult.

2. Background of DE

To date, various types of soft actuators have been studied, and many functions
desirable for different devices have been studied [7-31]. An especially attractive
soft actuator is the dielectric elastomer (DE). DEs began to be studied in 1991 by R.
Pelrine, S. Chiba et al. [16].

The basic element of a DE is a very simple structure comprised of a thin elasto-
mer sandwiched by stretchable and flexible electrodes (see Figure 2) [24]. When
avoltage difference is applied between the electrodes, they are attracted to each
other by Coulomb forces leading to a thickness-wise contraction and plane-wise
expansion of the elastomer. The typical thickness of the elastomers is about 500
microns to 1 mm. The electrode uses carbon black, CNT, or nano-sized metal. At
the material level, the DE actuator has a fast speed of response (over 100,000 Hz),
with a high strain rate (up to 680%), as shown in Figure 3, a high pressure, and a
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Figure 2.
Principle of operation of DEs.

Figure 3.
Expanding Circular Actuator up to 680.
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Power cable
(To H.V. Power supply)

A DE lifted a 8.0 kgf weight using SWCNTs (ZEONANO®-SG101) (ZEONANO®-SG101 is a single-wall
carbon nanotube synthesized by the Super-Growth method. (Diaphragm type DE actuator having a diameter

of 8cm)).

power density of 1 W/g [32-34]. DEs can also be used for pressure-sensors and 3D

position-sensors.

As shown in Figure 4, recently, DE actuators having only 0.15 g of DE material

have been able to lift a weight of 8 kgf easily using the

single wall carbon nano tube

(SWCNT) electrodes (ZEONANO®-SG101) [33]. With 0.15 g of DEs, it is possible
to lift an 8 kg weight by 1 mm or more. Its operating speed is 88 ms.
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Liner strain Bend Rotation

Figure 5.
Roll actuator having 3-DOF.

Robot arm

Figure 6.
Biologically inspired robots powered by DE rolls.

When the DE sheet is rolled, it becomes an actuator that looks like a human
muscle. Figure 5 shows the roll actuators with 3-DOF [34]. As shown in Figure 6, a
DE can be the arm or leg of a robot. Using five of them, we created a robot that can
moves around the surface of Mars [34], so it enables sideways stepping like a crab
without turning around, when it collides with wall.

These roll-type actuators seem to be ideal for moving the antenna or solar panel
of a space craft to the correct position and as an actuator for a working robot arm
on it. For example, a robot arm is attached to the Japanese experimental module
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Figure7.
International Space Station: Kibo (Japanese experiment module) has a robot arm.

Kibo of the International Space Station (see Figure 7). It is possible to use DEs as the
drive source.

3. Experimental procedure

In order to verify the possibility of using a DEA as a surface control actuator
for the Mars exploration airplane, a wind tunnel was used to operate with the DEA
while receiving wind.

3.1 Experimental setup

Using a continuously circulating low-speed wind tunnel (see Figure 8) owned
by JAXA (Japan Aerospace Exploration Agency), we conducted a verification
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Figure 8.
2 m x 2 m Low-speed wind tunnel.
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experiment to verify whether the DEA actuator could be used as a steering actuator
under the wind received during flight. The wind tunnel used in this experiment has
a measurement section of 2 m x 2 m and a maximum wind speed of 67 m / s (up to
60 m/s during continuous operation using the model).

In the preliminary study, the wind speed was set from 0 m/s to 40 m/s in order
to match the actual driving conditions as much as possible. In addition, it was
decided to observe the aileron driving state by changing the angle of attack from 0°
to +10° at 5° intervals at each wind speed (Figure 9).

The structural model of the wing used in the experiment was shaped vertically
so that the surface control actuator (in this case, an aileron-like structure) can
be driven by the DEA in a limited space in the wind tunnel. The body is shown in
Figure 10 [6].

The dimensions of the wings used in this experiment were 168.5 mm wide,

633 mm high and 25 mm thick, and the dimensions of the ailerons were 78.5 mm
wide and 633 mm high. The wings and ailerons were made using polycarbonate
resin for the frame and ABS resin for the exterior. The bottom of the model was

125 mm in diameter and 757.5 mm in length. The tip and tail are made of ABS resin,

Input parameters
Wind speed: 0 to 40 m/s (5 deg. increment)
Angle of attack: -10 to +10deg (5 deg. increment)

Wind

Figure 9.
Input parameters.
(Unit: mm)
25
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Figure 10.
Body used in experiment.
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Figure 11.
Link mechanism between the body and the measurement equipment.

and the center is made of acrylic resin. For strength, the parts are reinforced with
aluminum. The aileron has a hollow structure, but the total weight was about 5 kg.
A DEA to control ailerons was installed inside the body. The DEA and aileron are
connected by a link mechanism built into the main body (see Figure 11) [6], and
when the DEA is displaced by 2 mm, the aileron moves 20 degrees. The DEA unit
for aileron drive has a structure that adopts a diaphragm type with an outer dimen-
sion of 100 mm.

As shown in Figure 12, a load measuring device other than the main body, a
high-voltage power supply, a high-voltage switch, etc. were installed outside the
wind tunnel and connected to the main body with a cable so as not to obstruct the
air flow in the wind tunnel [6]. A video camera was installed on the ceiling outside

Wind tunnel

»
/Vertical tail
PC for load measurement

HV\ switch TJ H.V.
="~ power supply
g AN /
AT
T | [oo T
Vertical tail Digital voltmeter ~ PC for measurement
Digital H.V. switch
oscilloscope
H.V. power
supply

Figure 12.
System diagram of the ailevon drive experiment with a DEA.
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CPU
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Analog-to-Digital
Converter IC

= Calibration
weight

Measurement system
Load measurement system built into the body

Figure 13.
Load measurement system using a load cell.

the wind tunnel to observe the state of the enclosure, and the images were taken
from the observation window.

3.2 Preliminary experiment

First, in order to examine the specifications required to control the actuator used
to steer the aileron, aload cell was used to measure the load applied to the actuator
part at each steering angle. Figure 13 shows the measurement system used for load
measurement [6].

The load cell used for load measurement was mounted at the DEA mounting
position of the main body. The maximum load applied to the load cell is 20 kg, and
the analog data output from the load cell is converted to digital data by the 24-bit
A/D converter IC (HX-711), and the CPU (ATmega328P). A lithium polymer
battery (Li-Po) was used as the power source to minimize the effect of noise on the
weak signal output from the load cell. In order to shorten the connection distance,
the circuit to the CPU was attached to the fuselage. A personal computer for opera-
tion and recording was installed outside the wind tunnel, and it was connected by
serial communication.

A laser distance sensor (VL50L0X) was also installed to measure the displace-
ment velocity (Figure 14) [6]. Since this laser distance sensor uses I2C for the
interface, it is not easily affected by noise and stable measurement is possible. The
control was performed by the same CPU (ATmega328P) as the load measurement,
and the measurement data was transmitted to the measurement PC by serial com-
munication. Laser distance sensors were installed in the front and rear to observe
the movement of ailerons and the DE.

The load was measured by continuously changing the wind speed from 0 m/s
to 40 m/s in 5 m/s increments and setting the steering angles to 0, 5, 10, 15, and
20 degrees. When the set wind speed was reached, measurements were taken at
each wind speed for about 30 seconds, and the load applied to the actuator section
was measured (see Figure 15) [6].

In this experiment, it was found that the DEA was loaded with 11.54 kg/f in an
environment with a steering angle of 20 degrees and a wind speed of 40 m/s (see
Table 1). In order to move the aileron through the link mechanism, a force of about
2.6 kgf is required even in the absence of wind. It was found that a force of about
14.14 kg/f is required to steer 20 degrees in an environment with a wind speed of
40 m/s. It was also confirmed that the wings were deformed from the joint with the
airframe at a wind speed of 30 m/s or more. Since the experiment was repeated in
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Figure 14.

Laser distance sensor system installed inside the body. (a) Mounting location of the laser distance sensor;
(b) Laser distance sensor system.
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Figure 15.
Load applied to the actuator section (by steering angle and wind speed).

such a state and there was a risk of damage to the blade due to fatigue, the aileron
drive experiment with the DEA was carried out at a wind speed of 0 m/s to 30 m/s.
In order to steer 20 degrees in this environment, a DEA that can obtain a force of
about 8.7 kg/f is required.
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Wind speed (m/s)
5 10 15 20 25 30 35 40
Load applied to the 0.12 0.37 112 2.30 3.90 6.10 8.72 11.54

actuator (kg / f)

Table 1.
Load applied to the actuator section at each wind speed when the rudder angle is 20 deg.

3.3 Aileron drive experiment witha DEA

The load cell mounted for load measurement was replaced with a diaphragm
type DEA, and an aileron drive experiment was conducted. Figure 16 shows the
state of the DEA mounting.

The DEA unit used had a donut shape with an outer diameter of ¢100 mm, a
DEA part with an outer diameter of ¢80 mm, and a central part of 50 mm (see
Figure 15a). The DEA used a 3 M acrylic sheet (VHB4910) as the main elastomer
and SWCNT (SG101) manufactured by Zeon Corporation as the main electrode
material. This DEA unit had a displacement performance of 2.0 mm with an applied
voltage of DC 3.2 kV under a load of 4.0 kg, and the drive time at this time was
about 100 ms. The DEA was driven by a high voltage power supply and a high volt-
age switch located outside the wind tunnel. The high-voltage power supply installed
outside the wind tunnel and the DEA installed in the enclosure are connected by
a high-voltage cable with a length of about 6 m. However, due to the low current
consumption of the DEA, the maximum voltage drop during driving is 100 V,
which is within the range where there is no problem in driving the DEA. The DEA
unit consists of four cartridges, and if one of the DEA cartridges fails, the remain-
ing DEA cartridges can drive it.

In this experiment, the wind speed was changed from 0 m/s to 20 m/s every
5 m/s, and the change in wind speed at each wind speed was recorded with a video
camera installed on the ceiling of the wind tunnel. The rudder angle was measured
by analyzing the recorded video.

In the initial experimental plan, the angle of attack was planned to be changed
from —10° to +10° in 5° increments, but the stress applied to the wing was greater
than expected, so there was a risk of damage to the skeleton. In order to avoid such
an outcome, this time, the angle of attack was set to 0° only, and the wind speed was
changed from 0 to 20 m/s at 5 m/s intervals.

Figure 16.
DEA mounted in the body. (a) Diaphragm type DEA. (b) DEA built into the body.
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4. Results and discussion

Table 2 shows the aileron angle at each wind speed. Figure 17 shows the aileron
displacement at each wind speed [6]. Up to a wind speed of 5 m/s, the aileron angle
could be obtained up to 20 deg. However, the aileron angle gradually decreased
from a wind speed of 10 m/s and reached 4 deg. at a wind speed of 15 m/s.

Figure 18 shows the aileron drive speed when there is no wind, as measured in
the lab. The rudder angle could be moved up to 20° at a speed of about 100 ms, and
the same rudder angle and speed could be reproduced even if the drive control was
repeated.

Wind speed (m/s)
0 5 10 15 20
Aileron angle (deg.) 20 20 9 4 0

Table 2.
Aileron angle at each wind speed.

1) Wind speed: o m/s 2) Wind speed: 5 m/s
Aileron angle: 20 deg. Aileron angle: 20 deg.

3) Wi_nd speed: 10 m/s 4) Wind speed: 15 m/s
Aileron angle: 9 deg. Aileron angle: 4 deg.

Figure 17.
Ailevon displacements at applied voltage DC3,200 V.
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Figure 18.
Aileron drive speed when there is no wind.
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Figure 19 shows the operating speed of the aileron. The displacement speed was
measured using a laser distance sensor mounted inside the body. At a wind speed
of 5 m/s, it took 250 ms to reach the maximum displacement, but at a wind speed
of 10 m/s, it took 300 ms. As described above, since the angle change of the aileron
can be easily replaced with the voltage change, the feedback control can be easily
performed by changing the voltage applied to the DEA using the voltage change.

Aileron angle at a “5 m/sec wind” condition

The aileron angle at a wind speed of 5 m / s was 20deg.
The applied voltage at this time was 3.2kV.
The operating speed was as fast as 250 ms.

E
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-2 -
4
| Time (ms) 250ms
a)

Aileron angle at a “10 m/sec wind” condition

The aileron angle at a wind speed of 10 m / s was 9 deg.
- The applied voltage at this time was 3.2kV.
The operating speed was as fast as 300 ms.
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Figure 19.
Aileron’s operating speed measuved by the laser distance sensor. (a) Wind speed of 5 m/s; (b) Wind speed of
10 m/s.
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The structural model used this time required a force of 2.6 kg for steering even at
awind speed of 0 m/s. This was a huge loss. It is probable that the maximum aileron
angle could not be obtained due to insufficient driving force at a wind speed of
10 m/s. Most of this loss was due to the link mechanism. By increasing the efficiency
of the link mechanism, we were able to obtain a maximum displacement of up to
15 m/s even with the same DEA. In the next experiment, we will investigate how
much the mechanism can reduce the power consumed by developing a new drive
that drives ailerons directly, enabling a simple and practical steering system.

To send a Martian plane to Mars, we need to dramatically reduce the weight of
our compact and powerful motors. In addition, a powerful, efficient and responsive
motor is essential for long-term flight of the spacecraft on the surface of Mars. Also,
the surface temperature of Mars is very low and dust is present. Therefore, the
required level of efficiency and responsiveness is very high. In this paper, based on
the data obtained in this experiment, we attempted to compare the current level of a
DEA with existing motors for these requirements.

First, we will explain the performance of the DE developed for this experiment:

The total weight of the DEA used is 52.8 g, of which 51.8 g is the weight of struc-
tures, etc., and the weight of the DEA itself is as small as 0.98 g. This DEA can lifta
4 kgf weight by 2 mm with an applied voltage of 3.3 kV. In order to increase this operat-
ing speed, the DE has been strengthened, and the total weight is 0.98 g, which is 98 ms.

Next is a comparison between the DE and existing motors:

From the above data, the power of the DE linear actuator is 0.0074 W per
gram. As shown above, the weight including the DE actuator and its associated
structure was approximately 53 g. If a similar linear actuator is configured using
an existing DC motor of similar weight, the output of the linear actuator is 0.0015
(W). The weight including the DC motor and linear gear is about 95 g. Therefore,
the DEA has a working speed per gram that is 4.9 times faster than a linear actua-
tor that uses an existing DC motor. However, in the case of a linear actuator that
uses a DC motor, a displacement of 1 mm takes about 200 milliseconds, so the
difference in drive time is 9.9 times. In this experiment, we created a DE actuator
that can lift a weight of 4 kgf using SWCNT (ZEONANO®-SG101) from Zeon
Corporation. However, using high-crystal SWCNTs (extracted in the laboratory of
Zeon Corporation under the guidance of Chiba et al.) gives about 1.32 times better
results [35]. An SEM photograph of high-crystal CNTs is shown in Figure 20. It is
estimated that DE motors using this CNT are about 13.1 times better than existing

Figure 20.
SEM photograph of high-crystal CNT.
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motors. When using metal CNTs, it is estimated to be twice as high as SWCNTs
with high crystallinity. It is expected to be about 27.5 times that of existing motors.
In order to explain in more detail the good response of the DE obtained in this
research, we compared it with the existing servo motor (which shows better perfor-
mance than the model airplane used for radio control). The reason we chose the servo
motor is that it can be controlled more accurately. The specifications of the servo motor
that can obtain the same level of output as the DEA unit used this time are “servo
motor (GWS): weight 41 g, torque 4.1 kg/cm, running speed: 270 ms /60 degrees”. In
contrast, the DEA used this time weighs 36 g (when four cartridges are built in), is
about 13% lighter than the servo motor, and has a drive speed of 98 ms/2 mm, so it can
be driven at higher speeds.
Based on the data obtained, the power consumption of the DE will be explained
as follows. The power consumption during driving was measured with a voltage/cur-
rent monitor of a high-voltage power supply installed outdoors. The wind speed was
5 m/s, the applied voltage was 3.2 kV, and the power consumption was 0.29 W. The
current at this time was as small as 0.09 mA, and there was almost no voltage drop or
heat generation due to the wiring cable. As mentioned above, one of the features of
the DEA is that it consumes less current and can contribute to the weight reduction of
the wiring cable, that is, the weight reduction of the main body. The power consump-
tion during driving was measured with a voltage/current monitor of a high-voltage
power supply installed outdoors. The wind speed was 10 m/s, the applied voltage was
3.2 kV, and the power consumption was 0.29 W. The current at this time was as small
as 0.09 mA, and there was almost no voltage drop or heat generation due to the wir-
ing cable. One of the features of the DEA is that it consumes less current. It can also
contribute to the reduction of wiring cables and reduce the weight of the aircraft.
Considering the manufacturing cost of a DE, the weight of the DE including
reinforcement is 0.96 g, which is cheaper and lighter than the price of a general existing
motor with the same output. The SWCNT used as the electrode material for the DE in
this experiment has started being mass produced at ZEON, so it costs about 1,000 yen
($9.6) per gram. Also, since the amount used is about 0.1 g, it is 100 yen (9 cents). The
3 M acrylic used for the elastomer is 20 yen per gram, so even if 1 g is used, it costs 120
yen ($ 1.15), which is cheap enough. Also, as mentioned above, the DEA itself is suffi-
ciently lightweight and compact, which is a great advantage when mounted on a rocket.
When the DE is actually transported to Mars, it passes through outer space, so the
effects of cosmic rays cannot be ignored. Next year, we plan to conduct a DE expo-
sure test at the International Space Station (ISS: see Figure 7) and observe its effects.
Finally, we will explain the further improvement of the DE. As shown in
Figure 4, we succeeded in launching a weight of 8 kg with a DE of 0.15 g. Using
this, it will probably be able to move smoothly even in the wind with a higher
speed. In this experiment, SWCNT (SG101) was also used, but it has been found
also that the use of highly crystallized SWCNTs further improves drive speed
and output. Even if the above link mechanism is not improved significantly,
wind experiments of 25 m/s or more can be performed. In addition, new acryl-
ics are currently being synthesized by Chiba et al. These acrylics can be used at
—40°C to 150°C and may be able to handle even the harsh temperatures found on
Mars. Also, due to the sufficient withstand voltage of the film, the control unit of
the Mars probe will be developed mainly using this elastomer.

5. Results and discussion

From the above experimental results, it is suitable for controlling the Mars probe
because it can output a large amount of DE even with a small number of DEs and

14
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has a high operating speed. In addition, DEs are manufactured at low manufactur-
ing cost and can withstand —40°C.

Thus, for the first time in the world, we aim to fly in the atmosphere of Mars.
By doing so, we would like to obtain our own Mars observation data such as high-
resolution residual magnetic field data and atmospheric data. By establishing this
technology, it will lead to the flight of other celestial bodies (Titan, Venus, etc.) that
have an atmosphere.

The function of detecting radiation on Mars (particle type, energy range, dose
range, etc.) and the function of detecting underground features such as caves and
water volume, which are important considerations for Martian colonies, have not
been considered in the paper. At this moment, the payload of the airplane is small
and we will not able to consider them. As mentioned in the background of DEs,
however, the output of the DE has come to lift 8 kg against the weight of the 0.15 g
DE. In the near future, we would like to increase the output of the DE, so thata
larger payload can be realized.

DE:s are also suitable for controlling the solar panels, antenna control, and drive
output control of planetary exploration spacecraft.

What we need to know in the future is how well DEs can withstand cosmic rays.
As early as next year, we plan to experiment with how a DE behaves in space on the
International Space Station.

Recently, more and more research has been aimed at exploring the possibility of
applying DEs to frequently used items such as spacesuits, power suits, and robots,
and we hope that the results of this research will be valuable.
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