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Micro aerial vehicles (MAV) are considered to operate in an urban environment,
where flyable space is limited and maneuverability is required. In excess indoor
operation might be required too for an inspection mission which is difficult to be
achieved with a fixed wing MAV due to the higher speed when compared to a rotary
wing MAV. However the fixed wing operation may become a must if the indoor target
is sufficiently far away and endurance becomes an issue. Furthermore stability of an
image taken may not be promoted by vibrations caused from a rotary wing MAV.

To solve the problem as well as enhancing an MAV’s performance in urban missions,
a conceptual hybrid micro vehicle has been created. Using a system of systems and
modular design approach, a bio-inspired ground vehicle with rotary “legs” has been
designed. This vehicle is able to walk on a variety of different terrains, cross obstacles
and operate and able to communicate same ground station with MAV flying around.
The ground vehicle and the MAV both share the same type of autopilot, camera
system, fuselage and possibly others. The MAV has been further equipped with the
walking features of the ground vehicle and a 2DOF vector thrust option for
super-maneuverability in the air and ground jump take off capability, hence creating a
hybrid vehicle. Based on a color pattern, a low weight and cost target recognition
system has been designed and realized using off-the-shelf components. This has been
done in combination with a laser range finder which detect the distance from target
and automatically adjust the parameters for target recognition allowing workload of
the operator during an indoor inspection mission to be decreased. Each of the systems,
ground as well as aerial, has been validated in experimentation, first in a single mode
of each system and then in a combined mode including the 2DOF vector thrust
propulsion system being installed on the fixed wing MAV. Some of the progress

achieved in that regard will be provided within the presentation.
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Introduction

Micro aerial vehicles are, by definition, small aircraft which fly at relatively low
speeds (usually less than 30 mph). Because of this combination of flight
characteristics, MAV flight is said to be associated with low Reynolds numbers (less
than 200,000).

MAV are in this project has wing span of 40cm and flight speed of 6m/s, which are
very similar to small size bird such as pigeon, therefore, bio-inspired concept can be
design and released on the platform.

From biological point, bird located their target from air, then either dive to attack on
target or land on the ground, and move closer to target (by leg) for detail analysis.
Once analysis is finished, it can be taken off again with in very short run way
distance.

Such feature are desired for micro air vehicles, as the payload is very low, most of
time only low resolution camera can be carried, therefore for closer inspection of the
target site in confirm space is not possible with fix wing MAV. For the rotor wing
MAYV, endurance is biggest factor for such mission, therefore, in order to satisfy aerial
video and close range inspection, a combination of function from ground vehicle and

air vehicle must be designed (ie, similar to bird).

Challenges

Most of ground vehicles are using either wheel or track as for moving around on
ground. Even though, wheel can be design in a very light weight fashion (which is
very common in hobby field), but its efficient on the rough terrain is not very high.

On the other hand, track type ground vehicles have good efficient on different terrain,
however, the mechanism is base on the weight of the vehicle, which means most of
time, track vehicles are heavy weight.

Since MAV has very limited payload capacity (including space capacity), either
track or wheel is not be able to apply on the MAV, a new type design in combination
of light weight but also able to move though rough terrain is required.

Rotating leg design

In nature, birds and insect all uses legs for ground movement, which are able to
cope with rough terrain and flat ground. Each of the leg has at least two joint allow to
adapt and moving though different surfaces, and control of these joint and movement
is rather complex that will not be able to implement on to MAV autopilot.

Mathematical and control method for rotating wheel are well established for

centries, therefore, the concept of rotating wheel and leg must be mix together.
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Using modular MAYV as platform [1], leg size should be no larger than fuselage, and
should not interference with airflow too much, hence as thin as possible and length in
no greater than 12 cm in Y axis (global coordinate, see Fig. 1).
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Fig. 1. Left, platform MAV with global axis. Right, the platform MAV with dimension drawing.

The best material option for such rotating leg is carbon fiber composite as it is light
weight and able to create damping for MAV under shock loading in the ground or
during landing. However, put cost and manufacturing, ABS plastic is more reasonable,
hence will be selected as base material in the design stage.

The first design of the rotating leg can be seen in Fig. 2, the leg has very thin four
ligament for supporting weight and creating enough contact surfaces (friction) to the
terrain.

Optimization of the rotating leg

The first design of leg is simple, because it has the sharp angle that will create
singularity in the Finite element simulation, therefore a more sensible design will be
using the “curve” instead of sharp edge (Fig. 3)

The optimization of the leg consider both static and dynamic loading, and parameters
are the thickness and radius of curvature for the ligament (see Fig. 4).

X1 Vl
X2 V2
X=X, = H, (see Fig. 4) (1.1)
X4 Hs
X Thickness |

For the static case, loading is consider as weight; for dynamic, assume the worse
impact case is when MAV is during fast landing, therefore, initial speed for FE model
will be its flight speed (8m/s).
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Fig. 2. Left, insect leg. Right, bio inspired “rotating leg”
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Fig. 3. modified the leg, without any sharp edge.
Since the dynamic simulation is base on the energy of the impact, and our FE
model is only section of “leg”, therefore, an energy match equation was used to mach

up the impact energy, hence the impact velocity is set at 30m/s.
1/2myv; =1/2myv; (1.2)

Both static and dynamic simulated results of “leg” are shown in Fig. 5. Top left and
right shows the static results (left is the stress pattern, right is the deformation),
bottom left and right shows the results of dynamic impact (left is the deformation,
right is the stress pattern)

Output parameters are the deformation, stress level and the overall volume of the
leg structure (minimum stress level and volume is the optimized point). With these
parameters, numbers of random sample are generated and calculated, then

optimization is by using genetic algorithm to go though all the sample, few equations
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are generated to search the optimized model [2], [3]. The optimized model has only

43% of the original volume but same strength.
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Fig. 4. the section of the rotating leg. Note: V1, V3, H4 and H5 are the parameters for the size of leg,
curvature and thickness of the leg.
19<V, £22.015

16<V, <183 Deformation(Y')
Condition 3.8<H,<4.8  output Min Stress
25<H, <31 Vulume
3 <Thickness <5
Parameter | V1 (mm) | V3 (mm) | H4 (mm) | H5 (mm) | Thickness | Overall
(mm) volume
%
Original | 20 18 4.32 2.83 4 100
design
Optimized | 19.142 18.044 4.0149 3.0372 3.0041 43
design

Table 1. Parameter comparison of the original and optimized model.
Since the autopilot from the group is able to produce PWM signals to control
standard servos, therefore power drive for rotating leg are also using servos.
Standard servos are modified both mechanically and electronically to allow 360
degree continually rotating[4].
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Fig. 5. Both static and dynamic simulation results of the “leg”
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Fig. 6. The trade off study graph from the optimization process
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Fig. 7. Optimized leg. Note: the red arrow indicate the modified area.

Rotating leg in hardware

The manufacturing of optimized leg is rather difficult as either injection mold or

Fig. 8. Left, the “leg”. Right, un-modified the light weight wheel. Note: each side of the ruler indicates

15cm.
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Prototype Remote control Ground Vehicle

The flight control code are modified to allow the control of rotating leg, and the
testing ground vehicle with rotating leg are design to validate the design of software
and hardware.

The system integrate one axis digital compass to allow the Remote Ground Vehicle
to identify its heading during stationary and indoor environment. At current stage, the
RGYV are able to navigate outdoor with GPS, and indoor operation are totally remote
control though Ground Control Station (GCS). Since it share the same autopilot
system and communication protocol, therefore, one GCS allow to control multiple
vehicles (ie standard MAV with RGV at same time or two RGV at same time)

Series experiments were carried out for testing capabilities of the rotating leg in both
outdoor and indoor terrain with rough surfaces.
The experiment shows the single maximum obstacle that rotating leg could climb
though is relate to the spaces between ligament, and in this case is 6 cm, which is

enough for most of indoor operation and certain outdoor missions.

Fig. 9. installation of the rotating leg to the modified servo. Note: each side of the ruler indicates 15cm.

Fig. 10. RGV prototype, note: the ruler in the photo is 15cm ruler.
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Fig. 11. Top, RGV during indoor testing. Bottom, RGV in outdoor environment.

Fig. 12. Ligament space of the rotating legs

Shock and drop tests were carried out for testing if the autopilot and ligament were
able to survive from hard landing and drop from sky. Results were very positive, the
RGV has been tested to go from 2™ floor though stair to ground floor without any
damage (because of the ligament providing shock resistance like spring and damper).

Since different size off-the-shelf “rotating leg” are available, therefore, the group
had later constructed a smaller version of the RGV which only weight 125g (xx %
weight drop) and 4.5 cm long. The over strength are similar, and same shock tests
were carried out to test its survivability.
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Fig. 14. Little RGV drop tests. Note: RGV survive the shock tests for more than 20 times.

Platform MAV

The platform MAV has 1 DOF vector thrust[5], which was able to produce very
good maneuverability for lateral motion and boost up the overall endurance. However,
the requirement for hybrid vehicle is it have to be able to jump from ground (take off
with and assistance), and for this case, lateral direction vector thrust is not suitable,
hence, 2 DOF vector thrust mechanism is designed.
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Fig. 15. CAD model of 2 axis vector thrust MAV for converting to hybrid vehicle

2 DOF vector thrust require re-build the mathematical model for flight control,
which is rather difficult, therefore, the thrust rotating in Z axis (global coordinate
system) is only use during take off stage.

Due to physical space limitation, the rotation angle for thrust is limited to max 50
degree only, and with maximum thrust condition, the upward thrust is 1.85 Newton (at
max) [1]

Optimization of the rotating angle for minimum take-off distance

Theoretically, the larger the rotational angel for thrust will generate larger upward
forces, which should lower down the take off distance. However, in reality is not so
simple due to aerodynamic of the fix wing MAV. In order to determine the effect of
the angle of the thrust and take off distance, series of Computational Fluid Dynamic
model of the hybrid vehicle are generated.

Since the MAV geometry is complex, the use of K ® model become difficult and
required high computational resources in storing the detail of boundary layer mesh.
The average element within the simulation is about 2.2 million cells, and flow region
is more than 12.5 times of the chord length.

This simulation set up has been validated in wind tunnel in [6],[7], and results are
fit with 5% error range.

The wing of the MAV is assume to be rigid (extra support has been installed),
therefore the effect of the acroelasticities are ignored.

Thrust angle and ground speed are the parameters for the CFD simulation, the results
are shown in Fig. 17

From both physical law and results, it can very easy to see that with higher angle
of thrust, less ground velocity is needed for taking off the MAV, however, the velocity

is not representative for the take off distances.
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Fig. 16. CFD mesh of the MAV. Left shows the detail of boundary layer mesh. Right, the overall flow

field mesh.
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Fig. 17. Lift against the different velocity for different thrust angle setting

One of the factor did not considered in the CFD simulation is the ground friction
and acceleration cause by the thrust in X direction. The value of friction force are
estimated by both material properties of the ground and FE simulation.

By using combination of different forces acting on MAV before take off, the take
off distance can be estimated by eq (1.3) [8]

VZ
S =
2#((T,~D,—~D,)/m,)

(1.3)
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CFD and FE results, the take off distance of the hybrid vehicle against different
angle for vector thrust is shown in Fig. 18
The result in Fig. 18 indicate that take of distance is at minimum when the thrust
angle is at 55 degree and take off distance is at around 3.5 meters.
With these information, the real prototype of hybrid vehicle can be constructed very
rapidly.

take off distance (m)
I~

0 10 20 30 40 50 60 70 80
Thrust angle (degree)

Fig. 18. Take of distance against different thrust angle setting

Fig. 19. Left, side view of the hybrid vehicle. Right, the front view of the hybrid vehicle. Note the

thrust angle and rotating leg.

Flight stability analysis

Platform MAV are proved have a good stability and controllability during the steady
flight condition, however, for the hybrid vehicle, analysis of the take off stability is
required, as with setting for minimum take-off distance may not have enough stability
to allow the MAV to lift off ground. Analysis method can be found in
[91,[10],[11],[12].
Longitudinal stability

The results from shows the damping ratio decrease as the angle of thrust increase,
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and this is caused by the shift of CG position in X-axis (the body frame system) on

the overall vehicle. For the optimized take off distance, the MAV is shown as not

stable longitudinally. Looking at the angle of 45 degree, the results shows the MAV is

at neutral position (not stable, but not unstable) and take off distance from Fig. 18, the

take off distance is 3.8 meters, which is slightly higher than the optimal distance, but

it can form a good experiment point to test the actual hardware.

Hybrid vehicle stability comparason

2.5 T T T T T I I
----- Base vehicle
2 — 25 degree
15 —55 degree
2
E 1 i
2
S 0.5 8
S 0 pemn N
o) N ™~
£.05
Q
(@]
g -1 ]
=
©]
15 U U ]
2k J
25 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time (sec)
Fig. 20. Longitudinal stability of the hybrid vehicle, change in U velocity
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Fig. 21. Longitudinal stability of the hybrid vehicle, change in W velocity

Lateral stability

Laterally, the thrust angle makes MAV to decrease its damping ratio for spiral and

Dutch roll mode; however, MAV is still both statically and dynamically stable,

therefore less control algorithm modeling should be done in here.
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Image Processing — Target suggestion

Application of Hybrid vehicle can be both indoor and outdoor, even though rotating
leg has advantages for crossing different terrain and obstacles, but when moving in
the flat ground, vibration can cause the image go blur, then leads to heavy mission
load for operators [13]
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Fig. 22. Longitudinal stability of the hybrid vehicle, change in pitch rate.
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Fig. 23. Lateral stability of the hybrid vehicle, change in V velocity.

In order to lower down the mission load from operator, a simple target suggestion

system is designed base on the color pattern.
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The system was designed in the way that will suits every different color camera

(resolution does not matter in this case).

Fig.
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24. Lateral stability of the hybrid vehicle, change in roll rate.

ot W
»
f *I[mage
processing

Jﬁv/hc Toer SOﬂwa re
| Vo Compoi e -0 Decadker Ot
|z VikosaiEa e .

Conexant Livewine Crossbar
& |3 hadio Tuser
| kel Lie 0 AR

) owprn :g—.;!x!nm n XFom 1t | VPR prD
Infinite Pin Tee Filter °“"°IJ | # Decompressor “ideo Renderer

Fig. 25. software block diagram [14]

Output file of the system is bmp picture file, therefore, each pixels are checked, and

once the interested pixels has been found (color pattern). In this project, a low

resolution warless CMOS camera is used, which means amount of noise signal must

be considered, therefore, the software checks the target pixels and pixels around it, if

the total number is larger than the threshold value, then it will be indentify as target.

The software architecture allow user to set the color patter and threshold value that

is desired for the mission. This method has been tested on larger and slightly higher

resolution CCD camera, which gives very positive results (in Fig. 26)
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Fig. 26. Left, target system with CMOS camera. Right, same system with CCD camera. Note:software
are the same, but hardware are different.

As can be seen on the Fig. 26 the system has capability to identify multiple targets
on the same frame. Even though, with only identify color can leads to miss targeting
to some non interested object (when to color pattern is similar), but with this system

operator could use it as assistance to lower down mission load.

Fig. 27. the target system pick up hand as target as the color (RGB) is very similar to the paintball
target.

Image Processing — suspected item detection

Since the design of the software is modular like the MAV platform, therefore the
video plug in and targeting system can be re used with minimum modification to
create an system that can detect suspected item in urban or out door environment.

The scenario of such system is that hybrid vehicle can fly to the roof of the building
at corner of street and land, with the rotating leg, it could then move to desire location
such as corner of roof and look down to the street Fig. 28
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Fig. 28. Possible scenario, Left, MAV stand on the position to look down. Right, camera view

With out any motor running once the MAV is at location, the power supply for
camera and wireless communication can last for few hour, hence it can be form as a
mobile CCTV.

Since the mission can last for hours or even for days (depends on the size of power
supply and wireless communication range), therefore it is nearly impossible for
human operator nonstop monitoring.

Image processing system in this case will first take initial frame by the operator at
beginning of the mission, then this frame will be use a comparison. If any object has
appear on the camera view which too much different from the original frame, the
system will identify the location of the targets, drawn a square around it and then alert
the operator. If the target is not a threat, operator can select continuo monitoring the
location. If the target is somehow suspected and are moving, then operator could
common the MAV to either to change the view angle or even take off again to pursuit
the target (this is only possible and also advantage of hybrid vehicle compare with
conventional vehicles).

This detection system can also apply on some other vehicle or stationary camera,
because modular software architecture allows connecting to different camera,
therefore flexibility of missions and equipment selection will be increase, which could

lead to faster response time and lower running cost.

Image Processing — Laser range detection
In door navigation is always a challenge topic, since hybrid vehicle is desired to
operate in door as well, so the problem must be deal with. One method will be
mention in this paper is using image processing technique and laser pointer to
measure the distance from vehicle to the wall.
There are many laser range finder available on the market, but the mostly weight

around 160g on ward, which is not a lot for conventional ground robot, by for hybrid
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vehicle is significant, therefore a different type low weight and cost system should be
designed.

Since optical camera is essential equipment for the vehicle, therefore it can be used
also as primary sensor for range detection. The basic design of the laser range detector
can be seen in Fig. 30

The principle of range detect is similar to system in British bomber Lancaster
during WWII[15], the physical distance between vehicle and wall can be determined
by the actual distance of two laser spots to the center of the view. The advantage of
using two spots is that if the system is in the vertical vibration, the horizontal laser
spot will not be affected due to the distance to the center point is not changed. Also
with two points system, it forms a redundant system in the real use.

Few experiments were carrying out to construct the mathematical model of the

laser system. Some of the typical results of the experiments are shown in Fig. 29.

Laser range finding experiment

7N
oY laser point
40 r

6x>+0:0025%° + 0.3152x + 32.924
R*=0.967

physical distance (cm)

250 200 -150 -100  -50 0 50 100 150
X2-X1

Fig. 29. The laser range finding experimental results

Few experiments had been carried out by the simple RGV platform which vibration
is very significant during operation, but the image processing system is able to
determine physical distances between wall and vehicle in the indoor situation.
The system performs very well when distance is less than 1 meter, the accuracy is up
to + - 2cm, however, due to physical limitation of the camera resolution and laser
output power, the accuracy tend to drop down after 2 meters away from the wall.

Even though, the prototype system is stationary, but hybrid vehicle has designed in

the way which leg are independent to each other, which allow 360 degree rotation in

the same point, thus allow the laser system to scan the room and environment.

JULY 6-9, 2010, BRAUNSCHWEIG, GERMANY 299


https://www.imavs.org/pdf/imav.2010.27

//[www.imavs.org/

http

IMAV2010-27 INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION 2010

https://www.imavs.org/pdf/imav.2010.27

Center point

Fig. 30. Left, the principal drawing of the laser system (top view). Right, the laser points show on the

plane.

Fig. 31. The GUI of the laser range finder software created by this project.

Conclusion
This paper demonstrated using the modular design methods; the hybrid vehicle
design (with off-shelf components) is possible. Bio inspired leg design with

conventional optimization allow to create a flexible but yet though “rotating leg” that
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is able to protect the RGV or hybrid vehicle. Since using the servos as power drive
unit for rotating leg, autopilot software modification was able to keep to minimum.
However, without suitable IMU and magneto sensors, in door operation is only
possible by manual control.

Using the vector thrust to change the thrust angle is able to shorten the take-off
distance, and the optimized distance can be found by using combination of dynamic
equation and CFD results together. However, only problem with vector thrust for
assist take off is that shifting CG position too much actually leads to MAV become
unstable.

Developing software in the modular design way also allow the rapid development
and flexible uses of the hardware, this paper clearly demonstrated the use of different
camera and even different system (CCD, CMOS, NTSC and PAL), the results still
similar, which allow user to select the camera system that they desired.

Simple target recognition and motion detector can lower down the workload of
operator for hybrid vehicle. A novel low cost laser range finder system not just only
suitable for hybrid vehicles, but also for other micro robotic uses, as it shows clearly
advantage in size, weight and power consumption. The lay out of the laser spot allow
to filter out mechanical vibration from vehicle itself. Also, two laser spot system
forms a redundant system so that if one laser spot fail, reading from other one can be

used.

Future work

The hybrid vehicle can still optimize in the control algorithm during the take off, as
it is clearly seen in this paper that optimal distance is not the optimal stability. One
method of solving the longitudinal stability with the optimal take-off distance is to use
CG position adaptive system, which is relate to adaptive structure design and
development[4].
Secondly, new type IMU and magneto sensors is required for the indoor navigation,
and few example can be seen in Fig. 32

Since the prototype RGV in this paper shows ability to flip over but still operational,

therefore, quaritation algorithm must be develop and implemented to the new
generation IMU[16],[17],[18].

Third, with more sensors and actuator will leads high power consumption, therefore,
higher power supply is needed for the autopilot system, which leads to lay out of the

current system.
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Fig. 33. high power version of the autopilot. Left is 4 x 2.5 cm. Right is 3.5 x 4.1 cm

Third, the image processing system at this paper only look at color pattern, which
in particle will have some issue due to noise, therefore, new algorithm combining
color and shape should be develop for more accurate target recognition and
identification. As for the laser range finder, a more efficient and adaptive algorithm
should be develop for automatically changing the parameters for identifying the laser
spots on the wall or object at certain distance.

Lastly, and most important factor is to developing dead reckoning navigation
algorithm [19],[20],[21] to allow the hybrid vehicle autonomous mission in the indoor

situation.
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