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Development of Cyclogyro wing based Flying Robot
with Thrust Direction Control Mechanism

Yoshiyuki Higashi

Abstract

Nowadays, several flying robots are studied on their information gathering ability
and high maneuverability. These studies are categorized into the investigation using
existing aircraft such as the helicopter and the development of new flight mechanism
like the flutter robot. The former attaches importance to the guidance and the control of
aircraft. On the other hand, the latter is focused on the development of the new thruster
and the mechanism for flight control. With respect to mechanism of generating lift
forces, a unique mechanism, named cyclogyro, was proposed in 1930's.

An airplane with the mechanism was designed at the time. The cyclogyro planned in
1930's is an airplane propelled and given lift by horizontal assemblies of rotating wings.
According to the web site, very few prototypes were built, and those that were
constructed were completely unsuccessful.

The essential principle is that the angle of attack of the rotating wings is altered as
they go round, allowing the lift/thrust vector to be altered. This allows the airplane to
rise vertically, hover, and even go backwards with various attitudes. Thus,
cyclogyro-based flying robot has possibility of being a high maneuverability MAV.

This advantage in the flight ability is brought out in the disaster site. To the best of
our knowledge, nobody has proposed effective and practical mechanism of altering
angles of attack. Thus, there is no record of any successful flights, although the
machines of this type have been designed by some companies.

We proposed a new variable attack angle mechanism that is quite simple and
effective, and developed a flying robot with the mechanism in past study. In this paper,
we demonstrate in some experiments that the change of attack angle provide enough lift
force to fly if the parameters (the wing span, the number of wings and the eccentric
distance) are appropriately designed. Thus the experiment with the prototype shows
that the flying robot with the cyclogyro wing has the ability to hover.

However, due to parameter selection based on experiments, we needed to build

another robot, whenever a design parameter was changed. Hence, just only two or three



selections for each design parameter were considered. The approach is quite inefficient
from the development effort points of view. For overcoming this problem, the simulation
model composed three models called the angle of attack model, the lift force model and
the power model are developed. The angle of attack model calculates wing’s angle of
attack from the geometric condition of closed link mechanism. The lift force model
calculates the lift and the drag generated from wings using the angle of attack
calculated from the angle of attack model. And, the power model calculated the electric
power of the motor.

But this lift force model does not contain the wing characteristic. Therefore, the model
calculates only the lift force using only the force that air pushes the wing. As a result,
the constructed lift force model had some error between the simulation results and the
experimental results.

For this problem solving, to improve the accuracy of the simulation model, we
reconstruct the lift force model by considering the cyclogyro wing's Reynolds number
and the aerodynamic characteristic of wings. The utility of the new simulation model is
validated by comparing the new simulation model with previous results and
experimental results.

On the other hand, the greatest merit of the cyclogyro wing is its maneuverability,
that is, it can flight with various attitudes. However, the mechanism of the flight control
for the cyclogyro wing is not yet developed. Thus its rotor could not change the direction
of the generated force, and it could not control the attitude of the flying robot. We
develop the new mechanism for the control of the generated force direction. Its validity

1s evaluated by the experiment with the prototype.
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Fig. 1.1:Amphibious  snake like Fig. 1.2:Underwater vehicle with variable
robot.(Hirose lab., Tokyo Institute of  configuration segmented wheels. (Iwamoto
Technology)[9)] lab., Ryukoku University)[10]
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Fig. 1.3:Category of aircrafts.
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Fig. 1.4:Small ornithopter ”DelFly”.(the Delft University of Technology)[23]
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Fig. 2.1:Mechanism of multi-parallel link rotor.[32]
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Fig. 2.3:Variable attack angle mechanism (Detailed view).
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Table 3.1:Preliminary experimental results with platform scale.

Rotational frequency f[H z| | Lift force[gf]|Lift force/Weight ratio|[%]
3 4 1.8
4 8 3.6
) 12 5.4
6 18 8.0
7 26 11.6
8 34 15.2
9 42 18.8
10 56 25.0
15.38 130 58.0
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Fig. 3.3:Measuring results of preliminary experiment.
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Table 3.2:Experimental results with double wing span model.

Rotational frequency f[H z| | Lift force[g f]|Lift force/Weight ratio|%]
3 10 3.9
4 16 6.3
D 23 9.1
6 36 14.2
7 51 20.1
8 70 27.6
9 80 31.5
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Fig. 3.7:Comparison of lift force between normal wing and double wing span model.
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Table 3.3:Experimental results with 2 wings model.
Lift forcelg f]|Lift force/Weight ratio[%]

Rotational frequency f[Hz

3 8 3.9
4 16 7.8
5 22 10.7
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Table 3.4:Experimental results with 3 wings model.

Rotational frequency f[H z| | Lift force[g f]|Lift force/Weight ratio|[%]

3 8 3.6
4 14 6.3
) 21 9.5
6 28 12.6
7 38 17.1
8 50 22.5
9 62 27.9
10 76 34.2

19.23 264 118.9
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Fig. 3.11:Lift force / weight raio of 3 wings model.

34 UUOOOOOGO

332000000030 0000000000000 0OD0ODOI1W%00
gogouoobobbbobbodoboooooouooobobbbbbodooan
ggooobbbuoooobobbbobuoooobbbebtbooonobbO
gogooggo

3200 0000DO0O0IBbmmbdo0ooooooobbobobobon
O000oOoOoo200@28O000o0O0O0oo0oO0ooOOooooDoooOO
gogogooobobobbbobbbbiooooooguooobobbbobbodooao
gbobooobO0OFg312000 000000000000 DODOO0ODODO
guobobbouoboboooboouobobboooboboooboooon
gogouoobobbbbbbodoooouooobbbbbbbbbdododao
A T I I I N QPR



030 0000000000000 O0OO0OO0OO0OO0O00O0 33

Cmaz = ls +C— L (3.1)

UOenee =4mmid d 0ot dmmdddoogoog
gogobobboobooogoguoooooobbbooooobbobobboao
gogobboboodoooobobooooboboboooobbbbDbodd
OO00DDO0OO0O0Y9%Wdeg O ODOODDODOODODOOOODDODDDODODOOODODOD
deg. DD ODDDDODODODDDODOOODODOODODDDOOODDDOOOO
googbbooobouoboobobboboboobboobobooboobDbo
guobbdoooboouobbdoooobboboobobbooobbdobao
UlbmmO 00000 D0DOO0OO00000O00OO0O0OO0ODOOOOODODODOOO0O0
oo oooooooooon

Fig. 3.12:Closed link mechanism.
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Table 3.5:Experimental results with enncentric distance 12.5mm model.

Rotational frequency f[H z| | Lift force[g f]|Lift force/Weight ratio|%]

3 6 2.7
4 10 4.5
d 17 7.6
6 24 10.8
7 31 14.0
8 39 17.6
9 48 21.6
10 58 26.1

20.41 244 109.9
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Table 3.6:Experimental results with enncentric distance 20mm model.

Rotational frequency f[H z] | Lift force[g f]|Lift force/Weight ratio|%]

3 11 5.0
4 21 9.5
D 29 13.1
6 44 19.8
7 57 25.7
8 72 324
9 88 39.6
10 106 47.7

16.95 274 123.4

Table 3.7:Experimental results with enncentric distance 25mm model.

Rotational frequency f[H z| | Lift force[g f]|Lift force/Weight ratio|%]

3 16 7.2
4 25 11.3
3 39 17.6
6 o7 25.7
7 70 31.5
8 92 414

14.62 306 137.8
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Table 3.8:Experimental results with enncentric distance 35mm model.

Rotational frequency f[H z| | Lift force[g f]|Lift force/Weight ratio|[%]
3 17 7.6
4 32 14.4
5 48 21.6
6 70 31.5
7 90 40.5
9.9 198 89.2
140 -1 I I I I Vi Lo/ LI VAR
Eccentric distance
120 - * 12.5mm e e/ e D =
¥ 15.0mm 3 : 3 : 3
100 - * 20.0mm

o]
(=)
|

o)
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N
(@)
|

Lift Force / Weight Ratio [%]

(\®]
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R R N
0O 2 4 6 8 10 12 14 16 18 20
Frequency [Hz]

-

Fig. 3.14:Lift /Weight ratio of experimental resules with 3 kind of eccentric distance model.
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Fig. 3.15:Hovering experiment along vertical guide.
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Fig. 4.1:Lift force and power simulation model flow.
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4.1.1 Caselld0<0—-0,<7000
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d*(0) = 12, + €* — 2l,,e cos(6 — 6),)
d?(0) + 12, — €

B(0) = arccos( 2d(0)m )
- ¢+ d2(0) — 12
v(0) = arccos( 2¢d(0) )
oot daod
a(6) = 5 = B(6) = (0)

gooooooogao

Fig. 4.2:Case I (0 <60 —0, < ).
U

(4.4)
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4.1.2 Case IUr <0 —-0,<27r0 00O
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Fig. 4.3:Case II (7 <0 —6, <2m).
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Fig. 4.4:Attack angles for rotation angle.
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Fig. 4.5:Lift coefficient of NACA0012.
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Fig. 4.6:Drag coefficient of NACA0012.
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Fig. 4.7:Lift calculated using characteristic coefficients.
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Fig. 4.8:Lift calculated from pressure of wings.
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C; = sinacosa (4.12)

Cy = sinasina (4.13)
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Fig. 4.10:Lift coefficients of flat plate in steady condition and pitching motion.
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Fig. 4.11:Drag coefficients of flat plate in steady condition and pitching motion.
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Table 4.1:Compensation of lift and drag coefficients.
Angle of attack « 10 deg | 20 deg | 30 deg | 40 deg | 50 deg

Lift coefficient 1.92 2.69 3.21 3.87 4.73

Drag coefficient 0 1.23 1.89 2.19 2.29

Compensation coefficient | 0.678 1.64 2.24 2.63 2.96
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Flat plate wings

Single chord wing(wing chord 50mm)

50 mm

Double chord wing(wing chord 100mm)

100 mm

Fig. 4.12:Single and double chord wings.
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Fig. 4.13:Comparison between single and double chord wings (simulation and experimen-

tal results).
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Fig. 4.14:Simulation results for some eccentric distances.
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Fig. 4.15:Experimental results for some eccentric distances.
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Fig. 4.16:Simulation and experimental results for some eccentric angles.

Table 4.2:Eccentric angles at maximum and minimum lift force.

Minimum | Maximum

Simulation 154deg 334deg

Experiment | 160deg 340deg
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Table 4.3:Comparison of design parameters in present model and optimized model.

Present model | Optimized model
main-link:[,, 130mm 130mm
sub-link:/, 135mm 132mm
distance of links:c 47mm 48mm
eccentric distance:e 25mm 30mm
eccentric angle:0, —20deg —28deg
lift force (7Hz) 52gf 61gf
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Lift force : F [gf]

o
i

50 Lo
100

Eccentric 0
angle :0 p[deq]

20
-100 15 Eccentric distance : e [mm]

Fig. 4.17:Lift force for eccentric deisrtance and angles.
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Side view Front view

Fig. 4.18:Flying robot with optimized parameters.
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Fig. 4.19:Comparison between present and optimized models (simulation and experimen-

tal results).



040 0000 O0OOOOOOOOOO 60

4.4.5 0O U

gobooobooobbboooobbbbooooobbboo
00000000000 00000ODOD0ODO00D0O0DDOs%02%000
gobboobbboboooboboooobbooobbbooadhb
goobooobobbooooobobouooobobboooobobbooonn
gooobbboooooboboooobobbboooooonb
oo dddrg 42000000000 000ooooo
goobobboooobobobbbooooooobobbooooonb
gboobooboboobooboobbobbobbobboobo
gbodobogooobooboobooooboboboboobooboboo
goooobbooobbuooobbooooboboobobbooobobooo
20%00000000000000000000000OO0DDODDODOOO0O0
gobobooogoobooboboboboooooooobbbooooooooboobobob
gbooooboouooboobuodbUrg 4212000000000 0000
gooooooooboobobbbbbobbobobbbbbobbobbobob
gbobooboboobobboboobbooobbooobbuooobbooo
gbbodobboobboobobuoobboobbooonb

O o o o o O
o 0o o oo o d

0
0
U
O
O
O
0
0

O o oo o 0o

Fig. 4.20:Deflection of wings.
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Downwash

/

Rotational direction

.

Fig. 4.21:Downwash in rotational motion.



040 00000 OOOOOOOOO 62

4.5 U0O0ODOOO0OO0OO0OO0OOO0OO

goggobbbboboobobbooobbbooooooobbbbobbbo
gogoguoobobobobbbbobbbodoooooooobobobbbboooad
gogouooobbbbbbodobbobdoooooooobbobbbbbodoad
gooooobooboobobooboobooboooooooobbbbboooodd
gogoogago

gboooboooboobooboobobow,gbboboobooobonn
dodoooooooooooooooooooo

Wy =W, + Wi+ Wy + others (4.14)
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T, = D x 1s/1000 (4.16)

Drag force

Rotational direction Wing 1

/

Center of
rotation:Or

Wing 2

Eccentric point:Oe Wing 3

Fig. 4.22:Drag force of rotating wings
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W, - 21 x f x 60 x 476/014 x D x 1,/1000 (4.18)

= 6.714 x 1037 f DI, (4.19)
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Link

Drag force
Rotation

dD

Fig. 4.23:Drag force of rotating links.
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3.5

*  Experimental results
— Linear approximation ¥

Power : W [W]

3 4 5 6 7 8
Frequency : f [Hz]

Fig. 4.24:Power of rotational friction.

gogoooooobbobDbDb

W = 0.47801 x f — 0.76933 (4.30)

goooao



040 00o0oooooooodgoan 67
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— Simulation results
*  Experimental results

101

Power : W [W]
()]

0 2 4 6 8
Frequency : f [Hz]

Fig. 4.25:Power for some frequency (simulation and experimantal results).
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Power : W [W]

—=— Double chored wing (simulation results) 3

*

Single chored wing (simulation results)

Single chored wing (experimental results) }]
Double chored wing (experimental results)

2 4 6 8
Frequency : f [Hz]

Fig. 4.26:Comparison between single and double chord wings (simulation and experimen-

tal results).
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Simulation results ~
8r *  Experimental results

ol
T

Power : W [W]
D

0 1 2 3 4 5 6 7
Frequency : f [Hz]

Fig. 4.27:Power for some frequency with optimized model(simulation and experimental

results).
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O0000w.=50mm
O000b=193mm

goddidln=30
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goooboboobbboboobobbbooooooobooobbOoUoU4aow
gogoguoobobobbbbbodooooouoobbbobobbooooodgao
OboobOoooobobooboobobobOobobsetb b0 obDOonn
I . o R R R
goboobobOo0obDbOeFrig 4280000

Table 4.4:Optimized parameters calculated from simulation model without power model

and include power model.

Without power model | Include power model
main-link:Z,, 130mm 130mm
sub-link:{, 132mm 144mm
distance of links:c 48mm 48mm
eccentric distance:e 30mm 21mm
eccentric angle:0, —28deg —32deg
lift force (40W) 190gf 223gf
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250 ‘ T ‘
Simulation results include power model

— — — - Simulation results without power model
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=
2
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3
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=
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50 r
0 Il Il Il
0 10 20 30 40
Power : P [W]
Fig. 4.28:Lift force for power in optimized parameters.
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LO) = népvQSSina(Q) cos a(0) (5.1)

1
D(9) = 77§pv2581n04(9)sin04(0) (5.2)
ooooGHNOG2)oooooooooooooooooooo

C, = mnsina(f) cos a(h) (5.3)
Cqy = nsina(f)sina(f) (5.4)
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Fig. 5.1:Lift coefficient of flat plate in Re=10000.
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Drag coefficient

0 10 20 30 40 50 60
Angle of attack : [deg.]

Fig. 5.2:Drag coefficient of flat plate in Re=10000.
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L(B) = Sm’SCi(0)

= ;p(zwsz)QS(Jl(e) (5.5)
D) = Lp*SCul0)

_ ;p(zwszﬂscd(e) (5.6)

(5.5)0(5.6)0 00000000000 f£,6)0

fp(0) = —L(#)cos® — D()sind (5.7)
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Fig. 5.3:Change of virtical force for rotational angle.

52 UOO0OO0OO0O0OOUODbDOOOOOAO0

gboooboboduoboobobuoobooboboobbobobodd
gooboOdvVelOODOODOOODODOVsOOOOOODODODODDODODODO
Jogoobooobooooao

x 100 (5.9)

oo0o0mOOO0oO0OOOO0OODOOODOODODOOOJODODODOODOOOO
oooooooobooboobooboobobobboobbooooJboboooooooo



Us0 0gdooboobbbbbbbiban 78

gogogbobobobobbobobobbbboboboobobobobbbbboooooooooao
gogogogo
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Fig. 5.4:Comparison between wing chord 50mm wing and 100mm wing.
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Table 5.1:Comparison of evaluation function J in Fig.5.4.

522 0J00O0OOOODDODDODODO

wing chord 50mm | 100mm
previous model 36.58 | 17.55
new model 18.82 9.68
difference between previous
model and new model 17.76 7.87
0o

guoboobboobbbobbobobdouoboobbobbooboobddad
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Table 5.2:Comparison of evaluation function J in Fig.5.5 and Fig.5.6.

eccentric distance

20mm | 25mm | 35mm

previous simulation model

9.15 | 19.39 | 29.17

new simulation model

5.18 3.70 | 13.55

difference between previous

model and new model

3.97 | 15.69 | 15.62
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—O— e=20mm(new simulation)
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Rotational frequency : f [Hz]
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Fig. 5.5:Experiment and simulation results calcurated from new simulation model.
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Fig. 5.6:Experiment and simulation results calcurated from previous simulation model.
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Table 5.3:Design parameters of previous model and optimized parameters calculated from

simulation model.

Previous model | Optimal model
wing area:S 0.01m? 0.03m?
main-link:/,, 130mm 200mm

sub-link:/ 135mm 202mm
distance of links:c 48mm 40
eccentric distance:e 21mm 10mm
eccentric angle:0,, —32deg. —18deg.
lift force (40W) 223gf 492gf
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Electric power[W]

Fig. 5.7:Comparison between lift force of optimal model and previous model.
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— Flat plate based on experiment

. Coefficient in chapter 4
= 0.8r
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S 0.6f
Q
=
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0 10 20 30 40

Angle of attack : [deg.]

Fig. 5.8:Comparison between lift coefficient of flat plate based on experiment and lift

coefficient in chapter 4.
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— Flat plate based on experiment
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Fig. 5.9:Comparison between drag coefficient of flat plate based on experiment and drag

coefficient in chapter 4.
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Fig. 6.1:Control mechanism of Voith Schneider Propeller.[26]
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Fig. 6.2:Force direction control with hub ring.
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Fig. 6.8:4 rotors model with force direction control mechanism.

Fig. 6.9:Connector consited of universal joint and ball bearing.
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Fig. 6.10:3D motion sensor composed of Fig. 6.11:3D motion sensor on cushioning

gyro sensor, acceleration sensor and geo- ~ material.

magnetic sensor.
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Fig. 7.1:First design of flying robot with leg.

Fig. 7.2:New design of flying robot with leg.
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