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Abstract  

This paper investigates the robustness of the 

aerial deployment behavior of the foldable-wing 

airplane for Mars exploration especially 

focused on the effect of the hinge axis tilting in a 

yaw direction. This study deals with four 

dispersive parameters for the robustness 

evaluation: drop velocity, surrounding gust 

velocity, initial pitch angle, and height. The 

robustness of several tilted and non-tilted hinge 

axis designs are calculated and then compared. 

The result clearly shows that the tilted hinge 

axis design can deploy with lower torque than 

the torque of the non-tilted hinge axis design. 

The increase of sideslip angle due to the hinge 

axis tilting suppressed an aerodynamic force on 

the deploying wing. 

1  Introduction  

A folding wing is an effective deployment 

mechanism for the airplane that is used for Mars 

exploration. A Mars airplane of Japan has been 

planned to perform aerial deployment using 

spring loaded hinges [1,2].  

Figure 1 shows an aerial deployment 

process. Note that the vertical tail in this figure 

mounted on down side. At first, the right and 

left wings were folded under the fuselage. Then 

both wings rotated around the hinges. The 

rotation stopped when the wings aligned with 

the center. In this paper, the left wing always 

started deploying at the beginning of the 

simulation. On the other hand, the right wing 

did not start deploy at first. The right wing 

deployed after the deployment delay time TSR.  

 

 
Fig. 1. Aerial Deployment Process. 

 

A hinge torque is one of the primitive 

design variables to control the aerial 

deployment behavior. The required hinge torque 

is directly concerned with the deployment 

mechanism mass. In the past design, a large 

deployment torque was required and therefore 

the deployment mechanism was heavy [3]. 

Since the Mars airplane requires thorough mass 

reduction, it is necessary to reduce the required 

hinge torque while keeping high robustness of 

the aerial deployment. To reduce the required 

deployment mechanism torque, to fit the folded 
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shape into the entry capsule, and to avoid a 

contact between right and left wings, this paper 

investigates the effect of the hinge axis tilting.  

Reference 4 studied the effect of the hinge axis 

tilting in a pitch direction and reported that the 

tilting can reduce required hinge torque by 

utilizing the aerodynamic assist for deployment 

through adjusting the angle of attack. The pitch-

tilted hinge design was able to deploy without 

deployment mechanism torque at a certain 

condition. However the hinge axis tilting in a 

pitch direction has one problem that the hinge 

locates at out of the wing and therefore the 

hinge and its structural support protrude from 

the wing. This paper focused on the effect of the 

hinge axis tilting in a yaw direction. As shown 

in Fig. 2, the direction of the hinge axis was 

tilted at ν degrees within the XY plane of the 

body axis. Here, a positive direction of the 

hinge tilt angle was defined to be same to the 

rotation around the center body Z-axis. 

 

 
Fig. 2. Hinge Axis Tilting in a Yaw Direction. 

(Plan View) 

2  Kinematic Analysis  

To confirm a basic mechanism of the hinge axis 

tilting concept, a preliminary kinematic analysis 

was performed. Here, let us calculate the angle 

of attack and the sideslip angle of the outer wing 

under the fixed-center-body condition. This 

analysis method is based on Ref. 4. 

2.1 Method  

Rotation matrices were defined at first. Then an 

air velocity vector was defined and represented 

using the body coordinates of the outer wing. 

Finally the angle of attack and the sideslip angle 

of the outer wing were obtained using the 

components of the air velocity vector.  

Rotation matrices for the rotations around 

X-axis CX(Θ), Y-axis CY(Θ), and Z-axis CZ(Θ) 

can be written as follows: 
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These matrices affect to rotate Θ degrees with 

respect to the specified axis. 

Next, an air-velocity vector VO,air was 

introduced in inertial system O. For simplicity, 

the flow was along the X-axis of the inertia 

system O. 
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here the subscription O shows the coordinates of 

the vector representation. 

From the definitions of the angle of attack 

and the sideslip angle, the body coordinates of 

the center body can be obtained by rotating the 

inertia coordinates O. First, the inertia 

coordinates O was rotated around ZO axis. The 

rotation angle was same to the sideslip angle of 

the center body in the magnitude and opposite 

(i.e. left-handed screw) in the direction. After 

that the rotated coordinates was furthermore 

rotated around the Y-axis of the rotated 

coordinates. The rotation angle was same to the 

angle of attack of the center body in the 

magnitude and same (i.e. right-handed screw) in 

the direction. This coordinate transformation 

matrix can be written as 
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Therefore the air velocity vector represented 

using the center body coordinates VA,air is as 

follows: 

 

.,, airOAOairA VCV   (6) 

 

The body coordinates of the outer wing can 

be obtained by rotating the body coordinates of 

the center body. First, the body coordinates of 

the center body was rotated around ZA axis. The 

rotation angle was same to the tilt angle of the 

hinge in the magnitude and the direction. After 

that the rotated coordinates was furthermore 

rotated around the X-axis of the rotated 

coordinates. The rotation angle can be 

represented using the deployment angle θdep. 

Note that the directions of the rotation of the 

right and left wings were opposite. Finally the 

rotated coordinates was rotated again around the 

Z-axis of the rotated coordinates. The rotation 

angle was same to the tilt angle of the hinge in 

the magnitude and opposite in the direction. 

This coordinate transformation matrix can be 

written as follows: 

 

for right wing 

),()()(  ZdepXZBA CCCC   (7) 

for left wing 

).()()(  ZdepXZCA CCCC   (8) 

 

In this description, let us focus on the left wing. 

The coordinate transformation matrix from 

inertial coordinates O to the left wing 

coordinates C was given by 
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Therefore the air velocity vector represented 

using the left wing coordinates VC,air is as 

follows: 
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Finally, the angle of attack and the sideslip 

angle of the left wing can be obtained using the 

definition of those angles as  
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In the expression of the angle of attack and 

sideslip angle, we can rewrite these angles using 

only the entries of the coordinate transformation 

matrix CCO because the air speed Vair assumed 

in Eq. (4) is canceled-out. Note that this analysis 

ignored an effect of motion. In the actual flight, 

the relative air velocity vector also changes due 

to the motions of the center body and outer wing. 

The angle of attack and the sideslip angle 

of the left wing under the fixed-center-body 

condition were calculated. Here, the angle of 

attack and the sideslip angle of the center body 

were fixed to 10 degrees and 0 degree, 

respectively.  

2.2 Results and Discussion  

Figure 3 shows relations between the 

deployment angle and the angle of attack of the 

left wing. Three lines show the results of the tilt 

angle of -5, 0, and 5 degrees. The plot of the 

angle of attack of the left wing included 

negative value. When the angle of attack is 

negative, a lift force acts on folding direction 

since the wings were folded under the center 

body. The angle of attack increased as the tilt 

angle decreased. The positive angle of attack 

generates the lift force in deploying direction, 

which is expected to help deployment.  

Figure 4 shows relations between the 

deployment angle and the sideslip angle of the 

left wing. At the folded condition, the sideslip 

angle was same to the double of the tilt angle, as 

shown in Fig. 1. The lift force decreases as the 

magnitude of the sideslip angle increases. 

Therefore, the hinge axis tilting in a yaw 
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direction has an effect to suppress the influence 

of the aerodynamic force to the deployment. 

As shown above, it seems that the hinge 

axis tilting concept is effective for helping 

deployment. 
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Fig. 3. Angle of Attack of Left Wing under 

Fixed-Center-Body Condition. 
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Fig. 4. Sideslip Angle of Left Wing under 

Fixed-Center-Body Condition. 

3  Robustness Evaluation 

Aerial deployment motions were simulated 

under the several dispersive conditions. The 

effect of the hinge axis tilting in a yaw direction 

on the robustness of the aerial deployment was 

evaluated. 

3.1 Method   

This evaluation used the aerial deployment 

motion simulator in Ref. 5. The analysis model 

consisted of three rigid bodies: a center, a right 

wing, and a left wing. The center consisted of a 

center wing, a fuselage, and a tail. The right and 

left wings were assumed as a flat plate. Each 

body was connected by hinges. The hinge axis 

of the non-tilted design is defined to be parallel 

to the X-axis of the center body coordinates. 

This study applied aerodynamic characteristics 

of a flat plate to the wings and the tail as basic 

characteristics. A drive power due to 

deployment mechanism was affected on the 

hinges as a torque. The deployment mechanism 

torque was obtained as a function of the 

deployment torque scale F in Ref. 5. The 

specifications of the rigid bodies were defined 

based on those of the Mars airplane [1]. The 

nominal initial condition was the dropping 

condition with aiming an airplane nose 

downward at a velocity of 65 m/s. The left wing 

started deployment when the simulation starts. 

The right wing started deployment after the 

right wing deployment delay time TSR.  

The conditions to judge whether the 

deployment succeeded or failed followed the 

definition in Ref. 5, as shown in Table 1. The 

margins of the airplane state for the conditions 

are set to the evaluation functions of the safety. 

The robustness was evaluated using the sigma 

level [6]. It is a function of the average and 

standard deviation of the evaluation functions. 

The sigma level n indicates the probability that 

the evaluation function violates the constraints. 

The sigma level n was defined as follows: 
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where LSL and USL are the Lower / Upper 

Specification Limits. μf and σf are the average 

and the standard deviation of the evaluation 

function f. The average and the standard 

deviation were calculated using sensitivity 

method. The sensitivity was numerically 

obtained using a few simulations. In this paper, 

a total minimum sigma level was defined as a 

minimum value of the sigma level of all 

evaluation functions and all dispersive input 

variables for each design point. 

The design variables for each robustness 

analysis were the deployment torque scale F and 

the right wing deployment delay time TSR. They 
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are the variables directly concerning the aerial 

deployment. The ranges of those were set from 

0 to 1.5 and from 0 to 2 seconds, respectively. 

Five types of the hinge tilt angle settings 

were studied. The tilt angles of the right and left 

hinges υR, υL were set to -5, 0, and 5 degrees. 

Note that a positive direction was set to right-

hand screw direction of the center body Z-axis. 

A scope of the disturbance was defined in 

Ref. 5. considering the aerial deployment 

condition on Mars. The dispersive input 

variables were drop velocity, surrounding gust 

velocity, initial pitch angle, and height. 

Finally representative conditions were 

selected and then its deployment behaviors were 

compared. 

 

Table 1. Safe Deployment Judgment Condition 

[5]. 

Name 
Limitation 

Unit 
Low ~ High 

Load factor -1 ~ 5 - 

Hinge reaction moment - ~ 12 N·m 

Main wing bending 

moment 

-5 ~ 26 N·m 

3.2 Results and Discussion  

Figure 5 shows the total minimum sigma level 

of the non-tilted design. The legend “Success” 

means both wings were fully deployed and all 

safe deployment judgment conditions were 

satisfied. The legend “Danger” means both 

wings were fully deployed however at least one 

of the safe deployment judgment conditions was 

violated. The legend “Failure” means the right 

or left wing was not fully deployed or the right 

wing tip hit the left wing. The lower limit of the 

successful deployment torque scale was 0.26.  

Figure 6 shows the total minimum sigma 

level of the right and left hinge tilt angle of 5 

degrees design. The lower limit of the 

successful deployment torque scale was 0.38, 

which was higher than the non-tilted design. 

Figure 7 shows the total minimum sigma 

level of the design of the right and left hinge tilt 

angle of 5 and -5 degrees, respectively. The 

lower limit of the successful deployment torque 

scale was 0.23, which was slightly lower than 

the non-tilted design. The successful design 

range was enlarged. 

Figure 8 shows the total minimum sigma 

level of the design of the right and left hinge tilt 

angle of -5 and 5 degrees, respectively.  The 

lower limit of the successful deployment torque 

scale was 0.34, which was higher than the non-

tilted design. 

Figure 9 shows the total minimum sigma 

level of the right and left hinge tilt angle of -5 

degrees design. The lower limit of the 

successful deployment torque scale was 0.19, 

which was lower than the non-tilted design. The 

successful design range was enlarged. 

Figure 5-9 indicate that the lower limit of 

the successful deployment torque scale 

expanded to low torque region as the right and 

left hinge tilt angle decreased. However, all 

simulated hinge axis tilting condition required 

some deployment mechanism torque, although 

the hinge axis tilting in a pitch direction does 

not required the deployment mechanism torque 

[4]. Therefore the effect of the hinge axis tilting 

in a yaw direction was smaller than the effect of 

the tilting in a pitch direction. 
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Fig. 5. Total Minimum Sigma Level with Non-

Tilted Condition. 
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Fig. 6. Total Minimum Sigma Level with Right 

and Left Hinge Tilt Angle of 5 Degrees and 5 

Degrees Condition. 
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Fig. 7. Total Minimum Sigma Level with Right 

and Left Hinge Tilt Angle of 5 Degrees and -5 

Degrees Condition. 
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Fig. 8. Total Minimum Sigma Level with Right 

and Left Hinge Tilt Angle of -5 Degrees and 5 

Degrees Condition. 

 

 
Fig. 9. Total Minimum Sigma Level with Right 

and Left Hinge Tilt Angle of -5 Degrees and -5 

Degrees Condition. 

 

As a representative condition, the 

deployment torque scale F and the right wing 

deployment delay time TSR were selected to 0.3 

and 0.3 seconds, respectively. As shown in Figs. 

5 and 7, the airplane failed aerial deployment 

with non-tilted design and succeeded with tilted 

design. 

Figures 10 and 11 show the time histories 

of the angle of attack and the sideslip angle of 

each body with non-tilted condition. At the 

beginning, the angle of attack of the right and 

left wings were negative. Therefore lift force 

acted to folding direction. This force overcame 

the deployment mechanism torque and 

prevented from deploying. 

On the other hand, Figs. 12 and 13 show 

the time histories of the angle of attack and the 

sideslip angle of each body with the right and 

left hinge tilt angle of 5 degrees and -5 degrees. 

Initial angle of attack was negative like the non-

tilted condition. However, the magnitude of the 

sideslip angle of the left wing was higher than 

the non-tilted condition due to the hinge axis 

tilting. Therefore the lift force was reduced and 

the left wing succeeded deployment in low 

deployment torque scale condition. For the same 

reason the robustness also improved by hinge 

axis tilting, as shown in Fig. 7. 
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Fig. 10. Time history of Angle of Attack with 

Non-Tilted Condition. 
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Fig. 11. Time history of Sideslip Angle of with 

Non-Tilted Condition. 
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Fig. 12. Time history of Angle of Attack with 

Right and Left Hinge Tilt Angle of 5 Degrees 

and -5 Degrees Condition. 
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Fig. 13. Time history of Sideslip Angle of with 

Right and Left Hinge Tilt Angle of 5 Degrees 

and -5 Degrees Condition. 

4  Conclusion  

The kinematic analysis of the hinge axis tilting 

in a yaw direction revealed that the hinge axis 

tilting in a yaw direction has an effect to 

suppress the influence of the aerodynamic force 

to the deployment by increasing the sideslip 

angle. The Simulations of the aerial deployment 

motion of the Mars airplane with and without 

hinge axis tilting were performed. The hinge 

axis tilting in a yaw direction lowered the 

required deployment torque, enlarged the 

successful design range, and increased 

robustness. Utilizing the effect of the hinge axis 

tilting allows the deployment actuator to reduce 

its torque. Therefore the airplane could achieve 

saving weight. Note that the increase of the 

sideslip angle can reduce the absolute value of 

the lift force on the outer wing, however cannot 

change the direction of the lift force. Therefore 

the yaw-tilted hinge design requires some 

deployment actuators although the pitch tilted 

hinge design does not require it. In that sense, 

the effect of the hinge axis tilting in a yaw 

direction was smaller than the effect of the 

tilting in a pitch direction.  
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