
  

  

Abstract— Unmanned aerial vehicles (UAVs) are now very 
popular for many applications such as surveillance and 
transport and they are typically constructed starting from the 
design process. However, it is very time consuming and require 
all new airworthiness process. In this paper, we aim to provide a 
novel framework to automate an existing aircraft for unmanned 
operations using a humanoid robot, which is capable of 
manipulating the yoke, levers, switches and pedals to fly the 
airplane while operating various components such as lights and 
landing gears just as a human pilot would do. In this manner, 
the airplane can be converted for automated mode in a very 
short time without losing airworthiness. For testing, due to the 
complication of operating the robot in a real airplane, it is 
validated using a flight simulator, which provides the flight data 
over the network. The simulator is installed on a motion 
platform, which makes the robot move around due to the 
airplane’s motion for realism. The proposed method is 
successfully validated in a series of flight simulations with 
various scenarios to show the feasibility of humanoid robot 
operation of an aircraft under various conditions. 

I. INTRODUCTION 

The Industrial Revolution of the 19th century liberated 
humans from repetitive, difficult, mindless labor. Systems 
developed to take the place of humans required new types of 
labor to operate the machine. Driving or controlling an 
automobile or aircraft is more complicated than earlier types 
of operations. The autopilot module in the modern aircraft is 
one example: the system can fly the aircraft for a large flight 
envelope including climb, cruise, descent and even automatic 
landing. However, current autopilot system has limited 
authority and operational envelope to control an aircraft. 
Development of a unmanned aerial vehicle (UAV) takes a 
huge amount of time and cost if it has to be built from the 
scratch. Also UAVs are only available in certain sizes and 
shapes so one cannot arbitrarily choose a desired model, for 
example, a large transport helicopter for rescue missions. 
During the Fukushima nuclear crisis in 2011, water spraying 
operation was performed by a manned Ch-47 helicopter as 
there is no alternative. However, the crew had to go through a 
great amount of danger due to the lethal dosage of radiation 
from the exposed nuclear core. One could wonder if there is a 
way to automate a vehicle as the situation dictates using a 
robot without putting humans in harm’s way. 
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For such tasks, an airplane can be automated by installing 
actuators to manipulate the levers, switches, and other user 
interfaces. However, an airplane, no matter how simple it is, 
typically has tens of switches. For larger commercial airplanes, 
there are literally hundreds of switches to actuate. Therefore, it 
is only logical to use a humanoid robot to actuate various 
switches and levers designed for human manipulations. This 
paper proposes a technology for converting an existing aircraft 
using a humanoid robot as shown in Fig. 1. The humanoid 
pilot robot is installed on an existing aircraft when it is 
required to operate in unmanned mode. In this paper, we call 
such robot as PIBOT, which stands for Pilot-Robot. 

There are a number of related researches about using 
humanoids to operate machines. Yokoi et al. observed that one 
application for humanoid robots could involve “operating 
industrial vehicles” [1]. Hasunuma et al. verified via 
experiments that a tele-operated humanoid robot can drive a 
lift truck and a backhoe [2, 3]. Recently, Paolillo et al. 
automated the steering during a driving simulation using a 
humanoid robot and its vision system [4]. There also have 
been related competitions and projects. One of the missions of 
the DARPA Robotics Challenge [5] was driving a ground 
vehicle by a humanoid robot. In addition, the DARPA ALIAS 
project [6] is developing an automated co-pilot system. These 
studies and projects show that humanoid robots may be highly 
useful in environments that were designed for humans, and the 
ALIAS project supports the validity of this research. 

 As our own preceding work, Jeong et al. verified that a 
humanoid robot could operate an aircraft by designing a 
miniature humanoid robot pilot and testing it on a simulated 
flight [7, 8]. Song et al. carried out a flight test with a 
miniature robot pilot [9]. In the present study, the hardware 
and software for the human-scale robot pilot are designed to 
fully automate operation of the aircraft.  

In this paper, we present the systematic approach to design 
a humanoid for flying an airplane. We begin with the hardware 
design, software design, simulation setup, and validation 
results. In a series of simulations using various scenarios, 
PIBOT was able to operate the airplane from starting the 
engine to park the airplane. Based on the simulation results, 
we believe we have showed the viability of using a humanoid 
for operating a complex machine such as airplanes without 
any modification. 
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Figure 1. Concept of a robot pilot. 



  

II. HARDWARE ARCHITECTURE 
To validate the concept presented above, a human-scale 

PIBOT in the form of a humanoid is designed and assembled. 
Its workspace is analyzed to choose the dimensions for the 
legs and the distance between the PIBOT and the cockpit. In 
addition, electrical power systems are designed and 
implemented to make PIBOT independent from the aircraft. 

A. Mechanical Configuration 
The PIBOT is designed to be a humanoid robot, having 

two arms and two legs with moving feet. The overall features 
and dimensions of PIBOT are shown in Fig. 2. In addition, 
mechanical specifications, such as the degrees of freedom 
(DOF), dimensions, and weight are shown in Table 1. As 
shown in Fig. 2, the torso of PIBOT is designed in an “L” 
shape to have a sitting pose. Each arm has 6DOF, and each leg 
has 3DOF, which is the minimum DOF to operate a pedal 
controller. Two 6DOF manipulators from ROBOTIS, Co. Ltd 
are used for the arms, and the legs are designed and built using 
Dynamixel Pro H-series servo-actuators.  

B. Workspace Analysis 
Workspace analysis is necessary to determine the leg 

dimensions and the distance between PIBOT and the cockpit. 
The workspace of the legs comprises the combination of a 
two-dimensional circle on a plane as shown in the right side of 
Fig. 4 [10]. For the workspace for the arms, coverage of the 
Cartesian position of the end effector is considered. Thus, the 

workspace for the arms is a combination of a 
three-dimensional spherical space as shown in the left side of 
Fig. 4. Based on the workspace analysis, the length of each 
part of the leg is set as shown in Table 1 and designed as 
shown in Fig. 2. In addition, the distance between PIBOT and 
the cockpit is adjusted so that the workspace for the arms 
covers enough of the cockpit by changing the position of the 
cockpit chair back and forth.  

C. Electronics 
Computing, networking, and power sources are installed 

inside the torso of PIBOT as shown in Fig. 5. An RGB camera 
is installed on the side of the right end-effector for visual 
servoing as shown in Fig. 3. This electronics system enables 
PIBOT to operate independently from the flight system except 
when PIBOT receives flight state information. An Intel 
NUC5i7RYH Mini PC is selected for the computing source 
for PIBOT. For networking, an RS-485 network in a daisy 
chain connect is used for the actuators of the limbs to 
communicate. In addition, Ethernet is used to receive flight 
state information from the flight simulation computer. Last, 
the power source is selected based on the sum of the maximum 
power consumption of every actuator, which is around 2000 
W in 24 V. The final figure of the PIBOT is shown in Fig. 6.  

III. SOFTWARE ARCHITECTURE 

The PIBOT software is designed to automate flight 
operation from take-off to landing. This flight operation 
includes manipulation of not only the yoke, throttle lever, and 
pedals but also differently shaped switches, such as the engine 
starter, avionics switches, the landing gear switch, and the flap 
switch during flight. The flight procedure imitates the flight 
manual for human pilots because the purpose of PIBOT is to 
convert existing aircraft into unmanned aircraft. 
Configurations of the cockpit components are manually set in 
the program except the positions of the switches, which are 
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Figure 2. Dimensions of a robot pilot (units: mm). 

TABLE I. PIBOT SPECIFICATIONS 

DOF 

Arms: 6DOF/arm × 2                             = 12DOF 
(Shoulder: 2, Elbow: 1, Wrist: 3) 

Hands: 3DOF(left) + 2DOF(right)         = 5DOF 

Legs: 3DOF/leg × 2                                = 6DOF 
(Hip: 1, Knee: 1, Ankle: 1) 

Total:                                                          23DOF 

Dimension 

Height:                                                1273.2 [mm] 
Sitting Height:                                      589.3 [mm] 
Width:                                                    462.0 [mm] 
Depth:                                                   380.0 [mm] 
Upper Arm Length:                                264.0 [mm] 
Lower Arm Length:                             258.0 [mm] 
Upper Leg Length:                               356.0 [mm] 
Lower Leg Length:                              350.0 [mm] 

Weight 

Head: 0.6 [kg]                                         = 0.6 [kg] 

Arms: 5.5 [kg/arm] × 2                         = 11.0 [kg] 

Torso: 4.9 [kg]                                        = 4.9 [kg] 
(Frame: 1 [kg], PC: 0.6 [kg], Power: 3.3 [kg]) 

Legs: 3.8 [kg/leg] × 2                              = 7.6 [kg] 

Total:                                                         24.1 [kg] 

 

 

Figure 3. A camera installed on the side of the right end effector. 



  

automatically configured by the vision system. The software 
forms a feedback control loop for the overall flight procedures 
that receives the flight state externally, but each action 
performed by PIBOT is controlled in an open loop.  

A. Flight Procedure 
The aircraft model used in the flight simulation is the Piper 

Comanche PA-24, and its flight manual is analyzed to extract 
the core procedures [11]. The manual explains the conditions 
for each phase of flight. For example, the manual mentions 
that the throttle should be opened using a smooth and steady 
movement to accelerate to the rotation speed, VR, which is the 
optimal speed for a safe take-off. The VR for the PA-24 is 74 
knots in the flight manual. Therefore, the yoke should be 
pulled to rotate the pitch and the climb altitude when the speed 
reaches the VR. In this way, flight procedures are composed of 
eight phases, including starting the engine, before take-off, 
take-off, climbing, cruising, descending, approaching and 
landing, and after landing. The phases are reflected in the 
waypoint planning procedure. 

B. Cockpit Configuration 
The cockpit components are configured by assigning the 

appropriate Cartesian coordinate frame to each component as 
shown in Fig. 7 and defining a transformation matrix variable 
according to the operation of each component. For instance, 
the avionics switch can be configured by assigning the 
Cartesian coordinate frame, Fsw, to the pressing point of the 
switch panel and defining the transformation matrix as (1): 
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dsw is the translational distance to press the button and a 
discrete variable that is either 0 or 5 mm. θsw,z is the constant 
defined for the initial orientation of the end effector to press 
the button. The transformation matrix can have variables for 
either the orientation or position or both the orientation and 
position of the end effector, depending on the operating type 
and the range of each component as shown in Table 2. 

C. Visual Servoing 
Among the cockpit components, switches are 

automatically configured and manipulated based on the vision 
system, which is also called visual servoing. This visual 
servoing system utilizes the A-KAZE feature-matching 
algorithm to extract matching points between a reference 
image and a current image taken by the camera next to the 
right end effector. The best similarity transformation matrix is 
calculated using the matching points and the random sample 
consensus (RANSAC) technique. Finally, position 
information from the similarity transformation matrix 
composes the translation part of the transformation matrix. 
This perception system also helps compensate small positional 
changes in PIBOT in the cockpit during flight. 

 
Figure 4. Workspace analysis of arms (left) and legs (right). 

    
Figure 6. Upper body (left) and lower body (right) of assembled PIBOT on the flight simulator. 

 
Figure 5. Kinematic configuration and hardware interconnections. 



  

D. Initialization and Data Communication 
The main part of the algorithm forms a feedback loop to 

control the aircraft as shown in Fig. 8. Before the loop is 
entered, two steps must be accomplished. As shown in Fig. 8, 
the program connects manipulators and initializes the PIBOT 
pose. Then, PIBOT starts the engine and holds the yoke, lever, 
and put its feet on the pedals. For the next step, PIBOT tries to 
connect to the flight simulation program (X-Plane from 
Laminar Research Inc.) to receive aircraft state information. It 
is noted, if it is put into the actual airplane, it will be able to 
collect the navigation data using its own sensors as well as the 
onboard instruments. The states include angular velocities, 
attitude, angle of attack, latitude, longitude, height (LLH), 
north, east, down (NED) velocities, and landing gear force. 
The states are received for every iteration to form a feedback 
control loop as shown in Fig. 9.  

E. Waypoint Planning 
The algorithm flows into waypoint numbering as the 

program receives information about the aircraft states. 

Waypoint numbers and their content are designed based on the 
flight procedures. Among the various flight scenarios, the 
basic scenario illustrated in the Flight Training Handbook 
[12] approved by the U.S. Federal Aviation Administration 
(FAA) is used and divided into seven steps as shown in Fig. 10. 
Each waypoint has conditions to fulfill before the program 
continues to the next waypoint. By feeding back information 
about the reference flight states of each waypoint, the program 
completes one waypoint and gets to the next one once the 
conditions are satisfied. For example, the first step is the 
acceleration phase that aims to accelerate up to the rotation 
speed, VR, following the runway heading. The conditions to 
move on to the next waypoint are speed error less than 3 m/s 
and heading error less than 3°. For the second and fifth 

waypoints, multi-threading is implemented so PIBOT can 
manipulate the landing gear knob and the flap switches with 
the right hand and pilot the aircraft with the left hand 
simultaneously. 

F. Flight Guidance and Control 
Based on the waypoint planning, the flight guidance and 

the control algorithm generate inputs for the position control 
algorithm of the manipulators. For flight guidance, 
line-of-sight (LOS) guidance is adopted and implemented [13]. 
Proportional-integral-derivative (PID) control is applied to the 
flight control algorithm [7]. The guidance and controller gains 
are tuned for the aircraft, the Comanche PA-24. As shown in 
Fig. 9, altitude, LLH, and course heading are used in the LOS 
guidance block. In addition, attitude error and angular 
velocities are used in the flight control block. 

G. Manipulator Control 
The control output of the flight controller ranges from –1 

to 1 for the aileron, elevator, and rudder and from 0 to 1 for the 
throttle. The control outputs are converted into real-scale 
variables by multiplying the gains, Kj, of each cockpit 
component as shown in Fig. 9. For instance, the aileron control 
output, ailδ , is multiplied by 90 because the operating range of 
the rotational motion of the yoke is –90° to 90°. Next, the 
product of the control outputs and the gains of the cockpit 
components changes the value of the variables in the 
transformation matrices. For every iteration of the loop, the 
inverse kinematics algorithm solves for the joint angles of the 

 
Figure 7. Configuration of each cockpit component. 

TABLE II.     COCKPIT COMPONENTS CONFIGURATION 

 Operating Type Operating Range 

Yoke 
Translation –40 to 40 [mm] 

Rotation –90° to 90° 

Throttle Translation 0–80 [mm] 

Avionics Switch On/Off 0,5 [mm] 

Starter Rotation 
(Discrete) 0°–120°(30°) 

Landing Gear Up/Down –20,20 [mm] 

Flap Up/Down 
(Multiple) –5,5 [mm] 

Pedal 
Translation –80 to 80 [mm] 

Rotation 0°–10° 

 

 
Figure 8. Algorithm flow (Initialization). 



  

arms and legs with the updated transformation matrices [14, 
15]. The kinematic model of the ROBOTIS 6DOF 
manipulator, as shown in Fig. 5, is called the 6R PUMA-type 
arm. Forward kinematics of the arm is expressed in 
exponential coordinate representation in (2): 

3 3 5 5 6 61 1 2 2 4 4[ ] [ ] [ ][ ] [ ] [ ]S S SS S S
ohT e e e e e e Mθ θ θθ θ θ= .         (2) 

Toh is the transformation matrix from the base frame to the 
end effector frame of the manipulator, and S1 to S6 are the 
screw axis of each joint. M is the hand frame seen from the 
fixed base frame at zero configuration. The Lie group 
formulation, geometric approach, and Euler angle approach 
are implemented to solve the inverse kinematics problem of 
(2) [14, 15]. The inverse kinematics problem of the legs can be 
easily solved with the same principles used for the 6DOF 
arms.  

IV. FLIGHT SIMULATION 

A series of flight simulations are conducted on a 4DOF 
flight motion simulator to verify PIBOT’s performance in an 
environment closer to reality, i.e., with robot’s motion induced 
by the airplane’s motion. PIBOT manipulates the controls in 
the cockpit on the flight simulator to accomplish the given 
flight scenarios as shown in Fig. 10. 

A. X-Plane Simulator and Motion Simulator 
X-Plane, one of the most realistic flight simulation 

programs developed by Laminar Research, sends information 
about the flight states via UDP communication. Thus, PIBOT 
is connected to the simulation computer to receive the flight 
state information via the UDP port. The 4DOF flight motion 
simulator produces roll, pitch, yaw and heave motions using 
the electric actuators. The movable range of the roll, pitch, 
yaw, and heave is –30° to 30°, –15° to 15°, –20° to 20°, and 

–70 to 70 mm, respectively. Fig. 11 shows PIBOT operating 
the aircraft on the flight motion simulator.  

B. Simulation Results 
The flight scenario involves taking off and turning around 

Yeosu airport (RKJY in ICAO code) in a clockwise direction 
and landing back on the same runway in the same airport. 
PIBOT successfully carried out the given flight scenario. The 
simulation results are shown in Fig. 12 and Fig. 13. The 
successful flight indicates that PIBOT accurately manipulates 
not only the controllers but also the switches, such as the 
avionics, landing gear, and flap switches, during the flight. Fig. 
12 shows that PIBOT operated the aircraft as planned in 
waypoint planning following the flight pattern in Fig. 10.  

In Fig. 13, the red dashed lines represent the reference 
values of each state, and the blue lines plot the actual states of 
the aircraft. The roll and pitch states follow the reference states 
quite accurately. However, the roll state begins to vibrate at 
the fifth waypoint, which corresponds to the approach phase. 
The approach and landing phases are the most challenging part 
of the flight even for human pilots. Yaw is controlled precisely 
in the first and last waypoints, which correspond to the before 
take-off and landing phases. For the altitude, the actual 
altitude converges to the reference altitude slowly due to the 
characteristic of fixed-wing aircraft. Velocity control is also 
successful except during the approach and landing phases. 
Due to the slow convergence of velocity in the approach and 
landing phases, PIBOT sometimes makes a hard landing. This 
phenomenon could be solved by increasing the approach 
distance to have enough time to decrease velocity. 

Contrary to expectations, the inclination and vibration of 
the flight motion simulator did not affect the performance of 
PIBOT, because PIBOT was fastened securely with the seat 

 
Figure 9. Block diagram of PIBOT software. 

 
Figure 10. Flight pattern with waypoint numbers. 

 
Figure 11. PIBOT on the flight motion simulator. 



  

belt. More importantly, as the PIBOT’s arm motion control is 
based on the visual servoing using the camera mounted on its 
arm, it can compensate for the relative motion of the body 
caused by the simulator’s (airplane’s) motion. 

V. CONCLUSIONS 

In this paper, a framework for piloting an aircraft into 
unmanned using a humanoid robot pilot is proposed. The 
feasibility of the proposed idea is evaluated by numerous 
flight simulations on a 4DOF flight motion simulator running 
X-Plane. The simulation results show that the humanoid robot 
pilot, PIBOT, successfully performed the flight scenario by 
accurately manipulating necessary components of the cockpit 
in the correct order.  

For more thorough evaluation, quantitative assessment, 
such as the distribution of touch-down points and a 
comparison with other autopilot software, is essential to show 
objectively how well PIBOT controls an aircraft. In addition, 
unstable flight in the approach and landing phases results in 
the need to implement a more sophisticated control algorithm 
in future research. Designing a control algorithm that 

considers the response time of manipulators and aircraft’s 
control panel is also necessary for the robust control. In terms 
of perception, visual servoing is not enough to recognize all 
the cockpit components and compensate for the orientation 
change in PIBOT. Additional sensors, such as a depth camera 
and an inertial measurement unit (IMU), will be used to 
improve the perception system. In addition, task intelligence 
such as forming a feedback control loop for PIBOT behaviors 
is necessary to react to manipulation failures or unexpected 
accidents during flight. 

A humanoid robot pilot, equipped with various sensors and 
algorithms, that can board any existing manned aircraft and 
function as a system that converts several functions into 
unmanned functions is possible in the near future. Receiving 
the flight state information from existing aircraft is possible if 
an accurate vision system is developed to read the indicators in 
the cockpit or accessible avionics, such as an air data computer 
(ADC) [16], are installed in existing aircrafts so that PIBOT 
can be connected to and receive flight state information. In the 
near future, we plan to put the robot in the cockpit of a real 
airplane and evaluate the feasibility of flying a real airplane.  
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Figure 12. Trajectory of the waypoint flight around Yeosu airport. 

 

 
Figure 13. Attitude (roll, pitch, yaw), altitude, and velocity histories. 
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