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Abstract: Despite the ongoing disputes about the need to use motion systems in flight
simulators, the development of this component of simulators has been ongoing since the
beginning of aviation. The aim of the article is to discuss the importance of the motion system
in the simulation of motion stimuli affecting the aircraft pilot. Selected motion systems of
flight simulators and reasons for using these systems are described. The benefits of the use of
motion stimuli in flight simulators are discussed and possible directions of development of the

motion system are presented.
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INTRODUCTION

Flight simulators were the first devices, whose purpose was not to imitate the
appearance of a particular aircraft, but to imitate its dynamic properties [41]. For this reason,
one of the most important components of flight simulators was and still is the motion system,
the task of which is to imitate motion stimuli occurring in real flight.

Despite the ongoing disputes about the need to use motion systems in flight
simulators, the development of this component of simulators has been ongoing since the
beginning of aviation. The aim of the article is to discuss the importance of the motion system

in the simulation of motion stimuli affecting the aircraft pilot.

FIRST MOTION SYSTEMS

Already at the time of construction of the first flight simulators, the motion system
was an important part of them. One of the first devices simulating the flight conditions was
Model B "Flyer" of the Wright Brothers' aircraft without the tail part and engine [29]. The
simulator was equipped with a cam driven by an electric motor, which enabled continuous
changes in its roll. This motion was a key stimulus during training. The student could keep the
wings horizontal by tilting the rudder levers. After a few hours of such training, appropriate
habits appeared in the form of movements to correct imbalances during a simulated flight.
Mastering this art qualified the student to fly a real Flyer-B aircraft.

In 1909, the Antoinette company, making aircraft and offering pilotage training,
developed the Antoinette Trainer training device [15]. It consisted of two half barrels,
mounted one on top of the other (fig. 1), which made it possible to simulate the roll and pitch
of an aircraft. Changes to these angles were made manually by the staff operating the
simulator, and the pilot's task was to keep the horizontal reference beam parallel to the
horizon plane using the rudders (two wheels). The pilot's function in this simulator can
therefore be compared to that of the most important on-board instrument, the attitude horizon
(artificial horizon) indicator. The simulator was used to teach pilots to react correctly to
stimuli they experience in flight in the form of typical aircraft pitch and roll movements. In
hindsight, it turned out that this representation of the cabin's positions and the acquired ability
to maintain reference to the natural horizon was incorrect. However, most of the aviation
pioneers were not aware of this fact, as it was only at that time that the first studies on the
function and activity of the human vestibular system, co-responsible for the perception of

position and movement in space, were conducted.



Fig. 1. Antoinette Trainer flight simulator [1].

The Billing Oscillator (fig. 2a developed by Eardley Billing, also comes from that
period. It was a simple replica of an aircraft mounted on a plinth, which enabled simulation of

basic movements during flight (pitch, roll and yaw angles).

a) b)
Fig. 2. Flight simulators: a) Billing Oscillator [2], b) Bleriot [3].

By the time World War I began, anyone with an aircraft could have been a pilot. This
has contributed to numerous accidents and losses in aviation that were not related to the
activities of the enemy. Subsequent studies [3] have shown that out of all aviation accidents,
as much as 90% were related to pilot error, 8% were related to aircraft malfunctions and only
2% were caused by shooting down. For this reason, the qualification of candidates for air duty
was introduced. One of the first devices to train flying skills, and in particular to train and
assess the physiological reactions of a pilot to stress caused by flying, was the Bleriot

simulator designed at the University of Turin (fig. 2b). This simulator was able to perform roll
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and pitch movements that had to be recognized by the pilot candidate during a simulated
flight with his eyes covered.

In 1917 the Ruggles Orientator training device was developed in the United States
(fig. 3a) for learning and training to recover from an unusual aircraft attitudes. The main
element of the simulator was a cabin with a pilot's seat, articulated in a set of rings on a
wheeled platform [36]. Such a design allowed for any rotation of the cabin around three axes,
with additional horizontal movement of the wheeled carrying platform. The movements were
controlled by the instructor and the pilot by means of a rudder and bar, coupled in a system
with an electric motor, responsible for generating the desired positions of the cabin. The pilot
was able to move forward during the training, while feeling the impressions typical of basic

maneuvers during flight.

Fig. 3. Simulators [4]: a) Ruggles Orientator, b) Link Trainer simulator.

The next qualitative leap in the flight simulation had not occurred until 1929, when
American Edwin Link developed the Link Trainer simulator, also known as the Blue Box (fig.
3b). Adapting the concept of pneumatic bellows from his father's pipe organ factory, Edwin
Link developed a structure enabling the generation of the cabin movement in pitch, roll and
yaw channels [29]. The cabin movements were matched by trial and error method,
independently for each control unit's deflection. In addition to the motion system, which
reacted to the rudder deflections, a new solution in Link Trainer was to equip the cockpit with
flight instruments, coupled with the rudder system. The pilot, being in a darkened cabin, not
only felt how the cabin reacted to the changes in rudder deflections, but most of all he could
follow how the instrument indications change. Link Trainer was the first most successful

flight simulator used until late 1950s.



NEW DESIGNS OF MOTION SYSTEMS AND THEIR DEVELOPMENT

Until the 1960s, major changes in flight simulation concerned subsystems other than
the motion system. At that time, most flight simulators did not have a motion system, which
was justified by the statement that modern pilots should not control the flight based on motion
stimuli ('modern pilots should not fly by the seat of their pants’) [28], considering information
from the flight instruments as the most relevant during the flight. At that time it was
considered that the lack of motion was partly compensated for by a system of loading the
controls, providing a realistic feel for the forces occurring in flight. It was not until 1958 that
Redifon company developed a full, motion system equipped simulator dedicated to the Comet
IV aircraft. This simulator resembled flight simulators that are currently in operation. With the
increased availability of flight test data and the increasing complexity of aircraft, analog
computers have become a major limitation in the flight simulator system. The demand for
increased fidelity and reliability of simulators was the reason for introducing digital computer
techniques. However, digital signal processing has not improved the still low correlation of
flight test data with the features of the simulator motion system. Moreover, strong visual
stimuli provided by the wide field of view of the visual displayed system, in the absence of
signals from the motion system, caused unintentional spatial disorientation in the pilot. At that
time the most difficult to develop and the most expensive component of flight simulators was
the motion generator.

In 1961, NASA Ames Research Center developed a flight simulator designed to
simulate the vertical movements of an aircraft, helicopter or Vertical and/or Short Take-Off
and Landing (V/STOL) aircraft [17]. A device fixed to the outer wall of a building (fig. 4a)
consisted of a two-seater cabin which, by means of a motorized winch, was moved in a
vertical direction within + 50 feet at a speed of up to 22 feet per second and an acceleration of
+ 1.5g (g denotes the earth gravity acceleration).

Successive years of continuous development of aviation, supported by war experience,
have made it possible to reach much higher flight altitudes and move at higher speeds. At that
time, phenomena that had not occurred in flight before, or whose sources were not known yet
[41], began to gain significance. An example of such a situation can be the G-induced Loss of
Consciousness (G-LOC), occurring under flight conditions with large, often prolonged G-
forces [44,45]. Numerous studies [16,30,47-49] have shown that the pilot's body can be
trained to prepare him for the flight conditions in which this type of hazard may occur. For

this purpose, specialized simulators was developed, called centrifuges. In 1962, the engineers
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of NASA Ames Research Center developed five degrees of freedom (DoF) motion simulator -
GPN-2000 (fig. 4b). The simulator combined in its design a centrifuge equipped with an arm,
at the end of which a cabin was installed. The way the cab was controlled allowed to obtain
angular changes of its position in relation to three axes. In addition, the cabin had the ability
to move along the vertical axis, limited to an offset of =2 feet. In this way, the simulated cabin
movements included three angular movements, one vertical translational and rotation of the

arm in the horizontal plane.

Fig. 4. Flight simulator: (a) “height control test apparatus” [17], b) GPN-2000 [5].

In the latest generations of the human-use centrifuges (fig. 5) the way the gondola is
fixed (with the aircraft cabin inside) enables its pitch and roll to be changed, providing
mapping of linear accelerations with respect to three axes. Apart from many advantages of
this type of simulator, there is, however, an inconvenience in the form of negative influence of
cross-coupled angular acceleration stimulation (Coriolis stimuli), appearing when a pilot
changes his/her head position during rotation of the centrifuge arm. In order to avoid the
Coriolis effect, the pilot during centrifugation should maintain the unchanging position of the

head, which is not natural when performing e.g. typical flight maneuvers [24].



Fig. 5. The latest generation of the human-use centrifuge - a training flight simulator.

Along with the rapid development of aviation to check the assumptions of newly
designed aircraft, as well as spacecraft the first research simulators was built [41]. An
example of such a simulator is the Flight Simulator for Advanced Aircraft (FSAA), built in
1969 and operated in NASA Ames Research Center Laboratory (fig. 6b) [12]. The simulator
was originally designed for fixed-wing aircraft research, but was also used in rotary-wing
(helicopter) models. Motion systems were usually the largest and most expensive elements of
the simulator, expected to reproduce accelerations occurring in real flight more and more
realistically. In order to meet the requirements of the V/STOL aircraft simulation, the first six
DoF motion simulator was put into service at NASA in 1964 (fig. 6a). This simulator, in spite
of the existing limitation in the cabin displacement (to a cube with a side length of 18 ft),

demonstrated the importance of motion cues in flight simulation [13].



Fig. 6. Motion simulator: a) with six degrees of freedom [6], b) FSAA [41].

Almost simultaneously, Stewart [40] developed a motion system consisting of two
platforms and six actuators, allowing for the imitation of motion with six DoF. An example of
a flight simulator in which this type of motion platform is used is the Iapetus simulator (fig.
7a), manufactured by ETC-PZL Aerospace Industries (Warsaw, Poland), installed as a training
and research equipment at the Military Institute of Aviation Medicine (WIML) in Warsaw.
This type of motion system, commonly referred to as the Stewart platform, has been
recognized and appreciated by the motion simulation community. This platform has a
relatively compact design, which allows motion a cabin with a large mass, reaching up to
several tons [11]. The translational DoF include forward and backward movement - the so-
called surge, sideways movement - the so-called sway, and up and down movement - the so-
called heave. In the case of rotary motion, DoF include: roll, relative to the longitudinal
horizontal axis, pitch, relative to the lateral horizontal axis, and yaw, relative to the vertical

axis [37].



Fig. 7. Flight simulators: a) lapetus (WIML) [42], b) VMS (NASA ARL) [7].

By the end of the 20th century, the Stewart platform was the most widespread six DoF
motion system. The search for a more efficient motion platform to test all types of aircraft
with very diverse flight dynamics led NASA Ames Research Center to develop the Vertical
Motion Simulator (VMS) (fig. 7b). Its high mobility capabilities made it ideally suited for
pilot-aircraft interaction studies. This simulator provided a realistic, in-flight substitute,
environment used for the assessment of V/STOL aircraft, as well as for the training of space
shuttle pilots [14]. Reproducing the motion stimuli was achieved through the use of a special
motion system with six DoF, for which, compared to the standard system, the range of vertical
motion has been significantly increased - to 18.3 m, with a maximum acceleration of =10 m-s
2 With the emergence of new generations of aircraft with high maneuverability, loss of spatial
orientation has become one of the more frequent causes of aviation accidents. At that time,
pilots were not familiarized with this phenomenon during flight training, receiving at most
information about its possible occurrence [41]. One of the most effective methods used to
counteract the phenomenon of spatial disorientation include practical training in spatial
disorientation simulators such as Gyro-IPT located at WIML (fig. 8a) or a simulator installed
at the Air Force University in Deblin (fig. 8b). Generating motion cues that cause spatial

disorientation in flight are provided by appropriate kinematic properties of motion system.



Fig. 8. Spatial disorientation simulators: a) Gyro-IPT (WIML), b) WSOSP [8].

The demand for greater motion fidelity affecting the pilot in real flight contributed to
the development of complex structures of motion systems and their control systems [33].
Improvement in this fidelity is achieved by using multi-stage, cascading motion system
connections. In this way, it is possible to increase the useful workspace of the motion system
as well as the range of generated accelerations [11]. An example of such a solution is the
Desdemona flight simulator developed by the Austrian company AMST-Systemtechnik
GmbH (Austria) (fig. 9a) [22,46]. This device is equipped with a motion system with six DoF
ensuring full cabin rotation about three axes, its vertical movement within =1m and horizontal
movement along a rotating arm within =4m. It has the capability to generate angular velocities
up to 180%sec with a maximum acceleration of 90°/sec’, and maintain prolonged linear
acceleration up to £3g. Another example of a simulator with an advanced motion system is

the DLR flight simulator (fig. 9b), which is mainly used for research purposes [43].
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Fig. 9. Flight simulator: a) Desdemona [9], b) DLR [10].

Today, flight simulators are used not only during the lifetime of an aircraft, but also in
the research and development, helping to develop new aircraft designs and improve existing
ones. They are also helpful in pilot assessment, reducing costs and risks associated with flight
tests. However, the most commonly used flight simulators are flight simulation training
devices (FSTD) designed for the training of pilots, flight crew and flight equipment service
[41].

THE NEED TO REPLICATE AIRCRAFT MOTION

To date, despite numerous achievements in flight simulation, the simulator
environment is not able to replace the actual aircraft flight. There is still a lot of discussion
about the benefits of motion stimuli. There have been many prominent scientists in the group
who were against the use of motion systems [31]. Caro [20] noted that the view negating the
need for motion systems is not supported by evidence [34]. McCauley [31] was of a similar
opinion, stating that the motion of the platform contributes to the precision of the pilot's
actions and improves his/her performance. This applies especially to experienced pilots [27].
Although the author did not find any evidence for this, he pointed out that motion stimuli have
a positive influence on flight training in unstable aircraft and when failures of systems
responsible for maintaining stability may occur. Although the benefits of high motion fidelity
have not been finally demonstrated, most experienced, qualified pilots prefer simulators with
a motion platform [31]. According to Slob [38], the main reason for the need to use motion
stimuli in simulation is to prevent the occurrence of simulator sickness (motion sickness).
This simulator sickness is mainly the result of a lack of synchronization of visual stimuli with

signals from the motion system. It is assumed that the motion cue delay should be lower or
11



equal to the value of the visualization delay [38]. Burki-Cohen et al. [18] conducted a number
of studies on the influence of flight simulator motion systems on the effectiveness of airline
pilot training. Together with Sparko et al. [39] they demonstrated that during take-off and
landing with high cognitive workload, the presence or absence of motion stimuli in the
simulator does not significantly affect this efficiency. However, the authors of these studies
concluded that higher dynamics and low flight altitude (e.g. rotary-wing aircraft flight ) cause
that pilots maintain their spatial orientation mainly based on signals from the vestibular
system, rather than based on indications of flight instruments. It was proved by the studies
[23,32], in which the researchers confirmed that the presence of motion stimuli in a flight
simulator affects the pilot's performance. On the other hand, there are numerous studies
[19,21,25-27] indicating that increased realism in motion replication is not necessary for all
elements of pilot training. This is justified in situations where the performance of certain
tasks, for example communication with air traffic control and changes in autopilot settings, do
not affect the pilot's behavior in the absence of motion stimuli. Nevertheless, the view that a
full flight simulator is required to integrate all skills and pilot behavior during flight still
remains [25,35].In the course of disputes about the need to use physical motion stimulus in
simulation, an attempt was made to classify the characteristics of motion systems in flight
simulators [12]. The most important criteria were considered to be, among others, the motion
frequency translation band and response times (time delay of the system between the
introduction of the control signal and the response of the actuators). Considering the large
capabilities in flight simulator applications, the Federal Aviation Authority in the USA and
the Joint Aviation Authority in Europe issued a motion system requirements specification in
1980. Leaving these standards mostly unchanged for the next 15 years has practically stopped
the development of motion systems. The current standards, which describe the requirements
for flight simulator motion systems, are introduced by the European Aviation Safety Agency -
certification specifications for areoplane and helicopter flight simulation training devices (CS-
FSTD A/H). Similar qualification testing criteria for fixed-wing and rotary-wing aircraft
simulators and training devices have been issued by the International Civil Aviation

Organization in standard 9625 Issue 3.

CONCLUSIONS

Unfortunately, the motion system still remains one of the most expensive components

of a simulator and one of the more troublesome in achieving high fidelity motion cueing.
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These limitations make the motion system an obligatory element of the simulator, only in the
highest class of these devices, the so-called full flight simulators. Therefore, further
development of motion systems seems to depend mainly on the costs of their production and
operation and the quality of the replication physical motion stimuli in flight. An alternative to
current motion systems are designs that combine low manufacturing cost with low fidelity.
The increase in interest in such systems results mainly due to the availability of cheap devices
for visual presentation of virtual reality.
It should be expected that also among the users of these motion systems, there will be

“a hunger” for motion cueing fidelity. Perhaps this will be an impulse that will stimulate the
development of motion systems and improve their fidelity. If with current technology it is
possible to improve the motion cueing fidelity, there is a chance to increase interest in motion
systems. Otherwise, it can lead to stagnation in their development. The current research on
improving the motion cueing fidelity is focused mainly on:

— designing new motion system structures,

— creating new motion cueing algorithms to control motion systems,

— developing objective methods to assess the motion cueing fidelity.

While designing a new motion system is not a major problem, developing an appropriate
algorithm to control this system is already quite a challenge. Human beings have numerous
limitations in the perception of motion stimuli, both visual and vestibular. This knowledge is
extremely useful for developing motion cueing algorithms and determining effective motion

stimuli for specific device design.
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