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ABSTRACT

The project called for the design and development of a motion platform that would
enhance the home game player’s experience. The design had to be safe, easy to use,
inexpensive, yet still effect realistic motion cues to the user.

The design consists of an upper platform coupled to a base by three pneumatic bladders.
By controlling the airflow into these bladders, the upper platform can be made to pitch,
roll and heave. The motions of sway and surge are simulated by angular motions in roll
and pitch, respectively. This simulation platform is connected to a personal computer
with a motion control board. A universal output is proposed that would promote a “plug
and play” system that could be utilized for all types of motion platforms and feedback
devices. The motion platform would therefore act as a slave, receiving master commands
from various software games.

Thesis Supervisor: Alexander Henry Slocum
Title: Alex and Brit d’ Arbeloff Associate Professor of Mechanical Engineering



Table of Contents

1. INtroduction ..iicinncnsnnnnisecsnninsssnssesssnssnssancssisanssssssassssessssssassnssssnsanes 4
2. BacCKGround......cceiveseiininensensnnsnisnsssnsnsssnsssssssssssssssssssssssssssssssssssssanes 5
3. Problem Definition .......cceiicineisiisniniincsnssessnnsniinisinsinssnsssnssssssssssssasnne 14
4 Concépt LEL T2 11 11 | OO 19
S. Concept Selection.....cuccversecirensuenseniinsenssensesssnssssssscssssssssssssssessasessssanes 27
6. Patent Search.....eiiiininnnicninnininninninnsnsnisiannisesssenesnssnessens 29
7. Pneumatic Systems Research........iieinninnecnseensscnsanessnsessaecssncesanes 30
8. Feasibility StudY ....ccccceisinseiicirnsnsnsnnsisissessssssessesssssssassssessessessssssessans 35
8. EMbOAImeNt.......eiueiitinieininenninsnisnissisnssiosansanssssssssnsessssessssssesanesns 36
9. System LayOUt .....cccieiseesesuirensiesissosessesssssssassassassssessnensssessssssssesseasssenes 41
10. Project Planning and Management...........ccccceereererennennesneesacsasnsaens 47
11. DeVelOPMENt ...uucueiveeieirieisnnsessnssnssnsssssssssnessesassncssssaessessesassasssssassssans 50
12. Marketing Opportunity.......cccoceceiicecsncsneseecseesanssseesaessaessssessessasessens 52
13. Manufacturing Plan........ciiiirinnecnnnicnnnneccennncnseessesseessessessessnsssesses 53
14. Further Research and Development ............ceeeeererreeeneerensncsnenssesnees 54

Page 2



List of Tables and Figures

- List of Figures
FIGURE 1 - SIX DEGREE OF FREEDOM, STEWART PLATFORM HIGH-END SIMULATOR.......cccoeovvviiinnnenn.n. 5
FIGURE 2 - FOUR DEGREE OF FREEDOM, CENTRIFUGE TYPE HIGH-END SIMULATOR .............coeveeiennnnnn, 6
FIGURE 3 - G-SEAT FOR SIMULATION OF SUSTAINED FORWARD ACCELERATIONS ............ocovvveeenieeinnn.n. 7
FIGURE 4 - PERCEPTION MODEL RESPONSE TO VISUAL AND INERTIAL CUES IN YAW ... 9
FIGURE 5 - BASIC STRUCTURE OF HUMAN MOTION AND ORIENTATION PERCEPTION MODEL.................. 10
FIGURE 6 - FREE BODY DIAGRAM OF STATIC BODY TILT VERSUS LINEAR ACCELERATION...................... 11
FIGURE 7 - ELEMENTS OF A MODERN FLIGHT SIMULATOR. ......cuvvviiiiiiiieeeeeeeeeeeieirerreeeeeete e e e e e e e e e e 12
FIGURE 8 - FORCE-FEEDBACK DEVICES: ACT-LAB'S DRIVING WHEEL AND MICROSOFT'S JOYSTICK...... 12
FIGURE 9 - COMMERCIALLY AVAILABLE BUTTON EMULATOR: SAITEKPC-DASH ..............cooooiil 13
FIGURE 10 - ROCK ‘N' RIDE: PITCH AND ROLL PC-BASED OPEN SIMULATOR ........covvvvieeeeeeiiereeeeiinnns 14
FIGURE 11 - AFTERBURNER, FLIGHT COMBAT SIMULATOR WITH PITCHAND ROLL .......cccveeeevveeeinieenns 20
FIGURE 12 - ALPINE SKIER, DOWNHILL SKIING SIMULATOR WITH YAW ONLY .....ocoovviiiiiiieiiiniieeeeeeeinne. 20
FIGURE 13 - ACE DRIVER, CAR DRIVING SIMULATOR WITH YAW ONLY .......c.oooiiiiriiiiiniiiiinieeeeeeeeeeeeeninnns 21
FIGURE 14 - MANX TT SUPERBIKE, MOTORCYCLE SIMULATORWITHROLLONLY ........ccoovvnriiiinnnnnnn, 21
FIGURE 15 - CRUISIN' USA, DRIVING SIMULATORWITHPITCHAND ROLL.........oooviviimiiiiieieeeeeeeeeeieiii, 21
FIGURE 16 - WAVERUNNER, JET-SKI SIMULATORWITH ROLL ONLY .....ooiiiiiiiiieiin e 22
FIGURE 17 - ALPINE SURFER, SNOWBOARD SIMULATOR WITH YAW ONLY .........ooviviiiiiiiiiiiiieeiieeeen, 22
FIGURE 18 - A THREE-DEGREE OF FREEDOM SIMULATOR UTILIZING PITCH, ROLL AND YAW.................. 23
FIGURE 19 — CONCEPT SKETCHES OF SOME OF THE PROPOSED IDEAS ......ouvvveiviiiiiiieeeeeeereeeesieereeeiens 25
FIGURE 20 — TWO INCH BORE, 6 INCH STROKE CYLINDER EXTENDING (80 PSIG SUPPLY) ........cc........... 34
FIGURE 21 — TWO INCH BORE, 6 INCH STROKE CYLINDER RETRACTING (80 PSIG SUPPLY) .........c......... 34
FIGURE 22 — 1.5” BORE, 18" STROKE BIMBA CYLINDER ON TESTBENCH .........eoevviiieeinieeeireeeeeeenee, 35
FIGURE 23 — FIRESTONE AIRSTROKE ACTUATOR ON TEST BENCH LOADEDWITH45 LBS.......c.vveeeenn. 36
FIGURE 24 — THE SPACEAGE CONTROLS LINEAR POSITION SENSOR ......coooiiiiiiiiiieeeeeeeeeeeeeeeeeeereei 39
FIGURE 25 — USING A SINGLE MONITOR AND MIRRORS TO CREATE A MORE REALISTIC COCKPIT ........... 43
FIGURE 26 — THE VIRTUARIDE PROJECT .......iiiiteiotitee ettt ettt et e et 47
List of Tables
FUNCTIONAL REQUIREMENT LIST ...ttt e e 16
THEORETICALLY IDEAL SYSTEM FOR PRESENT, NEAR AND FAR FUTURE.......c.cooociiiiieiieiieeeeeee e 18
PUGH CHART FOR CONCEPT SELECTION .......oouiiiiiriittiieeieteee s et tee e e eereeteeeeetaeeeeeereareeeesasaneneesaseaans 28
SPREADSHEET TO OPTIMIZE BORE, STROKE, PLACEMENT AND PRESSURE OF ACTUATORS.................. 31
PERT CHART ..ottt e e e et e e e et s s s e e ettt e st e e eeteeeeeneee e 48

Page 3



18Introductionss

This thesis encompasscs the entire design process from a vague unformed and
unresearched idea to an alpha prototype. Plans for a beta prototype and arcas of
improvement are discussed but not fully developed. Once the beta prototype is complete,
plans for low scalc production can begin. The low scale manufacturing and marketing of
the systemas also considered. The design is carricd out by means of a step by step
process.

First, a need was recognized, a nced to improve the realism in home simulation video
games. At the time of conception, there existed a great variety of multimedia products
designed to enhance a game player’s cxperience. These included racing car steering
wheels, realistic fighter joysticks, head mounted displays and other input and output
devices. However, there was nothing on the market that actually provided motion or
motion cues to the player. Motion platforms exist for the training of pilots but these
typically cost upwards of one million dollars. Thus, there exists a need for a low cost
motion platform to be driven by a home PC.

The initial idea was to use a hexapod, or Stewart platform, to simulate all six degrees
of freedom. To be low cost and conscquently, available to a home user, pneumatic
cylinders seemed like ideal actuators. With this idea in mind, the design work began. As
mentioned earlier, a design process was followed using the following steps.

1) Problem Definition

2) Concept Generation

3) Concept Selection

4) Layout

5) Embodiment (Alpha Prototypc)

6) Beta Prototype & Manufacturing Plan

7) Production Ramp-up

8) Full-Scale Production
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As mentioned carlicr, the scope of this thesis is from Step 1 to Step 5. Steps 6
through 8 are considered but not exceuted. Before the problem was fully defined, some

background research needed to be done such that a more precise problem definition could

be arrived at.

RaBackeronndiy

Commercial and military flight simulators arc very expensive and require dedicated
computer systems. These simulators range from quarter million dollar systems with three
degrees of freedom, to multi-million dollar centrifuge designs. High end flight simulators
tend to take one of two approaches: a hydraulic six degree of freedom motion platform

(Figure 1) or a centrifuge type utilizing four axes (Figure 2) or more.

FIGURE I - SIX DEGREE OF FREEDOM, STEWART PLATFORM HIGH-END SIMULATOR

One of the inherent problems with the 6 DOF (Degree Of Frecdom) platforms is they
have a finite travel length and cannot reproduce sustained lincar or angular accelerations.
This necessitates the need for washout filters that attenuate the real or desired
accelerations to motions that can be reproduced on the finite travel simulator. Thus, the

user cannot experience true sustained accelerations, but with the right filters and
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significant travel lengths the accelerations can be reproduced in manner which closely
resembles the actual movements. When combined with visual motions, these movements
can effectively fool the human body’s sensors. The goal of any well-designed simulator
is to provide the user with an experience as close to the real life situation as possible.

The centrifuge type simulator can reproduce sustained accelerations by rotating
continuously about the axis perpendicular to gravity and then orienting the user at the end

of this large swinging arm.

FIGURE 2 - FOUR DEGREE OF FREEDOM, CENTRIFUGE TYPE HIGH-END SIMULATOR

This simulator can be very effective but it requires a very large motor to swing the
arm around and also a tremendous amount of floor space. It also needs to be walled off
so that no one walks in the way of the swinging arm. These simulators usually start at
prices above ten million dollars per unit.

For short accelerations, most Stewart platforms can produce a true forward
acceleration, however, when a long acceleration is required or the simulator does not have
a forward motion. other methods must be used. When a human body undergoes a
forward acceleration many things change which the body’s sensors take note of. One of
the most noticeable effects of acceleration is the increased pressure on the back and

buttocks. Other effects include:
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Decrease in pressure on the scat and lap belts

Angle of the hips, knees, shoulders and clbows changes slightly

Seat appears to become harder as more force is transmitted through the fower body
Eye-point sinks slightly

Blood pools in the legs

Inner organs are deformed and the muscles tense to counteract

Change in the acceleration noted by the vestibular organs

A G-seat attempts to reproduce the effects of acceleration and recreates all but the last

three effects'. A G-scat is divided into an upper and lower portion. One half supports the

buttocks and the lower back, while the other scction supports the rest of the back and the

head. A G-seat typically uscs a hydraulic cylinder which brings these two parts together

to recreate a heave motion cuce (Figure 3.)

HYDRAUL [C
ACTUATOR

SEAT
BUCKET

FIGURE 3 - G-SEAT FOR SIMULATION OF SUSTAINED FORWARD ACCELERATIONS

This motion tends to squash the body into the scat thus increasing the pressure on the

back and buttocks. This effect when combined with visual cues tends to produce a

realistic feeling acceleration. White’s research at RAL Bedford concluded that the G-seat

provided excellent cueing in helicopter simulations of turns, pull-ups, and bunts. The

seat was ineffective at conveying sustained accclerations as there was no distension of the

stomach. With the addition of some vibration, however, the pilots were less able to
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dismiss the cues of the G-seat for sustained accelerations. Thus, a G-scat is a valuable
addition to the realism of the simulator but is much morc cffcctive when coupled with
vibrations.

Another method to make the body perceive acceleration is to simply tilt the body
backwards. The gravity vector is then directed to pull the body both into the seat and
down and thus this also creates a sensation that can cffectively mimic forward
accelerations. The tilting motion effects the vestibular organs and the internal organs in
the body, but does not create many of the other effects a G-seat can create. Other seats
use inflatable bladders underneath the user that can be inflated to higher pressures which
hardens the seat.

Another method loosens the seatbelt around the user. During acceleration, the body is
forced into the seat and thus the body moves away from the seatbelts. This decrease in
pressure on the front of the body can be recreated by using a motor to control the tension
in the belt. This would produce a motion cue that is felt during acceleration. The motor
could also be used for ensuring proper seatbelt tensioning. The motor could also increase
the tension to effect the feelings of deceleration. This would be relatively low cost and
might nevertheless be necessary for safety purposes. There are still other methods to
produce acceleration cues, but they all use some type of actuator to change the pressure
on the body and thus produce a feeling like acceleration. Most of these methods may also
be reversed to produce the effect of deceleration. A very effective combination would be
to use a G-séat and a tilting back of the seat; this would simulate almost all of the effects
the body undergoes in true accelerations. Many simulators use large projection screens or
multiple monitors to simulate the large windows that most vehicles have. The
importance of visual cues should not be underestimated. In a fully enclosed box with no
motion and a good visual system (stimulating the peripheral vision) the body will tend to
believe it is actually accelerating. This effect may be experienced while in a stationary
plane or train and looking out a window in which another plane or train is in motion.

This confuses the body because the visual system perceives motion but the inner ear does

not. In such a case, the visual system is usually dominant and motion will be perceived

' White, A.D. “G-seat Heave motion Cueing for Improved Handling in Helicopter Simulation.”
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for a short duration. Further, the human visual system is tuncd to notice objects in
motion more than stationary ones. This cffcct can be seen when viewing a large and
diverse scene, the eyes tend to focus on moving objects. This is especially true in
peripheral vision in which an object may not be given attention until it moves, and then
the head is turned to look at it. For this rcason, providing a large wrap-around-vicwing
area, in which the peripheral vision is stimulated by objects moving past it, can be
remarkably cffective at simulating motion. Another way in which to stimulate the
peripheral vision is to usc VR glasses. These would be quite effective and would allow
virtual windows of any size. Unfortunately, the statc of the art VR glasses are very
expensive and the resolution is inferior in comparison to typical monitors. In a study
done by Borah, Young and Curry in 1979, they tested the perception of the human body
to yaw motion using three different tests. In the first test, only visual cues were used and
the users perceived motion was calculated. This was repeated again with only inertial

cues (no visual cues) and finally with both visual and inertial cues. The results are shown

below.
3.5
Stimulus
3.0 1 =
2 Perceived with visual cuces only
2.5 4
2
> 20 N\ Perceived with visual
'g : and inertial cues
)
> 1.5 1
153
)
5
21.0 4 Perccived with
-~ incrtial cues only
0.5
30 s 40
0 + . v v

Time (s)

FIGURE 4 - PERCEPTION MODEL RESPONSE TO VISUAL AND INERTIAL CUES IN YAW

Because the body uses multiple sensors, faking motion by only visual cues can make
some people nauseous. Providing more motion cues such as increased pressure on the

back or tilting the body back can alleviate this problem. In this way the inner ear and
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pressure sensors also “feel” acceleration and thus more of the body’s sensors arc in
accord and fewer people will get sick.

The human perception of motion is the basis for all motion system and since it is not
a perlect system, analyzing the way in which the human body perceives motion has been
an intensively researched area. The body uscs a host of different sensors to estimate the
acccleration and oricntation the body is in. The signals {rom these sensors are received
by the brain, which then attempts to determine the state it is in. A basic model is outlinc

below.

Deterministic Sensor models  Afferent Central Motion and
stimulus FCSPONSCS  Processor anentation
pereeptions

Visual

Incrtial motion

Visual ficld Vestibular }':()4
motion W Estimation

Estinnate
Action of tactile provess F‘> of state
and proprioceptive Proprioceptive
stimulation devices
(c.g. “g-scat’)

Tactile

- / — J
~—

Physiologically based  Psychophysically hascd
FIGURE 5 - BASIC STRUCTURE OF HUMAN MOTION AND ORIENTATION PERCEPTION MODEL.

I'rom this research, a number of things have been learned which can aid in the
development of effective motion simulation systems. The human visual system seems to
dominant for low frequency motion and the other sensors dominate for higher
frequencies’. The three semicircular canals in each inner car arc like damped angular
accelerometers and can detect motion as low as 0.1 degrec/s’. These canals are filled with
fluid and obstructed at one end by the cupula. The cupula is a gelatinous mass imbedded
with hair cells that are sensitive to deformation in one direction. When the canal is

accelerated about its axis of symmetry, the endolymph fluid applies a force to the hair
cells which causes neurons to send signals to the brain. Also in each inner ear are two

otoliths that are responsible for detecting specific force as low as 0.02 m/s%. The utricular

? Rolfe, J.M. Flight Simulation
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and saccular otoliths are similar the canals, except the otoliths contain calcium carbonate
crystals and thus, when the specific force changes, the crystals move relative to the
endolymph causing a deformation of the hair cells. There is no way the sensors in the
body can distinguish static body tilt from lincar acceleration without the use of the visual

system. This is illustrated below.

Force dee -lo
ARy 2 accelomtion
Yoce doe . ad { ]
I ¥ | Vs S ) G NS s
"b 4 Yorce on £ ’\3""”’ { ond

"".'")!. lnpee Lar

‘q’f:(‘\Cc {occe
N tapee OO

(No dther fivees)

FIGURE 6 - FREE BODY DIAGRAM OF STATIC BODY TILT VERSUS LINEAR ACCELERATION.

The resolution of the otoliths is about 2 degrees of static body tilt. Because both the
otoliths and the semicircular canals are located in the head, head motion is sensed
regardless of body position. However, there are a number of proprioceptive sensors that
detect changes in the body such as tendon length, muscle tension and joint orientation®.
This information can tell the brain the position of the head relative to the rest of the body
as well as noting changes in the forces applied during acceleration.

An effective flight simulator needs not only provide both visual and motion cues but
also other effects to enhance the realism of the simulator. A good surround sound system

that uses Doppler effects can dramatically increase the realism. The gauges and input

* Brown, Y.J., F.M. Cardullo, J.B. Sinacori. “Need Based Evaluation of Simulator Force and Motion
Cueing Devices.”
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devices can also have a dramatic effect on the overall effectiveness of the simulator. The

elements of a simulator must work together to create a convincing reality.

Visual System

Motion Sysiem
Platform Mouon
G-Scat

CRTs
Image Generation |
f:quipment

G-Sunt
Scat Shaker

Control \ /
Loading Instructor’s
System Simulator Host Display

S . Peripherals | @— )
Hydrostatic Compuler & Feripheeals CRT Displays
Actuators & Controller

Force Modcl / I \
Sound/Audio Interface Special Effects
System Smoke Generation

Speakers Cabin
Sound Gcncmm/ Pressunzation

Instructor’s Controls \
Kevboard. Switches.
Lights. Remote Boxes

Simulator Equipment
Instruments

Awvionics
Panels

FIGURE 7 - ELEMENTS OF A MODERN FLIGHT SIMULATOR.

High-end simulators also have flight sticks that are able to provide force feedback.
These sticks provide a higher resistance to movement when the simulator is turning
sharply as compared with an easier turn. This added feature provides a very convincing
realism to the user. Fortunately, manufacturers of commercially available joysticks are
venturing into this area. At the E3 (Electronic Entertainment Expo). ACT labs.
Thrustmaster, CH Products, Microsoft, and Advanced Gravis introduced new force-

feedback deices to be released in the near future.




Many simulators also have gauges. lights and switches that would be found in a
standard cockpit that actually function as they would in the vehicle that is being
simulated. Only two manufacturers (Saitek and Quickshot) currently produce devices

(for the PC) which takes the place of some of the keyboard keys (Figure 9).

FIGURE 9 - COMMERCIALLY AVAILABLE BUTTON EMULATOR: SAITEK PC-DASH

These keys which might do such things as turn on power, arm rockets, or any other
command desired by the user. This adds to the realism but is not as realistic as the
dedicated simulators. As the virtual reality and simulator market grows, more companies
are apt to join in and develop new and better products that more closely resemble the
actual vehicle buttons, switches and dials.

The motion platforms that are available for the home PC are very limited in number
and do not provide realistic motion cueing. The Thunderseat and Rock ‘n’ Ride are two
examples of platforms designed for the home PC. More information on PC motion
platforms can be found in Appendix A. The Thunderseat does not provide any actual
motion other than enhanced vibrations. The Rock ‘n’ Ride provides motion in response
to joystick movements (not software) and has only pitch motions. Therefore, there is no
difference in response between a Cessna and an F-18 Hornet. Further, it can be seen
below, that this is not an enclosed system so much of the motion cueing will be lost on
the user. Because the system does not use a throttle, there can be no true motion cueing

for accelerations by tilting the seat back.
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Initially, the idea for this project was to place a chair on a Stewart platform (Figure 8)

and thus simulate the motion in all six degrees of freedom. The chair should cost less
than $5000 and provide a significant improvement in the realism of the simulation games.
Before the system was built, the problem to be solved had to be defined precisely.
The initial idea already included an embodiment of the device to be made. That idea was
useful for later stages of the design process, however at the problem definition stage, it is
best to forget about any preconceived solutions. If one has a solution in mind when
drafting the problem definition, one will effectively eliminate all other possibilities. For
example. a problem definition might be “A virtual reality simulator utilizing a hexapod
configuration.” This definition would eliminate such other possibilities as a centrifuge
design or a more limited motion simulator. One must decide exactly what purpose the
device should fill and then invent or discover an effective means to that end. The
solution in mind may or may not be the optimal means to that end. After some
background research, the different needs for the project were quantified as a list of
requirements. It is helpful to consider not only what requirements are feasible now. but
also what requirements might be useful in a few years time. Thus the table (Functional
Requirement List) on the following page is grouped into three distinct groups: goals for

the project at the present time. in the near future and in the far future. For the present. the
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major requirements were low cost, safety, and rcalistic fecling motion. A theoretically
ideal system is also proposed [or the present, ncar and far future shown in Table 3. With
the functional requirement list as a guide, a problem statement was formed: “A low cost

simulator to effect realistic fcelings of motion to a human scated in the simulator.”
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Functional Requirements for VirtuaRide Project

I

Now Then Wow Dominant Physics
Cost Sell for less than $15000 Sell for less than $10000 Sell for less than $5000 (# of axes)*
(actuator cost + controller
Mfg for less than $10000 Mfg for less than $5000 Mfg for less than $3000 cost/axis)
Operate at 10 Hz (for small Can simulate sustained Limited travel in heave, vert
Motion Operate at at feast 1 Hz motions) accelerations in heave. and sway

Possible unlimited travel in

3 DOF (Pitch, Roll, Yaw) 4 DOF 6 DOF rotations
Motor force For vertical 1 G acceleration: F=ma
M=(mass of person + mass of
per axis 220 Ibs 300 Ibs 400 Ibs platform)

Acceleration

1 g in vert, sway and heave
1.5 rad/sec? in pitch and roll

1.5¢'s in vert, sway and heave
2.5 rad/sec? in pitch and roll
1.0 rad/sec? in yaw

2g's in vert, sway and heave
3 rad/sec? in pitch and roll
2 rad/sec? in yaw

F=ma 2g's is max accel. for
home use without serious
safety issues.

Distance to move

10" in vertical motion

15" in vertical motion

20" in vertical

Actuator length

20° in pitch and roill

30° in pitch and roll

6" in sway and heave

L.ayout of attach points for

360° in yaw

30° in pitch and roll

actuators on motion platform

360° in yaw

and base

Difference in static and

Accuracy dynamic friction
0.2" over full range 0.1" over full range 0.05" over full range Hysteresis, wear
| Must fit in den or living room
Required and be easy to get through

operating space

6'x4'x 7 -8"high

6'x 4'x 7' - 8" high

6'x 5" x 7 - 8" high

doors

Fit through standard door ( 32" x
78")

|78")

|Fit through standard door ( 32" x

Fit through standard door ( 32" x
78" )

Ergonomics

Easy to climb into

Force feedback controls

Human factors

Easy to use controls

Adjustable seat height in 3DOF
Fully enclosed cockpit

Fan for airflow effects
Adjustabie stiffness of seat




Touch sensitive grips that stop

Multiple body position sensors track
acceleration and positions of
different parts of body relative to

1 lawsuit will put you out of

Safety Seatbelt motion if user loses contact base business
- Emergency stop button Dead-man switch Heart rate and other monitors
Compensates for persons' weight
Does not cause whiplash by adjusting gains (No excessive
Use accelerometer in headgear accels) Whip-lash protection
Need small translation that can
Actuators Servo pneumatics Firestone Airstrokes Kane optimized Spirabellows be taken up by "soft" actuators
with proportional valves with PWM controlled valves
Operating Use air filters Air filters and air dryers Air filters and air dryers No oil on Ma's new rug
cleanliness Seals and wet lubricants Dry lubricants No lubricants
Interfacing Uses standard PC peripherals Can use with some TV programs {Can use any computer
Uses PC as controller through Define universal outputs for new [Sell as entire gaming system with
special software or direct input from |industry. Qutputs: position, vel, computer, peripherals, sound Need to define standar for
joystick accel in all 6 DOF system and virtual hapatics industry to follow
2.5" Bore or larger for lower Minimize number of changes to
Modularity/ Use 2" Bore pneumatics @ 125 psi |Up bore size for more force=2.5" |pressure operation. improve performance
Can use same controller and work
on improving control dynamics and Make parts modular and
Evolvability washout filters standard for easy expansions

Manufacturing

Minimize custom made parts to

reduce costs

if volumes are high enough start
designing custom parts to make
system cheaper and performance
better

Low manufacturing cost by
minimizing parts and relying on a
few custom made parts. Custom
made computer controller hardware

Increases volume sales = lower
mfg costs




Cc AIR P6NP1 Motherboard AIR P6NP1 Motherboard AIR P6NP1 Motherboard
(o] 200 MHz P6/256 KB L2 cache 2 200MHz P6/256 KB L2 cache 2 200MHz P6/256 KB L2 cache
M 64 MB Parity EDO DRAM 128 MB Parity EDO DRAM 256 MB Parity EDO DRAM
P 3.5" Floppy Drive (High-Density) 3.5" Floppy Drive (High-Density)
U NEC 4 disk 4X CD-ROM NEC 4 disk 8X CD-ROM NEC 10 disk 12X CD-ROM
T 2.5 GB Quantum Bigfoot IDE HD 9.1 GB Quantum Atlas Fast/Wide SCSI-3 HD |2 9.1 GB Quantum Atlas Fast/Wide SCSI-3 HD
E Matrox Millenuim 4MB Graphics Card Number 9 Imagine 128 Series 2 4MB DRAM
R Orchid Righteous 3D card ~ Orchid Righteous 3D card
MAG Innovsions 17" monitor MAG Innovisions 21" monitor Ultra high resolution HMD
S PC Power & Cooling 250W ATX P/S PC Power & Cooling 250W ATX P/S
Y Sound Blaster 32 PnP Sound Card Sound Blaster AWE-32 PnP Sound Card Sound Blaster AWE-32 PnP Sound Card
S 'Yamaha SW60XG MIDI sound card Yamaha SW60XG MIDI sound card Yamaha SW60XG MIDI sound card
T Tru-Form Keyboard Tru-Form Keyboard Wireless Tru-Form Keyboard
E PC mouse PC mouse Wireless PC mouse
M Dragon Dictate Configurable cockpit button system
: Dragon Dictate
Yamaha System 45 Sound System Bose Acoustimass System Bose Acoustimass System
1 Aura Bass Shaker 2 Aura Bass Shakers (sway & heave) 2 Aura Bass shakers (sway & heave)
CH Force Joystick 2 3D Force-feedback joystick system 2 3D Force-feedback joystick system
CH Pro Throttle 3 pedal Force-feedback pedals 3 pedal Force-feedback pedals
CH Foot pedals
CH Steering wheel
M MEI 3-axis motion card MEI 4-axis motion card Custom 8-axis motion card
3 6" Bimba PFC cylinders or Firestone
(o] Airstokes w/ SpaceAge control potentiometer |3 10" stroke rigid cylinders or spiralbeilows 6 18" stroke sprialbellows with integral sensor
T 3 Linear potentiometers or rigid cylinder with flex couplings
| 3 Festo proportional valves 3 Festo proportional valves 12 PWM spring spool valves
o Silencers . Silencers Silencers
N Hoses, elec. connectors, and fittings Hoses, elec. connectors, and fittings Hoses, elec. connectors, and fittings

125psi, 1.5hp oilless compressor with 1.75 gal
tank, 4 6CFM@90psi

125psi, 1.5hp oilless compressor with 1.75 gal
tank, 4. 6CFM@90psi

125psi, 1.5hp oilless compressor with 1.75 gal
tank, 4. 6CFM@90psi

6 Gimbal joints

6 Gimbal joints or flex couplings

Low cost flex couplings

Fixed base Rotary motion (yaw) base with sliprings Rotary motion (yaw) base with sliprings
Wrap-around cockpit Wrap-around cockpit Wrap-around cockpit
Seat Seat G-seat with sprialbellows actuator

Seat cushion

Seat cushion

Seat cushion

4 point harness

4 point harness

4 point harness

Helmet with accelerometer and neck support

Helmet with accelerometer and neck support

Helmet with accelerometer and neck support
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This project started as an ideca to use a chair mounted to a hexapod (Stewart platform.)

The monitor and controls would be on a desk in front of the user and he could sit in his
scat and experience the fecling of whatever game he might be playing. This chair would
be linked to a computer and the platform would move in response to commands gencrated
by the simulation game.

After some initial rescarch, quite a few noteworthy changes took place. The rescarch
also helped formulate new ideas and solutions to the problems at hand. Other methods
were used to formulate new ideas. One of the most effective methods was simply to scan
manufacturer’s catalogs on both related and unrelated products. Mechanical engincering
catalogs such as McMaster-Carr and Grainger provide a widc variety of different
products that can be either used to form new ideas or modificd in some way to provide an
effective solution. Design News, Mechanical Iingineering, Designkax, and Popular
Science were also looked at for new products and interesting solutions. For this project
Computer Pilot, Computer Gaming World, PC Magazine and PC Gamer were also
reviewed for the state of the market and new products. These magazines also gave some
indication as to the popularity of different simulation games in comparison with strategy
and arcade type games. From this data, the system should most likely only be used in
seated simulations. These will include a military combat aircraft, helicopters, civilian
planes, racecars, space ships, and others. Software simulation games that could be used
include (but are not limited to) : Mechwarrior, IndyCar Racing, Monster Truck Madness,
MS Flight Simulator, Apache, Hind, Off-Road, SimCopter, Destruction Derby, X-Wing
Fighter, Descent, Privateer, Wing Commander, NASCAR Racing, Jane's ATF and AH-
64D Longbow. Fortuitously, the simulation market seems to be a large sharc of the
overall market, taking approximately 40% of the overall game sales.

Research was also done by visiting the local arcade, noting and testing the simulation
games for their realism. These games included: Desert Tank, Tokyo Wars, MANX TT

Superbike, Sega Rally, Afterburner, and Ace Driver, Wave Runner; Alpine Skier and
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Alpine Surfer (Figures 11 - 17), all of which were manufactured by either Namco or
Sega. Much was learned from these visits. First, that the car simulators that only used
yaw provided poor realism and the games that simply had force feedback joysticks and no
motion were more realistic. In fact, Sega Rally with no motion and only a force feedback
steering wheel was far more effective than the yaw only simulator at simulating turns.
The skiing and snowboarding simulators looked interesting but were ineffective at
conveying the feeling of skiing again using only yaw. A much more effective simulator

would use roll and pitch and this would be far more realistic than the yaw only.

FIGURE 11 - AFTERBURNER, FLIGHT COMBAT SIMULATOR WITH PITCH AND ROLL

FIGURE 12 - ALPINE SKIER, DOWNHILL SKIING SIMULATOR WITH YAW ONLY

Page 20



FIGURE 13 - ACE DRIVER, CAR DRIVING SIMULATOR WITH YAW ONLY

FIGURE 15 - CRUISIN’ USA, DRIVING SIMULATOR WITH PITCH AND ROLL
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FIGURE 16 - WAVERUNNER, JET-SKI SIMULATOR WITH ROLL ONLY

AfterBurner used only pitch and roll and was rather effective but because the
simulator was not totally enclosed, some degree of realism was lost. The game needs a
few changes to increase its realism. First, the cockpit should be totally enclosed. Second,
the addition of heave would make ascents and descents much more convincing. And
finally, the pitch model used was based purely on visual orientation. This mistake was
first made in 1924 by Ed Link with his Link Aviation Trainer No. 1. The trainer
reproduced motion in roll, pitch and yaw using the visual system as a model.
Unfortunately, this provides fundamentally incorrect force and motion cues®. The pivot

was located below the cockpit, some distance from where the aircraft CG would be, and

“ Brown, Y.J,, et. al. “Need Based Evaluation of Simulator Force and Motion Cueing Devices.”
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* made rolls feel more like slip motions. The motions of the simulator need to be based on
the vestibular, tactile and proprioceptive scnsors. For this rcason, the user must be placed
in a light tight box, so that the visual system does not have any reference points outside of
the simulator.

The motorcycle-racing simulator used a full size motorcycle and allowed the user to
control the roll. However, there was no force feedback in the roll and it would have
benefited greatly from this. The addition of small motions in pitch and heave would have
added greatly to the simulation. For the motorcycle simulation, a small amount of yaw
would have also effectively added to the realism of turning and side slipping.

By rescarching military and commerecial {light simulators and also requesting
information from various commercial companies, a widc varicty of concepts were found
(Figure 18 and Appendix A). Furthermore, a rough idea of the lateral and rotational

accelerations that were required was gained from high-end commercial flight simulators.

o

Motion Base

Range of motion

+ 15° Pitch

+ 30° Roll

+ 360° Continuous Yaw

Angular velocity
0-10° per second Pitch
0-10° per second Roll
0-15 RPM Yaw

Angular acceleration

0-25° per second? Pitch
0-25° per second? Pitch
0-10° per sccond’ Yaw

FIGURE 18 - A THREE-DEGREE OF FREEDOM SIMULATOR UTILIZING PITCH, ROLL AND YAW

This data was a good reference and was the basis for most of the concepts. The first
concept was a hexapod configuration, capable of 6 DOF, in which a fully enclosed
cockpit was mounted to the upper platform. One limitation of the Stewart platform is its

limited yaw capacity. Thus, the first concept was modified to mount the lower platform

v/
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of hexapod on a rotary table. This would allow a full 360° of rotation as compared with
perhaps 20° or 30° of rotation possible with the hexapod. '

Both these systems seemed expensive, so an alternative idea was to use only three
degrees of freedom, which would also simplify control. Since surge can be simulated by
pitching and sway can be simulated by rolling, roll and pitch were ideal motions to
reproduce since they would effectively give four degrees of freedom. The other two
motions, heave and yaw were not yet simulated. Thus, one concept was to use three
vertically mounted pistons, which would provide pitch, roll and heave (vertical
translation). This system could not reproduce yaw, so the next concept used the 3 DOF
platform mounted on a large rotary table, which would provide 360° of continuous yaw
motion. This 4 DOF platform could not truly reproduce sway and heave, so the next
concept attempted to fix this by providing a limited motion in both of these directions.

To reproduce sway and heave, a flexure and voice coil system could be used to
produce a very limited motion (2” to 3” of translation) with minimal expense. The
flexure and voice coil system was a bit complex and bulky, so other options were
explored. A G-seat could reproduce the heave motion by using the increasing pressure on
the back. Used in combination with visual cues and the false gravity cue achieved by
slightly pitching the platform, this could be an effective simulation of short and sustained
accelerations. Unfortunately, sway motion was still not accounted for. To achieve sway,
perhaps a 2 DOF G-seat could be made. By increasing the pressure on one side of a
person’s buttocks, rolling slightly and visually simulating a sway motion, this

combination would be convincing enough to fool the human body.
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FIGURE 19 — CONCEPT SKETCHES OF SOME OF THE PROPOSED IDEAS
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Starting a new line of thought, perhaps a yaw, pitch and roll system could be used
with the translation motions simulated in another manner. Onc clegant system would be
to make the cockpit in a fully enclosed sphere and then driving the sphere continuously in
all rotation axes. In this way, roll, pitch and yaw arc not limited at all. A loop performed
in a fighter planc could be simulated without any washout as would be necessary with a
hexapod or the 3 and 4 DOF system developed earlier. As mentioned earlier, surge and
sway can be simulated with motions in pitch and roll but heave cannot be simulated by
any combination of these. However, a single large actuator could be used to power a
heave motion, but it must be quite strong as it must fight gravity to lift the user, the
cockpit and the motors that drive the three rotation axes. The complexity of ball drive
motors or making friction wheels that slipped orthogonal to their drive motion seemed
rather complex and expensive. Also, some typc of RIF communication would need to be
used to communicate to anything in the sphere. Thus all inputs (keyboard, joystick, foot
pedals, etc.) and outputs (force feedback, and visual display) would need to be wireless.
Cheap IR communication could not be used as the outside of the sphere is opaque and the
drive su