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SUMMARY

Gyroscopes have a number of applications in today’s world. They kaveused
in different applications such as navigation systems, mixing diffepowders, mixing
paints, automobile transmission systems. The property of the gyeoscomtate the
spinning mass about all three axes in order to maintain its eguitibnakes the top to
stand on its end compared to similar machines. Current waslsicigimes have only one
axis of rotation, either horizontal or vertical. New modificati@ne mainly in terms of
controlling the rotation of drum (or container) of the washing machitteer in the
clockwise or anti-clockwise direction. In this investigationrea&olutionary approach,
namely, a machine based on the gyroscopic concept is proposediitieatbie washing

of the clothes efficiently by rotating the container in all threzsax

The original idea of developing a washing machine based on gpiogurinciple
was developed by Dr. R. Komanduri in 1985. The container of the gyro meaichthis
investigation is spherical. This system was built by a prewgoosp and it was modified
and analyzed in the present investigation. The focus was mairdigtaming more than
two degrees of freedom at the sphere container using gyroscopieptand his
innovative machine was further analyzed based on the motion obtairredsghiere for
its promising application such as washing machines and mixepovaiers or different

kinds of materials.



The Gyro machine proposed here is based on the underlying principthe of
gyroscope following the Flemings right hand rule. A hollow spherewsad as the main
container, which was mounted on the inner gimbal, and this subassembigonated
on the outer gimbal. This assembly was part of the existing sBEt@pdiameter of the

sphere is 12 ", that of the inner gimbal is 18 " and that of the outer ginhl'is

Different approaches such as rotating sphere manually or by elgotric motor
were investigated to arrive at the optimum. This approach is nahedliyiwheel
approach. In this, the sphere is energized and used as a flyagsed on this approach,
the degrees of freedom concept and reverse engineering, thamsee was developed
using Pro-Engineering software. A Magnetic field was indute spin the spherical
container as well as to rotate the outer gimbal with a singhkaet based on gimbal lock
concept. To obtain optimum a magnetic flux density of 0.3 Tesla, 4B\d&e magnets
(2" x 1" x 0.5") (KJ magnetics) were arranged radiallyidasthe outer gimbal at a
distance of 0.2 " from the inner gimbal. Magnetic field analysés carried out to
determine the effect of magnetic field on the inner gimbal uX@MSOL 3.2
Multiphysics software. Torsional springs and extension springs used to energize the
sphere after equal intervals and to restrict the inner gitab8D°. To spin the sphere
continuously, the option of switching the polarities of the motor i.e. icitjrehanging
the direction of rotation of the outer gimbal was found to be moeetefé. The time gap
between switching the polarities was found to be ~15 seconds. Basieild profile, the
gyro machine was automated to switch the polarities and to cdhedpeed of the

machine by using a micro-PLC.



The performances of the gyro machine was analyzed based onulte ebtained
from the mechanism and the experimental results. A high-spe®edra was used to
observe the motion of the outer gimbal, inner gimbal, and differenttieasaof the
sphere, such as rotation and oscillation. Based on this, differelets ayere identified
and are studied in detail. Clothes (material) to be washede@ncan be loaded in the
hollow sphere in order to get completely a new washing (mixirggreence. It may be
noted the system we built is not a gyro washing machine bubtatype of a gyro
machine to investigate the performance. The next version woulddodfispnachine

design to wash clothes.

The inner sphere is able to rotate in all possible directions duatove motion
between the sphere, the outer gimbal, and the gyroscopic effabe inner gimbal. In
the present investigation, dimensions of all the main components, suttte anner
gimbal, the outer gimbal, and the frame of the gyro machineldained as a function of
the size of the sphere using parametric relationship. Likewigbe future, if the size of
the sphere is changed based on the volume requirements, then the dimeinaibtise
components can be determined. Scaling of the machine would be easity thes

relationships developed.

Based on the analysis, different cycles can be programmed Gyess are spin,
rolling, oscillating, and drying cycles. Each cycle is dgsed in detail, which explains
different profiles generated by these cycles and their adyest@ washing clothes in
more efficient way. The advantages of the machines comparedhetoproblems

experienced by current commercial washing machines arepedsented. Emphasis is

Vi



also given to explain other industrial applications of the gyro macapast from

washing clothes.
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CHAPTER 1
INTRODUCTION
1.1BACKGROUND

The Gyroscope or Gyro is not a new instrument. Since the timere¢k§
Chinese, and Romans, this concept of the Gyroscope was known and aggszest and
used for different purposes. In early times, people built a varietyysfwith a spinning
top (frameless gyroscope) which has the unique ability to maiitiiaxis of rotation
while rotating. In countries, such as New Zealand humming topsfiiketures having a
number of holes on the top were used for mourning ceremonies. Betneeddtand
18" centuries, different scientists, including Galileo (1564-1642), GhaistHuygens
(1629-1695), and Sir Isaac Newton (1642-1727) used these frameless gysogrope
understand the rotation of both Earth and other planets and the lawgsafspfi]. In
mid-17" century, an English scientist named Serson observed a tendemiynirfig top
to remain at a level, even if the surface on which it isirgas inclined. He was among
the first to suggest the use of an artificial horizon based srcdimcept for sailors to find
the direction while sailing. It was not until the mid™&nd early 19 century that the

physicists started using these spinning tops as a scientific tool.



The concept of a gyroscope was known in the French schools since'the 18
century. Such an instrument was used to explain the precessiom Batth's rotational
axis. In 1817 the first gyroscope was designed by Gottlieb [tipdifich von
Bohnenberger was a professor of Mathematics, Astronomy, ancc®layshe University
of Tuebingen, Germany [1]. Bohnenberger didn’t give a specific riarttes instrument
but called it a “maschinchen” or “Baby Machine” [2]. This instamhcame to be known
as the machine of Bohnenberger. The schematic and photograph of thumém is
shown in Figure 1. It can be observed from Figure 1, the Gyroscope ades with a
heavy ball as a spinning mass instead of a wheel and the useosfwjth cardanic
suspension. This type of gyroscope became famous with the namemefchanical
gyroscope or gimbaled gyroscope, meaning a gyroscope with ringhattime, this

instrument had no scientific application, but served as the basis for Foustudyq1].

Figure 1 Schematic and photograph of a gyro with cardanic suspension after
Bohnenberger [1]



In 1852, Léon Foucault used different techniqgues and methods to observe the
rotation of the earth [1]. He used a long pendulum and set it togdveck and forth in
the direction of the South and the North poles of the Earth whiledtih was rotating.
On a similar line, he developed a special type of instrumentutty $he rotation and
precession of the Earth about its axis. Foucault's studies crateenbn gyros with
cardanic suspension. He placed a spinning wheel supported by a ring g tivieel
would have independent rotation than that of a ring. As the ring wasatedne the
rotating Earth, the axis of the wheel remained pointed towardsirénetion of rotation of
the earth, and likewise. He found the direction of rotation of thte aad concluded that
the earth rotates in twenty four-hour periods [3]. Similarly, Foucaas the first to use
the gyroscope for scientific applications to explain its ¢ftecthe behavior of objects
traveling on the Earth's surface. Foucault named this instruneenttivo Greek words-
“Gyros” which means circle and rotation and “Skopein” which meansetw. iroucault
was the first to recognize that blocking one degree of freedoreo$uspension of a
gyroscope can be used to develop indicators that can be used to measure ditégrent
of the components [4]. Since then many scientists and researchers sagitey attention

to the gyroscopic phenomenon. The focus was to use a gyroscope for unique apglicati

In the 19" century, inventors found useful applications of the gyroscope as a
gyrocompass. A German engineer and inventor, Hermann Anschiutz-Kaempf
recognized that the stable orientation of the gyroscope could derusegyrocompass.
Normal navigation and orientation systems that were used dintieahad limitations for
undersea applications. Gyrocompass was developed as a solution to thesnphobl

1904, German scientist Dr. Otto Schlick came up with an idea pbogngyroscope on



the ships for steering applications in order to prevent a ship fotlimg [5]. Schlick
tested a gyroscope equipped with a rapidly spinning rotor in a German torpedo boat under

different tilting conditions and found the gyroscope to be useful for this apphc

1.2BASIC PRINCIPLES OF THE GYROSCOPE

Gyroscope can be considered as a solid body capable of rotatirgh angular
velocities. It is a mechanical device armed with most ingpbrpart of the system,
namely, the flywheel. The flywheel is mounted with a heavy innsuch a way that,
while rotating at high speed its axis of rotation can turn indirgction about the fixed
point on that axis. Gyroscopic inertia and gyroscopic precessiortharéwo most

fundamental properties of the gyroscope.

1.2.1 Gyroscopic Inertia

In the case of the gyroscope, rigidity in space obeys Newton’s law ofreatise
of angular momentum. Namely, a body continues to rotate frostats of rest, unless
otherwise acted upon by an unbalanced force. Therefore, when adlywshetating it
will continue to rotate in its plane of rotation, unless otherwtibas sufficient energy to
rotate with the same angular velocity. However, when there islzalanted force acting
on it, it obeys Newton’s third law of motion, namely, for everyoaGtthere is an equal
and opposite reaction. So, the flywheel applies an opposite force thirthaxis in order
to maintain its plane of rotation. This phenomenon is called “gyrosdopitia or

rigidity”.



1.2.2 Gyroscopic Precession

A gyroscope consists of three axes, namely, spin, input, and output axes. Spin axis
is the axis about which the gyro mass rotates; Input axis isaxige about which
imbalanced force acts (also called the torque axis); and outmutsathe axis about
which a gimbal or a ring rotates (also known as the preceagish When a gyro rotor
rotates about the spin axis and torque is applied about the inputexithis unbalanced
force moves the spin axis into the input axis and rotates the gahbat the output axis

or precession axis.

Spin axis

§ (Spin vector)

/ Input/Torque axis

Output/Precession axig

fzﬁ%
i/ e (Precession vector)

' P=SxT

o
(Torque vector) 'Q I

Figure 2 Vector representation of gyroscopic precession [6]
1.3 TYPES OF GYROSCOPE:

This subsection briefly reviews different types of gyroscopesvibet developed
and used for a variety of purposes. It also focuses on their adeantor a variety of
applications. Mechanical, optical, and vibratory gyroscopes aremhia types of

gyroscopes. Their functions are outlined in detail in the following.



1.3.1 Mechanical Gyroscopes:

Mechanical gyroscopes operate on the principle of conservatiomailaa
momentum. They consist of a gimbal and a spinning mass. The numlebafgvaries
from two to three depending upon the application. Figure 3 showspdesmechanical
gyroscope. A spinning mass, in this case, a wheel mounted on thegimiel. This
subassembly is mounted on the outer gimbal. Pin type contactseare¢ousotate them
with respect to each other. Normally, they are rested on bsadrachieve rotation with
less friction. The outer gimbal has one degree of freedomcas itotate only about the
X-axis. The inner gimbal has dual axis motion as it can rafadeit two axes X and Y,

the spinning mass with three axes of motion as it can rotate about X, Y, aed.Z-a

Inner
Spinning Z Gimba
Mass (Wheel
or Rotor ' X
Outer "
Gimba
-~ Te Y

Figure 3 Schematic of a simple mechanical gyroscope [6]

An interesting aspect of the gyro system is that it pasist change in the
orientation due to an effect, namely, the conservation of angular momentum. Mounting of

the spinning mass makes it free to rotate about the axes perpandicits spin axis.



Spinning mass always remains aligned with respect to the way the whofeiseotated.

Mechanical gyroscopes are further classified into rate-gyros anshtaggating gyros.

1.3.1.1 Rate-Gyro:

This type of mechanical gyroscope is an open loop systemoifjaet is applied
as an input on one of the axes perpendicular to a spinning axis, thensttzetorque
output generated in the form of precession on the third axes. So, fatehgyro, rate in
and torque out is the principle of operation [3]. In the case ofQsai® spinning mass is
rotated by a motor attached to a torsional bar. Torsional bareth tasconstrain the
rotation of the gimbal. The system works in accordance witiN#weton’s Second Law
of Motion as there is a change in the rate of angular momentum riviggescopes that
measure the angular velocity are listed in the categorgtefgyroscope. In mechanical
gyroscopes, angular velocity is difficult to measure compare@te-gyroscope. Angle

pick off is a technique that is used in this case.

1.3.1.2 Rate Integrating Gyro (RIG)

This type of mechanical gyro is a closed loop version of tleegwto. In RIG, a
high precision ball bearing replaces the spring. Damping anguicshed with the help of
a fluid. The resistance offered is directly proportional to theogisy of the liquid. The

rest of the working is similar to the rate-gyro.



1.3.2 OPTICAL GYROSCOPES

In optical gyroscopes, interference light is used to meabkerangular velocity.
The principle behind optical gyroscopes is that the light tratedscanstant speed in an
inertial frame through a given medium [7]. It was observed tiir@everal experiments
that there is a change in the path length depending on theiatireétrotation of the
waveguide. Increase in the path length has been noticed if thguwidees rotated in the
same direction as the light path and decrease if rotated in theitepgiosction. This is

also called the Sagnac effect.

No Rotation in same Rotation in opposite

rotation direction as light— direction to light—
path length increases path length decreases

Figure 4 Effect of a closed loop waveguide rotation on path length after Grgves

There is a phase shift due to this effect, which results imtb&erence of these
light beams. So, angular velocity can be easily measured from the inte@resitpmbined
beam. The main application of this type of gyroscopes is in theosg which have
numerous applications. Optical gyroscopes are classified into aemaries, namely,

ring laser gyro and Interferometric fiber optic gyro.



1.3.2.1 Ring Laser Gyro (RLG)

Figure 5 shows a typical Ring laser gyro. The principle ofaimer is based on
the Sagnac effect. In the case of RLG, a laser beameistatirin a close loop tube with
the help of mirrors placed in each corner. Laser beam is formetthebyelium-gas
mixture placed inside the tube and a high potential differenceajedeacross a gas. The
direction of rotation of laser cavity in the RLG is dependent onyie of lasing mode

generated.

Detector %kﬁx‘lirror
: - Laser cavity
Partiall : R
y — A containing

He-Ne gas

Laser

N\, beams
wheel DY

Cathode

High-retlectivity mirrors

Figure 5 Ring laser gyro showing different parts of the systeen Gfoves [7]

1.3.2.2 Interferometric Fiber-Optic Gyro (FOG)

In FOG, the angular velocity is measured using light iaterfce. It consists of a
fiber optic coil and two beam splitters. The Light source ig spio two by the beam
splitters. The two light beams have equal wavelengths. Tresadare focused on the
fiber optic coil. If the sensor is rotating, the Sagnac effentes into play and once the

beam exits they are combined and measured. It has been observbe thégnsity of



this combined beam is directly proportional to the angular veloGiberefore, the

angular velocity can be found out more accurately with the help of this gyro.

Light source

Phase modulator

Figure 6 Schematic of Interferometric fiber optic gyro showinfipdsht parts of the

system after Groves [7].

1.3.3 VIBRATORY GYROSCOPE

Figure 7 shows the principle of working of the vibratory gyopsc A vibratory

gyroscope consists of an element, which undergoes the simple harmonic motion.

Sense Axis

\ Drive Axis

Figure 7 Principle of working of a vibratory mass gyroscope after Woodman [8]
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When the gyro is rotated, the vibratory gyroscope detects the Coriolisratiosl
of the vibrating element. Because of this operational principle, Vibraywoggopes are

used in the applications such as spacecraft orientation, automotive etc.

1.4 MECHANISM

A mechanism is a mechanical device. It is a group of macheneealts operating
in a specific manner and creating a particular motion [9]. M@shais used to study
motion of different machine elements linked to transfer motion fioensburce to the
output. Mechanism includes design and analysis of several machimenéte such as
links or bodies, cams, gears by considering their motion chastitt®riMechanisms are
represented by a linkage system consisting of links in whichaat lone link is fixed.
Varieties of connections are possible through different typepinfs, such as pin,
spherical. General mechanisms are classified into open loop and closed thamisias.
Figure 8 shows the differences between two mechanisms, namelyloopesnd closed

loop.

Links (Bodies)

_+ Connections

__Ground

Figure 8 Schematic showing general mechanisms (a) Open loop and (b) IGtysddO]
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The mechanism is normally studied based on kinematic and dymaations.
Kinematic study of motion does not consider any forces or loadsyamti the system. In
the case of dynamic study of motion, different external ®ed loads acting on the
system are taken into consideration. In addition, for the rigid bodgsmgravity,

moments of inertia are taken into account while performing analysis.

Different softwares are available to analyze the mechaniBmesmechanism plays
an important role in the case of a prototype building. Prototypdibgiis a small-scale
model of the actual machine, and is tested under different conditioagsimiim
emphasis is given to analysis of a mechanism based on dynaiycas it deals with
actual forces acting on the system and helps in building a eelimbldel. Building
prototypes with these, softwares can help in understanding amdaging design related
problems in its earlier stages. This saves considerable tinberiahaand money when it

comes to manufacturing of a designed model.

1.5 OUTLINE

Following Introduction in Chapter 1, Chapter 2 deals with a brief wewé
literature on the gyroscope and the mechanism of its action. d¢tisrs mainly focuses
on the developments around these areas. Chapter 3 gives an overvimnhadtorical
development in the field of washing machines. This chapter focusdly lon different
kinds of washing machines that are developed so far, and an ovelfvibe types of
washing machines that are available in the market. The workingpperaf top loading
washing machine is also given. In Chapter 4 the problem statememhef present

investigation is given. In Chapter 5 the approach taken to addresgrahlem is
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described. Chapter 6 presents different steps taken to analgyeaaic mechanism
using Pro-E Wildfire 5.0 CAD and Mechanism software. Chapter & aati the details
of the design and the selection process for various components andghetiméeld
analysis for the gyro machine. Development of a fixture usingnperec equations,
fabrication, assembly, and installation of gyro machine is ats@red in the same
chapter. Discussion of results obtained from dynamic mechanism ghdspgeed
photography are covered in Chapter 8. Further, it covers gyro machitwe potential
industrial applications, such as washing machine based on the deyuoled, followed
by the advantages of this machine. Conclusions of the presentigatiest and

recommendation for future work are given in Chapter 9.
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CHAPTER 2
LITERATURE REVIEW
2.1 Development in the Gyroscope

A number of gyroscopes were designed and developed for spadtial
applications. Most of them are used in the navigation of spacedrgi$, and missiles.
These gyroscopes are known as directional gyros. Nowadaysststses are also used
in advanced mobile phones, such as Apple’s i-phone. However, mechamzsdapes

are somewhat limited because of their size.

In 1817 Bohnenberger developed the first mechanical gyroscope Hidh e
called gyro machine. The purpose in developing such a machineaggdiications, such
as surveying and navigation. In 1852, a French physicist, Leon Foucauherf
developed the idea. He was the first to suggest the use of gyesstor indicators or
special sensors to detect angular motion of rotating components. étethat this type
of application is possible by fixing one of the gimbals of thgogcope. Many
researchers started taking interest in the gyroscopic lwehavi its applications. From
19" century on, many researchers were involved in the applicationra$appes. Many
researchers came up with eye catching advanced applicatiopgeégpes. From mid -
19" century, based on these applications, modifications were carriéd gytoscopic

instruments. A number of patents and articles were published inlitdrature.
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This section gives a general overview of those findings and tidaisirial applications.
The focus is on overview of different patents related to gyros@gparatus, mechanism
design, and their applications. Design parameters, such as angutentum, inertia,
and damping coefficient are found to be important parameters that taleen into

consideration while designing the gyroscopic instruments.

In 1951 Anderson developed a modified version of the gyroscope foespét
application [11]. He found that an error is involved in the vertieaking gyro when

carried out at high speed. Due to Coriolis acceleration, the gyessystem aligns at

false axis .
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Figure 9 Gyroscopic instrument showing different elements of the system aft
Anderson [8]
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When installed on a spacecraft and carried to high altitudesettos makes
significant difference in the calculations. This error is overcomeroviding equal and
opposite impulsive torque on the inner gimbal. Figure 9 shows the swdiirsion of
the gyroscope. It consists of a rotor bearing mounted on the innbalgifhe rotor is
rotated by a conventional system (not shown in the figure). Inmdyagiwas mounted on
the outer gimbal. Gear pinion arrangement provided at the bottonesatae outer
gimbal. Precession of the gyroscope is achieved by providinggaetic field with the
help of electromagnets. Bar magnet is fixed on the inner gimbaglactromagnet on the
outer gimbal as shown in Figure 9. Impulsive torque is appliedsbyg attraction and
repulsion between the electromagnet and the bar magnet. It imgehley reversing the
current in the electromagnet. The timing to reverse the cusenédnaged through a slip
ring arrangement. So, in this invention, the errors due to Coria@edeaation and vehicle
speed in gyroscopic device with rotating gimbal systems nsiredted using impulsive

torque application system on the inner gimbal.

In 1958, Scarborough developed gyroscopic equations based on steady and

unsteady precession [12]. Figure 10 shows the general gyroscagicaseng with the
schematic representation of the gyroscope at the steadylstateady precession (Fig.
10 (b)), it was assumed that the gyroscope is spinning with con&kcity and torque
acting on it is constant resulting in constant precession. In ugspeadession (Fig. 10
(c)), all factors are time dependent. Based on these assus)ptquations were
developed to find the moments acting in the X, Y, and Z directiongadtree effect of

precession.
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Figure 10 (a) General gyroscopic setup (b) Gyroscope at steadggoece
(c) Gyroscope at unsteady precession [12]
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For steady precession, the following equations were developed:

M=10
: M.
Z'wI=CI'1EJ sin 6 or ﬂ_:l—
Cd sink
M.=0 (1)

For unsteady precession, following were the established equations:

M:=C@@
M,=C@¢ sinb
M.=C@

where,

MX' My ,» M, Moments acting in X, Y and Z direction respectively

C: The Moment of inertia of the disc,

Q: The constant precessional velocity,

0: The constant angle between inner gimbal and outer gimbal,
@ : Variable spin acceleration,

@ : The Variable precessional velocity, and

@ : The Variable Spin acceleration

Maintaining constant angular velocity of the rotor is the mairlainge with

gyroscope, especially when all three axes are rotating9m3, Mishler and Clakamas
came up with an innovative gyroscopic device in which the speed ofothe is
controlled and can be increased manually [13]. Figure 11 showsoacgpic device.

They concluded that the precession effect continues, unless anthergiis spinning of
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the rotor. This spinning can be controlled by applying a torque mgnuoathe reverse
direction to that generated by the gyroscopic system. Norntlhéyends of the spinning
mass are rested on the bearings in fixed positions. In this dé¢hecend shafts of the
spinning rotor were guided in a groove made inside a ring. Thisawayor can rotate

freely about its precession axis.

Rotor
Shaft

Precession

/ Axis

Spin Axis Torque/

input axis

Structural
Support

Figure 11 Gyroscopic device showing different elements after Miahk Clakamas [13]

In 1975, Owens and Bishop [14] developed a modified version of directional
gyroscopes. It is used in aeroplanes to help the pilot in findingghedirections. They
developed a mechanism to reset the indicating dial without disturbing the axegyfathe
[14]. Their investigation included a special locking mechanismHerinner and outer

gimbals to prevent misalignment with the axes of the gyro.

LaSarge in 1976 designed a gimbal control mechanism to dampenl gimba

tumbling and to orient the axis of rotation of the gyro to the Irstege when it is not in
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operation [15]. It was found that the gimbal lock phenomenon is disadeansin the
directional gyros, which are used to indicate angular rotatMfieen the spin axis is
matched with the axis of the outer gimbal, gimbal lock occurs. Tadavoient and
damaging rotation of the inner gimbal, cam follower mechanismineasporated with a
spring between the inner and outer gimbals. Figure 12 shows #ghamsm which
avoids gimbal lock. Cam follower mechanism with the circukaring surface on top of
it resists the inner gimbal in the opposite direction to that fgererated by the system.
It was noticed that implementation of the same mechanism bethve®uter gimbal and
the frame makes the gyro system more stable and maintastatikty of the directional

gyro system.

Circular
Bearing
C, Surface

Rotor Frame
Follower
16
B,
N Cam
Inner Gimbal outer
Gimba

Figure 12 Gimbal control mechanism after LaSarge[15]

Virgil Hinds in 1979 introduced a gyroscopic system that can beegpfdir many

applications. The system developed was mainly used to transfeambtmijue in the
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power transmission system and hence was named Gyroscopic PowemiBsaon
System. As per the gyroscopic principle, the oscillatory maieen to the spin axis will
result in the precession oscillatory moment. The mechanism devdiepedvorks on the
same principle. Figure 13 show different elements of thismysk@e rotor is rotated by
an electric motor, and the motor and eccentric cam arranggmestoscillatory motion
to it. The output was taken from the precession axis. It was founththaiystem could
generate constant average torque and can be used for differenatapmiancluding

machine tools, motor vehicle transmission systems, and for winches anorsi¢i/a].
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Figure 13 Gyroscopic power transmission system [16]

In 1980, Hoffman and Ferris [17] put forth efforts to reduce cost aghivof a
gyroscope. They developed a three-axis gyro system for megsurgular rates of all

three mutually perpendicular axes at the same time. They founthake promising
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application of this is in the guidance and navigating systems. Sueessfully replaced

two gyros that were in use with just one reducing the cost and weight of temsyst

In 1985 Werner came up with a simplified version of a directioya [.8]. This
apparatus was built with very few elements and yet thetseshtained were accurate.
The system consists of a rotor mounted on the inner gimbal. To adénmhabout the
spin axis, a balanced mass was mounted below the inner gimial.reBult was
precession of the outer gimbal. The pick off was mounted on the outealgonmeasure
the coarse angle. This instrument was found to be precise if usszhfse determination
within short periods. Figure 14 shows a schematic of a directiomal dpveloped by

Werner.

Pick up

Inner Gimbal

Mass

5
'\‘ Outer Gimbe
7\

Frame

Figure 14 Directional gyroscope after Werner [18]

In 1985 Komanduri [19] came up with an idea to use a gyroscope forngashi

machines. He put forth an innovative idea to use a hollow sphere apitimng mass
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that need to be mounted on the inner and outer gimbals. The clothes tshael wan be
placed inside the hollow sphere. He stated that the use of hollowespitermore than
two degrees of freedom would mix the detergent with water more omyfoin addition,
there would be more effective cleaning of clothes because theespdie rotate in all-
possible directions. In 1995, he developed along with his students the fossygpfem

based on this idea at Oklahoma State University, Stillwater.

Cararelli and Sapuppo in 1999 designed an oscillatory gyroscopeaittee
gimbal structure [20]. They achieved close loop operation between the outer antethe
gimbals. They referred to it as a close loop gyroscope. Theyedetine output signal

from the angular rotation of the inner gimbal.

Efforts were also made to use gyroscopes in automobiles. In 1930, Anderson
found application of the gyroscope in the power transmission system dat pr@blem
with the complexity of the system as it consisted of four diffeaxes. In 1953, Taylor
attempted to modify the system and ended up with having more #svi@onsequently,
not much research was carried out in this field since then bechusemplexity and

manufacturing cost involved.
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Figure 15 Gyroscopic torque converter showing different entities of the system

after Adcock [21].

In 2003 Adcock came with an innovative idea to solve these problemsHel].
developed an efficient system with less complexity and low naatwring costs. Figure
15 shows the gyro converter developed by Adcock. The system wasvitiithe input
shaft mounted on the outer gimbal. The motion was transferred from the inpubghaft
inner gimbal with the help of meshed gear arrangement. The r@®mroetated by an
electric motor. Precession takes place about the output axis, waglfoveed to rotate
only in one direction due to a clutch arrangement. Likewise, powasralle to transfer
from the input shaft to the output shaft. They reported that a powe0Oedrse power

can be transferred via this arrangement.
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Figure 16 Various elements of the gyroscopic mixer after Sordelli &smeMi [22]

In 2006 Sordelli and Miszenti developed a gyroscopic apparatus with greede
of freedom [22]. They incorporate a unique feature of the gyroscopextalifferent
materials. They used this apparatus to mix the paints and aezinaas the gyroscopic
mixer. Figure 16 shows various elements of the gyroscopic mixey Gised only one
input to provide the rotational motion to two mutually perpendicular aXes.bracket
shown was designed to hold the container and is driven by a motoritsbaxis. A gear

and pulley arrangement was used to transfer the motion fronrshexis to the second.
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A result spinning of the driven platform about a third axis takeseplBhey were able to
provide gyroscopic rotation successfully with two degrees of fregdothe container.
This machine was capable of incorporating a range of sizesntainers with different

capacities as per the needs.
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CHAPTER 3

DEVELOPMENT OF WASHING MACHINES

3.1 Introduction

Washing clothes manually involves high physical exertion. Befaran¥ention
of washing machine, clothes were cleaned by manual washing methaats, as
scrubbing on hard surfaces (e.g. stones or scrubbing boards). In 1797, scdsb\wyar
used for the first time to wash clothes. In 1851 James King canvath the first hand
powered washing machine with a drum [23]. The drum was rotated Hyanith the
help of levers. Between 1851 and 1871, many patents on washing machirgraméee
in Europe as well as in the United States. In 1874 William Btaoks[23] developed a
manually driven wooden washing machine. In this, a lever was toseub the clothes

against the curved surface.

In 1900, in the United States, for the first time an electric motor wastogotate
the tub in the washing machine. The main problem with this machthatisnotor was
not protected from the dripping water from the tub. This caused ahcuits and raised
the questions on safety [24]. However, until 1920s manual washing mackhares
dominant. Figure 17 (a) shows a wooden domestic washing machine daity-astyle

agitator [25]. In 1932 due to the availability of electric poweg tise of domestic
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washing machine as shown in Figure 17 (b) were common. Figure 1ffo(l$ the Riby

twin-tub washing machine with an electric motor attached at the bottom of the tub.

a)

Figure 17 a) Wooden Domestic washing machines with a dolly-style adi@26

b) Riby twin-tub washing machine, 1932 [25]

Inventors realized that washing clothes with hot water adds chemasing effect
in less time. Shipley [25] used for the first time gas burbteiseat water. This type of
provision was made in all washing machines until 1932. Inventors facecm®like
tangling of clothes and heating of water by gas burners. The praifléamgling was
solved by introducing oscillating motion. Between 1911 and 1951 diffemnpanies
such as Maytag, Whirlpool, Bendix, GE, Miele, Bosch, LG, Samsung, rajrAimana

developed different versions of washing machines. Bendix was 8tetdirdevelop a

28



machine that can perform different operations, such as washinggriasid extracting
water in a single operation [23]. In 1961, for the first timeyfaltomatic computer

controlled washing machines were introduced in Europe.

Initially, top loading models were popular in America and horizorgabling
models in Europe. Figure 18 (a) shows a front loading washing maahtd8 (b) a

vertical loading washing machine.

a) b)

Figure 18 a) Horizontal b) Vertical loading washing machine [25]

Most washing machines developed thereafter (1950 -2011) were based on the
same principle of operation. Washing machine operation has beeartiee for many
decades. Most of the advances deal with "bells" and "whistles"same automation.
These advancements in the past decades are either in tetinesabfanging the axis of
rotation or in terms of the changing the speed and direction dforotaf the drums. In

2009, Kenmore came up with an innovative washing machine, which givesalseve
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motions to the clothes that are to be washed. They used fuzeydagpntrol the motion
of the drum. However, still the axis of rotation is the samethedlifference was made

by introducing the interruptions in the rotating drums.

3.2 General Working of Washing Machines

As pointed out earlier, two types of washing machines are cwrrandilable,
namely, front loading and top loading. In both cases, the drum of the maching ootate
single axis, either vertical or horizontal. The vertical agiating machines are vertical
loading and the horizontal axis rotating machines are the front fpadies. There has
not been a major advancement since the evolution of washing madhiagwgimarily a
single axis rotational movement provided for the washing as asefbr drying of the
clothes. The drums of these machines are essentially cyldhdnicshape. In these
washing machines, index drive motors are used. With the help of fogizy the rotation
of the drum is controlled. Figure 19 shows different components mwakking machine.

In the US, vertical loading washing machines are more popular.

As shown in Figure 19 vertical washing machine consists of an dmen, an
outer drum, and an agitator as the main parts. A motor ishattaat the end of the
cylindrical container. Agitator is the main part of the systemvashing action including
spinning and whirling experienced by the clothes is because ofotaéng action
produced by the agitator. In the case of horizontal washing macttiees s no agitator;
the clothes are washed under gravitational effect. In both typessifing machines,
different cycles are induced by controlling, indexing of the matdh the help of

controllers.
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Figure 19 Inside view of a belt driven vertical loading washing machirje [26
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CHAPTER 4

PROBLEM STATEMENT

From the literature review, it is clear that there has beesiderable research and
development work carried out in the field of gyroscopes. Researchyniatused on
developing different gyroscopic equipment. That includes directional gjoos
navigational and guidance systems, MEMS and laser ring gyrdbei sensors for
measuring angular velocities, mechanical gimbal gyros dtonaobiles for transferring
power with a constant torque, and for mixing paints. The present study with
mechanical gimbal gyroscopes. Gyroscopes have the ability todpriviee degrees of
freedom to the spinning mass to maintain its state of equilibifuom the study made
for the development of the washing machines, it is clear tha¢ ther no washing
machines available in the market that have multiple degreeseeflom. Existing
washing machines have one degree of freedom, either vertical aortatiand is not
interchangeable. So, it is clear that no efforts are made tadpravore than one degrees
of freedom to the container of the washing machine. Differenesyabtained within the
machine are by either controlling the speed of the containdoppiag and spinning it
after regular intervals. Gyroscopic principle can be appliedashvelothes in a way that

is more effective by providing three degrees of freedom.
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Komanduri in 1985 [19] invented a gyro washing machine. It contains a hollow
sphere as a spinning mass. Gyroscopic principles are appliechte aoid oscillate the
sphere to wash clothes. To the knowledge of the author, no gyroscopictaperee
ever been designed parametrically i.e. depending upon the size of tlanegnto
determine the sizes of other components of the machine. This eaygtipment can be
easily scaled as per the size of the inner container of ttee ggchine. So, all these

factors would set a base for future studies to develop advance gyroscopic apparatus

It is the primary aim of the present investigation to design anctlaje a
gyroscopic apparatus that could rotate and oscillate a spheooginer based on
gyroscopic principle. An additional aim is to identify the capaediof this machine that
can be used for different industrial applications, such as washingmeaclkis pointed
out in literature review Komanduri [19] had come up with such an inn&vadiea in
1985. A group of graduate students working under him at around 1995 started
implementing this creative idea. The gyro machine startedgadtiape because of their
efforts. They developed and fabricated various components of thenmaaccluding the
frame, inner and outer gimbals, and aluminum sphere. They assemai®us
components of the gyro machine and were successful in achievirggteed effect on
the sphere by using the small battery operated motors having rubbels wbatacting
the inner sphere, based on the gyroscopic principle. However, this isanticable for
commercial applications due to the limitations of generatmglistorques by battery
operated motors and alignment issues related with them. Therettaskhof obtaining

more than two degrees of freedom at the sphere by rotating atdtiogcbased on the
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gyroscopic principle is the aim of the present study. The followasis are proposed to

accomplish the objectives set forth for this research.

1. Apply the principle of the gyroscope to design and build a gyro washamhine.
Conduct literature review to investigate the work that has bdeer in the past and
determine the efforts that are needed to make the apparatus ubDepxedop a
systematic approach by considering the working of the existawhime and based on
that, modify the existing setup as needed to enable it tdorperfor the said

application.

2. Use a mechanism based approach by considering the existing setuphea
gyroscopic concept. Carry out dynamic mechanism analysis usmlyl&rhanism
tool from Pro-Engineering Wildfire 5.0 software to save time apsiscinstead of

conducting numerous tests in arriving at the optimum design.

3. To develop a mechanism-based gyroscopic concept and design if deissagy to
introduce additional components, or redesign the existing ones. Model all components
with 2D drawings, select suitable material for each part, naghue them if possible
in-house or procure them if available off the shelf, assembtkjrecorporate in the

existing machine.

4. Conduct magnetic field analysis using COMSOL 3.2 MultiphysieMFsoftware to
determine the magnetic field acting on the inner gimbal anceffect on the

performance of the gyro machine.

5. Develop a computer controlled fully automated gyro machine using mldfobased
on the results obtained from the mechanism. Develop the logicdaontroller from
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the time profiles derived from mechanism to switch the padariéind to control the

speed of the motor.

. Study the motion of different components of the machine, especiallyptiere and
the inner gimbal using high-speed photographic technique. Compare fitlerthev

results obtained from the dynamic mechanism analysis.

. Develop a systematic approach to design various components of thenenbhased

on the size of the sphere using parametric relations.

. Derive different washing cycles from gyro machine as a wasmiachine based on

the variations obtained in the speed of the sphere for industrial applications.

. Point out the unique features in the performance of the gyro madrireaghing

clothes by comparing it with current commercial washing machines.
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CHAPTER 5
STUDY OF EXISTING SETUP AT OSUAND METHODOLOGY USED

In this chapter, a systematic approach is developed usingattie Wworking
principles of the gyroscope to design, fabricate, and evaluaterparioe of the gyro
machine. This chapter also considers the approach used by the premaopsagd
problems associated with that setup. Different approaches werigated to address

these problems. The best approach was highlighted and based on that, studies

were made.
Fixed Supports
Attached to the
5.1 Existing setup Frame

Outer
Gimbal /

Spinning
Mass

Inner

Gimbal \/

a) b)

Figure 20 (a) Principle of the gyro apparatus [12]
(b) Original concept by Komanduri [19]
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Figure 21 A 3D CAD Model of the existing gyro setup at OSU using Pro-E

The concept developed by Komanduri [19] is based on the schematibysed
Scarborough to develop gyroscopic equation (1) [12]. Figure 20 (a) Sshematic
developed by Scarborough and Figure 20 (b) is the original concéfrbsinduri. It can
be seen that the main difference between the two principleatigstthe first case Figure
[20 (a)] the spinning mass is a disc and in the case of KomanidurieH20 (b)] the

spinning mass is a hollow sphere. Figure 21 shows a 3D CAD modwe olitrent setup
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at OSU, (Refer to Appendix A for detailed part drawingskalh be seen, the original
setup has a sphere mounted on the inner gimbal. The subassempiheref and inner
gimbal was mounted on the outer gimbal. The frame supports atbthponents. The
components were assembled in such a manner that a sphere caabotatéhe three
axes simultaneously. Battery operated, electric motors wercktasdrive the sphere and

the outer gimbal, respectively (not shown in Figure 21).

Based on the gyroscopic principle presented in Chapter 1, theagyewatus has
a spinning mass and input torque about the second axis. Under this, agpnass
attempts to maintain its state of equilibrium by precesdugitathe third axis. Figure 22
shows the working principle in the vector format. It can be semn ffigure 22 that a
torque is applied to unbalance the spin axis; precession takesaplatethe third axis.

This is represented by the vector P, the cross product of thé€3m@nd the torque vector

(V).

Figure 22 Vector representation of the gyro principle using the right hanbfule
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In order to obtain the gyroscopic effect, there should be two eliffénputs to the
gyro apparatus. The input to spin a mass about the first ciarether input to provide
torque about a second axis perpendicular to spin axis. While buildingttie & OSU
(refer to Figure 21) the group used the same approach. The mgehwas to spin the
spherical container (spinning mass) and provide the unbalanced foveeaitthe inner
gimbal or on the outer gimbal. They have used battery-operated smot@pin the
spherical container (not shown in Figure 21) and provided torque byngptatiter
gimbal about a second axis with the help of an electric motor oetrsin Figure 21).
The main aim behind this was to obtain precession effect aboukithefathe inner

gimbal, which leads to three degrees of freedom to the sphere.

The main objective is to provide three degrees of freedom to theespmal it
was achieved by rotating the three axes simultaneously., tezg used a battery-
operated motor to spin the sphere. They arranged two motors intidéathe opposite
directions on the inner gimbal with the help of special designedrdéis. Rubber discs
were mounted on the shafts of these motors with the main purposetoigrtii@ sphere
by making tangential contact between the rubber discs arsphiegical surface. Torque
was applied on the axis of the outer gimbal with the help of a miitbough it proved
that, the concept this approach did not work out well because ofabegasons. To
rotate the sphere with a battery-operated motor using rubbes disich was not a
practical method to spin the sphere. Continuous rotation to the sphemowachieved
due to slip between the rubber discs and the spherical surfaceaidiaigtalignment
between the motor and the sphere was another challenge. Even ttidhghgconcept

worked out using battery operated motors, the spin of the sphere would beetepan
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the life of the batteries. This sets a new base to searchnfimproved approach that

could resolve the above problems.

5.2 Different Approaches

Based on the above discussion the main task is to find a wspindhe sphere
and the outer gimbal to attain three degrees of freedom to theespased on the
gyroscopic principle. As noted from the literature many resesesdiave spun gyro mass
manually, or with an electric motor or with a special mechanWith these ideas, they
have ended up with building complex mechanisms. As pointed out earkémost all
the cases a disc was used as the spinning mass. It was Hatitioet outer gimbal can be
rotated with the help of a motor but a way should be found to spin theesphbout
modifying the existing setup. Therefore, every approach to rdteesphere was
considered and brainstormed. Different ways to spin the spheréisatessed in this

subsection, and the best one was chosen for further study.

The first option is to spin the sphere manually. The difficulty with this appnsac
due to friction (resistance in the system) there would besaotiospeed of the sphere. To
energize the sphere, one needs to stop the system and spinaalphgsiery time. This
would be an extra task. However, if this option is not chosen, tfffenedit ways to spin

the sphere have to be considered, for example pneumatic or air driven.

The second way is to attach an electric motor to the spheré\dirBtis way a
constant angular velocity can be provided to the sphere. Thisei®f the options that
different researchers have considered in their mechanisms. Howlageis not a good

option as they ended up with complicated mechanisms with slip nstaled on them
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and other electrical components involved. In the present study, evhe maotor is
mounted to rotate the sphere on the inner gimbal, as all the @&esoamng the motor
would also rotate and that could lead to a complicated mechanismangtdor a safer

design.

The third option considered to drive the outer gimbal with a motor yndibng
the same input, drive either the sphere or the inner gimbal. Amd§tg], Willi [21],
Sordelli and Miszenti [22] have implemented this idea by ejineviding a belt and a
pulley arrangement or gear mesh arrangement. In the lpgad ®f the sphere would be
dependent on the ratio of gears. In the present study, with tiengxsetup, this kind of
gear mesh arrangement would be complicated because of the iotsstnposed by the

size of the frame already fabricated as part of the machine.

After brainstorming and different trial and error runs, it has founad flywheel
approach was useful. Rotating the outer gimbal and sphere, witmgigiput by using a
belt and a pulley arrangement can accomplish the set task withoumamy

modifications to the existing setup.

5.3 Flywheel Approach

Flywheel works on the concept of storing energy in its initedetand utilizing it
over the entire period. The same concept can be implementedbyhéreating the sphere
as a flywheel. To energize the sphere, gimbal lock concept casede When the spin
axis coincides with the axis that is perpendicular to it, therbglinock occurs. In this,
the outer gimbal rotates due to the motor attached with a belt aley palangement.

With a gimbal lock, the spin axis coincides with the axis ofaimer gimbal. When the
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outer gimbal starts rotating and as the axis of the sphateged, sphere starts getting

momentum slowly and after some time it starts spinning.

Outer Gimbal
Rotational
Directior

Inner Gimbal

Outer Gimbal

Gimbal Lock:
Spin axis
Coincides with
the Axis Outer
Gimba

Axis of
Precessic

2
A ~

S (Spin) P (Precessior

T (Torque)

()

(b)

Figure 23 Flywheel concept (a) Energizing cycle (b) Gyroscopic

effect (c) Vector representation using right hand rule

As shown in Figure 23, the flywheel concept can be implementeddwdprg

gimbal lock at the start of the cycle. As Figure 23 (a) shdhesaxis of the sphere is
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aligned with the axis of the outer gimbal. When the outer ginthetssspinning it slowly
transfers the momentum to the sphere and after some time the spéwds spinning.
Once the sphere acquires enough velocity, the outer gimbal isdratatbe opposite
direction to that of the initial rotational direction. As soon asdihection is changed, the
inner gimbal is free from gimbal lock due to gyroscopic torqum@an it. To maintain
the state of equilibrium, the system starts precessing abouhribe gimbal and the
system acquires the position as shown in Figure 23 (b). The vegsentation is

shown in Figure 23 (c).

Further, it was found that flywheel concept could be applied ssfodlgswith
minimal modifications to the existing setup. In this case, therspheeds to be spun
periodically. As the sphere is given angular velocity only wheiit a vertical position,
over the period due to the resistance offered by the systemyilase its velocity. So,
some provision should be made to set it back. It was found that a &brspimg could
serve this purpose in setting back the system from the stagjewn in the Figure 23 (b)
to the stage shown in Figure 23 (a). Before implementing this pooectly on the
existing setup, the mechanism-based approach was taken. ChagéaisSwith the

building of a mechanism based on the flywheel concept.
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CHAPTER 6
MECHANISM BUILDING & ANALYSIS

In 1995 a graduate research team working under Dr. Komanddrstaated
building the gyro washing machine along with the principle of gpps [19]. They
fabricated the components of the apparatus: including the frame, theaondtmner steel
rings, and a hollow aluminum sphere. The main objective of thitoses to reverse
engineer these components to build a 3D model using Pro-Enginé&ridiye 5.0
software, and to verify the approach of a flywheel using mechangsulisaussed in
Chapter 4. While building the mechanism, focus was to adapt thel\airteastructed
apparatus, instead of building a new one from scratch, sinc# reault in considerable

savings in time and cost.

In the present investigation Pro-E Wildfire 5.0, a 3D modelintysoé was used.
In most industries, this software is used to create 3D and 2Drfyawit is capable of
performing both mechanism and FEA analysis. Figure 24 shows #dgrated mode of

Pro-E software.

Prc-Enainee

Figure 24 Integrated modes in Pro-Engineering
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As shown in Figure 24, Pro-Mechanism is an integrated mode of Rotiviiase.
It can perform static (kinematic) as well as dynamic llmecsm analyses. The forces
generated from this analysis can be further analyzed W&iod/iechanica software to
perform FEA. In this investigation, this software is usedréate a 3D model and 2D
drawings, and to develop a dynamic mechanism. It is further aseditlate whether the
assembly and movement of components are as per the design intehttorameck the
effect of speed on different components, to select proper spring enpindecoefficients,

etc.

6.1 Mechanism Design Process

Mechanism building starts with constructing a mechanical desigoegs. It
consists of three major steps. The first step includes model byilidibhgwed by the
second step, mechanism analysis, and finally the third step, obtahmengesults.
Mechanism building in the present study is based on such a mechdesgn process.
Figure 25 shows this process in the form of a flowchart. dasethe input, a 3D model
is created using Pro-E software. Observations are madeettk avhether the motion
obtained is as per the design intent to proceed to the furthesisnadyt; or, if not, then

the necessary changes are made and further analysis is carried out.

45



Input
Frame Dimensions

Size of Outer Gimbal
Size of Inner Gimbal
Size of Sphere

A 4

3D Model
Creating model using

input informatiol

»

A VV
Mechanism Building
Development of mechanism
in Pro-Mechanism

NoO Is Movement
of component
as per the
design intent?

A

Yes

Results and Validation

Figure 25 Flow chart for mechanism design process

6.2 Model Building

Before starting with building of a mechanism, it is necessarpave the 3D
model of the existing setup. As mentioned earlier, major componentseofsyro

machine were already fabricated and assembled. Building a @2lnbased on this
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existing setup was the main objective before starting withatumlamechanism building.

3D modeling was done using the reverse engineering approach.

Reverse engineering technique is used where CAD models arealainlavand
existing components need to be modified. The complex parts are homeatrse
engineered using 3D position digitizers [27]. The data from tt33edigitizers is
transferred to the CAD software where the 3D model is créaipdthis provided input.
These days advanced 3D digitizers directly create the 3D nuidd#ie part while
generating data, which can be processed and modified furtiper éise requirement by
using 3D CAD software’s. However, the main disadvantage of usioly software is

cost.

In the present investigation, there is no need to use such ctstleology, as
components fabricated are not complicated as far as the geometigncerned.
Furthermore, there are fewer chances to make errors wheidsuring the dimensions
manually. Most of them, such as inner gimbal, outer gimbal, and spleecreadily
available in the market. So, instead of using 3D digitizers, thesunements of gyro
frame, inner gimbal, outer gimbal and sphere were taken ntanidsed on the
dimensions, rough sketches were generated. Using Pro-E Wbdlirgoftware and from
rough sketches, 3D models of different components along with thede2ill drawings
were generated. 3D model and 2D drawings of the gyro framer; gumdal, inner
gimbal, sphere, bearing housings and supporting plates generated risg evgineering

technique are given in Appendix A.
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6.3 Mechanism Development

Mechanism development consists of different steps such as decidg D

defining connections, loads and drivers. These steps are discussed in this subsection.
6.3.1 Degrees of Freedom (DOF)

The degree of freedom (DOF) is the first consideration in thel@@vent of the
mechanism. Before starting with any mechanism building, DOF wfaechanism
should be decided first and then controllers and motors are assigrjed|fi2&875,
Reuleaux realized that the relative motion between rigid bodiesndgpen the
connections between them and classified as mechanisms and kinehatis [29].
Chebyshev, Sylvester, and Gruebler [28] developed a link-jointaesdtip to find the
degrees of freedom of the planer system. As per this critehersyistem in plane has
maximum three degrees of freedom. This relation is widely knowiGraebler's
criterion. The equation to calculate the DOF of system in spmaaeveloped by
Kutzbach [28]. As per this criterion the system in space hasrmiaxisix DOF and is

stated as,

F:6(N_1_J)-§J“fi ............. (2
i=1

where,
F = Degree of freedon= Number of links,
J = Simple joints in chairf, = degrees of freedom of'jjoint

In any gimbal gyroscope, the rotating mass is connected inaswely as to get

three DOF. In the present study, concerning the existing se@ip,f@r each entity was
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decided. Once DOF was decided, connections were made to builtiettganism.
Equation 2 was used to calculate DOF for different entities o$ybEeEm namely, outer
gimbal, inner gimbal, and sphere. The 2D sketches for each ¢henofare shown and

the DOF calculated as follows depending upon the number of links and joints.

Table 1 Degrees of freedom calculations

Name of 2D Sketch DOF
Entity

Frame,

N=2,J=1

F=6(2-1-1)+f

Outer Gimbal
F= f]_:l
OQuter
Gimbal,
N=2 DOF =1
Frame, N=3,J=2
N=1
Outer F=6%(3-1-2) +#
Gimbal,
N=2 fa
Inner Gimbal Inner F=1+1=2

Gimbal,
N=3

DOF =2
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Name of 2D Sketch DOF
Entity
Outer
Gimbal, N=3,J=2
F=653—1-2)+f
Sphere fo+fs
F=1+1+1=3
DOF =3

As shown in Table 1, degrees of freedom for different elements were detkrmine
From the sketches, it is clear that outer gimbal is connectdtetframe. So, overall it
has two links: namely, the frame and the outer gimbal. In additiore thesnly one
joint between them. This joint has total five constraints, asnitordy rotate about the
vertical axis. So, when calculated with Kutzbach criterion, the agitebal has one

degree of freedom.

Similarly, the inner gimbal has three links: namely, the innetbgi, the outer
gimbal, and the frame. Inner gimbal is connected to the outdragjimand the outer
gimbal to the frame. So, overall there are two joints. As exgthiabove, the joint
between inner gimbal and outer gimbal also has five constraints, iTHas only one
degree of freedom, and it can rotate about the horizontal axesisAsonnected to the
outer gimbal, which has one degree of freedom, the inner gimbalvbadeigrees of
freedom with respect to the frame, and only one with respect toutiee gimbal. As a
result, it can rotate about itself and about the vertical axihefouter gimbal. The

sphere, connected inside the inner gimbal has four links: namelyphkees the inner
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gimbal, the outer gimbal, and the frame. In addition, the spheenisdj to the inner
ring, the inner ring to the outer gimbal, and the outer gimbal térainee, as discussed
before. So, as per Kutzbach, it has three DOF with respecte,ftavo with respect to
outer gimbal and one with respect to inner gimbal. The sphereotate about itself,
about the axis of the inner gimbals and about the vertical axieasuter gimbal, and

this results in the rotation in all possible ways.
6.3.2 Connections

Once DOF are determined, the mechanism can be built using BirmeEnng
Wildfire 5.0 software. Connections between different links or iestitdetermine
independent movements, which is nothing but the degrees of freedom.céunescted
body has six DOF, includes translational and rotational motion & thxes. Figure 26
shows some of the basic joint symbols that are normally used tesegprthe

connections between different bodies.

A

(a) Translation—Each Arrow Signifies (b) Rotation—Single

a Translational dof (Slider Joint) Rotation (Pin Joint)
e —
YT —{——~ %Y
L (=
(c) Translation and Rotation (d) No Axes—Any Rotation
(Bearing Joint) (Spherical Joint)

Figure 26 Basic joint symbols [10]

Based on calculated DOF the connections between the frame, thejimbet,
the inner gimbal, and the sphere were made. In all these camsegtin joints were

used. All these entities were connected in the pro-mechanism.
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Outer
Gimbal

Frame

Sphere

Inner
Gimbal

Pin Joint 1
DOF =1

Pin Joint 2
DOF =2

Pin Joint 3
DOF =3

Figure 27 Connections in the gyro machine (a) Frame and outer gimbalrti®, fenater

gimbal and inner gimbal (c) Frame, inner gimbal and the sphere

6.3.3 Selection of Torsion Spring

As discussed in Chapter 5, to implement a flywheel approachgriaprings are
used. The main objective of using the torsional spring is to praidbal lock in the
initial phase of the system. Another task is to help the inner gitobachieve the
original vertical position in a shorter time when it settiesvn to 90°. Selection of
torsion spring was dependent on the weight of the system, as wefl #s space

available for its installation. It may be noted that thereevg®me mounting restrictions
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in the selection criteria of the torsion springs due to fabett setup and the set task to
use the existing setup with a lesser number of modificationsfollogiing steps were

taken in order to select proper torsion spring.

6.3.3.1 Space Criterion

An inner gimbal was connected on the outer gimbal by shaft anihgpea
arrangement. Torsion spring would be more effective if instaltethe shafts, not only

on one side, but also on both sides of the inner gimbal.

Figure 28 Selection of torsion spring on space criterion

It was observed that the gap (space) available between thegokausing and
the inner ring was 1.9 " and the shaft diameter was @ 0.650 " as sindwgure 28.
Therefore, the selected torsion spring should have spring lengippléd torque less
than the specified spacing, and the diameter greater than the mentionedibshetier. A
systematic approach was developed in Chapter 6, where a dpearal was designed

to arrest the legs of the torsion spring. In the Pro-mechanism, nood®n springs can
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be defined directly at the pin joint; so, there was no need to despéapal fixture at

this initial stage of a mechanism.

6.3.3.2 Load Carrying Capacity:

Load carrying capacity was the main criterion that shdugd taken into
consideration while selecting a torsion spring. The selectaugsgnould be able to take
a sufficient load and return to its original stage when that loagnsoved. If this
criterion were not taken into consideration, then there would béuaefaf the torsion
springs after a finite number of working cycles. It was noted ftbe gyroscopic
equation developed by Scarborough (Equation 1) that the gyroscopit effieanore
pronounced when all the three axes of the system are mutuallgnperplar to each
other. Figure 29 shows the position of an inner gimbal at differeriesanty was
observed that in the present study the torsion spring carriesatienom torque when
the inner gimbal is horizontal. Once the inner gimbal is frem fthe gimbal lock due to
gyroscopic torque, it attains the horizontal position under the effexntrifugal force.
At the higher speed of the outer gimbal, centrifugal foramase dominating than the

gyroscopic couple acting on the inner gimbal.

Figure 30 shows the effect of centrifugal force actingtlo® inner gimbal.
Magnitude of the centrifugal force acting upon the inner gimbalase dominant than
any other force acting on the system. Position of the torsiongspras fixed on both
shafts of an inner gimbal. With this kind of arrangement, it waed that the maximum

load acting on the torsion spring was the combined weight of the inner ring and sphere
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a) Inner gimbal at rest  p) |nner gimbal at an angle  ¢) Inner gimbab=90°
(Gimbal lock)

Figure 29 Different inner gimbal positions

Mrw? sinf

Mram?

Mg

Figure 30 Effect of centrifugal force on inner gimbal
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Meanings of different symbols used in Figure 30 are as listed,

M : Combined load of the inner gimbal and sphere,

o : Angular velocity of an inner gimbal

0 : Angle between the axis of inner gimbal and outer gimbal

r : Radius of the inner gimbal

In all these considerations weights of the system play a ivgogrtant role.
Every-3D modeling software has a facility to assign a waétmaterials to different
components. In the present study, the mechanism developed was dymahviariaties
of materials were assigned to the entities of the systaerelore, once the material is
assigned, there is no need to calculate properties, such asceradss,of gravity and
moment of inertia. All these factors were calculated andntakB account by the
software itself, which made the mechanism more realistictureat was found that the
total weight of the inner gimbal and sphere was 12 Ibs. Figureh®dssthe design
parameters that should be taken into consideration while degigmentorsion spring.

Leg length, load, and the moment arm are some of the design parameters.

Moment
Tf Arm "‘
Leg

Length

| ()

[

I

I o
| —
I D

=}

eflection Shown

Figure 31 Design parameters of torsion spring
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It was considered that the weight of 12 Ibs was acting on thef g torsion
spring at a distance of 3". So, the moment arm in this casassamed to be 3" and P =
12 Ibs. Torsion spring should be able to carry 3" x 12 Ibs (Moment Arm x Load) = 36 in-
Ibs of torque. From the above assumptions and calculations, therelifferent design
parameters that are listed as follows. Torsion spring that veatisfy these parameters

was selected and used in the mechanism.

Table 2 Parameters for Selection of torsion spring

Parameters Values
Deflection Angle 90°
Leg Length 4.000"
Spring Length at Torque <1.800"
Maximum Rod Outside Diameter >0.650 "
Torque > 36.000 in-lbs

Table 3 Dimensions and properties of selected torsion spring

Parameters Values
Deflection Angle 90°
Leg Length 4.000"
Spring Length at Torque 0.911"
Maximum Rod Outside Diameter 0.666"
Torque 42.860 in-lbs
Wire Diameter 0.135"
Material Steel Music Wire
Wind Direction Clockwise/Anticlockwise
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Torsion spring from McMaster Carr was selected, which wagltsest match
for the above set criteria as shown in Table 2. Specificatibtisecselected spring are
listed in Table 3. The value of 42.860 in-lbs torque was used waéflairy torsion
spring at the joint axis of the inner gimbal. In mechanism, drsadn spring would act
in both directions as it serves the purpose of clockwise as agelhnticlockwise

wounded torsion spring.
6.3.4 Damper

Damper is a type of a load that simulates real time fopoethe mechanism.
Damper removes the energy from the system and the moving meuhdinexerts a
force that is proportional to the velocity of the entity for whitcts defined. More the
velocity of the entity, more is the equal and opposite forcer Aftreumber of iterations
the dampers were defined at the joint axis of the sphere andginmeal and the values

were set to 0.05 Ibm fh(deg sec) and 50 Ibm?h(deg sec), respectively.
6.3.5 Drivers

As per the flywheels approach, initially the sphere needstenergized and
then once it achieves sufficient speed, polarities of the motor sheuklersed. In Pro-
Mechanism software, there is no need to attach separate matobedin pulley
arrangement to transfer motion from the motor to the outer ginihal.motor can be
attached directly to the joint axis. In reality, the change irptiarities of the motor can
be achieved with the help of the controller, controlled either magnua&l semi-
automated, or fully automated with the help of micro PLCs. InNReohanism this was

achieved by defining a proper sequence with the required motat. Sp&ged on this, a
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graph was generated automatically, in which the motor drives thegomieal as per the
graph. Figure 32 shows the symbol of the driver, when the driver is deftrtbe joint

axis.

Joint Axes

_

Driver

Figure 32 Driver symbols in mechanism [10]

In the present investigation, the outer gimbal is the main drivingceo The
motor was defined in Pro-Mechanism software at the pin jointfér(Fegure 27), the
axis of the outer gimbal. The damper was defined at pin joirgf8r(Figure 27) at the
axis of the sphere and the torsion spring at the pin joint 2 (Fejere 27) axis of the

inner gimbal. Figure 33 shows a schematic of the developed mechanism.

é Servo
Motor

Damper

Torsion
Spring

X

Figure 33 Mechanism development with different defined entities



6.4 Results and Observations

All parameters were entered into the system and the drivepreggrammed to
work as per the plot shown in Figure 34. Initial position, which assimed to be the
gimbal lock, was achieved by setting up initial condition andlamgthe regeneration
value to be 0°. The mechanism was checked by running sampleT b@aimaximum
speed of the motor was set at 400 rpm. The polarities of the matecivenged after an
interval of 30 seconds. Figure 35 shows the position of the inner Igiffth@ main
purpose behind using torsional spring is to restrict the inner giab8D°, as the
gyroscopic effect is maximum when all the three axes apepdicular to each other. It
was observed that the change of polarity affects the position afiren gimbal. It

crosses the angle of 90° and oscillates to settle down at 90 °.

Installation of the torsion spring on the actual setup needs to be done ver
carefully. The gimbal lock was achieved with the help of the dorspring. It is
designed with a deflection angle of 90° and effective until thdeaifgor some reason

that deflection is exceeded repeatedly there would be failure of thentsging.
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Figure 34 Speed of outer gimbal
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To solve the above problem and to make the system more effieildatsion
springs were installed. The main purpose behind the use of extensiogsspas to
avoid the 90° + travel of the inner gimbal. Selection of the extersgiong was another
challenge. It was assumed that the position of the inner gimb@0°isand at this
position, stretched length of extension spring was found out. Based pthéh@&iitable

position to install the extension springs was identified.

After a number of iterations, position of the extension springdetermined. As
shown in Table 4, at different positions of the inner gimbal tretched length of an
extension spring was found. From McMaster Carr extension sprieigssglected based
on the overall length (2. 360 < 3") and stretched length (3.32 '}).>C®rall length is
the length of the spring when spring is not in tension. This length is decided baked on t
difference in the sizes of the gimbals. Here that diffexaa@". The stretched length is
calculated based on the load range given and stiffness coefidiéime spring. From
Table 4 a maximum-stretched value is 3". Therefore, this sprasgsafe and hence was
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used in the present study. The extension springs were instalBit.alo install the

extension springs holes were drilled in the inner and outer ginMalmting was done

using zip ties. Trial runs were made with the same motor erdél check the

performance of the inner gimbal. It was observed from Figure 3éntler gimbal is not

crossing the 90° angle and by this it can be said that torsiamyspare safe. Table 5
gives the specifications of selected extension springs.

Table 4. Stretched lengths of extension springs

Angle (0) Stretched
Spring Length
N
0° 0.00
10° 0.14
20° 0.37
30° 0.69
40° 1.05
50° 1.44
60° 1.84
70° 2.31
80° 2.63
90° 3.00

Table 5. Specifications of extension springs

Material Stainless Steel 302

Overall Length 2.360 " (< 3.00")

Outside Diameter 0.500 "
Wire Diameter 0.055"
Load 15.51 lbs
Rate 4.51 Ibs/inch
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Figure 36 Position of inner gimbal with torsion and extension springs
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Figure 37 Speed of the sphere

From Figure 35 it was observed that the mechanism developed witivtheel
approach was able to provide the required combination of rotation anctiscidt the
sphere. A number of iterations were carried out to determineirttee gap between
changes of rotational direction of the outer gimbal. A time g&#0db 30 seconds was

found to be effective as after this the sphere loses its energy comigtedre was able
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to reach 200 rpm while the maximum speed of the outer gimbal was 400 rpm. Teherefor
as per the developed mechanism sphere was able to achieve HoPc@mppared to the
speed of the outer gimbal, when each time the polarities of thar msathanged. So, a
decision was made to implement this design on the actual setugs Ihoticed that in
the initial stage of energizing the sphere as shown in Figurd@#, was tilting of the
inner gimbal. This indicates that gimbal lock provided by thengprwas not sufficient,
and this affected the speed of the sphere. It was concluded tteaiglteeneed to find

alternate way to provide a firm gimbal lock at the initial stage of thiecy

It may be noted that the inner gimbal was made of the steelefoher use of
magnets would be very effective. There was no provision in thempohanism
software to provide magnetic field. However, by providing point-to-paatl lon both
sides of the inner gimbal it was found that holding force of 100 to 200 Ibs wasesffici
So, bar magnets with size of 2 x 1 x 0.5 (inom the K and J Magnetics) were selected
and the concept was tested directly on the setup and found to be asetuprovides
sufficient holding force and required gimbal lock. Before implenngnthe idea any
further, magnetic simulation was carried out in order to find theetedf this magnetic

field on the inner gimbal.
6.5 Magnetic Field Analysis

Finite element analysis is an effective tool for the analgbimagnetic field in
the system. The purpose behind choosing this size of magnetg, ishdse magnets
were able to provide ~ 40 Ibs of pulling force each. Handling ofetimeagnets was

found to be difficult as they are very powerful, and special tgbdxtures need to be
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designed in order to fix these magnets. The magnets withrlaize are able to provide

more holding force; but, as mentioned before, handling was the main problem.

Commercially available COMSOL 3.2 Multiphysics FEM softwaras used in
this investigation. COMSOL Multiphysics uses partial diffel@rgquations (PDES) as a
tool to solve engineering related problems. This software is tisadlfy and does not
require any special training. Instead of defining any equatimm FEA, the built-in
physics allows the user to define the physical quantities, asiamaterial properties,
loads, constraints, and fluxes. Models created using different @Ai¥ases can be
imported in the COMSOL software without any conflict. Normatihod for FEA can

be divided into four major steps [30].

1. Model Building

2. Specifying material properties
3. Obtaining Solution

4. Analyzing the solution

6.5.1 Model Building

As shown in Figure 38 the magnets were arranged radially.dbvious that
more magnetic field strength is achieved with more numbenagnets. The distance
between the magnets and the inner gimbal was finalized to be Th2"effect of
magnetic field would be more interesting to analyze fromside view. As shown in
Figure 37 the sectional 2D drawing of the magnet and its éxiware created using
AutoCAD and was imported in the COMSOL software. Once the medaleated, it
was imported in the Electromagnetics => Magnetostatic's moduéeind the model

boundary was generated. This space around the model was considared.as1).
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Figure 39 shows a schematic of the model generated in the OQM€&ftware. The
next step was to assign the permeability values to the entititne model depending

upon different materials assigned to them.
A

Section A-A

Figure 38 Sectional view of magnet and its mounting for magnetic analysis

Boundary
| T
nher
Gimbal
// Magnet
Wooden
Fixture
——— | | oOuter
Gimbal

Figure 39 Schematic of the model generated by COMSOL
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6.5.2 Specifying Material Properties
The model built consisted of the different regions

 Magnet
* Inner gimbal and outer gimbal made from steel
* Wood
* Air
Depending upon the material, different values of permeability aohstere
defined. For non-magnetic materials, such as air, wood this comsiariaken ag,=1.

For steel, it was assumed as=100. Property of the magnet depends upon its remanent

flux density. This value was taken asB1.48 Tesla as per the manufacturer’s rating.
6.5.3 Obtaining Solution

Once the model is built and different materials have been asstgeatgxt step
involved is the post-processing mode. Post-processing involves definingesi
parameters, element types, and boundary, subdomain and solver settingk) et
COMSOL 3.2, software takes care of all these parametaxsmatically. Default
element type in the present study is Langrange—quadratic, @mahalysis type is static.

Figure 40 shows the mesh generated by default. There is ndmdeéine the
mesh size; the software itself defines the mesh size. &igdrshows a finer mesh
generated around the magnet while, a coarse one away fromatjreetmFigure 41
shows the surface profile of the magnetic flux density distribufitve. color scale on
the side indicates the value of the magnetic flux density gonesng to that color.

After a number of iterations, these values have been set at 0. 8to D% Tesla.
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Figure 40 Schematic showing the mesh distribution within the model

Inner
Gimbal

Bar
Magnet

Wooden
Fixture

Outer
Gimbal

Figure 41 Magnetic flux density distributions at the gimbal lock
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The main aim behind this magnetic simulation was to find out thectetif
magnetic field on the inner gimbal as it moves away from tagnet. To study this
effect, the inner gimbal was rotated by 5° each time and the steps were repeated.
Figure 42 shows different positions of the inner gimbal with réspethe axis of outer
gimbal. The color scale included gives the strength of the magdint distribution

based on the values of different color in Tesla.

6.5.4 Analyzing the Solution

The objective of this subsection is to draw conclusions from thklysis that was
carried out in the previous subsection. After analyzing Figure $#3 concluded that at
the initial stage, magnetic flux density of 0.25 to 0.30 Tesla aetisg on the inner
gimbal, which was able to provide sufficient holding force to athesinner gimbal in a
vertical position. This way, gimbal lock was effective and the rgpban be energized by
transferring moment from the outer gimbal. It should be notedhlsatvias the magnetic
force exerted by only one magnet. There are 4 to 6 magnatsgad radially, which
produces 1.2 to 1.6 Tesla of magnetic flux density. In addition, it weenadd that the
magnetic flux density of 0.12 Tesla was still acting on timeii gimbal even if it is at an

angle of 20°.

This observation was useful in the case of a momentum transfer paeoo.
Energizing the sphere after each cycle is based on the momeansgfer from the outer
gimbal to the sphere. When the inner gimbal is at 90° and spheretseergy, the
change in polarity of outer gimbal starts pulling inner gimbaa wvertical position. This

pulling was in effect, due to the pulling forces exerted bytdingion springs, extension
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strings and the back torque generated because of changepmlahty. It was observed
that lesser the time taken by the inner gimbal to achiesgteal position more speed is
achieved at the sphere. Now, with the help of magnets this could leeeffective. As
explained earlier, as soon as the inner gimbal comes in theokdime magnetic field at
20°, magnetic force pulls the inner gimbal, which helps the sphaehiaving a vertical

position in lesser time.

In the present study, the magnetic analysis was carrieaholuis restricted to the
study of the magnets that were used in the setup. Although strovagmets could be
used, due to safety issues involved in handling them the scope of skatpmralysis was

restricted to 2" x 1" x 0.5" bar magnet size.

Table 6 Specifications of the magnet

Style Block
Dimensions 2 x 1 x 0.5 thk (in)
Material NdFeB, Grade N52
Br max 14,800 Gauss
BH max 52 MGOe
Pull Force, Magnet to Steel Plate 96.2 Ib
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CHAPTER 7

GYRO MACHINE

This chapter provides details of all sub-components of the gyro negdieir
assembly, and alignment. Based on the developed mechanismalgdisa different
modifications were carried out on the existing setup. Whole asgemals! created using
Pro-E wildfire 5.0. Based on that, 2D drawings for different compomveeits generated.
Newly designed components were machined and assembled on the spitgs BB (a)
shows 3D CAD models of the existing (old) setup at OSU anch(ys 3D CAD model
of the modified one. Figure 44 shows the 3D model of the machine devéhojhedPro-
Engineering software showing different components of the machigereF45 shows a
photograph of the in-house built machine, and Figure 46 shows the 3D expiedeaf
the equipment. The Gyro machine is designed and manufactured in-the ilndhse

present study. Major components of the Gyro Machine are listed as follows:

Gyro frame

e OQuter gimbal and inner gimbal
e Sphere

e Springs

e Magnets and fixtures

e Drive attachment
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Figure 43 3D CAD Models of (a) Original setup at OSU and (b) Modifiegpsagsing Pro-E
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Gyro Fram

Outer
Gimba
Extension
Spring
Driving
Sphere Motor
Inner Torsion
Gimba Spring
NdFeB
Magnet Fixture for
Fixture for 1’Sor§|on
Magne pring
Covel
V Belt
Step Pulle

Figure 44 3D CAD Model of the modified gyro machine
showing different components of the machine
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Figure 45 In —House fabricated gyro machine
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Based on the size of the sphere, efforts were made to develfgoraetric
dimensional relationship to determine the size of different comporantee gyro
machine. Along with the description, multi-view drawings were gaeed for all
subcomponents with parametric relationship. Chapter 5 has alreadsedahe multi-
view drawings for gyro frame, sphere, inner gimbal, and outer gialbag with their
supports for the housings of the bearings.

Decide the Volume of
Sphere

Decide Radius of Inner
Ring

Selection of Torsion Spring

Design shaft and Related
Fixtures using Parametric
Equations

Decide Diameter of Outer
Gimbal

Selection of Extension
Springs

Selection of Magnet and
Design of Fixture

Selection of Drivers with
Suitable Controller

Figure 4" Approach used to design the gyro mine
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Figure 47 shows the approach developed to design the gyro machine. This
approach is very useful to scale up or scale down the gyro machinedaepen the
capacity of the sphere.

7.1 Sphere

The sphere is the heart of the gyro machine. The purposeefarse of sphere is
to provide uniform shape without corners. One shaft is welded on eitteerokithe
sphere, so that it can be supported with the bearings on it. The Beaeng fitted on
aluminum housing and rested on the inner gimbal with a lock nut arrangeiee
hollow sphere is made of aluminum. The sphere was cut diamstfficalbpenings, and
the detachable covers were also made from aluminum. Mater@l ¢lothes) can be
loaded by removing these covers. In the present study, a hollow sghE2E diameter
was used. Depending upon the volume required, an appropriate spleereasibe
selected (Refer Appendix A, Figure 80 for details of the spHéamelre 48 shows the

dependency of the size of the sphere based on the required volume.

V sphes

Figure 48 Size of sphere
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7.2 Inner Gimbal

The sphere is attached to the inner gimbal. So, depending upon thef #ee
sphere, the size of the inner ring is determined. In the prefathy, this relation was
developed based on the sizes available. The size used of the inbaf gih8" (Refer
Appendix A, Figure 74 for details of the inner gimbal). Theelsteng used is
manufactured by the forging process. These forged rings can bedodégending upon
the requirements,. The inner gimbal was connected to the outerl|gwnitbabearing
supports on both sides. Bearings were fitted in the bearing housing and anonrites
fixture and connected to the outer gimbal. The inner gimbal was mounseth a way
that it can rotate freely along the horizontal axis perpendital#re axis of the sphere.
Outer gimbal is one of the essential components of the gyro madhi@enner gimbal's
position is restricted with the help of springs attached on exgdained earlier. This
restriction leads to oscillations. Figure 49 shows holes drilleddiont extension springs
on the inner ring. Relation between the radius of the inner gimbal ang &dhe sphere
was developed as showed in Figure 49.

IGir = I sphere™ 3 Newly drilled
Holes

4x@0.5@ 20°

Figure 49 Modified inner gimbal
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7.3. Torsion Spring and Fixture

The main purpose of the torsion spring is to reset the inner gimlibiaé tgimbal
lock position in order to energize the sphere for the next cyclsigfDeind selection
procedures are already discussed in Chapter 6.

On the setup, a special disc fixture was designed to mounbrienal springs.
On aluminum discs, eight holes at 45° angle were drilled. On edelothe inner ring,
two discs were clamped. Clamping was achieved simply with tipeoli@ nut and a bolt
arrangement. The purpose of using this arrangement is foradasstment to align the
inner gimbal vertically. One leg of the torsional spring wassaed in the disc fixture

while the other was in the bearing housing used to support shafts of the inbalsgim

Disc Fixture

Torsion Spring

Inner
Gimba

=T

Figure 50 Fixtures for torsional spring
Figure 50 shows an enlarged view of the disc fixture. Itotserved that the leg
of the torsional spring should be clamped properly in order to prevent it frodmgel o

do so, the leg that was arrested on the disc was sandwiched batwdmsits. Figure 51
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provides the drawing for this disc fixture while Figure 52 giube parametric

relationship developed and the explanation of the symbols used.

M 2.5 hole was drilled on
Assembly depending upon
the alignment of inner gimbal
and position of torsion sprin

@ a.000

@3.000 ]

@660

Bud  281345°

— +_£100

Figure 51 Disc fixture
Based on the fixture assembly and the positioning of the torsion dpoimgthe
current setup, geometric dimensional relationship was developedreldimns were
based on the size of the sphere and the inner gimbal. This relgtiaashelpful in

determining the inner diameter of the outer gimbal.
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Where,

« oD, : Outside diameter of bearing

« ob, : Inside diameter of bearing

« oD : Inside diameter of housing

« oD : Outside diameter of housing

« oD :Mean diameter of housing

« oD, : Maximum diameter of the shaft

* oD, : Minimum diameter of the shaft

* B, :Width of bearing

Lo Length of maximum shaft diameter
B S Length of the spring at no load
Lo Width of the bearing housing

. IGor: Outer radius of the inner gimbal

A Distance between the inner gimbal outer radius and inner radius of the outer

gimbal

« OG, : Inner radius of the outer gimbal

» oA: Square dimension of the housing supporting plate.

7.4 Outer Gimbal

In the current setup, the outer gimbal with 24" in diameter wgasl. Depending
on the dimension and the relations developed so far, the outer gimheisims are

related as O%;= IGor + Ir. Similar to the inner gimbal, the outer gimbal is made from

steel by a forging process (Refer Appendix A, Figure 75 ¢otlse details of the outer
gimbal) . It is the main sub component of the system as it &n@nfe power from the

motor to the spherical container. It was mounted on the frame @é@hng supports on
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both the extruded sides. To make assembly easier, a bush and cgeraemtnwas made
on both sides of the outer gimbal. Due to bearings, the outer gimbaleito rotate
around a vertical axis. V shape step pulley and belt arrangemasriravided in order to
transfer power from the DC motor to the outer gimbal. As per lbcation of the
extension springs, holes were drilled on the outer gimbal. Figured@ssthe modified
outer gimbal.

Newly drilled
OGir = IGOf + II’ Holes

4x@0.281 @ 20°

Figure 53 Modified outer gimbal

7.5 Extension Spring

The role and specifications of selected extension springs &en gn the
mechanism development section (Chapter 6) of the present studgelBaton of the
extension spring is dependent upon the size of the inner ring and outer ring.

Overall length of extension spring = QG- 1G,,
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7.6 Magnet and Fixture

Gimbal lock was provided with the help of magnets arranged hadigide the
outer gimbal. The role of the magnet and the magnetic anadydiscussed in Chapter 6,
sub-section 6.6. Specifications of the magnet used are listed in Table 6. Jinetsnesed
in this study are very powerful so, mounting is the main issue. Mauofi the magnet
was done on a wooden piece. (Refer Appendix A, Figure 81 for thesdetale used
fixture). Magnets were fixed on to the wooden fixture using superdihe fixture with
magnet was then fixed on the inner side of the outer gimbaj @anilla tape and the zip

ties.

7.7 Gyro Frame
The gyro frameprovides the main support to the entities of the Gyro washing

machine. Different extruded steel square pipes were joined lodyngeThe structure was
mounted on wheels to facilitate transport. At ~ 450 rpm of the outdyad; the system
starts vibrating. To damp these vibrations, the gyro frame wamtad on wooden
supports and sand bags were used to hold the system in place.télyetha system can
be fixed on the ground. The width (W) and height (H) of the frameependient on the
size of the outer gimbal and indirectly on the size of the spkégare 54 shows the
relation to determine the width and height of the gyro frame. Tlhéa® is correlated

with the size of the outer gimbal radius.
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Figure 54 Gyro frame with size dependency on the outer gimbal

7.8 Outer Gimbals Drive Attachment

The prime function of outer gimbal drive attachment is to providendoessary
force to rotate the outer gimbal at a desired speed. Dtizehatent consists of two main
parts: 1) Micro controller and 2) Pulley and belt arrangement.
7.8.1 Micro Controller

A motor and micro-controller were used to transmit rotary onmotdo the outer
gimbal via belt and pulley arrangement. The motor used in the igagsh is a
BALDOR D.C. motor with a maximum speed of ~ 1750 rpm. A semi-aatcnspeed

driver, NEMA 4-X from BALDOR was used to control the speed frora @G0 % of the
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rated. It was also used to change the rotational directionheembtor can be rotated
either in a clockwise or in a counter clockwise direction of mdtbe microcontroller
was developed under the guidance of Mr. V. Shanmugaraj (a ScimmsCMT]I, India)
to fully automate the machine. Figure 55 shows the block diagranfferfedit electrical

components that were used to build this microcontroller along with their photographs

0-10V D.C.

Power | Micro i >
D.C. Drive > Motor >

Supply | PLC 1

\4

Operated on

Isolatol
Digital h —— :

Inputs
from PC

Gyro

Machine

Figure 55 Block diagram of micro-controller used for the gyro machine
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7.8.1.1 Micro PLC (Programmable Logic Controller)

Performance of the machine is dependent upon the speed at theimmibt&rand
the sphere. As explained earlier there is a need to coh&alitection of rotation of the
outer gimbal as well as the speed of rotation. A semi-autoroatitoller needs to be
operated manually, and the operation may lead to manual erroms, tHerrepeated
profiles in terms of sinusoidal wave needs to be obtained by smgt¢he polarities of
motor periodically.

In this investigation, the microcontroller was used to control oketion of the
outer gimbal by controlling the speed of the DC motor. Micro PLlGgRmmable Logic
Controller) was used to control the motor as per the logic devel&efdr(Appendix B
for the Ladder Program developed to control the motor). This typ&©ftékes analog
inputs generated from the program built using ladder diagram flamt programming
software. Micro PLC operates on a 24 VDC power supply. PLC corbrel®C drive.
Micro PLC controls the electronic switch from the DC drive to control the ippkwitch
time of the motor. In addition, PLC controls the speed of the motaohtrolling the
voltage of the DC drive (from O to 10 V). The connection between RIdCDEC drive
was made via an analog isolator.
7.8.1.2 Analog Isolator

As shown in Figure 55, the analog isolator is connected between ¢harfelLthe
DC drive of the motor. The main purpose is to isolate them froim @her. This way, if
there is some problem in either of them due to voltage or curtgmptects them from

having physical contact.
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7.8.1.3 D.C. Drive

A semi-automatic DC drive, type NEMA 4-X from BALDOR wastially used
to control the speed of the motor and to switch the polaritieseoDC motor manually.
For automation purpose, the limit switch and the potentiometer wptaced with an
electronic switch. DC drive was connected to the DC motor andulgscontrolled by
the micro PLC to get the required control over the motor. The DC nmetbrrther
connected to the outer gimbal via a pulley and belt arrangement.
7.8.2 Pulley and Belt Arrangement

The force necessary to rotate the outer gimbal is trarghiithm the motor to the
outer gimbal via a pulley and belt arrangement. Two differezesspf pulleys were
connected via a belt. One of the pulleys with a diametet' ¢ hounted on the motor
shaft, while the step pulley is mounted on the shaft of the outer giDd@ending upon
the required speed at the outer gimbal, different diameters threnstep pulley can be
selected. All the components are aligned co-axially with thedspi Misalignment can
lead to vibrations, unnecessary sound, bearing wear, etc. A step ymei@ in this study
has three different diameters 4", 57, and 6". The bore ofphligy is 1". Care is to be
taken to provide sufficient tension in the belt to increase the trssiem efficiency.
Tension in the belt is adjusted as per the selected diametes ptilley by adjusting the
position of the motor horizontally with reference to the frameur@d6 shows the belt

pulley arrangement used in the present study.
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Figure 56 Pulley and belt arrangement
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CHAPTER 8

RESULTS AND DISCUSSION

Results obtained from the mechanism and from the actual mackipeesented
in this chapter. Initially the results were obtained from thehaeism developed using
Pro-Mechanism, which gives the performance of the machine in tefrsigeed of the
sphere as a function of the time profile of the outer gimbal (mofbe suitable profile
for the outer gimbal was obtained from these trials. The resuttwing performance of
the fabricated machine are also presented. Depending on the pederraa industrial

application, washing machine of the gyro machine is discussed.

8.1 Results from Mechanism

The mechanism developed was tested at a speed of ~ 400 rpnoatehgimbal
and at different time profiles (switching rotational directionjhaf outer gimbal (motor).
Based on these profiles, best profile is chosen for further studiesn@chine was tested
on this profile, and the results were obtained with the help ofspglked photography.
Further, depending upon the performance of the machine, differens eyete identified
along with their industrial applications. Figures from 57 to 60 showpked of the outer

gimbal, the speed of the sphere, and the position of the inner gimbal.
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The mechanism was first tested with rotating outer gimbal inrdoeetion for 40
sec and then in the other direction for the same time. Figufa)shows the profiles of
the outer gimbal and the sphere. Initially the sphere is endrfiizeabout 70 sec, and
then once it achieves sufficient velocity ~ 150 to 200 rpm, theiong direction of
outer gimbal (polarities of motor) are switched. Switching of jie#aris continued for
the next 4 minutes to complete one cycle of total 6 minutes. AgnslioFigure 57 (b),
the inner gimbal is positioned in the vertical direction for agaedf 0O to 100 sec except
for 60 to 75 sec. In between 60 sec to 75 sec, the inner gimbtddsatilan angle of 20 °,
because in this timespan, the outer gimbal achieves a speed of ~ 100 rpm rentdinige
force of the springs is not sufficient to keep the inner gimbahénvertical position.
After 70 sec, the rotational direction of the outer gimbal isnghd by switching the
polarities of the motor. As shown in Figure 57 (a), as soon as therehange in the
direction of the outer gimbal, inner gimbal returns to its origthedction with rotating
sphere and there is a gyroscopic torque acting on the inner gimbakbexf spinning of
the sphere and the outer gimbal. Figure 70 shows the vector repieseotat. Force
acting on the inner gimbal inclines it in either clockwise ahmanticlockwise direction

as shown in Figure 55 (b). This direction is dependent on the direction of generated forc

o N
4—*’:'#_"_"3 | J'{]'u':‘ -
g = T
I B
Sphars) J - P
i ¥ - Toner Gimbal)
ll‘%ﬁ

Outer Gimbal)

Figure 58 Vector representations
using right hand rule
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Because of the gyroscopic torque acting on the inner gimbal, theesphieeed
from the gimbal lock. As the speed of the outer gimbal incredeefmner gimbal travels
from 0° to 90 °. The resistance offered by the springs sets threginmieal to oscillate
[Figure 57 (b)], and this introduces a variation in speed of the speeskkown in Figure
57 (a). Over the period when all axes are mutually perpendichkarspghere starts to
oscillate. If the outer gimbal is rotated further, then the spees its speed completely
and stays idle. As shown in Figure 57 (a), the sphere hasslegieed in between 115 to

125 sec.

The main aim behind building the mechanism and testing it is toafiegitable
time to change the rotational direction of outer gimbal to keep theespbigting. So,
from the above it is clear that the gap of 40 sec for switching the directioneofgimbal
is not ideal. Therefore, the mechanism was run by reducing thisFigures 59 to 61
show different plots for speed of outer gimbal, sphere, and position efgimbal at the
time gap of 30 sec, 20 sec, and 15 sec respectively to sweatotational direction of

outer gimbal.
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From Figures 59 to 61 it is observed that the profile of the outdyajideveloped
to switch the rotational direction with 20 seconds or 15 seconds ofigep & better
combination of rotation and oscillation of the sphere. At one point, ieeehithe highest
speed when the outer gimbal changes its direction of rotation. Algaisame cycle
repeats, but in the opposite direction as per the right hand rulebdsésved that with a
15 sec profile, more polarity switching occurs. In this, polarities dnanged for five
times as compared to two times in the 40 seconds profile.bfinigs more variation in
the speed of the sphere. The outer gimbals profile with a timefgep seconds proved
to be more effective than with a combination of four extension sprimgs torsion
springs, and four magnets. Therefore, this profile is used totepd& gyro machine.
The logic is developed to obtain the desired profile of the outdrsajiand this was used

in the microcontroller.

8.2 High-Speed Camera Photography

The time profile with 15 seconds was used while operating the mgaahine.
Since all three axes are moving simultaneously, it is diffitulbbserve the motion of
outer gimbal, sphere, and inner gimbal. Also, it is difficult ttraet data, such as speed
of the sphere and position of the inner gimbal from the system. ©heref high-speed
camera technique was used to address these problems. The main paptseapture

the images at different frame rates to analyze the data.

A high-speed camera from IDT (Model XS-4) was used to sthdymotion of
different components of the gyro machine. Depending on the neeihalge-capturing

rate of the camera can be adjusted. With this cameraxianoma of 5100 images/sec can
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be captured. In the present analysis, 3000 images are captureateabf50 frames per
second. Figure 62 shows the setup used to analyze motion in themggioine

components using the high-speed camera. Light arrangement ngpartant aspect of
this technique. As shown in the Figure 62 sufficient light was providiéld special

arrangements. Figure 63 shows the high-speed camera inmsggased at 3000 frames
per second. With this technique, it was difficult to get quantaatiformation as all the
three axes moving together makes it difficult to analyzenglesicomponent at a time.
However, qualitative information was extracted for specific watlst Furthermore, from
the captured images a video was created to visualize the m@ohan slow motion.

From this visual validation was done. Rotation and oscillations aptierescan be seen

clearly in the slow motion video.

High-
Speed
Camera

Gyro
Machine

Special Light

Arrangement

Halogen
Lamps

Figure 62 High-speed cameras setup
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t=30s t=36.20s

Figure 63 High-speed camera photographic images with 15 sec proféeotyc
the outer gimbal
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Figure 63 shows the high-speed camera images captured witm#d&, XS-4
camera. Fifty frames per seconds is the rate used to capturedages. The images were
captured at different periods starting from t = 0 to 60 seco®rall 3000 images were
captured for analysis purpose. Out of these, only selected imagesshown in Figure
63. The reason behind presenting these images is to show a vapesitmns different
components of the machine can occupy as per the time stepy. lematiced that there
are in total four extension springs, two torsion springs and foumbgnets installed on
the setup. With this setup, the profile of 15 seconds is momeeitfi The image att = 0
seconds shows the spin cycle when the sphere attains sufficientyweldd¢ = 5.9 s the
direction of rotation of the outer gimbal is changed and the torquegamh the inner
gimbal makes it to incline by 90° as shown. This completes one. &tlke= 15 s the
change in polarities brings the inner gimbal at the verticatippsand the sphere attains
sufficient speed due to momentum transfer. At t = 24.98 s inner giattzahs 90°

position again. So, cycle repeat for t =30 s and t = 36.20 s but in the opposite directions.

From the images captured, positions of different components weramitetd.
Figure 64 shows the plots obtained based on them. The video, by lowptiioé frame
rate, was obtained from these images, and can be used to etienspeed of different
components. Trend of graph for the outer gimbal was obtained by ouotoller PLC.
The graphs for the sphere and the inner gimbal were generatedhe video. With the
help of high-speed camera, the speed of the sphere was cal@andt@lotted as shown

in Figure 64 (a).
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Figure 64 Experimental results of (a) Speed of the sphere and (b) imivzd g

position at the outer gimbals profile of 15 Seconds

Figure 64 (a) shows the speed of the outer gimbal and theeshEs seconds of
a time profile (change in the rotational direction) of the outenbgl obtained

experimentally using the high-speed camera. There was ai dribp in the speed of the
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sphere once the polarities are changed. This loss of speed ghtre svas due to the
magnetic force acting on the inner gimbal. When the rotatiomattthn of the outer
gimbal is changed, the torque is applied on the inner gimbal andhribe gimbal is
supposed to release from the gimbal lock. Because of the ma@aktiacting on the
inner gimbal, the gimbal lock remains active for ~5 sec as showfigure 64 (b).
Sufficient torque is required to pull the inner gimbal from thrsj #hat is completely
dependent on the speed of the outer gimbal. So, the magnetic ftineeréason for the
loss of speed of the sphere in the initial stages. It is obsdraethe sphere was able to
gain ~100 rpm (20 to 25%) of the speed of that of outer gimbal due tcemtam
transfer after each cycle. The reason for obtaining such speé#us the motor should
operate the gyro machine. When the polarities of the motor arehsdjtthe motor is
supposed to stop instantaneously, and this provides the back torque on the inner gimbal to
assure the sphere in gaining more spin velocity. However, in thenpresse the motor
does not stop as soon as the polarities are switched because ghth@mentum of the

outer gimbal.

To overcome the above-mentioned motor driving problem some expesiment
were performed directly on the setup. From experimentation on tharg@ehine setup,
it was observed that an increase in the stiffness of thegspffacts the speed of the
sphere. A time profile of 20 sec is found to be more suitablfelpresent investigation,
there is a limit to increase the stiffness of the springswme of the space available for
the installation of torsional as well as extension springs. Asiotmal springs and
extension springs works in a series, a decision was taken tosecttea stiffness of

springs by increasing the number of extension springs. Instefmipfeight extension
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springs were used with two torsion springs and four bar magnetsarfdrggement is
shown in Figure 65. In this, all the eight springs were mountédeaangle of 20°. The
four extra springs were mounted on the top of the existing setugesfseon springs in
such a way that they will not touch each other when stretchec ttultest. After this
arrangement, polarity switch time for outer gimbal wass@0tseconds with the help of
microcontroller and the test was run. The high-speed cameraiseas and Figure 65

shows the images that were captured at various time intervals.

It was observed from Figure 66 (b) that the inner gimbal was only aldadi up
to 75°. This was because of the higher stiffness provided by extra springs.dbserved
that the time required for the inner gimbal to attain the vénigsition was reduced by a
few seconds. The sphere was able to gain more speed. Becauskeofspiged of the
sphere, cycle can be run for 20 seconds. As observed from Egut® there was a
gimbal lock, in effect, for ~ 5 sec, because of the magritid acting on the inner
gimbal. As seen from Figure 66, the sphere was able to acHi&®ete-170 rpm (~25 to

30%) when being energized after each cycle.
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Figure 65 High-speed photographic images at 20 sec profile cycle of oubexl g
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The positions of the inner gimbal should be changed along with tingelathe
direction of rotation of the sphere and the outer gimbal, as peigtithand rule as seen
in the figure 58 to 61 (b) (Mechanism Analysis). In the case of gyro maséiup, this is
not the case [refer to Figure 64 (b) and 66 (b)]. The inner gimbhsaldeflected in the
same direction by 90°, despite the direction of rotation of the sphdrthe outer gimbal.
This was mainly due to uneven mass distribution. It was observetth¢hianer gimbal is
always inclined towards one side. This problem arises mainly beasusmproper
assembly of the sphere with the inner gimbal, and can be solvedobying accuracy

of the machining and assembly of the components.

8.3 Industrial Applications of Gyro Machine:

Based on the above the results, it was observed that the gyhinena capable
of producing a variety of combinational motions. The sphere, the maiofghe system,
can be used as a container to load different types of matdree sphere is able to rotate
and oscillate under the gyroscopic effect. While rotating osmijlagffect about the inner

gimbals axis was also observed. All these effects werewiell by the rotation of the
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outer gimbal. This machine is capable of rotating the sphesarghiner in all possible
directions by providing motion in three degrees of freedom. This umicpperty of the
machine can be used for a variety of industrial applications. Fjurghows different
cycles that are derived from the graph that was genenatedtifie mechanism developed

and analyzed using Pro-Mechanism software.
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Figure 67 Study of different cycles due to variation in the speed of sphere

Figure 68 shows various cycles that can be achieved from tragiom in the
speed of the sphere. Spin, rolling and oscillatory cycles are adifféypes of cycles.
Figure 68 shows that initially, the sphere receives a pahefgy from the outer gimbal
and it starts spinning and attains a certain speed. This isytdemed the spin cycle. In
this cycle, inner gimbal remains vertical due to gimbal locid B shown by straight

horizontal blue line in Figure 68.
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Figure 68 Different cycles identified for a washing machine from the graphs
aenerated from P-Mechanisn

Change in the direction of the outer gimbal tilts the rotatingeisphdue to the
inclination experienced by the inner gimbal, caused by the gyrostogice acting on it.
This cycle is termed rolling cycle as the material insidesphere experiences the rolling
as well as tumbling action at the same time. As the inneébajireaches 90°, the sphere
loses its speed and starts oscillatory motion because of teanes offered by friction
in the system. The material inside the sphere at this tiperiexces pure oscillations, so
this cycle is named as the oscillatory cycle. When the tthreof the outer gimbal is

changed, these cycles are repeating but in the opposite directions.

The gyro machine developed can be used for a variety of indugtpétations,
such as: washing machine, mixing different granular or ceramaterials, paint mixing,

chemical mixing, etc. The following discussion provides informaéibout how the gyro
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machine can be used for cloth washing application, as this is one mbgtgromising

applications of this innovative machine.

8.3.1 Gyro Washing Machine

The mechanical design of a cloth washing machine is not agundlogy. This
technology has been established for many decades. In recent waslthmes — the
basket/drum spins in one plane and in two directions: forward and reVemsety of
programmable controllers developed so far rotates the cylindocghioer in different
ways, but only about a single axis. This axis is either horizamtakrtical depending
upon the type of washing machine used, namely a vertical loadiray hmrizontal
loading. The principle used behind a vertical loading and horizontalnipagiashing

machines is to generate friction between water, detergent, machine body, hesl. clot

8.3.1 Spin Cycle

Figure 69 describes the spinning cycle in detail. In this ecyicke inner gimbal
remains at rest because of the gimbal lock provided. As profileeshdive velocity of
the sphere increases slowly and reaches to the maximunar\Veptesentation showed
is as per the right hand rule. The curled fingers are in tleetdin of spin and the
stretched thumb indicates the spin vector denoted by S. The closiés ihe spherical
container are rubbed against the surface of the sphere becatgecentrifugal force,
and are immersed in water for the whole time. The clothes irteleontainer will
experience the profile as shown in Figure 69. Depending on the diretgginning of

the sphere, the clothes will experience either of the profiles shown in Bgure
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Figure 69 Spin Cycle a) Profile of spin cycle b) Positions of components c) Vector

representation d) Spinning effect experienced by clothes

8.3.1.2 Rolling and Tumbling Cycle

The change in the direction of rotation of the outer gimbal gisesto a new
cycle. The torque acting on the inner gimbal takes the sphecd# the gimbal lock, and
the rotating sphere starts experiencing the oscillatory effect dueiliato@ns at the inner
gimbal, as shown in the profile in Figure 70. As a result, thdnetoinside the sphere
experiences simultaneous rolling (because of the rotating spaede}umbling-like
motion due to oscillatory effect at the inner gimbal. Figure f@ws the rolling and
tumbling cycle. Vector representation is obtained as per thehagid rule. Precession
vector at the inner gimbal is obtained by curling fingers fr@in sector towards the

torque vector (P = S x T). The rolling action gently moves os ritie clothes in the
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sphere keeping it immersed in water. Depending upon the directionabionobf the
outer gimbal, the cloths experience either clockwise or ankwige rolling and

tumbling action.
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Figure 70 Rolling and Tumbling Cycle a) Profile of rolling cycle b) Posgiof
components c) Vector representations d) Rolling and tumbling effect experiance

clothes inside the sphere
8.3.1.3 Stepping or Oscillating Cycle
After the rolling and tumbling cycle, the inner gimbal gets dangred act purely
under the effect of centrifugal force. This force makes it horapand all the three axes

are mutually perpendicular. Over the period, rotating sphere issesergy and starts

oscillating. As shown in Figure 71 inner gimbal almost rem&ioszontal with the
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oscillating sphere. This provides step motion to the clothes. Theeslare raised to the
maximum height and then are fall under gravity to get bumpirgtefigainst the surface
of the sphere. This rising and falling action of clothes happens indiabtions as
shown in Figure 71 under the profile of stepping action. Therefore, clothe&emefriam
the bottom of the sphere to the top with high force resulting in poweléaning
experience. Due to oscillatory effect, the clothes experidreastepping action in both

clockwise and anticlockwise direction. This way more effective clgacam be obtained.

Oscillating
Spher:

K// Inner

Gimbal in
Horizontal
” Position

-
rd

d)

Figure 71 Stepping cycle showing a) Profile of stepping cycle, and (b) Posifions
components (c) Vector representation, and (d) Stepping effect expernttexiclothes
inside the sphere
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8.3.1.4 Drying Cycle

This cycle comes last in the list. Once the set number ofittepe of cycles is
done, then the set program takes machine into drying mode. In this rhedeuter
gimbal is rotated at higher speed ~700 rpm. Because of the higher a&pte outer
gimbal, centrifugal force acting on the inner gimbal orights sphere horizontally by
deflecting the inner gimbal by 90°. So, in this cycle the inimabgl remains completely
horizontal, and there is hardly any spinning of the sphere. The cointsidis the sphere
are rotated purely under the centrifugal force because of higfiorel speed of the outer
gimbal. This results in the removal of water from the clotlis. drying cycle ends after

5 minutes. Figure 72 shows the drying cycle.

LN

Figure 72 Drying Cycle representing a) Position of Components b) Vegioeseamtation

c) Position of Components
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The cycles explained above are independent of the material loasidé the
sphere. Here, only one application, namely, the washing machinecrsbdds With the
help of this application, it is easier to understand a varietyadilgs that this machine is
capable of generating. This machine can also be used for nmieramic powders,
different granular size materials, different paints, or chesi&pin, rolling and stepping
cycles are capable of producing the same effect of rotapihgre in all possible ways to

mix several materials, chemicals, or paints as in the case bingasachine.

8.4 Advantages of Gyro Machine

Gyro machine is designed based on a completely new techniquklsitup the
advantages of both horizontal and vertical washing machines, as thef aykerical
container is initially vertical and over the period, it becomes bot&. So, it gives
combinational cleansing effect to the clothes. Apart from this tlaehme has
advantages, such as time saving, improved performance under moreliloathtion of
the agitator, uniform mixing, reduction in vibrations, compact in Sihese advantages

are discussed in this subsection in more detail.

8.4.1 Time Saving

Most promising application of gyro machine is washing clothes. Wighsystem, a
significant reduction in time for the washing is anticipated. Washing cycle in the
traditional washing machines is about 26 minutes; this time casdoeed with the gyro
machine. This reduction in washing time is possible, as the neadki capable of
producing different washing cycles. So, by changing the rotatdiredtion of the outer

gimbal in the interval of 15 seconds, the main three cycles caepeated for around
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eight times in just 4 minutes. Therefore, effective mixingvafer with the detergent is
possible. So overall, if this whole cycle is repeated for fouesi i.e. for 16 minutes,

then there should be significant washing of the clothes with considerable saving.in t
8.4.2 Improved Performance with More Loading

The new, revolutionary washing system is built solely on the cormfefie
gyroscope. So, the mass of the sphere determines the efficiertbg sf/stem. Gyro
machine works on Equation (1) M,=C 00 sin 8 ] highlighted in the literature
review section of this study. As per this equation more the lo#tttisphere, higher is
the moment of inertia, which results in more gyroscopic effestltiag in a more
efficient gyro-system. Based on this, as we load the sphetee airum with more and

more material, the system become more and more efficient.
8.4.3 Elimination of an Agitator

The most promising application of the gyro machine is the washinginead he
system operates without an agitator. In the current machines, dhe tHilures of the
washing machine is the breakage of the agitator in the systemgikator is the heart of
washing system, which takes care of different washing cytteshe case of gyro

machine, the spherical container itself acts as a dynamic agitator.
8.4.4 Uniform mixing

In the current washing machines, cylindrical baskets are nubaitieer in the
vertical or horizontal axis. Sometimes while clothes are beiaghed, the detergent

added inside gets stuck to the corners of the drum. So, not all g#rgedgtpoured in is
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used. In the gyro-washing machine as the sphere is usedoasamer this problem is
eliminated due to the uniform surface of the sphere. There arerners, and since we
can add the shaking effect, there is proper mixing of the determgth water. So, this

uniform mixing can lead to better cleansing/washing effect.

8.4.5 Reduced Vibrations

A major problem with the current washing machines is the neepldomg the
clothes uniformly around the container. Non-uniform distribution of clotineshe
container can lead to vibrations and noise in the washing machitiee tase of gyro
machine, clothes are uniformly distributed due to the spherical shépe aontainer and
motion of the sphere in all possible directions. So, with the useisofrtachine, these

problems can be avoided.

8.4.6 Compact

Most machines, whether it is a washing machines or a paxitg machine, use
a cylindrical container. In the present study, a sphere is asethe container. By
comparing the volume of the sphere with the volume of the cylindsanibe shown that
the sphere requires less space to occupy. Following comparisoeebeteiumes shows
that cylinder occupies more space lengthwise, as height of the cydiccigries 1.3 times
more space than that of a radius of the sphere. The relation bédteigat of the cylinder

and the radius of the sphere is shown on the next page.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

9.1 Conclusions

1. In the present investigation, a new gyro machine capable of prodoeegdegrees of
freedom, based on the gyroscopic principles, was designed, built, ated tes

successfully.

2. The Gyro machine uses only one input in the form of a motor to@gpbere, as well

as a outer gimbal by using gimbal lock concept.

3. The Gyro machine development approach involves the applications of apiosc
principles, reverse engineering, design, and construction of the ajgpasiiablishing
optimum time profiles for motor and proposing proper industrial appliatidrthe

developed apparatus.

4. Basic apparatus design began by application of gyroscopic peinggdmetric design
of the components based on the existing setup and use of reverseemmgine
approach. The mechanism-based approach was used while devalogingpdifying
the current, available setup. The mechanism was built using thdléahanism
software. It was observed that the rotating sphere and the autsalgn the opposite

directions produce the gyroscopic torque on the inner gimbal. This ide&utlzer
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extended and selection of springs and time profiles designing &or nwere

accomplished.

5. Use of a torsional spring was found to be very effective ssrited the purpose of
energizing the sphere by bringing the inner gimbal in a vemiasition after specific
intervals. Extension springs were used to prevent inner gimbaldrossing 90° and
in preventing failure of the torsion springs. Furthermore, botbstyif springs worked
in series and enabled the inner gimbal in attaining the vepasition in less time to

get more spin at sphere.

6. Use of powerful NdFeB (2" x 1" x 0.5") magnets helped in improthegpeed of the
sphere. FEM analysis confirms that these magnets, whengedaradially, are
capable of providing the gimbal lock, and are more efficient videgh at a distance
of 0.2 " from the inner gimbal. It also confirms that magnetlifates the inner
gimbal to attain gimbal lock quickly because of the strengtmadnetic field upto
15° to 20° of angle from the vertical axis of the outer gimbahdHag and mounting
of the magnet is an issue. In the investigation, the magnets wedeuging superglue

on a wooden fixture and attached firmly.

7. Parametric relations were developed to design components basieel ©ime of the

sphere. The gyro machine can be scaled up or down based on the size of the sphere.

8. Flemings right hand rule was obeyed by the mechanism built isdftvare, i.e.
inner gimbal changes its position as per the right hand rulegyiieemachine setup
when observed was not able to follow the right hand rule. It appeaes dae to an

uneven mass of the sphere or improper assembly of the sphere with the innér gimba
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9. Analysis carried out with the help of high-speed photographiiasn affirmative
results. The gyro machine was able to produce rotation, oscillatidheotphere
followed by pure rotation at the outer gimbal and oscillations atrther gimbal.
Combination of these motions has successfully obtained differems¢ygtich as spin,

rolling and stepping or oscillations, etc.

10. Changing the rotational direction of outer gimbal after evergetsStimespan was
found to be the promising profile with a setup of 4 extension springs, 2 torsion springs,
and 4 bar magnets. When tested this setup using Pro-Mechanthoufunagnets) , it
was found that sphere was able to achieve ~ 225 rpm compare&®$erpm speed of
the outer gimbal and when tested on the gyro machine, the spheabl@ds reach ~
100 rpm. Increase in the stiffness coefficient by increasinghtimeber of extension
springs changes this profile from 15 sec to 20 sec and when testbeé gyro setup
sphere was able to reach ~ 150 rpm after each interval. &itferin the speed of the
sphere when obtained by comparing Pro- mechanism and actual exatisetup

results was due to the delay in switching the polarities of the DC mototliesetup.

11. Gyro machine for washing clothes has found to be the most prommnmpressive
application with a variety of cycles that the machine is capabproducing. Different
profiles that clothes can experience inside the sphere avedi@mnd found to be more

advantageous as compared with the existing washing machines.

12. The new gyro machines can be used not only as washing machalgobat mixing
different ceramic powders, different granular materials, a tyané chemicals and

paints.
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13. Speed of the sphere is found to be dependent on the content inside theMpieere
the load inside the sphere more is the weight of the sphere andsntloeegyroscopic

effect.

14. Time saving, uniform distribution of material, compact in sieesame of the salient

features of this machine.

9.2 Future Work

1. Wireless sensors, accelerometers can be mounted on the gymmentx gather
information about the speed of the sphere, and the position of threginmaal more

accurately. Also, vibro-meters can be used to study the vibrations in the machine.

2. In the present investigation, the rotational direction of outer gimsbehanged by
switching polarities of the motor in order to keep the sphere spinningoagét
gyroscopic effect in order to obtain unique motion at the sphere. Thegiuteal, as
well as motor, should stop as soon as the polarities are chaageat,helps in
developing a back torque at the inner gimbal, and reduces the tjoieecefor inner
gimbal in achieving vertical position. This reduction in time insesathe momentum
transfer from the outer gimbal to the sphere, and helps in achibighgr angular
velocity of the sphere. In the present study, motor takes some time befwanges its
polarity. In the present study, the outer gimbal has no brakingtyfadlso, the
controller of the DC motor has no dynamic braking system. Due $e tine® reasons,
motor does not change its rotational direction quickly. Due to momenttine @iuter
gimbal, it continues to rotate and this makes it to drive fultlbésre it comes to stop.

For safety reasons normally, the DC motors are developed wittbaift logic which
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changes the direction of motor only when motor is stopped completelyn Suture
this delay problem can be solved by providing braking either to the gintbal or to
the motor via a controller. Thus, for future study, it is recommendeuse a motor
with dynamic braking; or, the braking can be provided at the outdsagiby using
solenoid valves to operate the baking system. The control of these galvde done

from the developed micro-controller via micro-PLC.

. When gyroscopic torque start acting on the inner gimbal becduke permanent bar
magnets inner gimbal stays in the gimbal lock position for somestiand this
decelerate the sphere. Therefore, these permanent bar megmdis replaced with
the electromagnets. A program can be developed to activate anotivaleathe
electromagnets depending upon the set time. The same microeordeseloped in
the present study to control the motor can also be reprogranomeohtrol these
electromagnets. The controller should operate these electromaigpetisding upon
the rotational direction of the outer gimbal and the inner gimbalipoesAccordingly,
as soon as the motor changes its polarity, there will be detamtivef the electro
magnets, and the inner gimbal will be free from the magnietit. fThis will help in
maintaining the speed of the sphere. For the initial spin @rdefor the rest of the
cycle, when the inner gimbal is approaching the vertical positioreldagromagnets

will be activated to pull inner gimbal and gimbal lock can be provided.

. The machine can be developed further for its most promising applies a washing
machine. Necessary modifications in point view as a washing machine need to be done
by attaching different accessories such as a pump and tonersig the machine to a

commercial level.
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5. The Machine can be developed and analyzed for applications othewd#shing

machine such as mixing powders, chemicals, ceramics, or paints etc.
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APPENDIX A
Machine Drawings

The following are the drawings of different components of the gwchime that
were already fabricated by the previous team. The differdiites of the gyro machine
developed at OSU in 1995 were reverse engineered to genesadatthi These drawings
were used to build the CAD model and to develop the mechanism in ésenpr

investigation. These drawings can be referred to further matidics that are needed to

be implied in the future.
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Figure 73 Multiview drawing of the gyro frame
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Figure 74 Multiview drawing of the inner gimbal
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Figure 75 Multiview drawing of the outer gimbal
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Figure 76 Multiview drawing of sphere base plates
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Figure 77 Multiview drawing of cover plates of sphere
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Figure 78 Multiview drawing of bearing housing supports for a) Sphere h) gimbal
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Figure 79 Multiview drawing of bearing housings for a) Sphere b) Inner gimba
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Figure 80 Multiview drawing of a) Sphere b) Gyro sphere with cover plates
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Program for Micro-PLC (Ladder Diagram)

Gyro Maching

APPENDIX B

Main Programi{Page 1 of 3)

B X003 [B X004 B T4 B C100
| | | | e
1 I T f A/lr \OUT)
EC100
| |
I
Timer(ON Delay) T
Current Value Mot Retained| BT
EC100 ET2 Unit sec|
2 | | | Output
. ! Enatie|SetPoint mDs1
Current mTD1
Timer(ON Delay) T2
Current Value Not Retained| ET2
ECc100 BT1 Unit sec
3 ]l I I I Output
Enatie| SatPoint @mos2
Current MToz
EC100 B C109 B C110
| | | .
4 || s {out)
EC‘IUQ
{out’)
[Iilcmu [?T|3 [i.TF @fﬂcmz
5 1 11 14 (out )
|E|C1|02 |E|C105 |$T1 |E|YUUE |E|C1|00 A
6 T (s A/lr f 1T
|E|C‘||‘|[J ET3
1T f
|E|C1|UB
1T
A B C106
" —out)
B Y001
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Gyro Machine

Iain Program(Page 2 of 3)

B C102 [E C104 ET1 [B Y001 [E C100 B
| | | | | |
7 1T 10 4/|r 4/|r 1 I
BCc107
| |
|1
B B C107
— (our)
[E yo02
out )
8 { NOP )
B C100 ET1 IEIC‘HE EC111
| 1 | |
9 I I | Cour
[E Cc112
-
{out
B C106 [E C102 [E C100 B C104
| | | | | .
10 | | | | | {out
EIC‘I[M
11
EC107 [E C102 [E C100 [E C105
| | | | | .
n 11 | 11 (our)
E C105
| |
1
Timer(ON Delay) T3
Current Value Mot Retained ET3
BEC100 Unit seC————Ho
12 | | Output
b Enatis|SetPoint mDpa3
Current MTD3
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Gyra Machine

Iain ProgramiPage 3 of 3)

Single

mos12

[EIDF3

Timer(OM Delay) T4
Current Value Mot Retained| ET4
ECc100 Unit I e, )
13 | | Qutput
b Enatie| SetPoint mWDs4
Current MTD4
Copy Single
B C100 BT3
14 | | |+ Src mos10
Des [EDF3
Copy Single
Ec100 BEBT3
15 | | | | src M Ds11
Des [EIDF3
Copy
EC100
16 11 Src
B Y001 B yoo2
V j/r Des
| [
.
17 (END )
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