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Abstract

This researchstudies the way in which humans and robots interact with each
other When two humans are working together through a set of robotic devices, do they
tend to work together or fight with each other more? In which Cartesian direction do
they have the mostificulty? Does fighting drastically affect the performance of the
team? Finally, what measures can be taken to promote better attmpdyetween
humans and robots ultimately allow humans to work just as comfortably with a robotic
partner as with alman partner? This research ansatbese questiorend provids an
analysis of humamobot interaction.

It was found that significant fightingetween the subjectfoes have a negative
impact on the performance of the teaf®ut of the hree Cartesianicections, the up
downdirection was found to be the most difficult to cooperateAtthough the level of
fighting varied greatly among differemtyads two things which greatly assisted in
completing the experiments were force feedback and visual feediafferent methods

of feedback were tested, and subject performance in each was compared

Vi



Chapter 1. Introduction

The general purpose of this reseands to test the ability of two human subjects
working together with a set of robots to interact with different virtual environments,
perform materials testing, and acquire and analyze dyar the last few decades, it has
become commonplace for robotic devices to exist in our worl@hrough the
developmenof these devices, humans must learn to work with and interactatitisin
an efficient and effective way.

Interacting with a robot is very different than interacting with another human, so it
crucial that we study the ways in which humans interattt @ach other and try to mimic
those behaviors through a robotic device. As the field of robotics has developed, robots
have been developed to perform more and more complex tasks. However, most robots
are autonomous, and are developed to work on vasouple tasks independently,
without much, if any human interaction. However, one of the greatest goals in the field
of robotics engineering is to develop robots which are able to work and interact with
humans using some degree of intelligence and skill.

There are several difficulties in achieving this. First of all, a robot has no natural
intelligence. It cannot think for itself the way a human cdn.fact, even the most
sophisticated robots can only do exactly what they are programmed to do. dféhsgt
programmed for something, they cannot do idowever, some degree of artificial

intelligence can be achieved by programming the robot to know what to do in multiple



situations it might encounter, or by programming adaptive control into the device
Adaptive control allows for the fact that some of the system parameters slowly change
over time or are random, and allows the device to compensate for it.

Anotherdifficulty is that humans naturally work differently with another human
than they do with a robot. When working with another human, there are social factors
involved. For instance, a person would not want to embarrass themselves in front of their
friends However, this human factor tgpically removed when working with a nen
human entity.

Yet another difficulty arises because the experience of working avitbbot is
quite different than working directly with another persofhere is a very different
feeling involved wherperforming a task virtually through a robotic device than when
performing a similar task in real lifeEven thesimpletask of two humans using a robotic
device to move a virtual object is drastically different than the task of twmoahs
moving a physical object of the same size acaos®m.

When working with a roboit is common to encounter virtual objects. A virtual
object is an object that a human user can touch, feel, and interact with through a robotic
device, even thougit is not a physical object. There aseveralways that this is
achieved. The most common is through the use of force feedbattien asubject
touches the virtual object with the robotd
out of the objectjust as he would if it were a real object. This allows him to feel the
shape, stiffness, and texture of the object and interact with it.

Anotherway to create a virtual object is through visual feedback. It is common

for visual feedback to be used alongh force feedbackalthoughthis is not always the



case. In thisresearchvisual feedback was used so that the subjects could see the objects
they were interactingvith in a 3D view on the computer screen. This is extremely
beneficial when interacting with complex virtual environments because it allows the
subjects to see the entire environment and their position within it.

Yet anothemway to create &irtual object s through auditoryeedback. This can
be used with visual oforce feedback, but it does nioave to be. The basic concept is
that the subject will hear a sound that increases in voarpéchas he gets closer to the
virtual object and decreases inlwme or pitch as he gets farther away from iAlso
common is the use of sensory substitution, in which one sense is substituted for another
sense. For instance, the sense of touch and position may be substituted with the sense of
hearing. However, audiry feedback was not used in this research.

Dependi ng on one 0 sultiplefeedback mdies aam peausetd i v e s
simultaneously In this research, the desired combination was tofarse and visual
feedback together because it allowd® subjets to see and feel the objects theyreve
interacting with, which is the closest to real ifiéeraction

In this research, a&h subject was able to practice with two basic virtual
environments before completing the first experiment, which involved mavingtual
box towards a set of targets. Then, they completed the second experiment, which
involved the testing of five real materials through the robotic devices, using force
feedback to guide them, with thehadhgssect i ve
values. In the virtual environments, both force and visual feedback were arsédh the

materials analysis experiment, only force feedback was used. After measuring a set of



hardness values for each material, the subjects had to try andyidesatn given a table
of ten materials and their hardnesses.

A total of 20 subjects participated inighesearchworking in twemember pairs
called dyads, for a total of ten independent experiments performed over a five week
period. Of the 20 sujectstested, 14 were male and six were female. dfg¢he subjects
stated in the prexperiment survey that they had worked with a robotic device of some
kind before, while the@ther tenstated that thelfiadnot Through observation during the
experiments, itvas noticed that those who had not worked with a robotic device before
approached the virtual environments slightly more cautiously than those who had.

This research demonstratedw well humans and robots interact with each other
in performing experimdas and acquiring data. The subjelstsl to adjusto the idea of
working with each other through a series of robotic devicHse robots usederea set
of four Phantom Omnis, developed by SensAble Technolodiee.Omnis are excellent
hapticdevices, and can provide fast and accurate force feedback, allowing them to easily
render complex virtual objects and environments (SensAble Technologies, 2010).

Robotics technology has many applications in the scientific community. One
field of study vhere robotics has greatly enhanced the scope of knowledge is in space
science and engineering. Space probes have been sent all over the solar system to study
other worlds. These robots must be programmed to think through the many
complications and proles that will commonly arise throughout their journey.

Materials science can also benefit from robotics technology. In fact, the two go
hand in hand. Robots can go places that no human can go, allowing them to perform

tests on materials that no human Idoever geinear. Humans can theemotely operate



the robos and interact witthemfrom a distance In some cases, humans must program
the robos in advance and allow them to work on th@im if the time lag becomes too
great for real time interactionFor example, if a Mars rover discovers an interesting rock,

it must be able to identify the object of interest and then perform tests on it to determine
what materials it is made of and how it formed, completely on its own, using commands
sent by missin control several hours earlierin fact, the Mars rovers Spirit and
Opportunity have already explored a combined 24 kilometers of the Martian surface over
the last six years, analyzing rocks and other interesting matéBehtley, 2009) This
demonstates that the succesta mission such as this one depends on the simultaneous
use of the fields of robotics and materials science.

The ultimate goal of this research is to learn how a hurmbot team could
someday travel in space amwoperativelystud/ materials of extraterrestrial origin.
Whether it involves studying an asteroid, a comet, or rocks on the Moon or Mars, the
fields of robotics and materials science play a vital role in the success of suciba.miss

Scientists are always building moaad more complex robots which can study
complicated materials and alloysn the future, humans will be able to travel to other
worlds with these robots. Humans will work directly with them, drastically increasing
the speed at which discoveries are madewever, before this can occur, we must learn
how humans and robots interact, and to determine their strengths and weaknesses. Then,
the weaknesses can be corrected and the strengths can be amplified. In turn, this research

is very interesting and haslot to offer to the scientific community.



Chapter 2. Background Research
The application of roboticsihoday 6 s wor | d majgr agplicatiosmo u s .
in this field areto study the wayhat a humaitobot teancaninterad with virtual objects
in a virtual environment and how a hura@tot team can interact with a set of materials,
perform tests on them, acquire data, analyze that data, and ultimately determine their
identity. This chager discusses the history of the fields of robotics and materials science,

some theory behind these fields, aednecurrent research in them.

2.1 The History of Robotics and Materials Science

Over the last few decades, machines have greatly enhatieedspeed and
efficiency at which tasks can be performed. As better, faster, and smarter machines have
been developed, it has become possible to study things which were not possible to study
in detail previously. Eventually, the technology was develdpdalild a programmable
machine which was capable of independently performing a task and relaying the results
back to a human user. This was the beginning of the field of robotics.

The Czech playwright Karel Capdikst usedthe wodfir obot 0 iplay hi s
titled iRo s sumo s Un iov ia rwhiehl he iRustiated r®bots as mechanical
machines which on the outside looked similar to humans, but could work endlessly and

tirelessly, eventually turning against their masters to rise up and destroy the tag@an



(Murrayet al., 1994). This has been a popular science fiction concept over the years, and
has been used in many books and movies.

Real robots are indeed mechanical machines which can work endlessly and
tirelessly, at least until the materials composing the robot fail due to fatigue or
overheating. However, hey do not typically resemble humans, although there is some
element of arficial intelligencein which robots can exhibit. However, a robot will only
do exactly whattiis programmed to do, and thatit. If it makesany decisions on its
own, it does that because it is programmed to do so.

During the 1940s and 1950s, thienplest of true robots were developetihese
early robots consisted of what was essentially a mechanical manipulator, otherwise
known as a teleoperator, or a telemanipulataressence, teleoperators an electronic
and/or mechanical system made d@anasterobotand a slave robot. The master user
completely controls the slave robot using naaster robot orcontroller and a
communications device. The slave robot then uses the information sent from its user to
work within its environment, providingeedback to the user through the master robot
(Misra, Okamura, 2006).

The first of theseteleoperatorswas developed at Argonne and Oak Ridge
National Laboratories. They were very simple linkage mechanisms which were built for
the purpose of handlingdeactive materials. By the late 1950s, the first computers had
been developed to the point where computer numerically controlled (CNC) machines had
been developed for manufacturing purposes. With this technology, CNC lathes and CNC

milling machines werén research and development.



CNC technologywas therdeveloped in the field of robotics as well. The master
and slaveteleoperatorsould then be replaced with reprogrammable CNC controllers.
Once CNC robots had been developed, they could be programemsetform simple
tasks. Then, it was necessary tievelop a programming language which could be used
for programming CNC robots. The first such language, called WAVE, was developed at
Stanford in 1973. This language formed the basis for programmiaoa with more
sophisticated commandslurray et al., 1994).

Now that a programming language had been defirdubts wereable to perform
more and more difficult tasks and experiments. Throughout the 1980s and 1990s, more
sophisticated programming languages were developed. The C language was eventually
developed, and then C++, both of which allowed for the programminghuts to
perform very complicated tasks, making them very useful to the scientific community.
Today, C++ is one of the most common programming languages used in robotics.

Just as the field of robotics has advanced greatly over the last 100 yearddthe fie
of materials science has as well. We hdigeovered many more elements, and learned a
great deal about their propertied/e have learned about the wiaywhich atoms interact
with each otherandhow to modify componds to improve their properties

As we have learned more about materials, we have discovered that the strength of
a material is not constant. The strength of the same alloy can vary tremendously, even by
more than an order of magnitude, depending on a variety of factors. Some of these
factors include the size and shape of the alloy, the type of loading, and the cracks, voids,
or other imperfections preserRi{chumaniet al., 2004). For instance, a very long and

very sharp crack produces a large stress concentration factor, which usen tbha



material to fail even at a relatively low stress. As the crack continues to propagate, the
stress concentration factor can rise as high as 100 or even greater. Therefore, if the
ultimate tensile strength without the crack was 50,000 psi, witbrtek present, failure

could occur at 500 psi or even less.

Another major factor which contributes to the strength of a material is how it was
formed, and what processes were used to make it. For example, a cast iron part will be
much weaker than a foed iron part. Furthermore, an annealed part will be weaker,
although more ductile, than a strdiardened part. The stramardened piece will be
stronger, although more brittle. As a result, the annealed part will actually have the
higher fracture tougnesgPitchumaniet al., 2004).

In recent years, robots have been used to study materials to learn of their
properties and how to manipulate them. A robot can test a material for its yield and
ultimate tensile strengths, obtain a stresain curve, ath find material properties such as
el astic modul us Thisrcah bePdone bysappiyifigsa set af knoven.forces
to the material by the robot, and then reading a strain getagghed to the materitd get
the strain The stress can then bdatdated from the force, allowing for calculation of
the elastic modul us. Wi t h t valwulatedas veell. n g a u ¢
There are many significant properties which can be obtained by a robot, many of which
can then be used to calcideother properties or determine important characteristics of
the material. Table 1 summarizes these propertied)aftevare necessary to test them,

and some general notes on what they are and how they are useful.



Table 1.

experimentally test for them.

Interesting material properties and the hardware necessary to

Desired Property

Necessary Hardware

Notes

Hardness

Hardness Tester

A robot can test softer materials mu
easier than harder materials, so t

property isessential to obtain.

Density

Scale and Beaker

A waterfilled beaker can be used
find the volume and a scale can be u
nd

to fi t he "mass.

Stress

Tensile Tester

For a knownapplied force and cres

F&\.

sectional area,l

Strain

Strain Gauge

The strain can be measured directly W

a strain gauge.

Elastic Modulus

Strain Gauge

Once you know the stress and strg

E ="

Poi ssono:

2 Strain Gauges

A strain gauge in the -girection and
another in the zirection will give you

Poi ssonosl/lat i o.

Yield Strength

Tensile Tester, Strai

Gauge

The point at which the material begi
to yield. For brittle materials, fractu

occurs shortly hereafter.

Tensile Strength

Tensile Tester

The highest point on the engareng

stressstrain curve.

Fracture Stress

Tensile Tester

The point on the ajineering stress

strain curve irwhich fracture occurs.
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Table 1 shows that there are many different material properties which can be
experimentally found by a robot, or by anmanrobot team. For this research, hardness
was the desired property to be measured by the robot. This property is good for
narrowing down the possibilities of an wunk
able to correctly identify the materiataore often than not from a hardness test and
hapticinteraction with them.

However, robotics can be wuseful for m ¢
properties. For instance, a robot can also examine a material at the point of fracture.
recent years, tests have been performed on the failure of materials from several different
causes. Robotic compression testers have been developed which are capable of testing
materials which have failed due to fracture, fatigue, attrition, abrase@ting, chipping,
and corrosiorfPitchumaniet al., 2004).

Now that the field of robotics has developed as far as it has today, many
experiments have been done in this field over the last decade, many of which involved a
combination of robotics and matais. However, one aspect of robotics which is still
growing is thehapticinteraction between humans and robots, which ire®bhe subject

and the robotvorking together as a team to accomplisbdefined task.

2.2 Current Research in Robotics and Mterials Science
In their initial stages, robots were very simple machines which could be
programmed to perform a single simple task. However, over the years they have
advanced greatly. They have been designed to perform more complicated tasks, run

predse experiments, acquire data, and even compute reguits.has occurred because
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over the pastouple ofdecads, there havéeen significant advancements, changes, and
developments in the field of robotics. This has opened up the opportunity fos tobot
become involved in a diverse range of scientific fields, including medicine, healthcare,
logistics, manufacturing, and material analysis. It is becoming more and more apparent
that robotics will greatly influence the world over the next 50 years,tfzer@ will be

many exciting new inventions along the way (A Roadmap for US Robotics, 2009).

As robots have advanced, they have begun to greatly influence the field of
materials science. It has become possible to test materials using robots, to determine
their properties, their history, and to learn of their imperfections. With this data, we have
learned howdifferentmaterials behave when put under stress, and further developed our
knowledge base on how to manipulate and form them with other materistsmke
stronger, togher, and more durable alloys.

One area of materials research which has recently involved robotics has been in
the study of human tissues. Since tissues are very soft materials, a robotasame
their properties relatively easily, by only applying a very small amount of force. It is
convenient to work with soft materials because it requigsaller force to deform these
materias by a measurablamount, and many robots ceesily deliverthis rangeof force
without deforming themselves overheating their motars

One such experimemvolved comparing the force feedback for linear dynamic
tissue models versus nonlinear dynamic tissue models. Up until this point, most
researchers generallysasned a linear elastic behavior for the modeling of tissues under
stress (Misra et al., 2007). This seemed to be a reasonable assumption, because most

other materials have an approximately linear ststtgsn curve in the elastic region.
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Il n Mi s rarahd rebotic enangulators were used to test soft tissues using a
nonlinear dynamic modelWhen the nonlinear model was applied, it was found that the
Poynting effect developed when a shear force was applied to the tihaePoynting
effect is the credon of large differential normal stresses or strains as a result of shear
stresses applied to a highly strained material. These normal stresses were not present in
the linear model. As a result, there was a significant measurable difference in the force
feedback for the linear and nonlinear modelhe largest difference in the maximum
reaction forces between the two models was 51.2%. This demonstrated that soft tissues
do not behave linearly in the elastic region (Misra et al., 2007).

Another experinment involving robotics in the testing of human tissues studied a
robotically assisted teleoperated surgehy.this experiment, the surgeon manipulated a
master robot, which in turn allowed a sl av
while performng tests on patientsising the da Vinci surgical systgiMamamotoet al.,

2008). The robots were able to extract the nec
relay that information back to the surgethimough various methods of force and visual
feedbackYamamot o6s research may eventually all/l
at a distancéYamamotoet al., 2008).

During the teleoperated surgexyperiment, various elastic tissue properties were
measured, including elastic deformation and reaction to applied stresses, anbewere
compared to a general model. However, it is extherd#ficult, if not impossible,to
create a perfect mathematicaodel for a real human tissue, although there are several
good models that can approximate the dynamic behavior of tissues under stress. One of

the major difficulties in performing this experiment was the lackadéquatehaptic
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feedback to the surgeoms a result, the surgeon had to rely too heavily on visual cues
such as tissue deformation to make a guess as to how much force the robot was actually
exerting on the tissugramamotoet al., 2009).

Mi sra and Yamametaughd gs arlot sm@about $oft human
tissues, and how organic materials react to applied forces. However, there has also been
a significantamount ofresearch dealing with nonorganic materials as well. For the case
of nonorganic materials, temperatures, forces, and pesssuhich could never be
withstood by any organic material are commonly dealt with.

For nonorganic materials at high temperatures, a very significant deformation
over time occurs. This deformation is called creep. At high enough temperatures,
typically & least onedhird the melting point in absolute temperature, an applied force
which is smaller than the yield strength at that temperature can cause the material to
creep. When a material creeps, its strain increases by a certain amount per unit time,
untl it eventually fails. As the temperature of the material increases, the creep rate
increases exponentially.

Creep can occur in nearly all materials, including ductile and brittle solids,
polymers, and amorphous solids. Brittle solids will fail mucickgr when creep occurs,
while ductile solids may creep for a very long time before failure occurs. Even ceramic
matrix composites can undergo creep if left at an elevated temperature for a long period
of time (Sodanapalli, Coon, 2002).

There are othergnificant methods of failure over time as well, including fatigue
and corrosion. Fatigue failure can occur after a certain number of stress cycles. The

number of cycles, called the fatigue life, can range from less than 1,@@@r¢atharb00
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million. Corrosion occurs due to the chemical reactions of a material with its
surroundings. For instance, water and oxygen will cause iron to rust, which is a very
common form of corrosion.

As a result, it can be very difficult to predict the properties andvi@isaof
materials with reasonable accuracy. Typically, models in the form of regression trees
must be used to find a good approximation of hewmaterial will behave. This is
because material behavior is so complex that few linear models work, soeaonlin
regression techniques must be used (Li, 2006).

Nevertheless, robotics has made the testing process much edsies. has
resulted in a significantly increased amount of data which can be obtadezhot can
test how a material reacts to appliecesses at defined initial conditions by performing
tensile tests, compression tests, bending tests, and torsion tests. The initial conditions
themselves consisif how the material was formed, such asalbyealing, coldvorking,
casting, forging, etcand what defets are present in the material, suchvaisls, cracks
dislocations, or vacancies Varying the initial conditions can drastically change the
material properties, even though the material itself remains the Eknyland et al.,
2000).

Anotherinteresting experiment which has recently been performed involved using
nancrobots to manipulate nanomaterials at the rscade. During these experiments, a
three degree of freedom nanomanipulator was used to manipulate extremely small
samples of mateal with extremely high precision. These nanomanipulators are quite

impressive, able to move a linear distance of 12 millimeters with a precision of 0.25
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nanometers. They are also able to move an angular distance of 120° with a precision of
0.02 secondsf arc(Saeidpourazadalili, 2008).

One method of testing these nanomanipulators involves force scaling, in which
general tests are scaled to larger dimensions before the very small scale tests are
performed. Such precise robots can contribute sigmtfig to the field of nanomaterials
and nanotechnology. They may even be able to develop nanomaterials which may
someday be used to produce alloys of enormous strength, which could then be used to
build structures which are nearly unimaginable today.

There has been and is currently a significant amount of reseeairay donen the
fields of robotics and materials. However, in order to make the most out of robotics
technology,a human user must be able to work directly with a robotic deviktany of
the experimentsliscussed inhis section involvedlirect human interaction, especially
when the human user worked with a teleoperator system, either at the macro stale or
the nano scale.

Humarnrobot interaction is therefore very important in robotidenals analysis,
and the field of robotics in general. Due to this, theralso a lot of research exploring
human interactions with robots. Much of this research consists ahiexg the
behavior of humafmuman teamsnd comparing them to humanbotteams. Some of
these experiments involve materials testingjlevbthers are more focused oaphtics
research, although alff the experimentsontribute tathe ultimate goabf improving the

interactions between humans and robots
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2.3, Human Interaction with Robots

It is very important in the field of robotics thétte human user and the robot are
able to interact with each other and to weéoketheras a team. This applies for any
robotics testing, including materials research. The user muablbeo give a series of
commands to the robot, the robot must then collect the appropriate data, make some basic
interpretations of that data, and then relay the data and the interpretations back to the
user.

In order for this to be done effectively, tHeuman user must be able to
successfully work with aobot as a member of a humasbot team. Often, several
humansareworking with several robotic devices, so cooperation between all members is
essential. It is important that the robots themselves @esigned to be as huméke as
possible. They must have sensors which can detect applied forces and motion. Then,
they must be programmed to respond to the human users based on their sensors and the
data that they collect.

It is also important in resaah to determine the most suitable human
characteristics which allow for cooperative work between two humans, and then use
these characteristics to design a robot which is capable of smooth, humanlike movement
(Bakeret al., 2006). One of the original peots of this nature is the work of Reed and
Peshkin. Reed and Peshkin performed research testing yisegihcollaboration of
humanhuman teams and humaobot teams, and then comparing the results (Reed,
Peshkin, 2008).

Reed andPeshkin state that mblumanhuman interactions are controlled by

vision and sound. Humans tend to mimic the actions they see done by another person.
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They also state that humans are very capable of adjusting to changes in their environment
(Reed, Peshkin, 2008)Also significant is the physical interaction between humans and
robots. Whenever two members interact with each other, whether it is two humans or
one human and one robot, some level of fighting will occlihis is because it is
impossible for perfect cooperatiom dccur, as there is always some element of resistance
or human error.

The level of cooperatiogan be increased by designing tflubdot to be more
humanlike. To do this, the robot must possess many of the same qualities as humans.
However, a major chignge is indesignng a robot which is capable of adjusting to the
changes in its environment through adaptive control. It must have force sensors with a
fast sampling rate, and be programmed to react quickly when ae@pgpice changes.

Anotherchallenge arises from redundancies in the motion. Redundancies occur
when there is more than one way to performask, and always exist in anyftic
interaction involving two or more memberdzurthermore, one would expect that the
more members preseimt the group, the more prone to fighting the group is. When the
human members and the robotic members are fighting with each other, the efficiency of
the interaction is greatly reduced.

I n Reed and Peshkinds r eseartable withtahei r
curtain in the middle. One person operated each side of the table. The two participants
had to move a lever towards a projected target in a one defgheedom environment,
and their performance was measured by the time it took them ¢essficlly reach the

target. The two participants could not sp&akr see each other, so communication was
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restricted to the forces and motions transmitted through the handles (Reed, Peshkin,
2008).

In their first experiment, a single individual operhtthe device alone, with
nobody on the other side of the table. In the second experiment, two humans operated the
table, one on each side. In the third experiment, one of the humans was replaced with a
roboic partner. In some cases, the remaining humas told he was working with a
robot, while in other cases, he was led to believe he was still working with a human
(Reed, Peshkin, 2008).

The humarhuman teams performed the task 8.5% faster than stile
individuals, even though many of the humhomanteams believed that their partner
actually slowed them downHowever, the humarobot teams where the human believed
he was working with another person performed 0.9% faster thasothendividuals,
while the humasmobot teams where the human knew haswvorking with a robot
performed 3.9% slower than teeloindividuals (Reed, Peshkin, 2008).

The results of réseachllusteate dhat fhers ard sigmificant
psychological issues whichust be addressed in the hunrabot teams. When ¢h
human user knew he was working with a robot, he performed slower than when he
thought he was working with another human, even though all other variables remained
the same.

These results demonstrate that, as mentioned in chapter one, there are important
social factors involved in the humdwmman teams which are not present in the human
robot teams. These social factors exist primarily because humans naturally want to

perform better if they think they are being watched and evaluated. It can be easy for
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someone to not care quite as much if they know their partner is a nonhuman €higy.

is known as social facilitation, where an individual is motivated to perform better on
simple tasks when being watched by someone else than if they were alone, soclas a
obstaclewhich must be overcome if humans are to work with robots on a regular basis.

Even more recently, there have been some further experiments which have
expanded upon the work of Reed and Peshkin. Another recent experiment by Kelso
involved virtual partner interaction, which is the study of the +teak interactons
between a human and a robofhis research explored homumans coordinate with
humanlike robots, with a primary focus of studying the continuous dynamics o
interaction betweera humamr o b o't t eam, where the roboti
dynamics were very similar to that of a hunfielsoet al, 2009).

I n Kelsobds research, ten human subject:
measured their performance in working with a \attpartner. It consisted of two initial
scaling trials, lasting 200 seconds each, and 32 experimental trials, lasting 100 seconds
each. The human subjects were told to make smooth, rhythmic movements with their
right index finger for the duration of thexperiment, and to not stop this motion at any
time until the tests was complete. Their motion was rather slow, so that fatigue would
not have a strong impact on the res(iislsoet al., 2009).

The data collected duri ngayded @ ortual expe
partner. The effectiveness of the information flow between the human subject and the
virtual partner was measured. It was noted that there was a weakness in the coupling of

the virtual partner with the human subjé€elsoet al., 2009)
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Another recent experimeimvolved the collaboratiomf a humarrobot team in
the precise positioning of a thrdémensional flat object on a target. Both the human and
the robot could exert forces and torques on the object in a six degree of freedom
environment. However, due to the lack of range senearthe robot, the humdrad to
be the primary decision maker during the object manipulationa threedimensional,
six degree of freedom working environment, it is generally more challenging terfyrop
position the object on the target than in a-dmeensional, one degree of freedom
environment. However, the robot was able to assist in the hkuwbah interaction in
order to successfully accomplish the t@alojtaraet al., 2009).

It has also baeof research interest to study the roles played by each member of a
humanrhuman team and a humasbot team. Iiwo member team®yr dyadsthere is an
executer and a conductor. The role of the executer is primarily contributing to the
execution of theask, while the role of the conductor is to make decisions and to control
the motion. In a humarobot team, the human user is typically the conductor and the
robot is typically the executeBtefanov et al., 2009

All of these research studies have dastrated that it is possible for humans and
robots to interact with each other successfully. Therefore, it must also be possible for a
humanrobot team to be able to work togetheremaluatematerial properties as well.

The field of robotics is one dhe most exciting branches of science to develop over the
last 50 yearsand successful humanbot interaction is crucial for its success. Therefore,
it is crucial that humamobot teams function just as well as hurtmman teams. With
humans and robotsorking together, the possibilities are limitless, and the discoveries

made will be great.
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2.4. The Past, Present, and Future of Robotics in Space

One ofthe most exciting applications of robotics is the use of robots in space
exploration. For decades, robots have been sent out into the solar system far beyond
where humans could possibly go. These robotic pioneers have been sent to other worlds
to study hem, test their materials, and look for signs of lifédne first robot to travel into
space was the Soviet satellite Sputnik I, which launched in October 1957. Today, there
are hundreds of satellites in Earth orbit. There have been dozens of roblutrersxgent
to other worlds. In fact, robots are the only manmade objects whicheliavigavelled
beyond the Moon.However, someday, humans will accompany these robots on their
adventure, and successful hurrabot interaction will be very important tbhe success
of the mission.

One major characteristic which all robots used for space exploration must possess
is mobility. If a space probe in not mobile, then it is essentially stuck on the same surface
forever, and has very limited scientific potehtiddowever, if it is mobile, then it can
move aroand and study a much larger areAs a result, mobile robots are extremely
important in planetary exploration. They are capable of taking measurements over a
large area, and tlgecan go wherever the humaaientistsvantthem to go. For instance,
if there are some interesting foothills one hundred meters away, mission control can
simply program the robot to drive over there and bggenforming some research
(Schilling, Jungius, 1996)

However, Schilling and Jungius statthat there are several challenging design
requirements for space faring robots which are not present in industrial or commercial

mobile robots. The reason for this is that space prohes workin extremely harsh
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conditions, includingvorking in a vacuum, dealing with low or zero gravity, and dealing
with temperature extremes not seen here on Earth. Furthermore, the robot must be as
lightweight and compact as possible, be able to work for months or years at a time on a
very limited pover supply, deal with communication time lags of anywhere from a few
minutes to several hours, and endure a hibernation period of anywhere from a few
months to several years during interplanetary travel (Schilling, Jungius, 1996).

Nevertheless, these prebhs have been more or less overcome in the last 50
years. There is nothing which can be done about the harsh working conditions these
robots have to face, so we just have to deal with them. Due to the long time lag, the
humanscientiststypically send aeries of commands to the robot at a time, whichsgive
the robot work to do for several more houtdowever, this means that the hunrabot
interactions are even more criticgbince a reatime teleoperator system is not possible,
the scientists mustfly understand the robaind its capabilities. Fortunately, magpiace
probes have a camera, so they can see their surroundings and take, pctwidsg
visual feedback to the scientisigerating them They all have force and range of motion
sensors, allowing them to facilitate the exploration of the new world around them.

Today, there are several robotic space missions underway, including the Mars
rovers Spirit and Opportunity, the Saturn orbiter Cassini, and the Plitgy ftyobe New
Horizons, which is currently in route, and will arrive at Pluto in July 2015. However, as
exciting as the prospects of robotics on other worlds is, another very important prospect
in the application of robotics on the International Space Station.

The International Space Statios a massive spadeased research facility in low

Earth orbit. However, there are many engineering limits and cost constraints which limit
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the amount of payload, communication bandwidth, and number of astronauts the space
stationis able to carry. As a result, automated robots will be essential for smooth
application of the space station in the near futuke.advanced type of robonaut, which
is a humanoid type of robot specifically designed to perform more delicate tasks on the
space station, could be implemented for such operatglnsthmann et al, 2003)

As the spacestation nears completion, there is a large amount of external
maintenance which needs to be domeich of which is too dangerous to safely perform
or would simgly place an overbearing workloash the astronautsRobotic assistanter
robonauts,could drastically cut back on the number of human spacewalks necessary.
Spacewalks are quite dangerous and expertsivperform However, with several
robonautsn place, the astronauts on board the station could directly interact withinhe
a humarnrobot team in order to get the job done, from safely insidestation (Pippo et
al., 1998).

It is clear thatthe field ofrobotics plays a vital role in solar systexploration
and beyond.This is partly due to the rapidly advancing field of electronics. While the
earl i est spacecr aft had extremely | imited
equipped with modern technology and computérkis is one reason whybotic space
exploration has been so popular over the years. It is much cheagar l@sddangerous
to send a robat explorerto another planethan to go ourselvesven though current
space probes must deal with large time lags when interactinghwihan scientists back
on Earth(Launius, McCurdy, 2007).

However, one day, humans will travel beyond the Moon, and it will be direct

humanrobot teams exploring other worlds togethé.full-scale mission to Mars may

24



very well consist of a team of sastronauts and as many as a dozenmalte. These
robots will be able to work out in the environment when radiation or temperature levels
do not permit the astronauts to go outside. Each astronaut may have twausimo

assist him in performing expements, acquiring data, and making discoveries
(Bluethmann et al, 2003)The majority ofthe work done will be in the field of materials
science. Whether it involves testing new alloys, testing soil and atmospheric samples, or
looking for signs of life,the principles of effective materials testing maswvays be
utilized. When this occurs, who knows what amazing discoveries are waiting to be
made?

The field of robotics has been very significant indeed to the modern world. There
have been all sorts @ésearch in this field, frorstudying the collaboration of human
robot teams, studying how robots can be used in the analysis of materials, and even
sending robots to other worlds to perform research where no man has gone bhéyee
are also many unexplored parts of the Earth, such as the deep ocean, where humans and
robots will go to study. There will be many fascinating new materials to study, and many
exciting discoveriesvaitingto be made.

Therefore, it is my goal toxpand uporthe current research, and to learn how to
improve humasrobot interactions in different ways. It may prosetremelyvaluable
someday when humans and robots travel in space together, and must work together to
make discoveries. It will be the keginning of the development of a huraabot
partnership which will last throughout the century, and will allow us to grow, to develop,

and to explore.
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Chapter 3. Devices and Design Parameters

The most important device for any robotiesseach is, of course, the robots
themselves. To get the best results in a hurm@ot interaction, it is wise to select a
robotic device which has a fast servoloop frequency, preferably around 1,000 hertz,
which is necesary in accurately rendering agtic environment. It is also wise to select
a device which is usdriendly, comfortable, and one that is not capable of exerting
dangerous levels of force back to the subjects.

Furthermore, to make the experimetitemselvegractical, it is a good idea to
select a robot which is small enough to sit comfortably aesitop. There are several
reasons for thisFirst of all, large robots are very expensive, require considerably more
power to operate, and can generally apply large forces back to the sufjjeetg are
many research applicatioms which large robots are essential, but for thresearcha
small deskop deviceis better. Furthermore a large stylus is going to be much heavier,
causingfatigue in the subjectsiuchmore quickly.

The robot sealcted for this research was the Phantom Omni, developed by
SensAble Technologies (SensAble Technologies, 20Ibis selection was made due to
availability of the devices, cost, and the abilities of@menisin haptic interaction. They
are small and ligtweight enough to be safe and reliable for humdoot interaction,

have a fast servoloop frequency of 1,000 hertz, and can be programmed using the C++
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language to mder virtually any smalscale laptic environment or force feedback

simulation.

3.1 A Robotic Haptic Interface

A total of four PhantomOmnis wereused,creating a sixnember humaimobot
team consisting of two human subjects and four robots. The Omni is actually a member
of the SensAble Phantoset of laptic devices. It is capable aflowing its user to
simulate nany different laptic interfaces. It has many specialized features, including
motion in six degrees of freedom, a compact, portable design, a rubber stylus and inkwell
for convenient and easy calibration, and two switchesthen stylus which can be
programmed to input or output data from the Omni (SensAble Technologies, 2010)

The Phantom Omni is an impedance device (SensAble Technologies, 2010).
There are two different types of robotic devices, which are impeddeceesand
admittance devices. An impedance device can read positions, velocities, and
accelerationsand output a force back to its user. This allows them to be backdrivable
and to generate inertia, making it possible for them to render very realistic force
feedback. This is a major advantage inaptics, as impedance devices can easily
determine from their position if they are interacting with a virtual object or not. If they
are not, no force iapplied back to the user. If they are, then a force pushanggér
back out of the object is applied (Siciliano, Khatib, 2008).

An admittance device is just the opposite of an impedance device. It can read
forces, but outputs a position back to its user. Due to thisdamttance device can

easily be programmed to follow a predefined path based strictly on the positions
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involved. Programming them to follow a parabolic path, a circular path, or a series of
more complex paths is therefore very straightforwakithough t is possibleéo program
an impedance device to follow a predefined patmust bedone by applying a force in
the direction of the desired position, set up like a spring between the actual and desired
positions. This moves the stylus toward the despesition. The motion is fairly
smooth and accurate for slower velocities, but it is still not nearly as good at this task as
an admittance device would.be

Admittance devicebave the major disadvantage iaptics in that it is difficult
for them to reder virtual objects or to generate adequate force feed@dekonly way it
could be done would be to program the device to respond to applied forces by moving to
a new position that would feel similar to interacting with a virtual object. Even séll, th
effect would not be nearly as realistic as that which could be generated by an impedance
device (Siciliano, Khatib, 2008).

Fortunately, the Omni is an impedance device, which makes xaeailent tool
for generating a dptic environment. For instanasgnsiderthe most simplistic type of
virtual object, a wall positioned atx the
region of his virtual-positon it gteater thAnszerd, norfagce a s
is applied. As soon as theposition reaches zero, the device begins to apply a force in
the positive xdirection pushing the user out of the wall. If the user continues to push into
the negative xdirection this force will increasg@roportional to thepenetration into the
wall, until the robot reaches its maximum possible force pushing the user back out of the

wall.
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The Omnihas a maximum workspace of 320 mm x 240 mm x 140 mm. It has a
good position resolution (0.055 mm) and is fairly lightweight (1.786 kg), which adds to
its patability. It is capable of exerting a maximum force on the user of 3.30 Newtons
(0.742 Ib), although a continuous force in excess of 0.88 Newtons (0.198r lbp
extended period of time can causeerheating or evedamage to the motor and the
device. Finally, it can produce a maximum stiffness of 1,260 N/m in tukrection,
2,310 N/m in the direction, and 1,020 N/m in the-direction I n t he Omr
workspace, the -xlirection refers to the lefight direction, the ydirection refers to the
up-down direction, and the -direction refers to the forwasidackward direction
(SensAble Technologies, 2010).

The only real limitations to the Omni are the small workspacehich it can
work within, its maximum force limit of 3.30 Nand that more thaimvo Omnis in series
is an unsupported configuratiomhich could theoretically lose calibration after an
extended period of timeHowever, due to its default servoloop frequenf 1,000 hertz,
the Omni refreshes its force rendered every millisecondwady for smooth and
continuous feedbackand frequent calibration during the experiments will prevent
unwanted losses of calibrationThis allows it to simulate realistic virtual surfaces and
environments (SensAble Technologies, 2010).

These features rka it perfect for this applicedtn and many other interesting
haptics research projectsHowever, before any experiments could be done, extensive
C++ programming had to be done to actually create the virtual worlds that the subjects
would interact with. It is this that would command the Omnis to generate the force

feedback necessary for the simulations.
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3.2 Programming and Force Feedback

Before one can begin programming the Phantom Omnis to render virtual
environments, he must first understand weoekings of the C++ programming language,
more specifically how to call up an Omni and tell it to render a certain force function.
There are several parts to a successful progriirst of all, in the center of any C++
program is the main functionThe main function is the first function called, so it is
crucial that the instructions for initializing the Omnis be placed with{Bchildt, 2003)
Generally, the main function will initialize each Omni, enable them to render forces, start
the servoloop deduler, display instructions on the screen for the users, run the callback
function and main application loop, and finally shut down and turn off the Omnires
the program is terminated by the user.

There are two more separate functions necessary, \ahicthe main application
loop and the serveaallback function. The general purpagehemain application loop is
to detect and interpret keypresselkeyboard instructions can be programmed in this
function as well.The servo callback function is cadl upon each servoloop tick, or every
one millisecond. This function explicitly defines the force function for the Omnis to
apply back to the user. It is within this function where the programmer must actually
Aicreated the virtuaion aad forcer data rmae rupdated eathh e p
millisecond when this function is called.

Fortunately, C++ is an objectriented programming language, so it has the power
to generate more complex environments with multiple virtual objects. To take advantage
of the djectoriented nature of C++ to create several of the same type of object, it is best

to create a class for that object. In C++, a class is simply a template that defines the form
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of the objects, or the members within ®nce a class and all of its meenlbunction have
been created, the construction of new objects of that type is very straightforward through
the use of a constructor functi@@childt, 2003)

One simulation used as a trial virtual environment simulation involved the
subjects interactingith ten virtual spheres in a dynamic environment. The spheres had
a virtual size and weight, and moved based on the amount of force applied to them by the
subjects. Because the spheres all had the same dynamics, they were all objects of the
sphere classwhich contained albf the necessary dateequations and functionsto
simulate their motion. The use of the sphere class wasy advantageous because it
allowed for the creation of new spheresery easily. This simulation couldasily be
expanded to include more and more spheres until the entire virtual world is filled up with
spheres.

Another element of a Phantom Omni C++ program that is alsousefylis the
inclusion of open GL graphics. Theaghicsadd sevelamore fundions to the program
However, they givehe subjects visual feedback as well as force feedback when working
within their environment. In a typical open GL display window, a thrdenensional
view of the entire virtual environment is presented, includihigactive Omnis and all
virtual objects present at the current time. The window updates itself at approximately 30
frames per second, allowing it to accurately show the state of the environment in real
time.

Once aC++ program is successfully completadsted, and debugged, then proper
force feedback can be rendered back to the users. As it turiseyagre many ways to

generate force feedback. Each way has some advantages and disadvantages. During the
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materialsanalysis experimenthree diffeent modes of force fedback were used and
compared, and it was found thi&e humarrobot interaction with the materials varied
quite a bit based on which feedbaokdewas active at the time. This proved to be true

for both the softer materials as well as the harder materials. The subjects also interacted
with each other differentlgepending on the feedbantodecurrently being applied back

to them.

3.3 Forces, Work, and Motion Redundancies

In any robotic haptic interaction, the human subjects must apply forces to the
virtual objects, and in turn, the robot applies forces back to them. When applying forces
to a virtual environment, work is being doneEven with only one human subject
interacting with a virtual environment through one robotic device, a combination of
positive and negative work can be done if the human and the robot are fighting with each
other. However, when you have more than one human or thareone robot, the
concept of forces and work become a little more complicated, and motion redundancies
are introduced.

Motion redundancies are alwagsesentwhen two or more members are working
together, whether it is one human and one robot, two hsjmtawo humans and four
robots, or any other combinatiofthis is because motion redundancies occur when there
is more than one way to perform a task, or when a particular motion can be performed by
either member of the team. Take for example, two huntanying a table across a
room. One person could push back, or the other could. If both are pushing back, then the

motion is redundant, but they are sharing the workload. However, if one is pushing
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forward and the other is pushing back, then they aatifig with each other, which
complicates the interaction.

I n the example of the two humans carryi
has a weight of 100 N dmmust be moved a distance of taaters. It wouldhenrequire
a total of 1,000 J of work being done to move the table, neglecting the small height the
table must be picked up off of the flool both humans cooperate perfectly, then each
would do 500 J of work. Thisvould be represented as person dogg 50% of the
work and person twdoing 50% of the work Now, assume that person owes doing
nearl all of the work while person twwas passively holding the table above the ground.
The wok analysis may now show person asedang 95% of the work angerson two
as only doing 5%. Going further, whaferson twowere not actually helping move the
table at all, but were instead pushiragk in the direction of person dhdn this case, the
two subjects would be fighting with each other

For the casef both subjects fighting, the work analysis may show pecs@as
doing 2,000 J of work and perstwo as doing-1,000 J of work, for a net total of 1,000 J.
This concept of negative work arises because the two people are not working together,
but areinstead fighting with each other. Due to this, it took three times more energy
between both people as was necessary to move the table. This is Ipecaoseondad
to work twice as hard as he would have if he were moving the table by himself to
overcone the fighting ofperson two

Now, take for example, a virtual box in which all four Omnis attached to a
differentbottom corner Subject onas responsible for the Omnis on the left side of the

box andsubject twas responsible for the Omnis on the right side of the box. The goal is

33



for them to cooperatively move the box towards a target box. This is similar to moving

the table across the roomThe only difference is that there is one more degree of
freedom inthe system. For the case of moving a table across the room, there is likely to

be significant motion in the x anddirections, as well as rotational motion. For the box,
significant motion in the ylirection will occur as well.Another difference is #it, since

the Omnis are positioned at a corner and not at the center of a bottom edge, pushing with
only one Omni will apply a torque to the box causing it to spin due to the offset distance
bet ween the corner and the box0s center of

During this boxinteraction experiment,he subjects were instructed to work
together as much as possible, and their level of cooperation was measured by first
recording all of the positions of each Omni to a data file. Then, MatLAB analyzed this
data and calculated thedividual and joint forces and torques by each subject. A higher
percentage of joint forces and joint torques indicates better cooperation between the
subjects. Then, MatLAB calculated the work done by each subject for forces and for
torques, based aihe forces and torques themselves, distances and angles involved, and
the total force work and total torque work for each target box throughout the entire
simulation.

Although the detailed analysis of this experiment is presented in chapter 5, it is
important to note that the percentage of work indicates how well the subjects were
cooperating with each otheiOne very good result would be each subject contributing
approximately 50% of the work for both forces and torques. This would indictbe
subjects were cooperating very well in dividing up the workload to move the box towards

the target. Another very good result would be to see one subject contributing most of the
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work for the forces and the other subject contributing most of the wortkhdotorques.

In this case, the subjects are still cooperatiay well with each otheralthough one is
focusing on properly positioning the box while the other is focusing on properly orienting
the box at the correct angle.

Another, less ideal resulivhich sometimes arose was to see one subject
dominating both forces and torques. This indicated that one subject was doing nearly all
of the work to reach the target while the other subject was passively holding on to their
styluses to keep the box stabl@his is not ideal because the subjects did not equally
spread the workload amongst each oth&hen negative work occurred, it indicated that
the subjects were fighting more than they were working together to reach the target. The
more negative asubjct 6 s wor k became, the more they
cases even showed the percentages to be more than 1,00090@%d indicating that
the subjects were not working together at all.

There are many different types of humrabot interactions @sent in this
simulation, which brings up the concept of
in detail in section 5.2More details on how MatLAB was programmed to calculate the
fighting factor is also discussed in detalil in section 4.5. Tdteihg factor is an integer
between 1 and 5 which indicates how the subjects interacted with each Otie®.the
fighting factors had been determined for each target box for each dyad, the target boxes
were compared to determine which had the highelivegst fighting factors, how much
the fighting factor affected the time required to reach the target box, and whether the first

or second time running the simulation affected the fighting factor.
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Thebox interaction experiment was only the first of twperiments. Extensive
analysis was done on this experiment to determine whether translational motion or
rotational motion caused the most fighting, and to determine whether there were any
correlations between the time to reach the target and the figlawtgy for that target.
However, he concept of ghting between the subjects svlboked into even further on

the second experiment performed, which was the materials analysis experiment.

3.4. Robotic Interaction with Materials

In the materialanalysis experiment, the fighting distances and fighting velocities
in each Cartesian direction of the world frame were calculated and compared. With
increased fighting come negative work, wasted energy, and hindered performance.
Therefore, the objectives to learn when and why members of the huirabot team
fight with each other so that measures can be taken to better enable them to cooperate
more.

When interacting with the materials, the Omnis were set up as a three Omni
teleoperator system with twoaster robots and one slave robot. Each of the two subjects
controlled one of the master robots, while the slave robot mimicked the average position
and velocity of the two master robots. The fourth Omni was deactivated during the
materials analysis expeent.

The objective was for the two subjects to work together as much as possible to
move the slave Omni towards the target material and perform a series of hardness tests on

it. Each subject would feel a force applied back to them, whigbending othe current
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active force feedback modeas based oeitherthe hardness of the material the slave
Omni was in contact witlthe amount in which he was fighting with his partreerboth

In the materials analysis experiment, three force feedback matesused.For
all three, the slave Omni averages the position and velocity of the two master Omnis,
mimicking the combined motions of the two human subje@tse fighting position and
fighting velocity were calculated for each of the three Cartesiantdins by writing to a
data file the x, y, and-positions of each Omni evemillisecond Then, MatLAB could
read this file and calculate the fighting distance. By differentiating, the fighting velocity
could becalculated as well.The following eightequations were used to calculate the
fighting distance and velocity for each Cartesian direction. Remember that, in the
Omni 6 s wor kdseptiarcrefers td tiedefight direction, the ydirection refers

to the updown direction, and the-direcion refers to the forwardackward direction.

fight_pos x = mean [abs {X X2)] (1)
fight_pos_y = mean [abs(V y>)] (2)
fight_pos_z = mean [abs(k z,)] (3)
fight_pos = sqrt [(fight_pos_X)t (fight_pcs_yY + (fight_pos_7j| (4)
fight_vel x = mean [abs (vekX vel,x)] (5)
fight_vel_y = mean [abs (vekLy vel,y)] (6)
fight_vel _z = mean [abs (velt vel,z)] (7
fight_vel = sqrt [(fight_vel >+ (fight_vel_y¥ + (fight_vel z¥] (8)

For exampleassume that the-position of the first master Omni #§0 mm and
the xposition of the second master Omni is 50 mm. In this case, the slave Omni would
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be at the averageposition of 0 mm, but thedhting distance in the-direction would be

100 mm. Now, assume that the first master Omni is moving upward at 50 mm/s and the
second master Omni is moving downward at 50 mm/s. In this case, the slave Omni
would remain stationary in the-direction, butthe fighting velocity in the irection

would be 100 mm/s.

However, me of the greatest difficultiesn this experimentwas accurately
rendering the stiffness of the material, felt by the slave Omni, back to the subjects
through their master Omni. Omeason for this was the small maximum force of 3.30 N
for which the Omnis are capable of producing. Another reason ishérat are always
differences between the wayvatual surface feaslas opposed to the way a real surface
feels Therefore, threalifferent force feedback modes were used and compared, to see
which resulted in the better interaction between the subjects, the Omnis, and the
materials. These modes were System Force Feedback, Social Force Feedback, and Dual
Force Feedback.

The generatoncept between the three force feedback modes is as folllows.
System Force Feedback, each master Omni feels a spring force between its position and
the position of the slave Omni (equations 11 and 12). In Social Force Feedback, each
master Omnieelsa spring force between its position and the position of the other master
Omni (equations 13 and 14)This mode has the advantage that it is easy to tell if you are
fighting with your partner, but has the disadvantage that you cannot obtain any
information on the object the slave Omni is interacting with based on the force feedback

provided

38



Both of these modes have been used to some degree before (Glynn et al., 2001).
However, a new type of force feedback, called Dual Force Feedback was alsothsed in
research. The general concept here is that both master Omnis feel the exact same force,
equal to a spring force between the average position of the two master Omnis and the
position of the slave Omr{equations 15 and 16)This mode tends to brindl dhree
Omnis towards a stable equilibrium position.

Dual Force Feedbadkas the advantage that both subjects feel the same force, so
each subject knows that his partner feels the same force as he does, but it has the
disadvantage that it is very diftitt to know whether the forces experienced are due to
the slave Omni interacting with a material or from the two subjects fighting with each
other The following nine equations were used to calculate the force to be rendered back
to each of the three Onmfor each of the three force feedback modes. Note that for all
three modes, both the position and velocity differences were used to calculate the

magnitude of this spring force.

Desired Positions and Velocities:
desiredPos = 0.5 * (p8§ni_1+ POBmni 2) 9)
desiredVel = 0.5 * (V&Jnni_ 1+ VElomni 2 (20)
System Force Feedback:
Fsysem omni 1 = -K * (POSomni_1T POSomni 3 T b * (Velomni 11 Velomni 3 (11)
Fsysem omni 2 = -K * (POSomni_2T POSomni 3 T b * (Velomni 21 Velomni 3 (12)
Social Force Feedback:
Fsocial, omni 1 = -K * (POSomni_1T POSomni 9 T b * (Velomni 1T Velomni 2 (13)

I:social, omni 2 = -k * (po%mni_ZT pOSOmni_]) ib* (VeIOmni_ZT VeIOmni_]) (14)
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Dual Force Eedback:

Faual omni 1 = K * (pOSomni_31 desiredPos) + b * (vehni 31 desiredVel) (15)

Faual omni 2 = Faual Omni 1 (16)
Slave Omni:
Fomni 3= K * (desiredPo$ posomni 9 + b * (desiredVel velomni 39 a7)

From equation 17, it is clear that the slave Omni was drawn to the average
position and velocity of the two master Omnis. Also, all of the force feedback modes
were based on a sprimgassd a mper system, where AkoOo was
was the dmping coefficient. In two of thdorce feedback modes, System Force
Feedback and Dual Force Feedbdable, subjects felt a forcehen the slave Omni was
interacting with the material in a similar manner to if they were interacting with a virtual
material hrough their Omni. In the other force feedback mode, Social Force Feedback,
the subjects could not feel anything that the slave Omni was encountering.

These three modes will be discussed in greater detail with the results presented in
sections 6.1 and B, but it is important to note that the hurrrabot interaction with the
materials was very different in each of the different feedback modes. However, the
fighting distance and velocity did remain fairly consistent for each of the five materials,
indicaing that feedback mode and Cartesian direction have a much larger impact on
performance than the actual material being tested.

Now that all of the theory behind the experiments has been defined, the next
chapter focuses on the details of the actual exymi itself, from the time the subjects
enteedthe laboratory until they fe It then goes on to discuss how tatculations were
performedany problemsvhich wereencountered along the way and the solutions which
were found to solve them
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Chapter 4. Experimental Protocol
Before any of the actual experiments could be run, the C++ codes for generating
the virtual environments had to be written and tested, and IRB approval had to be granted
for this research. Then, all of the necessarg\ware had to be obtained, formed, and set
up. It was crucial that everything be tested, checked, and rechecked before bringing in
the subjects so that everything goes as smoothly as possible when runnagjutie

experiments.

4.1 The Necessary Hardware
There wereseveraldifferent items necessarfpr setting up and running the
experimers. First and foremoss a mediurrsized workstation containing the computer,
four SensAble Phantom Omnis, and two chairs, one for each subjéet experiment
operator stood during the experimentslso necessary was a copy of the IRB consent
form and survey for each subject, and a device for backing up and storing the data
collected. Figure 1 shanthe complete experimental setup with théese interaction

simulation running.
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Figurel. The complete experimental setup during the experigndntthisphoto,
the sphere interactigimulationhas just begun, and all four Omnis are
activated and ar e wbdeagheyfalemfaetr i ngo ab
resting on the Afl oor Osulgdctsditiméhe vi rt ua
chairs andeach control two of the Omnis during this practice triauring
the maerials analysiexperimentthe twosubjects control only the left
two Omnis, the third acts as the stawbot andictually interactsvith the
materials, and the fourth is deactivated.

The next item needed was a 60 X 60 X 6¢
the materials to be placed inside of during the mateanalysis experimentThe next
items necessary were thige materials themselves, which included a small block of soft
foam, styrofoam, cardboard, soft wood, and aluminum. All of the materials were painted
black to make them appear similar. The mas also painted black, so that the subjects

could not easily determine the identity of the materials from sight alone. The box was
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also placed about one meter away from the subjects, further reducing this possibility,
which was possible since the subgertteracted with the materials through a teleoperator

system.

4.2. Experimental Setup

Once all ofthe necessary hardware had been obtained, the experiments could
actually be set up and conductedlhere were a total of four parts to the entire
experiment, two simple Apracticed0 environm
the Omnis, force feedback, and virtual object interaction, as well as the two actual
experiments themselves. Duringetlexperiments, the Omnis were taped to the table
using double sided tape so that they would not slide around during the experiments.

Once the @hnis weresetup, the next step wgato calibrate them oftenA set of
four Omnis in series is an unsupportechfgguration, so the Omnis can easily become
uncalibrated after as little as ten to fifteen minutes, causing jerky motions and poor force
feedback, so it was essential to recalibrate them as often as possible during the
experiments. By calibrating ofterhdre were very few calibration errors during the
experiments themselves.

Table 2 presents a general minrbieminute outline of the experimental
procedure for the subjects. Sometimes the experiments finished in as little as 30 minutes
if the subjects wer quicker in the box interacticor materials analysis experimsnbut
the goal was to not let them run longer than 45 minutes, as to not take up too much of the

subjectds ti me.
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Table 2.

The basic scheduldimeline that the subjects foll@dwhen taking part
in theexperiments.Thetotal timeinvolved for each subject pair dyad,
was approximatelyt5 minutes.

Time Current Activity

0 min | The subjects enter thaboratory,IDRB 114, and | introduce myself to them

1 min | Give bothsubjects the IRB consent form and allow them 5 minutes to
over it, sign it, and ask any questions they may have at the time.

6 min | Survey the subjects to get their subject number (1 through 20), gende
whether they have ever worked with a robatevice before. It is made cle
in the consent form that this data wilbt be attached to their name and v
only be used for statistical analysis purposes only.

7 min | Begin the first practice run, which is the simulation of the outside of a
The subjects have up to 2 minutes to practice with this simulation.

9 min | Begin the second trial run, which is the sphere interaction simulation.
subjects have up to 3 minutes to practice with this simulation.

12 min | Explain the box interactioexperiment instructions.

13 min| Perform the box interaction experiment twice, recording the data for
trial. The subjects should be able to complete each simulation in 4 min
less, allowing up to 8 minutes for this experiment.

21 min| Give a 5minute break from the Omnis, allowing the subjects to rest. At

point, it is time to set up the materials analysis experiment and to explg
instructions and procedure for it. It is also necessary to explain the

force feedback modes to teabjects at this time.
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Table 2. Continued

26 min | Begin the hardness tests on the first material. One minute will be allott

each of the three force feedback modes, for a total of 3 minutes.

29 min | Set up the experiment for the second material.

30 min| Perform the hardness tests on the second material.

33 min| Set up the experiment for the third material.

34 min | Perform the hardness tests on the third material.

37 min| Set up the experiment for the fourth material.

38 min| Perform the hardnesssts on the fourth material.

41 min | Set up the experiment for the fifth material.

42 min | Perform the hardness tests on the fifth material.

45 min | Save all of the data to a disk. Give the subjects thegxp&riment surve)

and thank thersincerelyfor participating in this research project.

Table 2presents the general timeline followed throughout the experiment and all
four simulationsinvolved with it. The next section goes into greater detaikach of the

simulationsand what waactuallybeingdone,studied and measured for each of them.

4.3, Conducting the Experiments
Once thesubpects enteedthe laboratorytheir first task wa to carefully read and
fill out the IRB paperwork as | explad the fundamentals of robotics anagticsto

them Then, each subject gta practice with two virtual environments, each involving
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four Omnis. The firsof these environments involvetimulating the outside of a virtual
cube. The cube passively floatech mi dair, i n the center of t
The cube dichot move, deform, or change in any way as the subjects irgdract
with it. Each Omni hadts own independent cube. This interactionyohad force
feedback, no visual feedbaskas presented The cubes we perfectly smooth and
frictionless. The pumse of this simple interaction wao get the subjects used to force
feedback and the concept of interacting with a virtual object. The sdyessoft, and if
enough force was applied, one twbactually push straight through the cube and come
out the other side.
After a couple of minutes interacgjrwith the cubes, the subjectsreeeady for a
more interesting virtual environment. The seconGcice simulation involved
simulatng moving speres in a virtual &ptic interactiorsimulation This was a dynamic
environment, ruled by Newtonds sevectord | aw,
applied to goarticularsphere by a subjetts  Comby ianother sphere 6 mé i s t he
mass ofthats pher e, and O0ad i s vettdref that spherel tTlaen t ac
acceleration wathen integratedp to the new velocityectorand position of the sphere.
A total of ten spheres and four Omnis were present in this virtual environment. The
Omnis can interact with each other as well, feeling like hitting a bump when one Omni
Aruns i ntod another Omni
The feature that distinguishetis simulation from the first one vgathe visual
feedback included. Through the use okwpGL graphics, theubjects couldsee the
position of all ten spheres as well as their positiongah time on the screen. This sva

extremely beneficial in a more complex virtual environmermhsas this one because
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without it, the subjects would havedno idea as to thactual position and velocity of
the spheres and the other Omnis.

However, with the visual feedback, the subjecése easilyable tovisualize the
virtual environment they were working within. All 20 subjects stated in the- post
experiment survey that ¢hopen GL visual feedback was fudan the sphere and box
interaction simulations Figures 2 and 3dlustrate the virtual environmentself and the

actual visual feedback available to the subjects during the simulation.

-------
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Figure 2. A 3-D MatLAB representation of the initial pitisn of all ten spheres in
thesphee interactiorsimulation
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Figure3. The sphere interactisgimulationin progress. This veathe second dfvo
practice environments ttsaibjects work with before the actual
experiments begin.

Once the subjects had adequate time to practice with these first two simulations,
they were ready to begin the actual experimefise first of these was the virtual box
interaction experiment In this experiment, hte objective was for the subjects to
cooperate as much as possible to move the virtual box t@setloften target boxes, all

of which requiré translational and rotational motion of the box.
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This simulation bega with the box positioned in the centerf t he Omni
workspaces, and the first target box in the upper rgimd corner. There we four
directions in which the box couldove,which wee left and righf up and downforward
and backwardand rotation about the-gxis. Rotations about the-axis and the -axis
were left out because this research focused primarily on planar motions.

In order to reach the target box, the subjects had to position the virtual box within
20 millimeters from the target with an offset angle of no more than 30Settimg up the
experiment, it was found that these constraints set a moderate difficulty level on the
experiment. Any stricter, and some of theads may not have been able to complete the
simulation. Any more lenient, and tdgads would have reachedast of the targets far
too quickly to properly analyze their level of coofierna.

Once the first box was reached, the second appeared, and once it was reached, the
third appeared, and so on, until all ten target boxes had been reached. Each box rotated
90° from the orientation of the previous box, ensuring that the subjadts applyboth
forces and torques to the box in order to reach the next taDyete all ten target boxes
had been reached, the simulatiorsveamplete. The subjects then congulehe entire
simulation again, and tivgpeformance wa compared between the first and second time.
Quantitiess which wee compared include the time to reach each Iti,offset angle
when each box vgareached, and the fighting factor for each box.

For this experiment, open GL graphics neealso utilized just as in the sphere
interactionsimulation The visual feedback includehe virtual box in which the Omnis
were attached to, the current target box, and the Omnis themselves. The subject on the

lef t 6 s Orncolored green andeh s ubj ect on tré@lorediblgeht 6 s
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This interaction woulchave been nearly impossible withoutisual feedback.Figure 4
illustrates the box interaction experiment as the subjects are approaching hhergpett
box. To reach this box, the subjects must move the virtual box up and to the right, as

well as straighten out the box angle slightly.

Figure4. The box interactioexperimenin progress This is the first of two
experimenrg which is designetb measuré¢he abilities of two human
subjects working together in a virttenvironment through set ofrobotic
devices.
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After the boxinteractionexperiment wa completedwo times, a five minute
break wa given to allow the dijects to rest and to allow for tteetup & the second
experiment, which wathe materialanalysis experimentDuring this experirmant, a total
of five materials wee tested using the three force feedbawdesdescribed in section
3.4, which wee SystemForce Feedback, Social Force Feedback, and Dual Force
FeedbacKGlynnet al., 2001).

During the materials analysis experiment, the hardness of the material was
calculated in the C++ program based on the deflection of the materidhamorces
appliedto it by the third Omni. As mentioneith section 4.1the materials we all
paintedblack and placed inside of a black box approximately one meter away from the
subjects so that their identity wanot revealed too soorfigure 5shows the left, front,

ard rightside view of the third Omni interacting with a block of soft wood, performing a

hardness test on it.

Figureb. Thematerialsanalysisexperiment in progress, as seen from the left, front,
and right side This isthesecond of two experiments which measures the
ability of two hunman subjects to interact withrabot to perform an actual
experiment and acquire data. All of thaterials are painted black and
are placed inside of a black box so that the subgartsot easily
deer mi ne t he mé&dmeightadoheds i dentity

As you can see ifigure 5 the stylus of the third Omrns taped up. This is

because the stylus not motorcontrolled and would otherwise flop around, making the
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hardness tesimpossible to accurately perfornkigure 5is seen pe@rg down into the

box. However, the subjects were encouragedto peer into the box and were strictly

not permitted to touch the materials or interact with them in any way except through the
third Omni. This kept the experiments fair and unbiased, as the final task for the subjects
was to try and figure out the identity of the materials using a table of known material

hardnesses. The table contained ten materials, five of which were the fiviestezl,

After the experiment, the subjects filled out the pogteriment survey and were

sincerely thanked for participating in this research study.

4.4. Problems and Solutions

Throughout theesearch process, there were a few minor problems whode ar
and had to be dealt withThe main issue was thattl@ugh the Omnis are excellent
haptic devices and are well suited for this type of research, a set of four Omnis in series
can lose calibration after about 10 to 15 minutes of continuous forceafdedbhis is
because only dual Omni setups are supported in esseonfiguration, while three and
four-Omni setups are notWhena miscalibration occuyscallback errors become more
common, and eventually, the uncalibrated Omni stops properly renderaegfeedback
and can even start vibrating or moviagunduncontrollably.

To preventthis problem from arising, the Omnis had to be recalibrated as often as
possible throughout each experiment. They were calibrated a total of six times
throughout the entire process, once at the very beginning, once after the first virtual box
interaction once after the sphere interaction simulation, once after each of the two box

interaction simulations, and once after the materials analysis experiment. To calibrate,
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the subjects were instructed to place the stylus of each Omni back into the inkwell and
the Phantom Test Calibration tool was (GensAble Technologies, 2010)

Another issue which arose on one occasion was overheating of the motors. The
box interaction simulation is very demanding on the motors, and is often applying the
maximum force 0f3.30 Newtons back to the subjectdost of the simulations were
completed in less than 4 minutes, so overheating did not occur. However, in one case,
the time taken to complete thiest simulation was 9 minutes and 8condsind the time
taken to commte the second simulation was 4 minutes and 59 seconds, the longest at
which the box interaction simulation had ever been run continuously for

Towards the end of the secosinulation, a warning message appeared on the
screen that the second Omni hadmwanotors This caused this Omni to immediately
lose calibration, so the simulation had to be aborted and a ten minute breakndsted
to allow the motors to coolAfter ten minutes, the second simulation was resumed on
target box 7, which was whereethssue first arose, and the simulation was finished
without further problems.

One possible solution for future work with simulations such as this one would be
to limit the maximum force rendered. A force of 0.88 Newtons can be rendered
continuously for 24 hours without causing overheating or other stresses on the device, so
for a n minute simulation, the maximum force could be limited to somewhere between
0.88 Newtons and 2.00 Newtons, depending on how much of a safety factor you are
striving for. However, other than these two issties,experiments ran very well and the
data ctlected was very interesting. The next section discusses how MatLAB was used to

calculate the interesting quantities from the origaethfiles.
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4.5. PostExperiment Analysis and Calculations

For each dyad tested, three data files were generatdtell®mnis. The first two
were from each box interaction experiment, and included the time, target box number,
and the actual and desired x, y, angositions of all four Omnis each millisecond
throughout the simulation. The third was from the mateaabslysis experiment, and
included the time, material number, force feedback number, and the x, ypasdians
and forces for all three Omnis each millisecond throughout the simulation.

For the box interaction experiment, the time taken to reach eagéttand the
offset distance and angle when each target was reached was written to a separate data file.
The MatLAB analysis wasnly applied to the positions file for this experiment. The first
task was to calculate the individual forces and torqudsranjoint forces and torques.

First, the boxframe forces were summed up for each time step. The boxframe
forces are the forces that the subjects exerted on the Omni that were transformed into the
moving reference frame of the box. This moving refeeeflame was determined by
calculating the relative position of the box in box coordinates from the absolute position
in world coordinates. This relative position was calculated by multiplying the world
coordinates by the appropriate sine or cosine ofbiwe angle. The concept of the

boxframe forces on the box are illustrated in figure 6.
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F boxframe

X
Figure®6. An illustration of the relative position of the box in box coordinates, the
absolute position of the box in world coordinates, and the boxframe
forces Inthis figure,they axi s represents-yworl d c
axis represents box coordinates, and

Then the self forces andself torques wee then calculated based on subject A
usng Omnis 1 and 2, and st Busing Omnis 3 and 4Then, the total forces and total
torques were added up for each target bdke percentagesf individual forces and
torqueswere then calculated by dividing tself force for each subject by the total force
and dividing theself torque for each subject by the totarque and multiplyingeach

value by 100%.The followingeightequations were used to calculate these quantities.

instant_force = 2 * mifabs (L, R)] when sign (L) = sign (R) (18
instant_torque = d * mifabs (L, R)] when sign (L) =sign (R) (29
self_forcg = sum(instant_force) (20)
self_torqug = sum(instant_torque) (21
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total_force = sum [abs (boxframe_forces)]

total_torque = sum [abs (d * boxframe_forces)]

individual_force = (self_forcg/ total_force) * 100%

individual_torque = (self_torqug/ total_torque) * 100%

(22)
(23
(24)

(29

In equationsl8 and 19 instant force andnstant_torque are the individual force

and torque quantities for each time step. The individual forces and torques are those

contributed solely by one subject, and not jointly by both subjddisy are based on the

force component, or boxframe forcd,ather translation or rotation of each of the four

omn i

for

the Omni with the lowest bdsame force produced the self force or torqueL and R

wereappliedin the same direction, then a force was applied, and if they apgieedin

S .

a

L was the boxframe

S u b j e dhenmimum agsblate v&lue fiL and R was computed, since

force for

opposite directions, then a torque was appliBdis cancept is illustrated in figure.7

Instant Force is Applied

Figure7?.
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An illustration of the instant forces and instant torques
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In figure 7, the concept of the L and R forces are shown, as well as why the
minimum of these forcesvas used in the calculation. The portion of the larger force
which exceeded the magnitude of tmenimum force was an ambiguous force. This
force, shown within the blue circles, is ambiguous in terms of what the user wants it to
do, either moing the box or rotating the box.

In equations20 and 21 the instant_force and instant_torque quantitiesewer
summed up for each millisecond that the target box was active. Note that the subscript
fino refers to the subject number, either one or two. The varfdble equations 19 and
23was the distance between t he brenlpbgingcenter
solved for, and i s ei t-chieme nesqgiuoanl otro hhaallff oof
dimension, depending on the case. The individual forces and torques \eere th
calculated using equations 24 and®bdividing the self force by the total force or by
dividing the self torque by the total torque.

Once the individualorces and torques had been calculated, the joint forces could
be calculated by making the assumption that the rest of the forces raoéstanot
contributed solely by one subject or the other must have been contributed jointly by the

pair. Therefore, equations 26 and ®ére used to calculate these quantities.

joint_force =[1 71 (self_force + self force) / total_force] * D0% (26)

joint_torque = [1i (self_torque + self_torque) / total _torque] * 100% (27)

The gener al concept for the joint force
that, for a particular target box, the total force was 1,000 N and tdiedoque was 100

N* m. Let 6s al s oA igisiduailynamntributed 150 N ofldorce ant 8
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N*m of torque, and subjed individually contributed200 N of force and 7 N*m of
torque. From equations 26 and, 2ife joint force would be 650 N aride joint torque
would be 85 N*m. Therefore, the individudbrces for subjects A and Bould be 15%
and 20%, the individual torques for sutie A and Bwould be 8% and 7%he joint

forces would be 65%, and the joint torques would be 85%.

Once the joint forcesind torques had been calculated, the next step was to
calculate theself components of work for both forces and torques for subjects A and B.
Then, the total work done by the translational forces and the total work done by the
rotational torques was calculated. The percentages of individual work for forces and
torques were then calculated by dividing the individual work done by each subject by the
total work for that target box for both forces and torques and multiplying each walue b
100%. Note that the force work was calculated based ordiffierence in theelative
position of the box, and the torque work was calculated based on the difference between
the box angle from the current time step to the previous time Sibp.following six

equations were used to calculate these quantities.

self_work_forcg = sum [nstant_force r_p0oSime loop- I_POSime_loop- 1)] (29
self_work_torqug= sum [instant_torque me ioop- tkime_loop- 1)] (29

total_work_force = sumbjoxframe_forces {r_poSsime_loop- I_PO0Sime_loop-1)] (30)

total_work_torque = su [boxframe_forces *tfime_ioop- Gtime. Ioop- 1] (31)
force_work, = (self_work_forcg/ total_work_force) * 100% (32
torque_work = (self_work torque, / total_work_torqug* 100% (33
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In equations28 through 33t h e g urapDSne obp ¥ I_POSme 10p-10 1 S t he
magnitude of the distance between the relative positiche box in the current time step
and the relative position of thedmnddpx i n t
Gime loop-10 1 s the difference between the box0s
the boxo6s of f sieus tima stepllwst like ror thehnelividual ferees and
torques, the individual force work and torque work wereuwated using equations 32
and 33by dividing the self work force by the total work force or by dividing the self
work torque by the total @rk torque.

When summing up the force work or torque work for subjects A and B, you get
100%. However, this does not mean that the individual percentages themselves are
between 0% and 100%, as they were for the individual and joint forces and tofques.
fact, the individual work component for one subject can be greater than 100%, meaning
that the individual work component for the other subject is negative.

As discussed in section 3.8egative work indicates that there was more fighting
than cooperatio between the subjects for that particular target box. However, it was
often seen that, even though there ntagve been immense fighting for translational
forces, there was quite a bit of cooperation for torques, or vice versa, indicating that the
two are not directly related to each other. A direct comparison, however, showed that
there was consistently more cooperatiorapplying torques to the box thérere was in
applying translational forces to the box, which will be discussed in detedl in sections
5.1 and 5.2, along with the discussion of the fighting factor, which is derived directly

from the force work andtque work calculated here.
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For the materials analysis experiment, the level of cooperation between the
subjects was measured a bit differently. For this experiment, the measured hardness
values were written to a separate data file. Just like for thenberaction experiment,
the MatLAB analysis was only applied to the positions file. For each material, the
fighting distance and velocity was calculated for each force feedbhadkandfor each
Cartesian direction.

This was don¢éo measure the diffenee in position and velocity between the first
two Omnis. Since this experiment was set up in a {mreai teleoperator system with
two master Omnis and one slave Opnthie first two Omnis were the master Omnis in
which the two subjects controlledhe positions data was recordedttee data file each
millisecond and the velocity data each millisecond was obtained through differentiation.
The differencebetween the two Omnisould then be easily obtained, allowing for the
calculation of the fighting diahce. The fighting velocity, in millimeters per second, was
calculated for each Cartesian direction in the same manner. Equations 1 through 8 from
section 3.4 were used to calculate these quantities for each discrete time step. The
average of all timetsps for a particular feedback mode of a particular material was the
guantity recorded for analysis.

The purpose of this analysis was not only to measure how well a hamain
team cooperated with each other, but to also measure which force feedbdegave
the subjects the most difficulty and which Cartesian direction gave them the most
difficulty for both position and velocity.The next two chapters will present the results
for both experiments, and answer these questiombey will also revealhow the
subjecté i nterpretation of t h e matleconiparedud they o f

actual numerical analysis of the data.
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Chapter 5. Experimental Assessmenof Virtual Environments

For the box interaction experiment, the subjeatse instructed to cooperatively
move the virtual box towards a target box, with tolerance levels of 20 millimeters and 30
degrees There were ten target boxes in the simulation, and the entire simulation was
completed twice. For subjects who had neverked with a robotic device before, this
was the first timehatthey had ever worked with a partner to interact with a virtual object
in this manner.

It is therefore of research interest to determine the successfulness of the human
robot interaction inhis environment, whether distance or offset angle was the leading
constraint in reaching the target box, and the fighting factors for both horizontal and
rotated target boxes, in both the first and second simulafitre force feedbacknode
was constant throughout this experiment. Each Omni was attached to a bottom corner of
the box, and the force applied back to the subjects was a spring force proportional to the

distance the Omni wasdm the desired corner positi, as calculated by eduan 34

F=k* Sqrt [()ﬁmni | Xcornea2 + (yomniT ycorneb2 + (Zomni | Zcorneaz] (34)

In equation 34k is the spring constant of the virtual spring between the Omni and
the box corner, F is the magnitude of the force in the directitimatorner, and x, y, and

z are the positions of the Omni or corner, whichever the case malhleconstraints on
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the box were that it was limited to a maximum angular velocity of 1 rad/sec, and was
bound to the region between +100 ah@0 in the x, yand zdirections. If one of these
bounds was reached, the box simply bounced
was 120 x 60 x 60 millimeters and its density was 4,000 k¥g#m4 times the density of

water, giving avirtual mass of 1.728 kilogran{8.810 pounds

5.1. HumanRobot Interaction in the Box Interaction Experiment

Both thefirst and second simulations were exactly the same, although the subjects
all felt as if the second time was somewhat easi€his was due to having some
experience with the virtual box the second time through, versus having no experience
with it the first time through.Thiswas also indicated by the tini@ken to complete each
simulation. The average time required to completedtfirst time was 3 minutes and 49
seconds while the average time required to complete it the second time was 2 minutes
and 27 seconds.

In the box interaction experiment, boxes 1, 3, 5, 7, and 9 were the horizontal
boxes and boxes 2, 4, 6, 8, and 10 wkeerotated boxesThe horizontal boxes had the
longest edge facing the screen and the rotated boxes had the narrow edge facing the
screen. This ensured that the subjects would have to rotate the box 90° after reaching a
target boxm order to reach theext one.

The graphs mesented in figures 8 through 13ly analyze the data in the box
interaction experiment. However, it is also of interest to see which pairs are actually
statistically significantly different. In order to do this, a pair¢estwas run for each of

the comparisons ithesefigures. If the pvalue, or probability that the null hypothesis is
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correct, is less than 0.05, then the two data sets are statistically significantly different. If
p O 0. aHe,null thypathesis cannot bejected andthere is no statistici
significant difference between the pairs. Figure 8 shows the average time to reach each
target box for each simulation. Note that for all graphs with error bars present, the range

represents one standard deviafim@m the mean of the data collected.

100 -

M 1st Simulation

M 2nd Simulation

Time to Reach Target (seconds)
wu
o

Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9 Box 10 Average

Figure8. The average time taken to reach each target box in the box interaction
experiment.The error bars represent one standard deviation from the
mean.

In figure § it is clear that the average time for reaching eacfetbox except 3
and 10 was less in treeond simulation than in thdirst. However, t is notable that
there are gry large standard deviations feome of the boxes, in particular 2, 4, and 8.
This is die to one or twalyads having great difficulty in lining up the virtual box with
the target box, taking more than three minutes to reach a single box in someTteses.
pairs did not actually have a large amount of fighting, they just cuaildetwithin the

20 mm and 30° limits for several attemptalso notable is that all three of these boxes
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are rotated boxes. Box 5, a horizontal box, also has a fairly large standard deviation for
thefirst simulation, although it is not neard largeas theones for 2, 4, or 8.

The longest time taken to reach a single box in the entire experiment was 3
minutes and 3econds, for target box 4 in thiest simulation. The fastest a single box
was reached irthe entire experiment was 1.&kconds for targetdx 3 in thefirst
simulation. The longest time taken to complete the estmellation was 9 minutes and
26 seconds in thérst simulation and the fastest the entire simulation was completed was
1 minute and 15 seconds in econdsimulation.

Out ofall tendyads tested, nine completed teecondsimulation faster than they
completed thdirst simulation and one took 16.8€conds longer to complete thecond
simulation than thérst. This demonstrates that even a little practice can gremitgase
the speed and efficiency at which a humnabot team can interact with a virtual
environment. However, were the times statistically significantly different between the
two simulations? When the pairedest was run, it yielded a-yalue of 0.080.
Therefore, it is safe to say that the null hypothesis can be rejected, and that the subjects
did perform the second simulation statistically significantly faster than they performed
the first simulation.

The next comparison made was between the geeodfset distances for each
target box when reached. Due to the constraints on the experiment, the distance was
always less than 20 millimeters. Figure 9 shows the average distance from thieaarget

when reached, for each box in each simulation.
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Figure9. The average offselistance when each target boxswaached in the box
interaction experimentThe error bars represent one standard deviation
from the mean.

As was observenh theactualdata, distance was tlheadingconstraint inreaching
the target box82% of the time irboth the first andsecondsimulatiors. Thisis verified
by figure 9as the average offset distances are quite close to 20 mm. For box 1, distance
was the constraint 100% of the time. This demonstratesftindhe constraints given, it
was more difficult to correctly position the box in thdd3environment than to rotate it to
the proper position.Through observation, it was common for the subjects to get the box
to within 21 or 22 mm of the target, miss, aheén have to try again. Perhaps if the
tolerance hd been increased to 30 mm, ttesults may have been quite different.
However, for the constraints given, offset distance was proven to be moceiltitdi
meet than offset angle.

There is no statistadly significant difference between the offset distances in the

first and second simulation. When the pair¢est was ra, it yielded a pvalue of 0.96
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This proves that there was absolutely no improvement in the offset distances the second
time the smulation was run from the first time.

The next comparison made was between the average offset angles for each target
box when reached. Due to the constraints on the experiment, the angle was always less
than 30°. Figure 10 shows the average offset dngte the target box when reached, for

each box in each simulation.
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Offset Angle When Target is Reached (degrees)

Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box7 Box 8 Box 9 Box 10

Figure 10 = The averageffset angle when each target boxsweached in the box
interaction experimentThe error bars represent one standard deviation
from the mean.

In figure 1Q it is clear that no box has an average offset angle close to 30°,
indicating thatthe offset angle was rarely theading constraint in reaching the target
box. However, the large standard deviations indicate that the offset angle did vary
significantly between thedyads for each box. However, there is no statistital
significant difference between the angles in the first or second simulation. -tésie t

yielded a pvalue of 0.75
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The lack of statistical significae between the first and second simulation and the
data seen in figure 10 demonstrate that the offset angles were some random value
between 0° and 30° when the target was reached. This makes sense since the offset
distance was the leading constraint in heag the target box for 82% of the targets.

Once the time, offset distance, and offset angles had been analyzed, the individual
and joint forces and torques were analyzed to measure the level of coopeeatiern
the subjects. Figure 1dhows the avege individual and joint forces and torques for
each target box in the first and second simulatibnfigure 11 the individual forces and
torques presented are actually the sum of those for both subjects. For example, if the
individual forces for subjes A and Bwere 20% and 20% and the joint forces were 60%,

figure 11would show 40% for individual forces and 60% for joint forces.
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Figure 11  The individual forces and torques versus the joint forcedangdes in the
box interactiorexperiment.

As you can see, there was statisticdl significant differencebetween thdirst

and secondsimulations, but thergvas astatisticaly significantdifference between the
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overall forces and torques, the individual and joint forces, and the individugbiahd
torques. There were five-tests run on this data. Comparing the joint forces between the
first and second simulatiogielded a pvalue of 0.68. Comparing the joint torques
between the first and second simulation yielded-\alpe of 0.78. Howear, when
comparing the overall joint forces to the overall joint torques, the resukvadue was

less than 0.0001When comparing the individual forces to the joint forces, tvalpe

was less than 0.0001, and when comparing the individual torqties jmint torques, the
p-value was less than 0.000This demonstrates that there is essentially a 100% chance
that the null hypothesis can be rejected for these three cases, proving that the subjects did
cooperate more for rotational motion than for sfational motion and that there was a
statisticaly significant difference between the individual and joint forces and the
individual and joint torques.

On average, approximately 63.46% of the total forces were joint forces and
approximately 87.85% of éntotal torques were joint torques. This also demonstrates
that the subjects cooperated more with rotational torques than with translational forces, as
was stated in section 4.5, and as is also illustrated by the offset distance being the leading
constrant in reaching the target box.

The greater cooperation between the subjects for rotational torques than for
translational forces is also proven by the analysis of work. Going beyond the individual
and joint forces and torques, the work done by the faxndstorques was obtained next
using equations28 through 33 fronsection 4.5. Once the force and torque work had

been analyzed, the concept of the fighting factor could then be formed.
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5.2. The Fighting Factor

The concepof positive and negativerork was disussed in detail in sections 3.3
and 4.5 Since the percentages indicate how well the subjects worked together to move
the box, theffighting factoo could then bedefined The fighting factor is an integer
valuebetween 1 and 5 and is bag#rectly on these percentages wi t h a ff@alo i nd
high level ofcooperab n and a A50 i ndfigbtad iRemgember thati g h |
subjects A and Both doing 50% of the work would indicaagerfectdistribution of the
work, and hence a verygd level of cooperation

A fighting factor of A1l0 indicates tha
There was a good deal of aueration, and the subjects distributed the work nearly
equallyinordet o move the box t owaenithe pertestagésareget .
between50% 50% and[30% 70%]. That is, 30% for one subject and 70% for the
other.

A fighting factor of A20 i[80%g70%eamd i f t h
[0% 100%. This indicates that the subjects are silrking together, but one is doing
most of the work. This is similar to the example givesecstion 3.3vhere two people
are carrying the table across the room, and one is passively holding the table above the
ground while the other does most of the work to movéltis is also a very good result
if one subject does the majority of the work for forces tredother does the majority of
the work for torques, as they have still evenly distributed the work amongst each other,
just in a different way as a fighting fact

A fight i ngisgierifthepercentaged & betwgeih 100% and

[-30% 1309%. Thi s, |l i ke a fighting factor of

69



most of the work. However, the difference is that the subjects are fighting with each
other more than they are cooperating, hence the negatike Wwor fighting factors of 3
through 5the level of fighting between the subjects increases with each step

A fighting factor of A40 i §-30%i M@ i f
and [-100% 2009%]. This indicates that the subjects were fightconsiderably, which
makes it significantly more difficult and more tiring to reach the target. For this case,
anywhere from 1.3 to 2 times as much work is being done than is necessary to reach the
target, which is problematic because it can lead ¢ceased fatigue in both the subjects
and the Omnis.

Lastly, af i ghti ng factor of i 50 dreatertigan v e n
[-100% 2009%. This indicates that the subjects were fighting the entire time and
eventually got lucky enougto treach the target Often in these cas, several times as
much work wa being done thawas necessary Also unique to this case is that both
subjects have done more work than if they had moved the box by themselves.

The research interest here is to study whether horizontal or rotated boxes have the
highest fighting factors, whether the fighting factor is highest for forces or torques,
whether the fighting factor was less in g#exondsimulation than thérst, andhow much
the fighting factor affected the time taken to reach each targetfigure 12shows the

number of each fighting factor for horizontal ancatetl boxes in each simulation.
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Figure 12  The frequency of each fighting factor per simulation mhlox interaction
experiment.Note that each simulation has a total of 100 fighting factors,
since there were ten target boxes reached for each of thgads

Infigure12 t he first notable observatnon 1is
torqgues than for forces, and far fewer 30s
also demonstrateghat the subjects cooperated better in rotating the box ilman
positioning the box, as was discussed in sedidn Another notable observation is the
hi gh frequency of ,fardeth foraes anchterquesidis iadicatel b o x e ¢
that, for the rotated boxes, it was very common for one subject to do most of the work for
forces and the other to do most of therk for torques.

It is also seen in figure 12 thatthere ware | ar ge number of 508s
boxes in the force analysis, especially in the second simulation. This indicates that, for
these boxes, the subjects had great difficulty in coopgrati move the box.This was
observed during the experiments as well. It was common to see one subject push the box
one way and the other push back the other. wdlgo common was to see the box getting
very close to the target when one subject wouldaraktrong move, causing the box to
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either spin around or fly away from the target, causing the subjects to have to start over in
reaching that targetThis brings up the next question, how does the fighting factor affect
the time taken toeach the targedbox? Figure 13hows the average timakento reach

each target box based on the fighting factor, for bottefanalysis and torque analysis

ml
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Average Time (seconds)

W5

1st Sim 2nd Sim 1st Sim 2nd Sim

Force Fighting Factor Torque Fighting Factor

Figure13. The average time taken to reach the target box per figtaotgr in the
box interactiorexperiment.

Figure 13 also shows that there was a statiticignificant difference between
the times taken to complete the first and second simulations. However, the wesellts
somewhat unexpectedOne would expect the average time to increasadily as the
fighting factor increased. However, this svanly somewhat seerfor force analysis in
thefirsts i mul ati on, the 16s were indeed compl et
the longest. However, for theecondsimulation, the behaviois not what you would
expect. The 56s did take the |l ongest, but
46s which were compl et e fortforgque ainalgsis in thafedt a mo

simulation, the 106s wernercormmlee tbedds twea ef &«
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as fast. The 26s, 36s, and 406s took signi
simulation, the analysis v exactl y what one wouwek expec
compl eted very quisck|laymdk prbgdessiwatlglengdrhe 36s, 4
When looking at the actual data, it becomes clear why some of these
discrepancies occurred. Sordgadswere much quicker at completing the simulation
than ot her s, aseonottakea any lorfger thanothergyadis 1 6 Also,
there werenot hat many 1 6fsrceamalysis 2ril shere were tiidatenany
46s and 506s in the torque w@anosadlyleng ttmetos o on
reach couldyreatly skew the results shownfigure 13 However, figure 3 still shows
that, for most cases, the 16s and 206s were
and 50s.
Yet another analysis regarding the fighting factor is the actual fighting factors
themselves for each individual target bokigure 14 shows the average fighting factor

for each of the ten target boxes in both the first and second simulation.
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Figurel4. Theaverage fighting factor per tardabx in the box interaction
experiment Theerrorbarsrepresenbnestandardieviationfrom themean
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Figure l4reiterates thathere was no statistidglsignificant difference between
the fighting factors in the first and second simulations, but that there was a sthtistical
significant difference between forces and torquesoweVer, it also indicates which
boxes were easiest for the subjects to cooperate on and which were the most difficult.
For force analysis, boxes 1 and 7 promoted the most fighting while box 10 promoted the
least fighting For torque analysis, box dromoted the most fighting while boxes 2, 3,
and 10 promoted the least fighting. Howegvan interesting observation svéhat for
boxes 4, 5, and 6, tremcondsimulation had a much higher averageyuefighting factor
than thefirst simulation. This my have been due to the subjects rushing niorine
secondsimulation thinking that they were more skilled than they actually were.

The standard deviations aksoquite large for the fighting factors, indicating that
some subject teams had a much higbgel of cooperation than others. However, the
first target box in thdirst simulation had digher average fighting factor than the other
boxes, which was likely due to this being at the very beginning of the experiment, so the
subjects were just gty used to the force feedback and the task at hand.

When performing the statistical analysis for this data, the results were exactly
what was expected. Running-gest to compare all of the fighting factors for both forces
and torques between the fiestd second simulation yielded avalue of 0.80, so, just as
predicted, there was no statistical significance between the first and second simulation.
However, running a-test to compare the force fighting factors to the torque fighting
factors yieldeda pvalue of less than 0.0001, which demonstrates that there is essentially
a 100% chance that the null hypothesis can be rejected for this case and tibiajuine

fighting factor is statistically significantligssthan the force fighting factor
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The final analysigegarding the fighting factor is the actual correlation between
the work percentages themselves for forcestarglies. The theory is thataf subject
has a higher work percentage for forabgnthey would have a lower work percentage
for torques as each subject would specialize on a separate portion of theFigsikes 15
illustratest hi s concept. Each subj eciyplanewrtb r k
the xaxis representing the force work percentage and-ivasyepresenting the torque

work percentage.

Work Correlation Between Forces and Torques
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Figurel5. Theforce work vs. torque work scatter plot for all subjects of fighting
factors 1through 4in the box interaction experiment

Figure 15presents all of # individual force work and torque woidata for

fighting factors 1 through 4 in a scatter plot. All points with a fighting factor of 1 are
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colored blue, all points with a fighting factor of 2 are colored green, all points with a
fighting factor of 3 are colored orange, and all points withgatiing factor of 4 are
colored red. The data for fighting factors of 5 were not analyzed here because the
subjects were fighting too much to get any meaningful data in this analysis.

As seen in figure 13, the trendline has a negative slope, indicatinthéhtheory
of a subject having a higher percentage of torque or work, but a lower percentage of the
other, is at least somewhat true. It is difficult to prove this theory, however, since the
data points are greatly scattered, which is indicated byethelow value of R, and since
the slope of the trendline is so shalloWowever, this trendline and’Ralue is only for
all data points with fighting factors 1 through 4. Table 3 lists the basefiidine and R

value for seven different combinationsfigihting factors

Table 3 Thebest fit line and Rvalues of the force work vs. torque work data
Fighting Factors Best Fit Trendline R?Value
1 y =-0.2800x + 63.998 0.1141
2 y =-0.1213x + 56.067 0.0180
3 y =-0.0793x + 53.966 0.0089
4 y =-0.1216x + 56.079 0.0290
land 2 y =-0.1257x + 56.285 0.0194
1 through 3 Y =-0.0934x + 54.670 0.0118
1 through 4 y =-0.1135x + 55.673 0.0223

In table 3, it is clear that there is not a large difference in the slope of the trendline

or in the R value for different combinations of fighting factors. The slope is negative in
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all seven cases, giving some element of proof to fttee vs. torque aoelation.
However, an ideal correian would result irthe trendline y =x + 100, with an Rvalue
of at least 0.50.

The shallow slopeof the trendline demonstrates that the subjects did not
cooperatein this way as well as they could have in this experiment. This is also
supported by the large amount of fighting and negative work seen in the analysis. For
improving the humamobot interaction in an experiment such as this one, the ultimate
goal would beto eliminate thefighting factors of 3, 4, and &ltogether For the best
humanrobot interaction, the fighting factors need to be 1 or 2, and the points on the
scatter plot need to be as close to the lineyy +100 as possible. However, this is quite
difficult to achieve.It would take considerably more practice on the part of the subjects,
as well as better force feedback and visual feedback. However, if it is aclifexedhe
humanrobot team ould be capable of working with a much higher level ofcegficy

and speethy each member focusing on separate parts of the task

5.3. Force Feedback vs. Visual Feedback
The concepts of forckeedback and visual feedback were introduced in chapter 1,
but now it is time to expand on theimimprove theitbeneficence The box interaction
experiment was programmed such that only one method of force feedbackeand o
method of visual feedback weresed. However, better methods of feedback could
certainly improve the fighting factor between the subjects.
While all 20 of the subjects stated that the visual feedback was useful, there was

definitely some room for improvement. Future versions of this experiment could include
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two open GL windows. The first would show the virtual box and the target box from the
perspective bsubject Aand the second would showribi the perspective of subject B

Another possibility would be to have the open GL window be basedmoving
coordinate frame associated with tHhe boxOo:s
window remained fixed in the same absolute reference frame, so the box moved within it.
Yet another possibility would be to have two windows, one being the absolute reference
frame as was in the actual experiment, and the other bmsgd on the moving
coordinate frame described above.

Future expansions of this project could include running this experiment with
different types of visual feedback and then comparing the results. Another type of future
expansion could be to try different types of forcedfeeck for the box. One possibility
for this could be to instead have the force feedback based on the level of cooperation
between the two subjects, similar to Social Force Feedback in the nsaseradysis
experiment. The general concept here is thatdhbjects would feel a spring force
keeping them attached to the box corner, just as they did in the experiment, but they
would also feel an additional force pulling them slightly in the direction of their partner.

This method would be a very good teaghmethod, in that it would promote one
subject Al eadingd the simulation and the o
would be someone who Bghly experienced in dptic interactions such as this, and the
student would be someone who is n&w haptic interactions, and is seeking some
practice in humamobot interactions. After all, the best way to improve the cooperation

between the subjects would be for them to practice with several virtual environments
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such as this onelmproved methodsfdorce feedback and visual feedback may help, but
overall, the best way to improve these skills is to practice.

More future expansions and developments will be presentsection 7.1 but it
is significant to note that, even during thei385 minuteghe subjects spent participating
in this research, they all showed significant improvements in their robotic interaction
skills and confidence by the end of the experiments. Most of the subjects, especially
those who had never used a robotic device befgperoached the experiments witfaa
amount of caution and shyness in the beginning. However, by the end of the material
analysis experiment, they all showed significantly more confidence and comfortability in

using the Omnisind interacting with their partner through them

5.4. Subject Feedback vs. Numerical and Statistical Analysis

The statistical analysis performed for the box interaction experiment proved that
there was indeed a statistigabkignificant difference beteen the level of cooperation
between the subjects for translational motion and rotational motion of the box. The
subjects cooperated significantly more in rotating the box than in moving it in space, as
was demonstrated by the analysis of the forcegues, work, and the fighting factor.
The percentage of joitbrqueswas much higher than the percentage of joint forces, and
the average fighting factor was significantly lower for torques than for forces.

The statistical analysialso proved that theubjects performed the simulation
significantly faster the second time than the first time, indicating that practice does
improve performance and efficiency by a statistically significant amddatvever, what

did the subjects have to say about this? tbair perception match the numerical results
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Interestingly enough, in the pestperiment survey, 55% of the subjects stated
that rotational motion was in fact the most difficult to control. The other 45% stated that
translational motion was the mostfdiult. This is in contradiction to the numericahd
statisticalanalysis, which demonstrated that the subjects haehsaier time controlling
the rotational motion than the translational motion.

Some of the reasons stated by subjects who felt thattaotwas more difficult to
control were that it was difficult to know which way your partner is turning the box, that
there was a limited frame of reference in viewing the box while it was rotating, and that it
was difficult to see your Omnis whgou arein the backof the open GL windowAll of
these issues would be corrected by the implication of some of the visual and force
feedback methods describedsiction 5.3

Some of the reasons stated by subjects who felt that translation was more difficult
to control were that it required extensive coordination with your partner, the box position
would often place the Omnis in their extreme positions, at which they placed unwanted
torques on the box, and that the box sometimes felt too heavy or had too much
momentumto be moved easilyThese issues could be corrected by slightly reducing the
size of the field in which the box can move within and reducing the density of the box.
Other than that, more practice would be required to master the coordinatiaimrstus
humanrobot interaction.

As stated previously, the box was bound to the region betwe@d and-100 in
the x, y, and directions and had a density @ 000 kg/m. By limiting the region to
between +70 and70 in the x, y, and-girections, educing the density to 1,000 kg/m

improving the force and visual feedback available to the subjects, and allowing the
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subjects to practice for a substantial amount metwith this and other similaraptic
environments, an average fighting factdrbetveen 1 and 2 for all target boxesy
easilybecomeobtainable.

Good subject cooperation is essential in using hurobat teams to perform
actual experiments, such as the materials analysis experiment. Chapter 6 will discuss the
results of thiexperiment, and provide a detailed analysis of the cooperation between the
subjects in a three dimensional Cartesian space between three different force feedback

modes.
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Chapter 6. Results and Observation®f Materials Analysis

The hardnes®f a material is an easily obtainable, yet fundamental property.
There are many hardness testers out there which are more suited to the task of finding a
material 6s hardness than t he PhGmitoflers. Omni ,
They provideno haptic interaction between the user and the device, nor do they allow
two subjects to cooperate in a hunrabot interaction in performing trexperiments

One limitation to the Phantom Omnis is that tlaeg only able to perform these
experimersg on ®fter materials. As discussed in section 2.2, it requissaler force to
deform these materials by a measurable amount, and many apbaisable taleliver
large amounts of force, the Omni being one of thevith that, it was observed that the
harder the material, the less accurate the reaalisthe more common repeat hardness
measurements became due to the Omni slipping on the hard surface or getting an
erroneous value.

The five materials tested were soft foam, styrofoam, cardboard, soft, \aod
aluminum. The hardness values recorded for soft wood and aluminum were slightly
higher than the actual values, although this was due to the Omnis being unable to get as
accurate of measurements on these two harder materalsever, the most intesting
aspect of this experiment was not the hardness values themselves, but how the subjects
worked together to obtain them. They worked with three different force feedimidks

to obtain the results.
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6.1. Three Force Feedback Modes

As discussed insection 3.4 the three force feedbaakodes utilized in the
materials analysis experiment were System Force Feedback, Social Fedbadke and
Dual Force FeedbackRemember that System Force Feedback was based on a force
proportional to the distancebee en t he subjectds position ar
Social Force Feedback was based on a force proportional to the distance between the
subjectdos position and his partner ®&ath posi t
master Omnis feeling theame force, proportional to the distance between the average
position of both master Omnis and the position of the slave Oriihese feedback
modes are mathematically defined in equations 9 through 17 from section 3.4.

The hypothesis is that Dual Fordeeedback would cause the most fighting
becausat is difficult to tell if the force you feel is due to you fighting with your partner
or due to the slave Omni being restricted due to its interaction with a material. Social
Force Feedb&cwas expected toause the least fighting bease all of the force feedback
was based on the fighting distance between you and your partnertheAghting
distance increasedhe foce applied back to you increasqullling you back towards
your par t ndnrtars SyptemsHorcei Feedback would be in the middle, and
would then be expected to have more fighting than Social Force Feedback, but less than
Dual Force Feedback.

The subjects found all three force feedbackdesto be different, but useful.
Each has theadvantages and disadvantages. The advantage of System Force Feedback
is that the force tends to pull all three Omnis toward the same position, and gives the

subject the sense of how stiff the material is that he is interacting with, although the

83



disadwantage is that it is harder to know if you are fighting with your partnet,cem be
more difficult to cooperate than in Social Force Feedback.

The advantage of Social Force Feedback is thatribde makes it very easy to
cooperate with your partner dmeduce the fighting distance and velocity substantially.
However, the disadvantage is that it is impossible to know what the slave Omni is feeling
in thismode Hence there is no way to gauge the stiffness of the material from the force
feedback alone.

The advantage of Dual Force Feedback is that both subjects feel the exact same
force, soeach subjecknows what hispartner is feeling. Thisodeis very good if one
person is trying to train another in force feedback, since the trainer could set up the
system so that he feels a force in which he wants the trainee to feel, knowing that the
trainee would feel that force as wellt also tends to limg all three Omnis towards a
stable equilibrium positian However, the disadvantage is that it is very difficult to
cooperate using thisiodefor an experiment such as this one because it is hard to tell
whether the forces experienced are due to thee Stawni interacting with a material or
from the two subjects fighting with each other. This means thantbde promotes a
higher likelihood of fighting between the subjects than the otherrmwdes, as the
subjects can easily end up fighting more jughty to get the system back to equilibrium.

During the break between the box interaction experiment and the materials
analysis experiment, the subjects were givenoeotigh explanation and demonstration
of these three force feedbackodes Then, they wee ready to begin thenaterials
analysis experiment Therefore, the next step is #malyze theirinteraction with the

Omnis in each of the three force feedbasddesn this experiment.
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6.2. HumanRobot Interaction in the Materials Analysis Experiment

It was seerthat in a humamobot interaction within a virtual environment, the
subjects had an easier time controlling rotational motion than translational motion, even
though more subjects felt that rotational motion was actually more difficult tootontr
However, in the materials analysis experiment, the motion involved all translational
motion in a Cartesian threBmensional space.There were five materials tested, and
three different force feedbackodesused for each of the materialBigure 16shows the
average fighting distance between the subjects for each force feedback modesawt for

Cartesian direction in the materials analysiperiment.
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Figure 16. The fighting distance between the subjects per Cartesian direction in the
materids analysiexperiment.The error bars represent one standard
deviation from the mean.

As seen infigure 16 there was no significant difference between the five
materials themselvesThis indicates thathe materialhardness itself does not have a
large impact on the fighting distance. However, there is a significant difference between

the force feedback modesAs was hypothesized, Dual Force Feedback consistently
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produced the largest fighting distance, then System Force Feedback, and Social Force
Feedback produced the smallest fighting distance.

The average fighting distance #®atistically significantlysmaller in the z
direction than in the x or-glirections. There is netatisticaly significant difference
between the fighting distance inetlx and ydirections, although out of the 15 possible
combinations, the -girection had the largest fighting distance of the three Cartesian
directions in 9 cases, thedwrection had the largest fighting distance in 6 cases, and the
z-direction never hathe largest fighting distance.

To compare the statistical significance between the three Cartesian directions, a
paired ttest was run for each comparison, similar to what was done for the box
interaction experimentThe comparisons made were betweenxtlamd ydirections, the
x and zdirections, and the y anddirections, independent of the force feedback mode.
Then, System Force Feedbasks compared to Social Force Feedba8istem Force
Feedback ws compared to Dual Force Feadk, and Social Forc&eedback wa
compared to Dual Force Feedback, using only ti@ fgyhting vectors, g that these
comparisonswere independent of the Cartesian direction. Thissvaone for both
fighting distance and fighting velocity, for a total of t&stcomparisons

The first six comparisons made involved the fighting distannegure 16
Comparing the xdirection to the ydirection yielded a walue 0f0.42 Comparing the x
direction to the airection yielded a pralue of 0.047 Comparing the ylirection tothe
z-direction yielded a {value ofless than 0.0001This confirms that the fighting distance

in the zdirection was statistically significantly smaller than in the x -@lirgctions, but
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that there was no statistibakignificant difference between the fighting distances in the
x and ydirections.

Comparing System Force FeedbaclstrialForce Feedback yielded avplue of
less than 0.0001. Comparing System Force Feedback to Dual Force Feedback yielded a
p-value of less than 0.0001. Comparing Social Force Feedback to Dual Force Feedback
yielded a pvalue of less than 0.0001. This atsmfirms what was observed in figure 16,
that Social Force Feedback produced the smallest fighting distance, that System Force
Feedback produced significantly more than Social Force Feedback, and that Dual Force
Feedback produced significantly more thaa ¢ther two modes.

The next quantity to be analyzed was the fighting velocity. Figure 17 shows the
averagdighting velocitybetween the subjects for each force feedback mode and for each

Cartesian direction in this experiment

Figurel17. The fightingvelocity between the subjects per Cartesian direction in the
materials analysiexperimeih The error bars represent one standard
deviation from the mean.

As seen infigure 17 there was no significant difference between the five

materialsthemselves, indicatintipat the material hardness didt have a large impact on
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