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ABSTRACT

Designand Implementation of Articulated Robotic Tails to Augment the
Performance of Reducedegreeof-FreedomlLegged Robots

Wael Saab

This dissertation explores the dgs, and implementation of articulated robotic tail mechanisms
onboard reduced degreéfreedom(DOF) legged robots to augment performance in terms of
stabilityand maneuverabilitfrundamentally, this research is motivated by the question of how to
improve the stability and maneuverability of legged robots. The conventional approach to address
these challenges is to utilize leg mechanisms that are composed of three or moRClesitrat

are controlledsimultaneously to prade propulsion, maneuveringnd stabilization. However,
animals such aBzards and cheetahshave been observed tdilize their tails to aid in these
functionalities. It is hypothesized thaby usingan articulatedtail mechanism to aid in these
functionalities onboard alegged rab¢ t h e b ur d &gsto simultandoesly manéueet 6 s
and stabilize the robot may be reduced. This could allow for simplification of éhglésign and
control algorithms.

In recent years, significant progress has been accomplished in the fieldodtc tail
implementatioronboardmobilerobots However the main limitatiorof this workstems fromthe
proposedail designsthe majority of whichare composedf rigid singlebody pendulumshat
providea constrainedvorkspace for agterof-mass psitioning, animportantcharacteristic$or
inertial adjustment applications

Inspired bylizards and cheetahthat adjust their body orientation using flexible tail
motions two novel articulated cable drivenserpentindike tail mechanisms arpropose. The
first is the RolRevoluteRevolute Tail which is a 3-DOF mechanism designed for
implementation onboard a quadruped rohbiat is capable of forming two mechanically
decoupled tail curvatures via aslsaped cable routing scheme and gear trateisy3 he second
is athe Discrete Modular Serpentifail, designed for implementation onboard a biped robot,
which is a modular tw®OF mechanismthat distributes motion amongsinks via a multr

diameter pulley. Bothail designs utilize a cabteansmssion systerwhere cables are routed about



circular contoured linkshat maintain equal antagonistiable displacementfhat canproduce
controlled articulated tail curvaturesising a single activ®OF. Furthermore, analysis and
experimentalresults havéeen presented tiemonstrate thefef ect i veness of an
ability to: 1) increasethe manifold for centeof-mass positioningand 2) generate enhanced
inertial loadingrelative toconventionally implementegendulumlike tails.

In orderto test thetails ability to augment the performance of legged rqbatsovel
Robotic Modular Leg (RML) is proposed to construttoth a reduce®OF quadrupedal and
bipedal experimental platformiThe RML is a modular tatDOF leg mechanism composed of two
serally connected foubar mechanisms that utilig&inematicconstraints to maintain a parallel
orientation between t fatsfoot and body without the use of an actuated ankle. A passive
suspension system integrated into the foot enables the dissipaitiopeat energy and maintains
astable four poinrbf-contact support polygon on both flat and uneven terrain.

Modeling of the combined legged robotic systems and attaotiedlatedtails hasled to
the derivation oflynamicformulationsthat wereanalyzedo scale articulated taitsmhboard legged
robotsto maximize inertial adjustmenapabilitiegesulting fromtail motionsanddesigna control
schemdor tail-aided maneuvering

The tail prototypes, in conjunction with virtual simulations of the quadtwgrel biped
robot, were used irxperimentsand simulationdo implement and analyze the methods for
maneuvering and stabilizing throposedegged robots. Results sigssfully demonstrate the
t a iabilisy do augment the performance of redu¥dF legged robotsby enablingcomparable
walking criteria with respect to conventional legged robots. This resgamhdes a firm
foundation for future workinvolving design and implementation afticulated tails onboard

legged robots foenhancednertial adjusment applications.



GENERAL AUDIENCE ABSTRACT

Design and Implementation of Articulated Robotic Tails to Augment the
Performance of Reduced Degreef-Freedom Legged Robots

Wael Saab

In nature, animals commonly use their tails to assist propulsidnlization, and maneuvering
However, in legged robotic systems, the dominant research paradigm has been to focus on the
design and control of the legs as a means to simultaneously provide propulsion, maneunering
stabilization Fundamentally, this resrch is motivated by the question of how to improve the
stability and maneuverability of legged robots utilizing an articulated tail mechanism. It is
hypothesized that by using an articulated tail mechanism to aid in these functionalities onboard a
leggedr obot s, the burden on the robotds | egs to
may be reduced. This coul ddesignbnaaontrol abgorithsis mp | i f i
This doctoral dissertation addressieis problem statement and hypesisby proposing
two articulated tail mechanismB3-RT and DMST that are uniquely designed to be practically
implemented on a reduced DOduadruped and biped robotespectively, for taihided
stabilization and maneuverabilitfhrough analysis and pgrimentation, it is demonstrated that
articulatedails enable enhanced workspace and inertial loading capabilities relafiveviously
implementedpendulumlike tails while theproposedeg mechanism enables the construction of
legged robots with sintified design anatontrol. However, these legged robots cannot effectively
walk as standalone machines which justifies the implementation of articulated tails for augmented
performanceThe dynamics of the combined robotic system consisting of reducedi€z@éd
robots with implemented tails are derived to scale and optimize articulated tails to maximize
inertial adjustment capabilities and derive control schemes for enhanced maneuvering and
stabilization using taibided motion.Using experimerst and simwtions the combined robotic
systemgonsisting ofa reduced DOIguadruped and biped rob@sgmented via articulated tails

demonstratevalking criteria that is comparable to conventional legged robots
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CHAPTER 1: INTRODUCTION

This dissertation explores tldesign, and implementation of articulated robotic tail mechanisms
onboard legged robots to augment performance in terms of stabilization and maneuverability. This
work addresses two challenges that arise from the limitations of current implementatiootiof ro
tails intended for inertial adjustment applications onboard legged robots. The festigning
articulatedail mechanismsor practical implementation onboard legged rolaoid analyzing their
inertial adjustment capabilitihrough a series afimulation and experimental case studies to
demonstrate enhancexpabilitiesrelative toconventional penduluftike tails. To justify the
addition of a taibnboardlegged robot, the tail must provide multiple functionalities fol¢yged
robotto redu@ the burden on the legs in producing simultaneous propulsion, maneyaadng
stabilization.The seconahallenges to investigatel) the performance enhancement capabilities
an articulated tail can provide a legged robot in terhssabilization andnaneuvering and) the
potential reduction in design and control complexityhe legged robahat @il implementation

can enable when aiding maneuvering and stabilization applicatidms objective of this
dissertation is to jointly synthesizeroboic system composed of a redude®@F legged robot
with an attached articulatedil mechanismThen,analyzeand demonstratie tails performance
enhancement capabilities in terms of stabilizataod maneuverabilitypnboard the proposed

reducedDOF leggedrobots

1.1 Motivation and Scope of Work

By observing nature, engineers can gain a source of inspiration to address major challenges within
the field of robotics. For example, animals use their tails for a wide variety of tasks ranging from
stabilizaton, maneuvering, propulsion, and manipulatidj. By studying fossil remains,
scientists believe that the Tyrannosaurus Rex swung its tail laterally to caahtbe weight of

its massive body while it walked forwaf#d, 3]. Similarly, kangaroos have been observed to use
their tails in a compliant mode as a counter balance while hop#jngnd can stiffen their tails to
provide an additional limb while standing on their hind legs or engaging in defensive boxing

routines[5]. Kangaroo rats and lizards have been observed to swing their tails while-@r nad



reorient their bos|[6, 7]. Green Iguanas akmown to lash their tails against predators to escape
dangerous situationi8]. Other examples of tail usage include monkeys climbing and grasping
objects an alligator rolling underwater, or the propulsion of fish through water. These stabilization,
maneuveringand propulsive behaviors are examples of inertial adjustment, where a structure
onboarda system is used to generate inertial forces and montentsdify the dynamics of the
animal. While tails are the most obvious inertial adjustment mechanism used by animals, any
motion of an appendage or body mass can be usezhfpiarreorientation such as wings],
spines[10], or legs[11, 12] By observing these functionalities scaled over a wide range of sizes
and uses, engineers have been inspired to apply inertial adjustment mechanisms to mobile robotics
to further enhare shabilization and maneuverability.

Researchersiave proposedrobotic tail utilization for inertial adjustment applications
onboard mobile robots. However, #esting literaturéhas been dominated Ioigid, single DOF
pendulums that provide improved rfmmance limited to specific planesRecently, spatial
pendulumlike tails have been proposed that provide maMis performance enhancement
capabilities and an increased worksp&esearch thrustas part of this workhaveshifted away
from the convational design structures adinglebody pendulum like tail¢o investigate the
performance advantages articulated, spat#lls can provide; such adprming multiple
configurationshapeshatenabé enhanced inertial loading capabilities argteater wrkspace for
endeffecta andcenterof-mass COM) positioning

In the field of legged robotics, the dominant research paradigm has focused on leg
mechanism desigrithat arecomposed of three or moeetive DOFs, and developinteg control
algorithmsto simultaneously propel, aneuvey and stabilize the roboflthough conventional
legged robots are composed of a large number activesDidt do enhance locomotion and
tasking abilities, each additional DOmMd i ncr e
complexity offoot trajectory planning and contrdt.is hypothesized that by using an articulated
tail mechanism to aid in tasks involving stabilization and maneuvering onboard a legged robots,
t he bur den legstosimuitameousty maneugemnd stabilize the robot may be reduced.
This could allow for simplification ott e  |desgroasdontrol algorithmsAs part of this work,

a reduceeDOF modular robotic leg mechanism is presented to constructlopthdrupedal and
bipedalexperimenthplatform that are utilized toinvestigatethe articulated tails capabilities in

augmenting performande exhibit similar walking criteria relative to conventional legged robots.



1.2 Objectives

The aforementionedhallengesnotivated ths research withhieaim to enhance thperformance

of legged robotwvia an attachedrticulatedinertial tail In particular, this dissertation seeks to
design, analyze, andynthesize articulated tail mechanisms that exhibit inertial adjustment
capabilities(relative to peviouspendulumlike tail designs)intended to be attachemhboard
guadruped andiped robots composed of reducB®F leg mechanismso provide a means
separate from the legi aid functionalities such asd stabilization and maneuverabilityThis

aim entails the accomplishment of the following objectives:

1 Robotic TailDesign:Investigate the mechanical design of various robotic manipulators to

identify idealized desigreriteria to be incorporated into the proposadiculatedtail

mechanisms.

1 Reduce DOF Robotic Leg Designinvestigate existing leg mechanism desjgand

develop a reduceDOF modular leg with less than three active B@-construct botla
guadrupedaland bipedal experimental platforno test the pedrmance enhancement
criteria tha theproposedarticulatedtail mechanisms can provide in terms of stabilizgtion

and maneuverability.

1 Dynamic Modeling and ControDevelop dynamic modelsof articulated tails onboard

legged robotdo: 1) optimize design parameters aiticulatedtail medhanisms onboard
legged robots to maximizaertial adjustment capabilities, and 2) develop control schemes
that exhibit goal oriented behavior to effectively sngmt the performance of redueB®F

legged robots in terms afianeuveringand stabilization ggications.

The objective of this work is to design and implemamarticulated robotic taibnboarda
reducedDOF leggedrobotto augment the legged rol@®tperformance in terms of stabilization
and maneuveringsing taitaided motionPerformance of #aproposedobotic systemsonsisting
of an articulated tail onboard a redud@@F legged robot will be evaluated through experimental
and simulation based case studies to demonstrate comparable walking criteria relative to

conventional legged robots, kst as (1) maintain quasstatic stability during locomotion, (2



maintain a constant robot bodyidpet during a waiting gait, (3maintain horizontal body

orientation during a walking gait, (4have the ability to move backward, forward aBdsteer.

1.3 Contributions

The contributions of this dissertation spanaage of research topics thatlude: mechanical

design,analysis and experimentasalidationof hyperredundantcable driven manipulatorand

reducedDOF legged robotsIn addition to dyamic modeling, optimization, andontrol of

articulated tails onboard legged robots for enhanced stabilizatidnmaneuvering applications.

These contributions aseimmarized as follows:

1 Robotic Tail Design and Implementation Reviéwstate-of-the-artreviewis presenteth

l

the field of mobile robotics that utilizgpendulumlike, and continuunrobotic tails for
inertial adjustment applicatiomgong with a tabular comparison highlighting the attributes
of existing robotic systen® identify quantitatie performance criteria to aid the design

and implementation of novel articulated tail desigit§.

Articulated Robotic Tail Designtwo novel articulated robotic tails differing in topology,

degrees of actuation are conceptualizEsigned, analyzeednd integrated intprototypes.

1) A novel3 DOF serpentingail structurg(2 articulatedail curvatures, and 1 roll motion)

mechanismcalled the RoHRevoluteRevolute Tail (R3-RT) [14] intended fo use
onboard aquadrupedrobot, is composed of rigid links interconnected via revolute
joints. Cable routing about circular contedrlinks and an Sshapecable routing
scheme maintains equal antagonistic caldpldcementsTherefore, the antagonistic
cables can be connected single active DOF to control an articulated tail segment.
Furthermore, thignables mecharal decoupling of articulated segments connected in
series usinggeartrain systento regulate equal relative link rotation and kinematically
resolve the redundancy witharticulated tailsegmentsA slip ring incorporated into

the roll DOF enables infinite rotation without the risk of breaking wires andbles

the tail to act like a reaction wheel by imparting long duratimtonstrainedeactive

moments about the redixis. Significant experimental resulté this dissertation have



corroboratd previousanalyticalsimulationsresultspresented by Rone and B&avi

[15] by demonstrating tht articulated tails can providenhanced inertial loading
capabilities(53 % net increase in generated moments, and 46 % net decrease in
generated forcegh comparison to gndulumlike tails. These experimental results
demonstrate that articulated tails exhibit enhanced loading capabilities relative to

previously implemented pendululike tails.

2) A novel2-DOF serpentinegail structure (larticulatedail curvature, and 1 rbinotion),
called the Discrete Modular Serpentifal (DMST) [16, 17]intended ér use onboard
abiped robotutilizesa cable transmission system rousddutcircular contouredigid
links to enable equal antagonistiabte displacementsTherefore, the antagonistic
cables can beonnected taa multi-diameterpulley that upon rotation creates a
controlled articulated tail curvaturesing a singleactive DOF. Each modulas self
contained, a feature that enablgfnite rotation about the reéixis fa reactionwheel
like operation anthemodular connection of multipk&il modulesn serieso achieve
independently actuatedulti-tail curvatures

1 Reduced DORoboticLeg DesignA novelmodular tweDOF leg mechanisprcalled the

Robotic Modular Led18, 19] is used to construceducedDOF legged robotic platforms

to evaluate performance enhancement criteria that articulated taifg@ade. The leg
mechanism iscomposed of two serially connected fdaar mechanisms that utilize
kinematic constraints to maintain a parallel orientation between the flat foot and body
without the use of an actuated ankle. A passive suspension systgratedeanto the foot
enables the dissipation of impact energy and maintaistl@efour point of contact
support polygon on both flat and uneven terrdaihe modular design enias the
construction of reduceDOF quadruped and biped robots that are use@xperimental
platforms to test the articulated tails abilities in enhancing maneuverability and
stabilization.

1 Dynamic Modeling and Controlfhe dynamicformulationsof articulated tas onboard

legged robotslerived in this dissertaticare used to $ect optimalranges otail mass and
length ratie to produce effectivénertial adjustmenof legged robat Data on biological

specimenalidated optimization results by demonstrating that animals, that utilize their
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tails for inertial adjustment applations, satisfy the optimal ranges defined badbd
proposedanalysis. The dynamic formulations were then used to derivargeuvering
controller consisting of a Path Plannty plan tail trajectories fogoal oriented
maneuveringoehavior, and a Tail Man controllerwas designed andmplementedio
decoupé manpulator dynamics and contrah articulatedtail to track the plannethil
trajectory. The contlaapproach was evaluated usiegperiments andimulationsof the
robotic systems composedretiued-DOF quadruped and biped robatsdemonstrate the
articulatedail mechanismabilitiesto enhancestabilizationand maneuveang [20, 21]



1.4 Selected Publications
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Nov. 2017)2018

Conferences

1.

3.
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on Intelligent Robots and Systems (Submitted March 2Q08)8.
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pp. VO0O2T21A010: 17.

W. Saa and P. BefTzvi, "Design and Analysis of a Discrete Modular Serpentine Robotic
Tail for Improved Performance of Mobile Robots,"limternational Design Engineering
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4. W. Saab and P. Befilzvi, "Design and Analysis of a Robotic Modular Leg," in
International Design Engineering Technical Conferences and Computers and Information
in Engineering Conferendgharlotte, NC, USA, 2016, pp. VOSATODA2: 18.

1.5Dissertation Structure
The dissertatiois structured as follows:

Chapter 1 provides a summary and outlines the main objectives and contributions of the
proposed work.

Chapter 2 presents a comprehensive stat¢he-art review ofthe mobile robos that
utilize robotic tails for inertial adjustment applications with tabular anatlisiscompares design
attributes of previous work antighlights the significant results and challenges that have
motivated this research.

Chapter 3 explores th&esign space of undactuated, articulated robotic manipulators to
identify design challenges and useful design criteria that have inspired the proposed tail
mechanisms. Based on this investigation, the mechanical desfgmso articulated tail
mechanismm are presentedlhese tail designs represent the first major contributions to this
dissertation where the novelties and design oriented advantelgése to existing worlare
highlighted within the discussions

Chapter 4 presents the kinematic and dymia modeling of the RRT mechanisnthat is
used to compute generated inertial loading, reactive forces and moments about the base of the talil
Simulated case studies are then presented to analyrgoide oftail motion and tail configuration
parameterson inertial loadingprofiles Experimental results using an integrated prototype
demonstrataccuracy and repeatability and #réhancedhertial loading capabilitiesf articulated
tails overpreviously implemented penduluiike tails.

Chapter 5 presentghe kinematic and dynamic modeling of the DMST mechanism that is
used to compute generated inertial loading, reactive forces and moments about the base of the tail.
Simulated case studies are then presented to analyze the effect of varying desigtrajed i/
parameters on inertial loading profiles resultant from tail motiBrperimental results using an
integrated prototype demonstratecuracy and repeatability and the capacity of inertial loading
capabilitiesand areused to validate both thénematic and dynamic models.
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Chapter 6 discusseshe challenges in design and control of conventional legged robots.
Existing reduceeDOF leg mechanisms are reviewed that reduce the overall design and control
complexity of legged robots. However, the oréy of existing solutions utilize point of contact
feet that introduce challenges in developingots that can satisfy walking critedi@scribed as
producing stable forward and turning gaits that maintain constant body height, and orientation
duringlocomotion Thereforea rovel reduceeDOF leg mechanisns proposedo construct both
a quadrupedal and bipedal experimental platféomevaluate the performance enhancement
capabilitieghatattached articulated tails canable Foot trajectory and sequeng are presented
to enable astabletrot walking gait. Kinematic and dynamic models dhenderived to aidhe
design procedure by selecting appropriate motors that satisfy operational requiterperdsice
the desired walking gaitddowever, to satfy all the aforementioned walking criteria, the
articulated tails must be implemented onboard the quadruped and biped robot to augment
performance of maneuvering and stabilization.

Chapter 7 derives thedynamics of a legged robot with an attached artiedlail. These
dynamic formulations are used to select optimal ranges of tail mass and length ratio to produce
effectiveinertial adjustmenof the legged robalue totail motions Data on biological specimens
was found to satisfy the optimal ranges dedilbased on analysis. The dynamic formulations were
then used to deriveraaneuvering controller consisting of a Path Planogian tail trajectories
for goal orientednaneuvering, and Bail Motion contoller to trackthe desiredail trajectory.

Chapter 8 presents thexperimentsand simulationghat consist of an articulated tail
prototypeattached to a virtugl simulatedquadrupe@nd bipednodelto evaluate the performance
of the taib in enabling enhancedstabilization and maneuveringpehaviors. This chapter
demonstrates that the proposed tails;fR3and DMST attached to the reduc&DF quadruped
and biped robot, respectively, can produce the desirable set of walking dides@ibed in
Chapter § that is comparable to the performance of cotiveal legged robots

Chapter 9 discusses future work research directions and applications enabled by the

proposed work in this doctoral dissertation.



CHAPTER 2: LITERATURE REVIEW

This chapterreviews the stteof-the-art in robotic tail design anminplementationintended for

inertial adjustment applicatiormboardmobile robotsinspired by biological tail usage fouma

nature engineers have propostx usage afobotic tailsthatprovide a separate means to enhance
stabilization,and maneuvdra | i ty from the mobile robotds mai
or wheels. Research over the past decade has primarily focused on implementifgpsingigid
pendulumlike tail mechanisms to demonstrate tr@radjustment capabilities board walkng,
jumping and wheeled mobile robots. Recently, there has been increased efforts aimed at
leveraging the benefits of continuum tail mechanism designs to enhance inertial adjustment
capabilities and further emulate the structure and functionalities os&ge found in nature. This
chapterdiscusses relevant research in design, modeling, anaysismplementation of robotic

tails onboardmobile robots, and highlighthow this work is being used to build robotic systems
with enhanced performance cajiies.

The objectve of thischapteris to present andompare research contributions made to
robotic tail designanalysis and implementation onboard mobile robots for inertial adjustment
applications. While there are examples of inertial adjustméregged robots and mobile
platforms using torsoR2], limbs[23] and robotic manipulatoi®4], this review will focus on
active mechanisms that mimic functionalities of biological talilservedn nature. The objective
is to summarize the most recent and relevant advances in this field and thetlimitations and
challenges pertaining toertial adjustment applications of mobile robots via robotic tdiss
chapterwill outline progress and identikey challenges that lay ahead to justify the design and

analysis of the work proposed in subsequent chapters of this dissertation.

2.1Inertial Adjustment Mechanism Technology

Robotic engineerand scientisténspiredby nature often face a scenario where meeting design
requirements using traditional engineering approaches becomes challenging. In the case of a
biological tail used for inertia@djustment applications, faithfully mimicking a biological structure

in terms of design alorteas not been demonstratedhasalistic option since animals have evolved
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over millions of years to exploit structural and organizational principles spannltiglenphysical
scales and operational modes to realize functional performance gains in an efficient[@&nner

From an engineering perspective, the fundamental principles of an inertial adjustment
mechanism is to offer the capability to adjust the ceoftenass (COM) locatiorand generate
control forces and momentba@ut its attachment point to adjust #ystenorientation. These basic
requirements have led to vast amounts of research to develop inertial adjustment mechanism
technologies to meet these needs. However, for applicatrdreardnobile robots, the feaslity
of such technologies must be carefully considered.

Engineered solutiorfer inertial adjustment mechanisms can be categorized based on their
principles ofoperation: (1) substrate interaction mechanisms propel the surrounding environment
to producepropulsive forces such as thrusters, gas jets, fins, turbojets and turfaé@gizs ], (2)
translational mechanisms displace a reaction mass to adjust COM Id@&jp(8) symmetric
rotational mechanisms provide a reactive moment (no forces), such as reaction[29jeéts
adjust orientation, and (4) asymmetrical rotatiamaichanisms, such as pendulums (i.e. robotic
tails), provide COM adjustments and generate control forces and moments.

Although category 1 mechanisms have demonstrated highly capalilal indjustment
capabilities oboard satellites, airplanes and spaagcthe requirement of compressors and fuel
make practical implementation on board mobile robots challenging. Similarly, category 2
mechanisms rely on the translational stroke length of the reaction mass and requires a large foot
print onboarda relativdy compact mobile robot for significant inertial adjustment contributions.
Therefore, the feasibility of categoByand 4mechanisms has been studied for inertial adjustment
applications of mobile robots.

A category 3eaction wheel conssof an axisymmeric mass that is capable of continuous
rotation about a single axis of rotation andsed to impart a reactive moment about its attachment
point. Although they can be designed to fit in small volumes, they are limited by the angular
velocity of the actator and mass constraif@®]. Category 4 pndulums are capable of generating
both control forces and moments in addition to adjusting COM location. They can be designed
with high inertia while maintaining a constant mass dughéoguadratic relatioship between
pendulum lengthand effective inertia. bwever pendulaareoftenlimited to a maximum range of

motion dueto potential contact with the environment or robot during operation.
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In the work presented by Briggs et. [@1], the results of comparative analysis between
mobile robot implementati@of a reaction wheel and alotic tail, in the form of a singleody
rigid pendulum,are summarized as followg1) the longer spatial dimension of a robotic tail
provides the advantage of a greater moment of inertia at the cost of a constraint on maximum
allowable relative rotatign2) a reaction wheel is appropriate when there are tightly confining
geometry constraints and the time of interest is long due &bilisy to continuously rotateand
(3) for an equivalent power input, effective momehtinertia and short time spaa,robotic tail
can produce a significantly higher angular impulse to affect the attached mobile robot. In a separate
study presented by Machairas et.[@D] that analyzed a pendululike tail and reaction wheel
onboarda quadruped robot, for equivalent inertial prosrtand time span of motion that result
in an equivalent heading angle adjustment in the yaw direction, results indicate( thess
torque is required for the robotic tail motion becatlse inertial force at the tail base also
contributes to the nebtque relative to the system CO&hd(2) the motor needs to run at a much
higher speed in the reaction wheel case;a result, for the same net rotatiomgre power is
required bythe motor.The results fronboth [30, 31] have concluded that robotic tails are the

optimal means of inertial adjustment for mobile robotic applications.

2.2Robotic Tails
This section reviews the design angplementation of robotic tailenboardmobile robots for
inertial adjustment applications categorized by structural design and means of operation. Section
2.2.1 reviews work pertaining to singbedy rigid penduluniike tails that operate in planar
(2.2.1.1)and spatial (2.2.1.2) workspaces. Section 2.2.2 presents recent trends into soft robotics
thathave led to mechanism designs that form continuum structures and closely mimic the motions
and functionalities of biological tails found in nature. The aim ¢f #ection is to provide a
comparative analysis and highlighte benefits and results of the proposed tail mechanism designs
found in literature.

Many of therobotic tails proposed in the literature draw inspiration from a diverse variety
of animals suclas cheetahg31-34], kangaroog5, 3537], fish [38, 39] lizards[6, 40, 41] and
dinosaurg7, 42]. To facilitate a comparative analysis of prior research into robotic tails, a sample
of previous tail designs and thehysical properties areollectedin Table2.1. In terms of

mechanical design, the majority of rasgh has focused primarily on singl®dy planar
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pendulums and covers a wide range of massés 700g) and lengths (73 to 500 mm). Planar
tails operate ira singleDOF either in the pitcH6, 35, 37, 40, 4317], yaw [42, 4850], or roll-
direction[33]. Spatial penduluntike tails are tweDOF mechanisms that operate in a combination
of planes by utilizing active pitcAnd yaw DOF431, 36, 41] Planar tails provide enhanced
performance about a single bedyis with the advantage of simpler design and implementation.
Spatial tails greatly increase workspace and provide 1axiienhanced performance capabilities,
but require increased actuator unit [88e39,i gn
51] earliest implementations dating back to the year 2014, not shown inZl’hldee designed to
closely emulate the natural motions and functionalities of biological tails and utilize various forms
of actuation such as cable systems, pneumatic pressure, and mechanical layer jamming.
Functionally, these tails may be classified as a@ditabilization, maneuvering, propulsion
or manipulation. Tails for stabilization include static applications of COM adjustment that aid
passive quasstatic walking[50], and dynamic applications for disturbance rejectidh],
dynamic runnindg42], pitch adjustmeni6, 7, 37, 40, 4445, 47, 52] stabilization for higkspeed
maneuverg32, 33] and attitude contrdl31, 36, 41] Tails for maneuvering enable ysamgle
turning[48, 49] Tails for prolusion have demonstrated for underwater swimming applicg@&ns
39]. Tails for manipulation enable environmental contact to provide an additional supporting limb
[5, 42].
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Table 2.1: Comparison ofobotictail designs, an@ctuationproperties

System (37] | [50] 4[1%’] [48] [j’g]’ 35] | [41] | [32] | [36]
Year 1091| 2008| 2012 | 2012| 2013 | 2014| 2013 | 2015 | 2015
Tail Mass (g) - 700 | 17 4 400 | 371 70 400 150
Tail Length (mm) | - 150 | 103 | 115 | 500 | 177 73 500 300
'ng\?v‘lr'v('s\tf)’r . |s5| 4 | 25| 120 | 19| 175 | 70ea| -
Max Speed (rpm)| - 6 | 3000| 400 | 275 | 240 320 137 353
EndEffector

- 180 | 255 | 265 | 224 | 220 | 135/135| 70/180| 180/180

Workspace (Deg)

Planar Spatial

Mechanical Desigr]
SingleBody Rigid Pendulum

- Not Reported.

2.2.1Single-Body Rigid Pendulum Tail Mechanisms
As pointed out in Table 2.1, pendulum tails can either be classified as planar tail mechanisms

reviewed in section 2.2.1.1 or spatial tail mechanisms reviewed in section 2.2.1.2.

2.2.1.1 Plaar Tail Mechanisms

Planar tailsexamples of which aghown in Fig2.1, provide enhanced performance about a single
axis with the advantage of simple design and implementdBiased on an extensive literature
review, the firstsystemthat appears to ka utilized an inertial tail was the Uniroo rob@7]
composed of a singleg constrained to hop along a circular path and a pitch DOF tail used to
counterbalane leg motion shownFig. 2.1(A). The authors used experimental observations and
data to modify the control architecture ahch e  mamierit 6fdnertia to achieve desirable
behavior. The robot demonstrated a forward hoping velocity omlis8Based off his work, a
number of pitch DOF tails have been further analyzed and implemented on numerous robots for
dynamic midair pitch adjustmentLiu et. al. investigated a kangaroo roff@%], shown inFig.
2.1(B), with two synchronized circularcshaped legs used to produce forward hopping motion
while an active tailcompensated for undesireshgular momentum. The authors é@stigated
performance of a stationary tail, and an active pitch DOF tail using bothlegenontrol (i.e.,
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pre-calculated trajectori@sand closed loop contr@gupdatng tail trajectoriesusing sensor data)
Results indicated that an active tail can pitch variation by up to 50 %. With the ogeop

active tail, the body pitch RMS error of the robot reduced by 52% in comparison to the robot with
stationary tail. With the closeldop active tail, the value is further reduced by 43%.

By studyingaltar dés | ump, transitioning b[Atween
ChangSiu, Johnson, Libby et. al. explored the design space and performance enhancements a
pitch DOF tail can provide Tailbg6, 40], shown inFig. 2.1(C), for mid-air pitchself-righting.
Conservation of angular momentum of the robotic system, modeled as two rigid (nooleie
robot and tail) connected by a revolute jomposed a dimensidess index of rotational efficacy
upon which the tail can be desigreadoptimized in terms of tip mass afehgth specifications
for mobile robots of various sizes and weigFg8]. Further analysis demonstrated that: 1) the
duration of body reorientation depends upon the acceleration of the tail relative to the body, and
2)thepwer density of the taildés actuator must i |
in order to achieve the same maneuver in the same relative time span of the tail motion. These
results indicate that inertial adjustment gets more expensiveder size scaled robots; therefore,
larger robots may suffer from reduced-&idied performance or must dedicate a larger proportion
of total body mass and power to tail actuation. Experimental results in this work demonstrated how
the tail enables rapiditch reorientation of the body up to 90° with relatively low tail tip mass
(10%7 20% of the robot body mass). The authors later implemented a similar tafRbexrobot
[44,47) showninFig21(D) , t o demonstrate the roboffabs enha
elevatededgeand dynamicallyadjustingits pitch to land on its feet enabled via clo$eab, tait
aidad body pitch control. A similar functionality was demonstrated by Zhao et. al. on a miniature
28 gram robot called the MSU Jumgéb, 52] shown inFig. 2.1(E), that cantranslateusing
wheels, jump over obatles using spring loaded legs, and perform apttieth adjustmentssing
an active tail. Therefore, the robot can control its landing posture to protect it from damage.

Tails that operate in the yaw DOF have been proposed to enhance maneuverability and
stabilization of mobile robots. Kohut et. al. proposed a psilted, 45 gram legged robot called
TAYLROACH [48, 49] shown inFig. 2.1(F), to investigatehe maneuverabilitymprovemenia
tail canprovide in terms of turning without reducing the its forward running speed. Modeling of
the robotic system assumed that the tail torque occurs as soon as the tail is actuated and

overwhelms static friabn, causing a fulbody rotation opposed by dynamic sliding friction at the
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feed However, this model did not consider &féects of translation resulting from inertial forces
generated by the tail. Using gyroscope sensory feedback, @baggontrollewas developed to
apply maximum motor torque within 5° of the desired body yaw angle. The robot demonstrated
90° turns up to 360°/sec with an RMS error up to 13Bpired by recent biomechanics research
of the cheetalf54], Patel and Braae analyzed the enhanced stabilization a tail can provide the
wheeled robot Dima, shown in Fi31(G), in terms of rapid forward motion acceleration/braking
[46], and turning[33]. For rapid acceleration/braking, the authors proposed a longitudinal
maneuver template to model t he -<edumdahtasievet ont r ol
behaviors using reducemtder modelg55] that consisted of two rigid bodies, tail and robot,
capable of rotating about a grounded joint where acceleration/braking forces were considered to
be external forces acting on thessam. In this case, the tail was used to maintain zero pitch angle
during instances of rapid acceleration and deceleration. For rapid turning, a Lagrangian method
was used to model the system in the lateral plane where the robot was assumed to b&rotating
the roll direction about a grounded joint. The centrifugal force resulting fromspigéd turning
was modeled as a disturbance to the system and a controller was developed to maintain a zero roll
angle using counteractive tail motions. The authohzedi the analytical models of the system to
select an optimal tail mass and actuator gearbox reduction ratio to maximize the resultant body
angular adjustment resulting from a tail motion, and then studied the effects of a tailed and tailless
robot. Bothsimulation and experimental results of this work indicated that the addition of the tail
enabled the robot to perform up to a 40% increase in lateral acceleration and a 50 % increase in
forward acceleration, without toppling over in comparison, to theldsdl version; therefore,
enabling highspeed maneuverability. The authors then designed a new actuation unit to combine
both pitch and yawail motions to construct aROF spatial tai[32] to better approximate the
conical motion of tail usage of the cheetah and impart a roll torque, about a single axis, on the
Dima robot; however, in terms of functionality the goal was to enhance turning of the robot about
a single axis in the laterairdction. A tail controller was then developed to generate tail motions
that constrained the tail workspace to a cone of specified width. Experimental results indicated
that, on average, a tdédss system could only perform a turn at 6 m/s whereas thd &jistem
could initiate turns at 7 m/s since the tail can provide up to 70 % more lateral acceleration.
Berengueet. al. proposed a passive, compliant bipedal robot called Zappa that is capable
of walking using only one actuator that controls yaw rotatf a tail[50], shown in Fig2.1(H).
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The authors demonstrated that the gait length farward walking speed of the robot can be
controlled by varying the frequency of tail oscillatibvatadjusst h e r GOM pdsitos to fall

within the left/right support polygon. Results highlight the potential simplifications a tail can
provide leged robots in terms of reduced mechanical design and coatngllexity Takita et. al.
proposed a bipedal robot called TITR#&], designed to realize a practical mobile woki
platform. Both a pendulustike neck and tail mechanism, attached to universal joints each
controlled by two coupled differential drive motors, were used to swing the inertial appendages
left and right in a horizontal plane (about a single axis) to statically and run dynamically by
adjusting its projected COM and zemmment point within the robots support polygon. This work
demonstrates the first functionality how an inertial appendage with a spatial workspace can be
used to provide a stable tripdiéte structure while the neckan potentiallyperform tasks of

manipulation or surveillance.
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Leg’s three-axis
accelerometers

Figure 2.1: Planar, pendulurike tail mechanismsA) Uniroo robot, B) Kangaroo obot
[35], C) Tailbot[6, 40], D) X-Rhex[44, 47] E) MSU Jumpef45, 52] F) TAYLROACH [48,
49], G) Dima[33, 46] andH) Zappa50]
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2.2.1.2 Spatial Tail Mechanisms
Spatial, single body rigid pendulum tails, shown in FA@., have been proposed that greatly
increase workspace and provide enhanced +axi$i capabilities at the cost of increasediaftir
unit design and contralomplexity Although structurally similar to planar penduldike tails
reviewed in sectiorR.2.1.] the main contributions of spatial penduHike tails falls within
algorithm design t o c on tssimultandously to tichieve & desirpdi t ¢ h
functionality. These tails have been ugedexperimentally demonstradynamic applications
includingdisturbance rejectiof81], mid-air attitude control[41] and eneagy regulation[36].

Inspired by video footage of a cheetah observed whipping itsdail side to side during
a highspeed chase of its prey, Briggs et. al. hypothesized that the tail provides a reactive moment
to help roll t h eair oorassistanurmdisg miotmrd in this nvorkn&-0OF
pendulumlike tail attached to the MIT Cheet§bil], shown inFig. 2.2(A), was modeled during
midair-flight as two rigid bodies, tail and robot. The authors thereloped a controller to reorient
the body using tail motion by: 1) defining an Euler axis along which the rbbatdsrotate to the
desired orientation, 2) computing the angular rotation needed to achieve the desired orientation, 3)
calculating the current angular velocity of the body, 4) defining the desired angular velocity at the
end configuration, 5) determininthe desired angular momentum with the desired angular
velocity, 6) computing the desired change in angular momentum to compute the desired torque talil
input, and 7) projecting the desired torque on the achievable space of torques along the axis of the
tail actuators. In this analysis, only inertial moments were considered for inertial adjustment
applications; inertial forces generated by the tail were neglected due to the complexity of its
consideration since these forces either aid or hinder rotatitve obbot based on its instantaneous
state as discussed by the authors. The simulated controller failed to achieve a desired orientation
when the initial tail orientation was arbitrarily selected, but was successful when the initial tail
orientation was opmnized. The authors then experimentally demonstrated how the tail can be used
to reject external disturbances, by swinging it in an opposite orientation of its body rotation, to
prevent the robot from tipping over while in contact with the ground.

ChangSiu et.al. proposed a control scheme for attitude control of a faliB§)R Tailbot,
shown in Fig. 2(B), with the tail capable of rotating in the pitch and yaw direct{di$. By
choosing a body angular velocity vector parallel to the axis of error rotation, the controller steers

the robot towards its desired orientation. However, the attachment point of the tail to the robot was
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assumed to be @he COM, therefore neglecting the effects of generated inertial forces on the
orientation of the robot. The proposed scheme was accomplished through feedback laws as
opposed to feed forward trajectory generation, and demonstrated a fair robustnessl|to mode
uncertainties. The authors implemented the control approach on a simple controller on a small
(175 g) robot platform. Experimental trials, after inertial adjustment using the tail, demonstrated
an angular orientation error up to 18° attributed to friciiothe inexpensive motors and lack of

an integrator in the controller.

De and Koditschk proposed the Penn Jer[86, shown in Fig. 2(C), a passive
compliant 4DOF tailed monoped fastened to a boom to restrict motion in the sagittal plane. The
pl at f or miénss poweredobyntbe hip motor that adjusts the leg touchdown angle in flight
and balance in stance, along with a tail motor that adjusts body shape in flight and drives energy
into the passive leg shank spring during stancéoiigh the 2DOF tail is s@tial, spatial inertial
reorientation analysis was presented but was only demonstrated for the robotic system constrained
in the sagittal plane with the tail operating in the pitch DOF. The authors adopt a teamglade
framework[55]t o r e pr e s e n t-DAF kteady sagittat flanereding as4he hierarchical
composition of the low DOF constituents described as: 1) tail energy pump, 2) Raibert Stepping,
3) Raibertpitch correction, and 4) shape reorientation. Théastapply the four decoupled 1
DOF control laws associated with these isolated templates directly to the (highly dynamically
coupled) physical platform and demonstrate empirically steady sagittalrptamag whose body
motions reveal, when viewed in the appropriate coordinates, striking similarityhe

corresponding isolatedROF constituents.
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Figure 2.2: Spatial,pendulun-like tail mechanisms: AMIT Cheeta31], B) 2-DOF Tailbd
[41], and G Penn JerboE36].

2.22 Continuum Tail Mechanisms
A recent surge of interest into soft robots, capable of forming continuous curvaturégehas
motivated by the perceived observations and performance of traditional rigid body robotic
manipulators that exhibit a mechanically a stiff interface with the surrounding envirofsgnt
The body compliance of soft robots is a salient feature found in many natural systems that offers
inherent robustness to uncertainty, adaptability to environmental uncertainties and the capacity to
distribute forces at the cost of reduced repeatgqfihid accuracib7].

Rone et. al. proposed the use continuum robotic tails for inertial adjustment applications
[51], shown in Fig2.3(A). The tailwas composed of eight disks rigidly mounted alangelastic
core. The twesegment structure, capable of forming two curvatures, also calledshages, was
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composed of six rods that provide structural support. Three rods were terminated at the fourth and
eighth disks in each segment. Two active rodsle@aced via linear motors to create planar tail
curvatures. The authors also proposed a two segmentdral®@e variation, driven by three linear
motors, capable of forming spatial curvatures. These preliminary prototypes were used to validate
a novelmethod of dynamic modelindpat captures curvature variations along segments using the
principle of virtual powel58, 59] For stabilization and maneuvering applications, the authors
analyzedhe impact of both trajectory and design factors on the loading profiles about the tail base
resulting from tail motions of the continuum structure. Trajectory factors consimhetade the
configuration shape, speed, bending magnitude and bending plane angle. Design factors
considered for a fixed mass tail include segment length(s) and mass distribution. Results indicated
that a shorter segment 1 length, in a two segment comtitiail, provides a greater range of motion
of the tail tip and will enable more rapid tail motions due to less required actuation displacement,
and allocating a larger mass concentration in segment 2 towards the tip provides larger bending
moments and geger fidelity of control over the applied moment. Furthermore, tihe
configurationshapes in the tail structure was shown to increase the manifold of inertial loading
about the base of the tail by actuating varicmsfigurationshapes during tail motisn

However, challenges associated with scaling the continuum designs up to thesoadero
led the authors te@onsider other tail structures composed of rigid bodigsesented in this
dissertationFirst, the uniform elasticity of the single continuumrce di d not al |l ow
stiffness to vary in different directions (i.e., vertical and horizontal) or along the structure. Higher
stiffness to counteract gravity in the vertical direction would be more desirable, along with higher
stiffness at joits closer to the tail base, as they have to support larger gravitational moments.
Second, for uniform horizontal bending with minimal actuation, it is desirable to have a low,
consistent horizontal stiffness. In addition, on the macade, when the comtium structure
bends out of the plane, the coreds torsional
accounted for in the modeling and further | mp
theoretically infiniteDOF joint space praded significant challenges in planning strategies for
reaktime interoceptive sensing.

Marchese et. al. proposad autonomous sefiodied fish robot that is both s&lbntained
and capable of rapid, continudoody motiori38]. The robot shown in Fig. 2.@8), is composed
of a rigid body structure that houses the electronics, sensors, and a fluidic actuation unit. The fish
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tail is composed of fluidic elastomer actuatois #xpand and contract with fluidic pressure; thus,
creating left or right bending curvatures. The major implications of this work demonstrate how the
continuum tail can emulate natural motions in forward swimming and rapid escape response
maneuvers in theorm of Gshape heading angle turning with a maximum measured rate of 320
°/s. The kinematics and controllability of the sbéidied robot during escape response maneuvers
were shown to have similar inpatutput relationships to those observed in biolalgftsh. In a

later piece of work by Liu et. al., a soft, continutadied robotic fisi39] with a tail actuated via

three servo motors controlling discrete joints demonstrateeslaaie escape mauwver with a
maximum measured heading angle turning rate of’&20'he comparison of measured yaw rate
maneuvering betweef88] and[39], indicate one of the very first quantitative experimentally
validated performance advantages that a continuum tail actuated via pneumatic pressure can
provide versus a conventionally actuated fish tail mechanism.

To mimic the furtionalities of kangaroo tail usage in nature, Santiago et. al. proposed a
continuum robotic structure that can modulate compliance via mechanical layer jd&jmiling
mechanism utilized a novel mechanical approach to layer jamming, shifting away from fluidic
actuation and vacuum pressure as originally propos@@in The tail, shown in Fig. 2(€), is
composed of a proximal and distal section, each drbe three active cables routed through
coupling disks and terminated at the section ends. Displacement of these cables enables spatial tail
curvatures. The structure is composed of an underlying spring back bone that runs along the
mani pul at ohledayer janeming mmdchanisim is composed of laser cut flaps enclosed
within a nylon braided sheath, similar to that used for artificial muscles. Extension/pulling of the
sheath via tendons causes it to shrink in diameter resulting in additional fricticmttieenternal
flaps rubbing against the spring steal core; therefore, stiffening the structure. The authors presented
a novel application of the tail attached to a stuffed kangaroo toy. In a stiff state, the tail was used
to provide an additional anchog limb to enable additional stability while standing on its hind
limbs. In the unstiffened state, the kangaroo was unable to support its weight and slowly collapsed
to the ground. As part of future work, the authors plan to taper the diameter of thebttiler
emulate a kangaroo tail structure and functionality. Contrary to previous implementation of robotic
tails that exploit tail motions to aid inertial adjustment applications, this work represents the first
application into studying environmentalrtact, and variable softness/compliance of a tail. The

utilization of a compliant taibnboarda hopping kangaroo robot may led to future investigations
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of energy conservation to produce efficient locomofl] as proposed in a biological study of
these anirals by Kram and Dawson. In their wof&2], it was stated that the extremely long
Achilles tendon in a kangaroodés tail acts as

hopping; in effect, it is nearly impossible to tire out a kangaroo while it hops over level ground.

A)

Figure 2.3: Soft robotic tail mechanism#) Continuum robotic tail51, 58, 59] B)
Autonomous soft robotic fisf88] (image courtesy of MIT NeV83]), and G Continuum
kangaroo taihctuatedszia mechanical layer jammir§].

2.3Challenges

Since the early implementations of robotic tails, mechanical design, mgdelthgontrol aspects

have been continuously improving. The extent to which the promise of robotic tails can be realized
depends on the robustisesf its design, the accuracy of modeling and the effectiveness of the
control systento demonstrate the full range of functionalities of tail usage observed in nature that
involves both inertial adjustment capabilities (stabilization, maneuvering) angutetion.
However, several key steps are necessary for robotic tails to realize their full potential that can be

broken down into challenges in mechaha@sign, modeling and control.
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2.3.1 Mechanical Design Challenges

Performance afobotic tails is hjhly dependent on its mechanical design. To date, with reference
to Table2.1, tail designs have evolved from planar to spatial pendulums and most recent progress
has shifted tocontinuum mechanisms. These advancements have been coupled to enhanced
workspaefor more desirable effects of inertial adjustment applications. However, an optimal and
general purpose tail design has yet to be proposed. Tidarhiental challenges that govern this

problem include:

1 Designoptimization anctonsiderations on the mmia | number of active
to produce a spatial workspace with distributed motion about its tail length for enhanced
inertial loading capabilitieS.he added mass of the aators contributes a change to system
dynamics and is directly relatedttze cosinertial adjustment capabilities.

1 Limits on strength, and precision of the tail mechanism that can perform both dynamic
motions for inertial adjustment applications and provide the accuracy required for quasi
static applications that involve pise COM positioning for static stabilization and
manipulation.

1 Limits on motor power, and energy efficiency to maintain a cantilevered configuration with

minimal energy consumption

Given the broad base of tail designs presented in the literature,usgoomparative
analysis is needed of the merits and shortcomings of these designs in relation to one another and
in relation to the various types of mobile robotic platforms (e.g., biped, quadruped, wheeled) on

which they may be deployed.

2.3.2Modeling and Control Challenges

Although modeling and control approaches have been developed and implemented over a wide
range of applications, inertially adjusting a mobile robot using a robotic t&dhallenging task

due to modeling of a highly coupled, no@dar dynamic, under actuated syst&imce thetail
attachment point to a mobile rohistusually located at its rear end, offset from the robot COM,
during inertial adjustment applicatigrnsil motiors generate both eeactivemoment and lateral

forces caused by eccentric mass distribution of thetkat are transferred to the mobile rabot
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These forces also induce a moment due to this positional offset that intrathatiesngesn
modeling and control. Depending on the state at each instant, thitimeryaugment or diminish

the resultant moment produced by the tail, complicating analysis considerably. This problem
requires optimization to find good control polici&s. address these challengesnenon methods
employed by researchers include simptify assumptions that have neglected the effects of inertial
forces[6, 31, 33, 40, 44, 489] on the mobile robot and have constrained the robotic system
dynamics to a single plaj85-37]. The challenges that remain to be addressed both Helel

control and higHevel planning to overcome realistic constraints include:

1 Algorithms for maneuvering that also account for the stability of the system that may be
compromised dring tail motions.

1 Algorithms for computing an optimal tail trajectory with a constrained workspace that
considers the effects of both inertial forces and moments to maximize desirable effects of

inertial adjustment.

Broadly speaking, efforts are nedd® reconcile the effects of a tail within existing
frameworks for analyzing the stability of a mobile robot. In doing so, the stability analysis can be
used to generate tail control inputs to generate inertial loading and adjust gravitational loading in

a similar manner as leg control inputs are formulated to generate desired ground contact loading.

2.4 Conclusion

Robotic tails have shown potential to enhance the stability, maneuverability, and propulsion of
mobile robots by providing a means, separaimfits main form of locomotion, to enable inertial
adjustment capabilities and have demonstrated significant technological advances to the field
robotics in general with recent applications demonstrating manipulation. Despite the achievements
accomplishedvith robotic tals, based on the current statkthe-art, significant challenges still
persist in regards to mechanical design, modeling and control to provide a full range of capabilities
basedn tail usage observed in nature, and fully understanefteets of both inertial forces and

moments and its impact on the mobile robot.
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CHAPTER 3: ARTICULATED ROBOTIC TAIL
DESIGNS

The literature review presented in the previous chapter delineated thefgtetert contributions

to the field robotidail design and implementation for inertial adjustment applications, and helped
synthesize a comparison to highlight the differences between exigengtures Previous
methods have utilizepglanar or spatialigid body pendulumlike tails, and continum tails. This
chapteraims to bridge the gapetweerexisting méhods of robotic tail implementation thatilize
pendulumlike and continuunmanipulatordor inertial adjustment applications Ipyoposing the

use of articulated spatial robotic tails consted of rigidlinks that are interconnected via revolute
joints.

Recent research by Rone and Beavi studied the effect of tail structures, ranging from a
single body rigid pendulum to aBOF articulated tail, on the maneuverability of legged robots
along the yaw directiofiL5]. A dynamic model was developed that calculated the tail base loading
(inertial moments and foes) based on prescribed joint angle trajectories. Simulation based case
studies were presented that analyze the effect of tail motion on yaw angle maneuverability, and
the impact of increased tail articulation for equivalent angle trajectories. Reslitiatenthat
higher articulation in the tail structure results in larger angular displacements that correspond to
larger velocities and accelerations of the tail segments that increase inertial loading in comparison
to single body rigid pendulums undergoieguivalent tail motions. For sitar tail trajectories, a
6-DOF tail provided a greater net yaw angle rotation of a quadruped robot equivalent to 33.8° in
comparison to a single DOF tail that provided a yaw angle rotation of 2f0%%ver, increased
articulation requires more complex mechanical designs and control of the additional DOFs.
Thereforemechanical designs of existing undatuated articulated robotic structures should be
investigated to feasibly construct articulated tail mechanisms thdtecenplemented on robotic
tail for the simplest design and control complexity.

In this chapterSection 3.Teviews previous articulatedbot manipulator structurés: 1)
identify design challengesand 2) highlight useful design critarifor articulatel tail

implementationFrom this review, a set of required design critarediscussedn Section 3.20
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address the challenges of design, actuation, and contestiofilatedrobotic structures From

these design requirements, two novel articulatediagpabotic tail designs arproposedin
sections 3 and 34 that will be used for inertial adjustment applications onboard a quadruped and
biped legged robads will be further discussed and analyzed in subsequent chapters.

3.1Existing Under-actuated Articulated Robotic Structures

The term undeactuation is used to describe a robotic system having fewer actuators than DOFs
[64]. Examples from nature indicate that not all BXfeed to be independently actuated; for
instance théauman hand is estimated to haveROF and is actuatl with 16 muscle pairs via a
complex tendon system located in the fore@B]. This section discusses the two main design
approaches that domitga the field of undeactuatedarticulated robotics: Continuum and
Serpentine.

Continuum robots are defined by their ability to continuously bend dlauglength[66].
Extrinsically actuated continuum robots are composed of an actuation unit at the base, an actuation
transmission system (typically cables or r{@, 67])), and a manipulator comped of an elastic
backbone that provides structural support and elastically distributes angular deflection along its
length. Intrinsically actuated designs integrate actuation along the robot and generate motion from
the expansion and contraction of pahbtructures. The utilization of a compliant core and
extrinsic actuation provides the benefits of using common forms of actuation (often rotary motors),
that are placed away from the point of application that enables robotic manipulator miniaturization
and relatively higher flexibility at the cost of lower response time and degraded acfa6hcy

Although continuum structures are capable of forming spatial curvatures, there remain
significant challenges in terms of modeling these structures, sensing their configuration and
performing reatime motion planning and control due to the absence of conventional joints, which
are all active research topigs/, 68] Previous implementation of continuum robots for a robotic
and challenges associated with this taakebeen described in Chaptef13].

Serpentine robots are characterized by their ability to form discrete curvatures and are
composed of a serial chasnumerous rigid links connected by joif§]. Traditional serpentine
robots are fully actuated with motors and encoders at each joint. However, individual joint
actuation i ncr eas esectitnhand actuatorotordus requiereents. Arothey s s

appoach separates the manipulator structure from the actuators and produces motion with a cable
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transmission system, similar to extrinsically actuated continuum robots. In these designs, elastic
components were utilized to regulate joint rotat[6@-71]. However, this approach requires
individual cable actuation since cable displacements are not typically constrained to be equal
during motions. Alternatively, rolling contact joints with specially designed contouss lheen
proposed to maintain equal antagonistic cable displacements and address the issue of limited joint
rotation due to elastic joint angle regulation and enable the connection of two active cables to a
single driving pulley which reduces the numberagfuired actuatofg2]. A method of decoupling
multi-segment curvature actuation utilizing albal elastic backbone to route cables along the
neutral axis has been proposed [AL]. Highly flexible, variable stiffness, cable driven
manipulators composed of a seriahnection of jammable segments contained within vacuumed
membranes of granular material have also demonstrated spatiategitient motiong0, 73]

The merits of extrinsic actuation in serpentiike robotics have been widetiemonstrated
in robotic hand/finger and grippdesigns that commonly have more joints than actuators to reduce
manipulator size and inert[@4]. Fixed motion coupling is one method of distributing angle via
gear traing75], closed belts/pulleyf/6], and linkageg77] that provide structural rigidity and
accurate trajectory tracking. Cable transmission systems have also been used to produce motion in
combination with angle distribution methods such as friction pullé8§ higher order rolling

pairs[79], and springoaded joint480].

3.2 DesignM otivation and Requirements
As a precursor to presenting the detailed design concept, three primary reqisireénverg the
tailds design are presented. Fir st-functiodele t ai |
capable of affecting the mobile robot both dynamically and egtasically. Quasstatic loading
reconfigures the tail to accurately adjulse tnet system COM positioning. Dynamic loading
utilizes rapid tail motions to generate higtagnitude inertial loading to impact the system
dynamics. A spatial tail will enable loading in the yaw, pitch and roll directions. While the tail
structure will nd be able to apply an arbitrary loading profile with forces decoupled from moments,
it should be capable of generating significant moments about all directions.

Second, similar to tails in nature, the mechanism should be articulated and capable of
forming multiple curvatures. As discussed b, 51] the use of aarticulated structure allows for

magnified acceleration of a tip mass due to the addition of the angular accelerations along the tail.
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Based on section 3.1, a serperdike structureis choserto provde additional articulation due

the conventional means of design, modeling, aedsing. Extrinsic actuation transmitted by

cabling is chosen to reduce manipulator size, inertia and actuator loads. However, the mechanical
structure and cable routing scheth@ t er mi nes the systemO0s require
controlled motionsFor example, Fig3.1(A) shows a single link with a revolute joint located at

its base that is actuated using a straight cable routing sdhamatilized in[81]. Left and right

cabl e di s plaade regpectively) drapcalculated using EJl, whererey is the

effective radius/length of the link, anti,{w, 3 are the geometric link parameters shown in Fig.

3.1(A). Since antagonistic cable displacements atequal in magnitude for a given link rotation

bi, each cable requires an independent actuator and control scheme to produce rotation.

D, :\fhz w 2hwcoda B
Dy =\/h2 w 2hweofa G+ 1,

(3.1)

Figure3.1(B) shows a straight cable routing method employed by manipulatorgitizat
an elastic core for angle regulation. Due to material isotropy, it can be assumed that bending is
uniform[69-71]. Therefore, the mechanism can be modeled as two links rotating about a centered
revolute joirt . T h e asasnadeargadefieed in @g3.2 with the geometric parameters
defined in Fig.3.1(B). For small rotations antagonistic cable displacement can be assumed to be
equal and opposite and can be attached to a single driving pulley; thusngetthe overall size,
weight and control complexity of the cable driven mechafidh However, for large deflections
each cable requires an actuator and synchronous control thataregsmthe size and complexity
of the systenf69, 71}

D, =2wsin(b/2) =%, sif( 43
Dy 2wsin(b/2) 2, sif( 43 (3.2)

To address these challenges, the proposed designinvestigate the effectiveness of
grooved, cylindrical contoured links that act as pulleys to route cables and maintain equal cable

displacements with minimal slack during operation. The cylindrical routing scheme, shown in Fig.
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3.1(C), results in thequal but opposite left and right cable displacements defined B\FEgsing

thercn geometric parameter defined in F3gl(C). Therefore, if the antagonistic cables are initially
tensioned and connected to a pulley, the cylindrical routing methoeérsame no cable slack
during rotation of the pulley. This design feature enables antagonistic cables from multiple links
to be attached to a single mudimeter pulley that can be actuated using a single motor, thus

reducing the number of actuators reqd to achieve tail curvatures

DL :rcblb
Dy = ryb (3.3)

—>
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Figure 3.1: Various mechanical structure and cable routing approaghd®ase located
revolute joint with staight cable routingd) Uniform bending of a centered revolute jointiw
straight cable routing?) cylindrical cable routing.
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3.3 Roll-Revolute-Revolute Tail Design
This section details the mechanical design of th&kRR314], where the design specifications from
section3.2 are implemented in the grosed mechanisamtended for use onboard a quadruped
robot, attached in cantilevered mode. This tail incorporates aalticglated structure and high
power motors to generate inertial loading sufficient enough to stabilize and maneuver a quadruped
as will be demonstrated in Chapters 5 and 8

The R3RT (Fig. 3.2)is composed of three main subsystethe rigid housing, actuation
unit, and tail segments§ he rigid housing, shown in Fi@.3, consists of front and rear frames
connected using steel rods and provides a relatively lightweight, rigid support for the tail that can
be attached to a mobile robot via its connector portsifgain each frame support the actuation
unit 6 s DOFpand an internal gear is integrated in the rear frame. A spur gear, attached to a
motor in the actuation unit (Fig.4), meshes with this internal gear to actuate theDGIF
rotation; this roll § measured with an absolute encoder mounted to the rear frame and coupled to
the actuation unit at a groove in the hollow shaft via a timing belt (. & high-current
capacity, miniatureslip ring (Orbex 300 Series) is also integrated in the reandrt provide
command signals and motor current to the actuation unit. This slip ring enables continuous roll
rotation of the tail along ther axis (Fig. 3.2) allowing it to operate without the risk of breaking
wires. This feature enables the-R3 to a¢ like a reaction wheel that can rotate unconstrained
about the roll axis and provide pure reactive moments to a mobile robot to aid stabilization or
maneuverability in addition to acting as a conventional asymmetrical robotic tail inertial
adjustment medamnism. This provides significant advantages over prior tail designs (Zdble

that have constrained workspaces
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Figure 3.2: R3-RT overall system design
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Figure 3.3: R3-RT rigid housing.

The actuation unit, shown in Fig.43 houses the tail actuation, motor speed and cable
pulley position sensors, and the motor controllers. The actuation unit strigfunovided by an
aluminum frame that sits in the pair of FBIOF bearings mounted within the rigid housing.

The tail actuation consists of three gear motors: one to actuate tEO®B])land two to
actuate the tail segment DOFs. The-fo@F motor isattached to a spur gear that meshes with an
internal gear located in the rigid housing. The segment gear motors are coupled tedharmel
pulley through a pinion/bevel gear reduct(®ig. 3.4) The pulleys are rigidly connected to both
the bevelgeams nd t he antagonistic cable pair wused

Four adjustable tensioning mechanisms (Figl) $rovide a means of individually

tensioning each of the four cables (two antagonistic cables per actuated segment) to ensure a

t

straight home configuration and minimize backlash. These tensioners are composed of a lever arm
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(to adjust the cable path) and passive roller (to minimize cable friction during motion). The
tensioners are connected to the segment plate, to which the badetiakadl is also connected.

A microcontroller and three motor drivers are nested below the motors, with electrical
cabling routed through the hollow shaft to the power control module via the slip ring.

Aluminum g Spur

S Gear Encoder
2 Groove

Incremental
Encoder

Pulley  Gear

Adjustable Absolute  Pinion  Driver

Tensioners
Encoder Gear

Figure 3.4: R3-RT actuation module.

Figure 3.2shows the overall tail design concept. Twelve bodies (link®)lare connected
serially to create atwe e gment robotic tail capabl e of dbe
connected to the actuation unit at the segment plate (Higti8ough link O by a revolute joint in
the pitch direction when roll angle of the actuation unit is zero.

The remaining 11 links are connected by revolute joints parallel to the joint betwesn li
0 and 1. As a consequence of this design, when the roll angle is £90°, the tail remains extended
without requiring cale actuation Distinct segments are created by terminating pairs of
antagonisticables along the robdtin Fig. 3.5 two segments arereated by terminating cables
at link 6 and at link 12.

The R3RT addresses the challenges of decoupled +oultiature actuation and equal
antagonistic cable displacements through its link design and cable routing scheme. Cables are
routed along nested ykndrical surfaces built into the links to ensure equal cable
extension/retraction of the antagonistic cable pair duringiation.Figure 35(A) shows the cable

paths for segment 1, in which the cable pairs route along six cylindrical surfaces émfimating
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(tying off) at link 6. The segment 1 antagonistic cable displacements are defined by the linear
relationship +6cwibi, wherercp is the radius of the cylindrical contour abds the relative link
rotation. The nested cylinder cable routingpapach enables the use of a single pulley to
simultaneously control the extension and retraction @frdagonistic cable pair without the need

for an additional mechanism to account for variance in extension and retraction. This is because
the angular diglacement of the joints increases and decreases the cable path by equal angles on
each side over the same radial dimension.

As an additional requirement to simplify control, considerations were also made to
mechanically decouple the actuation of segmérasd 2Figure 3.5(B shows the cable paths for
segment 2. Within segment 2 (linksl2), the cable routing is similar to the segment 1 cables in
links 1-6 in Fig. 3.5Q). However, through links-6, the segment 2 cabling routes along gath
and crossethe R3RT between links 2 and 3. With thispath routing, the cable path on the link
0-2 cylindrical surfaces and the link33cylindrical surfaces will extend and shorten the cable path
by equal amounts, or vice versa. This routing creates a null $patcbe segment 2 cable
displacements with respect to the segment 1 motion. However, this agbainde joint angles

along the segment are equal.

A Segment I Segmenfz |
il | T e I [
1 /7 D ) ) el ,i' ;’ ;’ e o ;,' -.

@z @3 @ @ @©@:- @t
] \\ DN \\_ \\ % \\

Passwe Rollers )

Figure 3.5: R3-RT cabling cacepts: A segment bending arrangemearid B S-path
arrangement.

To ensurea s e g Bpinttar@les are equahe R3RT utilizes5 gear pairs mounted
along the segmenthe gears in each pair are mounted on two links with a single link separating
them, as shown in Fig3.6(A). For example, in gear pair 1, the first gear (red) meshes with the
second gear (purple) with an intermediate |

bodies.
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To ensure equal angles along the segment, the gearipagabave equal pitch diameters.
For the gear pair associated with thseguential links-1, i andi+1, shown in Fig. 3.@), gears
are rigidly attached to links1 andi+1, with link i separating the links. If link-1 is held fixed,
link i will rotate by anglé relative to linki-1, and linki+1 will rotate byb; relative to linki. This
is done for the five sequential triplets of link$ @segment 1) and-62 (segment 2).

Although gears were used here in theRRBas a straightforward means toplement the
coupling between | inks, ot her means of rigidl
also be considered in future work, such as a scissor mechanism or a crosbed. four

These features integrated into the RB mechanism presentnavel approach to achieve
decoupled actuation of muiturvature cable driven serpentililee manipulators as reviewed in

section3.1 The effectiveness of this approach is experimenéajuatedn Chapter 4

A) Pair2 Pair4
B D D F
O O O O O o) O
=
g © o o [ O o o o
A C E "'E G5
Pairl Pair3 Pair5
B)

Attached to
Link i+1

Attached to
Link i-1

Figure 3.6: R3-RT gearing: A singlesegment gear arrangement, acaBgle constraint from
gear pair. Parts sharing a color are rigidly attached.

3.31 SensingActuation and Electrical Design
This section details theasdtromechanical considerations for the-IRB, including the types of
sensors, considerations for actuatiand the overall electrical design of the system.

Two types of jointspace sensing are integrated into the actuation module of tRIR3

angular posion (roll or cable pulleys) and motor rotor speed. The three position measurements
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are generated by absolute encoders (US Digital MA3) coupled to the hollow shaft (roll DOF) or
cable pulleys (segment DOFs). The DIDF encoder fits into the mount desided in Fig.3.3

and is coupled to the actuation module using a timing belt mounted to the groove shown in Fig.
3.4. The two segmefiDOF encoders are shown coupled to the cable pulley irBFthrough the

bevel gear. To measure motor rotor angular uslpthree incremental encoders (US Digital E4T)

are mounted to the motor.

To generate high inertial loading, the -R3 is actuated using three Maxon 100 W
brushless DC motors (ECi 40) in closledp position control. These motors were chosen to exceed
the requirements for experiments presented in this analysis to provide an experimental test
platform capable of analyzing a wide variety of potential tail structures or various dimensions and
mass properties. Gear reductions were selected to balance catisngior cable speed and force
requirements estimated for a range of possible robotic tails.

Two of the three motors control the independent bending of tHRTRS8egments through
antagonisticallyactuated cable mechanisms. A bevel gear train with @uctien drives the cable
pulley, and a gearbox with reduction 51:1 is used to drive the pinion gear. The pulley radius
matches the cylindrical cable routing raditsof the linkages, which results in a etteone ratio
between the pulley rotation andgseent bending angle (e.qg., if the segment 1 pulley rotates 45°,
segment 1 will bend 45°).

The third motor controls the RBT actuation module relngle using a spur gear coupled
to an internal gear (with a gear reduction of 3:&adlition to a 51:1 geaol). Incorporating the
roll motor within the actuation unit reduces the crssstion, as opposed to locating it externally,
at the cost of increased power required to produce roll motion due to the additional inertia.
However, in this design, the motorseanot located far from the center of rotation, thereby
minimizing their mass contributions to the net inertia of the system

Figure3.7 shows the electrical design of the-R3. To control the system, two Teensy 3.2
ARM microcontrollers (MCUs) are used ia mastesslave configuration.These MCUs
communicate over an UART link through the slip ring. The master MCU is mounted to the rigid
housing and connects the user PC and the slave MCU. The master MCU receives the three desired
joint angle trajectories fra the user, interpolates this data into position set points and sends these

set points to the slave MCU. The master MCU also allows the user to exercise software control
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over motor power through a high side MOSFET switch. The master MCU housing alsotsonnec
the power supply to the slip ring through an emergencyoéiuswitch.

The slave MCU is incorporated into the actuation module to ensure stable connections with
the sensors and motor drivers. The slave MCU is programmed as a PD controller to centrol th
three motors in closeldop position control mode. The slave MCU obtainsttiree anglefrom
the absolute encoders and commands the motor speeds to the motor drivers, with the proportional
gain equal to 230%sand the differential gain equal to 28The controller gain coefficients were
tuned for neacritical operation on the bases of empirical analysis. The position control loop
operated at a control frequency of 450 Hz.

Eachmotor is controlled by a motor driver (Maxon ESCON 5@pgrating &1 vdocity
control loop. These motor ders receive velocity commanéi®m the slave MCland regulate
current to the motorasing a proportional gain of 450--s/rad and an integral gain of 2.0 N

m/rad.

4 Velocity Feedback )
USB \ 4
_ Maxon ESCONb0/5
Teensy3.2 || Trajectory Motor Driver Roll
Master MCU || Control Maxon EGi 40 100V
UART . e *Velocny Feedback
1:$ ~Slip Ring Maxon ESCONG0/5

(w Position Commands Motor Driver Segl
Maxon Eei 40 100V

Velocity Feedback

Teensy3.2 Velocit

Slave MCU | Commands v
T " Maxon ESCONb0O/5
Position )
Feedback Motor Driver Seg2

Maxon EGi 40 100V
\__Position Control Loop  \_ Velocity Control Loop J

Figure 3.7: R3-RT electrical design with inndoop velocity control and outdoop.

3.4 Discrete Modular Serpentine Tail Design
This section presents the mechanical design of the D[U&TL7] whee the design specifications
from sectior3.2 are implemented in the grosed mechanism. As opposed to theRR3intendkd

for use on a quadruped robptesented in the previous section, the DMST is designed with a
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smaller footprint and utilizes lower powmotors since it is intended farertial adjustment of a
lighter weightbiped robot attached in a vertical configuratiasdemonstrateth Chapter sand
8.

Figure 3.8 presents a simplified schematic diagrafrthe proposed mechanism showing
the actuatin unit and two tail links. The tail structure is composed of a series of links connected
to one another using parallel revolute joints and to ground through a revolute joint that is
perpendicular to the other joints. The mechanism is capable of comriwlicrDOF: 1) roll about
the ground yaxis that changes the orientation of the bending plane to distribute loading, and 2)
tail bending in the actuation udtY plane that varies the tail COM location and generates loading
profiles via highspeed tail motins. Theroll-DOF t is actuated directly using a higbrque
servomotor, and the bendOF is actuated using a cable transmission system driven by a high
torque servo motor that rotates a mdiameter pulley (MDP) by an angle.. The motors and
MDP are located within #hactuation unit that serves as a protective, rigid housing for electrical

components and distributes routed cables to their respective pulley diameters.

@ | ink 1 cable

®= == | ink 2 cable

Actuation
Unit

o
Multi-Diameter ——1
Pulley YI!L,Lm
X

Figure 3.8: Simplified schematic diagram and kinematic model of a-timk DMST.
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As shown in Fig3.8, eachlink is connected to the MDP using an antagonistic pair of low
friction, nylon coated steel braided cables with swaged ball bearings to secure the cable ends. The
cablesterminating at eachnk route through midinks that separate thimk at which the cables
terminate and the actuation unit. A nlidk, such adink 1 in Fig.3.8, is alink that has two or
more cables routed through it that do not terminate at thatydartink. Mid-links have a grooved,
cylindrical surface that is used for cable routing to maintain equal cable displacements as the MDP
is rotatedas discussed in secti@mi2

Figure 3.9A) shows the detailed mechanical desigrad®link DMST. Tail links are
designed to be lightweight, rigid structures capable of tolerating high loads producedléy
tension. The MDP consists afgrooved channels used for routing and terminating cables that
control the positioning oh links. The maximum number ofnks the DMST structure can
accommodate is dependent on geometric constraints required for the MDP grooved channel
widths. Furthermore, additional links requires more routed cables that increase friction in the
structure a concept that will be modeled erdluatedn Chapter 5Varyingthe pulley diameter
for each cable channel varies the net bending dirtket which that cable terminates; as a result,
the desired tail bending motion can be achieved through the rotation of a singlé2@iBbus
work has presented an optimization procedure to compute mechanism dimensions to achieve a
desired set of best fit tail curvaturfd$].

A pair of tensioning systems are built into the two sides of eachiriailFig. 39(B)).

These are used to tension routadagonisticcables to maintain a straight home configuration,

keep cables routed along their cylindrical contours, and minimize backlash during operation. The
tensioner consists of a sliding unit that is capable of tranglatthin a slot using a screw and nut
mechanism. Tightening the screw translates the sliding unit inward. With sufficient translation, the
sliding unit engages and tensions the routed cables, which causes an angular adjustment of the
link. Cable tensiomg is performed on both sides of edaotk to align its orientation. The
tensioning procedure is initiated at the lowlest and ends at the-th link since the rotation of

links nearer the base affect the orientation downstream due to the serialestructur

A flat link is placed at the end of the tail to serially connect DMST units. For example, Fig.
3.9(C) shows a robotic tail concept consisting of tiwwbnk DMSTs conrcted in series forming

planar S and Ushaped tail curvaturgslso defined as moeshape 1&2, the benefits of mode
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shapedor providing planer eneffector and COM workspaces will be demonstrated in Chapter

4). If the tail is performing manipulation tasks, modular end effectors such as a robotic gripper can

be attached to the erohk to mpr ove the tail ds functionality
achieved using the roll DOFs. The concept of modularity to enhance manipulation through the
serial connection of DMSTs presents the autho

beyondthe paradigm in which a robotic tail is used for one function on board a mobile robot.
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Figure 3.9: A) Mechanical design of althk DMST, and B Close up view of a mitink ard
tensioning systenand Q Planar Sand Ushaped curvatures of two filimk DMSTs connected
in series.

3.5Summary and Outtake
Although pendulurdike and continuum tails haveeenpreviously used for inertial adjustment

applicationsyecent simulatiomesultspresentedy Rone and Befizvi [15] have demonstrated

that articulated tail structurgsroduceenhanced inertialoading for yaw angle rotation of a
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guadrupedrobot in comparison to rigidody pendulundike tail mechanisms However
articulated structurgsose newchallenges fothe design and controf additionalDOFs

A thorough reviewof serpentine and continuurabots was performed to identifyset of
useful design criteria to effectively design articulated spatial roboticltadsldition, based on the
literature review presented in Chapter 2, two design requirements were intpasgaic the
functionalitiesof tail usage found in naturEirst the proposed taihouldbe capable ddffecting
theleggedrobot both dynamically and quastatically. Quasstatic loading reconfigures the tail
to accurately adjust the net system COM positioning. Dynamic loadilimes rapid tail motions
to generate higimagnitude inertial loading to impact the system dynamics. A spatial tail will
enable loading in the yaw, pitcand roll directions. While the tail structure will not be able to
apply an arbitrary loading pro@ilwith forces decoupled from moments, it should be capable of
generating significarmoments about all directionSecond, the mechanism should be articulated
and capable of forming multiple curvaturéEhe use of an articulated structure allows for
magnifed acceleration of a tip mass due to the addition of the angular accelerations along the talil
for enhanced loading capabilitifb, 51]andmultiple curvatures enables a gexahanifold for
COM positioning

Based on these requiremeraserpentine structuvéith acable transmission systamsing
extrinsic actuationwas chosen for implementintyvo novel articulated spatial robotic tail
mechanisms, each intended todteched onboareither a quadruped or biped robot to enhance
the legged robots stabilizati@md maneuverability.

The R3RT is a3-DOF serpentindail structure(2 articulated tail curvatures, and 1 roll
motion) mechanismjntended for use on a quadruped rohehich is composed of rigid links
interconnected via revolute joints. Cable routing almcular contoued linksand an Sshape
cable routing scheme maintains equal antagonistic cable displacements and enables two
mechantally decoupled tail curvaturesA spur geatrain is used taegulate equal relative link
rotations and kinematicallyesolve the redundancy within theo tail segmentsA slip ring
incorporated into the reIDOF enables infinite rotation without the risk of breaking wires and
allows the tail to act like a reaction wheel by imparting long duration, unconstrained reactive
moments about the redixis.

The DMST isa 2-DOF serpentindail structure (1 articulated tail curvature, and 1 roll

motion), intended for use on a biped robititat utilizesa cable transmission system rougdmbut
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circular contouredigid links to enal® equal antagonistic cable displacemeiitserefore, the
antagonistic cables can be connected to siaglre multi-diameter pulleythat, upon rotation,
creates a controlled articulated tail curvatzach module is selfontained, a feature that enables
infinite rotation about the relhxis forreactionwheel like operation and thmodular connection
of multiple tail modulesin seriesto achieveindependently actuatedulti-tail curvatures
(configurationshapeks

The corresponding dynamic models and expental evaluatioffor each tail are presented
in theChaptes 4 and 5
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CHAPTER 4: MODELING, ANALYSIS, AND
EXPERIMENTATION OF R3-RT

Chapter 3 presented the detailed design of thé&kIR3ail mechanism that is intended for use
onboard a quadruderobot connected in cantilevered mode, that cagate sufficient inertial

loading to stabilize and maneuver a large raha to itslong articulated tail structure and high

power motorsThis section presents the kinematic and dynamic model of tHeTR8ection 4.1)
accounti ng f o rcouplihgebetweprslinkagestasd the cathived actuation. These

models are useid analyzehe workspacandimpact oftail motion and tail configuratioon the

loading profiles generated forces and momzidiue to tail motiondransferred through the tail

basehat will eventually be applied to the legged robot for inertial adjustment applicéeni®on

4.2). Then, experiments using integrated prototypes are performed (section 4.3) to validate the
foowar d ki nematic and dynamic model s, deter mi ne
and measure the mechani s mo6@nimporiaht featwe far accugite n e r at
experimental validation of developed control schepresented in Cher 8) The significant

results of thischapterdemonstrate that the R8T mechanism exhibits an enhanced workspace

and inertial loading capabilities relative to conventional penddikertail structures.

4.1 Roll-Revolute-Revolute Tail Model Overview

The tail model has three inpatdwo prescribed cable displacemeatsaused by pulley rotation
b

g« driving each segmerfor k¥ {1,2}, and a prescribed roll rotaticin Due to kinematic
constraints of the gear train system,fetepresent relative link rotations within a segmi@ig.
4.1). There aréwo cable tension$k, caused by pulley rotatioand a rodDOF torqueUdriving
the system

In the R3RT, there are a total df3 revolute jointghat create spatial tail configuians
If the net momenM i is calculated at joint, the dot product oM, and the joint axis unit
vectorgdequal s zero, due to the jointdés inability
defined in Eqg. 4.1, wher®; is the linki orientation matrix, angt andz are the y and zaxis unit

vectors.Four loading effects will contribute dijn: gravity Mign), inertia Mi,nr), gear meshing
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(Migear), and actuationMi act), as shown in Eq. 4.Derivationof these loading effectsnd their

mathematical formulati@aredetailedin [14].

. eéRz, 1=0
gOM, 6 dim. |
iRy, 1>1 (4.1)
Mi,jnt_Mijnr IVllgrv Migear M_iact (42)

4.1.1 KinematicModel

First, the tail kinematis aredefined.Duetothe RRT6s cabl e geometry and
fixed relationship betweelk, andbseg k defined in Eq4.3, wherercy is the cable routing cylinder

radius (Fig. 4.1)Using these variablethe pitch joint angles; of tail linkagesmay be defined

using Eq4.3. Ri is defined using Eqt.4, whereRz((i) andRy(* i) denote zand y-axis rotations by

anglesi andt i, respectivelywith reference to the coordinate frame shown in Fig. 4.2)

) &b, 1¢i @6
b= d(6ry),  dFa ol b, 7¢i @2 4.3
_fRU) =0
"TIR.R(2) 120 o

With reference to Fig. 4.2singR;, the joint positiongijn and link COM positiongi,com may be
calculated usingqgs.4.5and4.6, wherepojnt,cl IS the position from the frame T origin to joint O,
P1jnticl iS the position from joint Qroll-DOF) to joint 1,Lj25is the distance between two adjacent
joints, po.com,icl IS the position from joint 1 to the link 0 COM ahgbc is the distance between a
joint and its COM(Fig. 4.1) In addition,pij2c in EQ.4.7 defines the position from joimtto the
link j COM.
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TP tLcRZ I >0 (4.6
Bisx = Picom ~Rjn (4.7)

Figure 4.1: R3-RT kinematic variablem a single segment

4.12 Dynamic Model

Substituting the moment loadirexpressionsabout each joint due to inertia, gravity, actuation,
and gear forcemto in Eq. 4.2 and evaluating Eq. 4.1 results in a set of 13 differaigjabraic
equationglefined by 3 state variablggven by q=[/, £&,, &, (Fig.4.2). Evduation of the
moment loading terms can be found14]. Algebraic manipulation can be used¢oluce these

13 equations into the three ordinadyfferential equationsdefining he R3-RT manipulator

dynamicsequation thaaresimplified into the formshown in Eq. 4.8sing 10 constraint equations
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originating from equal and opposite gear forces since each 83T Gwso segments meshes

5 gear pairs.
M@d+C(gagag+dq = (4.8)

where M (q) is the inertia matrixC(g, ) is the tail's centripetal and Coriolis loading effecjgq)
is the tail's gravitational loading, and is the actuation inyghre T1 > represats cable tension

u=[¢,T,T,]driving segment 1 and 2 respectivelhis equation will be used in Chapter 7 to

derivea tail motion control lavior tail trajectory tracking.

4.13 Dynamic Tail Loading Model

When the tail is mounted to ad cell or mobile robot, an internal for€e and momenkg acting

onthe rigid housing is generated (Fig. 4.2hese forces and moments are significant since they

are then transferred to the legged robot for inertial adjustment applicatlum$oadingFg and
Mgedepends on the inertia of the taildés moving
the tail 6s b aididheusing]. AllrofdHese dalculagions anegperformed with respect

to tail baseframextyrzr (Fig. 4.2). As the gemnand actuation loading are internal (i.e., forces are
generated in equal, opposite and coaxial pairs), their net effects do not contrilitient kbg.

Equationst.9 and4.10 defineFs andMs, whereme is the mass of the rigid housing
is the rigid housi ngeas isghe pogitionh & the rigid lBousind @OMd i n g

relative to theail base frameWhere the notatioibdenotes?3 b.

= N

I:B = FF,grv a izo(F i,inr F i_,grv)’ F F.grv rnF:gsgrv (49)

MB: 'r)F,COMFF,grv aln:o(M i,inr F’ji-,'-COM(Fi,inr I:i,g-rv)) (410)

Where the gravitational force due gaacting about the unit vecteg = T xt (Fig. 3.2) inertial
force, are given b¥ign, andFinr, respectively acting about joimt Evaluation of these force
loading terms can be found[itd] where Fig4.2 illustrates theevariablesfor selected jointand
rigid bodies
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Figure 4.2: Freebody diagram of RRT for calculating=s andMg. Loading shown for links
1, 6 and 12 is r@psentative of the loading for links1P.

4.2 Tail Analysis
This section analyzes the kinematic workspace (section 4.2.1) and loading capabilities of the R3
RT (section 4.2.2).

4.2.1 Kinematic Workspace Analysis

The proposed mechanism is articulatedstructure and can form multurvature spatial tail
configurations for enhanced flexibility anthcreased workspace. Figure34shows two
configurationshapes that can be generated by thd&RR36 s t w o. Cenéiguratienshaze 1
is a Gshape curvaterwith segments rotated in the same direct@nfigurationshape 2 is an-S
shape curvature with the segments rotated in opposite direction.

The end effector and COM workspace are defined by the locus of positions the end effector
tip (link 12) and COM an reach, respectfully. The defined workspaces can be computed using the
forward kinematics (section 4.1.4)th the geometric parameters extracted from theRR3CAD
(Fig. 4.2), defined in Table 4.1. Figureishowsthe RRT6s si mul at eds(epd anar
effector and COM) witla fixedroll anglel = 0°. The workspaces have been generated using 300
x 300 input combinations of the pulley angle inputs (resolution: 0.6° and 0.89fpiar pulley

rotationbseg1-2 =[-90:90]° andbseg1-2=[-135+135F, respectively). The coordinate frame origin is
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the R3RT joint 1. The £135° spool rotation range is associated with the maximuRTR3
workspace possible without link 12 interfering with the rigid housing.

A tail dés COM wor kspace otien, niagsfdistnbatibn, lmky 1 t
geometry, and number of independently actuated tail segments. For {R&,RBe COM
workspace, with no added tipass, is simply the end effector workspacaled down, as shown
in Fig. 43. In a single plane, the RRT hasa COM workspace that spans 190°.

The reported workspace criteria presented in Table 2.1 for existing pentikegutails
represents both the end effector and COM workspace since the mass is connected to the tip of a
pendulumlike structure. However, fodanar penduluniike tails, the locus of points along which
its COM can be moved is constrained along a tarcarc (illustrated in Fig. 8); if a spatial
pendulum is considered, this arc becomes a spherical surface. Compared to thisRihe R3
produces #&igher dimensionality eneffector workspace due to its increased articulation and has
significantly greater ability to adjust its COM due to the ability to change the distance between the
COM and tail base, which is important for static stabilizatiodiegions. TheR3-RT end effector
workspace spans 270and exceeds the proposed workspaces of previously implemented
pendulumlike tails presented in Table 2.However, the R&RT COM workspace as shown in
Fig. 43 falls 65° short with respect {6, 40], reported in Table 2.This deficit can be overcome
by adding a 450 g tip mass to match the 255° COM workspace and further increasertteeinol
which the COM can be positioned.

The benefits of twaonfigurationshapes further increases the manifold of inertial loading
about the base of the tail by actuating varioasfigurationshapes during tail motiorj§1]. In
applications such as disturbance rejection this feature is of importance since actuating the tail with
different configurationshapes enables tail compensation for a larger variety of disturbances acting
on legged robots as will be explored in Chapter 8.

50



400 I Configuration I%/r\}g rIEZfsac(t:c;r

Shapel B Doeqi2=[-90, 90
001 Bl .. ..=[-135 135¢
COM Workspace

I_l bsegl—2 :['135 135@

200

100

X(mm)

-100

200 COM Workspac
— — Pendulu
-300 | Tail
Configuration —k—Segmentl
400 - Shape2 ! . : . Segmen®
=300 200 -100 O 100 200 300 400 500 600
Z(mm)

Figure 4.3: Workspace andonfigurationshapes of a 12 link, 2 segment-R3 for G = 0°.

Table 4.1: R3-RT simulation properties.

I'col 25 mm LJ23 40 mm Liz2c 32.7 mm
Mo 3.144 kg My1-12} 0.0759 kg Po,jnt,lcl 92.1x mm
Punt,cl 159.24& mm Po,coM. ! [-3.52, 0,-7.33]"mm

4.2.2 Dynamic Tail Loading Analysis
In order to utilizethe RRTAés ki nematic and dynamic model
the parameters used to calculeteandMg in Egs.4.9 and4.10. Inertial and geometriproperties
used in this analysis, repodten [14], match that of therototype in sectiort.3, to allow
comparison of the simulated and measured results.

In addition, trajectories disegx andli are required. Fdbsegy, trajectories of thenput pulley
rotationare definedising a sixthorder polynomiaglwheret is the simulation timep andt; are the

trajectory start and end timeSsegi 0 andbsegif are the segmepulleyangleinitial andfinal values
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anda, is thei-th order term coefficient for segmektThe coefficients are found using the Eq.
4.12 boundary conditions. A similar process is used to define the roll anglewiiand Gt

replacingbsegk, Dsegk,0, aNdPsegx .

b :Fa ?:oak,iti’ Lt &
segk — | b t>tf (4]_1.)

T sag .k, f

Drcgi (to) = Bk bseg k(to) =0 N[Zeg l(to) 0
bseg'k (tf) = Q@l,k,f bseg k(t f) =0 "Qg,k (tf) =9 (412)

Two case studieareconsidered: dynamic tail bending for a set of fixed roll angles, and
dynamic tail rolling for a set of fixed bendi:
when (i = bseg1-2 = 0° is subtracted from the calculated loading profile trajectorieshtavthe
loading as it would impact the legged robot on which the tail is mounted.

Figure4.4illustrates thd=g andMg profiles for the first case, wher®,t) = (0, 0.5)sec
and Bseg1-20, Bseg1-21) = (0, 90)° withconstant rolli {8, 45, 90}°. This means that the tail will
perform dynamic tail motions where the 2 segments are synchronized in actuation to form
configurationshape 1where the input pulley angulaisglacements start at® (straight tail
configuration) and ends at 9@or 3 distinct roll anglesThe zcomponent ofFg (Fs,;), due
primarily to centripetal acceleration, is invariant to the chande given that the roll axigs zr
(Fig. 4.2) for theMg z-componen{Mg ), as roll increases froiti = 0°, the gravitational forces
acting over yaxis distances generatealargermoment at the basas (i increasesFor theFg x-
and ycomponents, due to the centripetal and tangential accelerations ofl theagaes, asi
increases, the timearying component dfs x re-allocates td-gy. The moment#lg x andMgy are
due to several factor s: the moments due to tl
inertial forces f r tom andihe mémeniskdsedoavityiactiegeon thea c c e | e
links. Gravity primarily impact$/gy0 the gravitational moment is greatest wiftesy,1> = 0° and
least wherbseg,1-2 = 90°. As with force, the roll angle-adlocates the inertial component between
Mg x andMsg,y.
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Figure4.5illustrates the loading profiles for the second case, whetg € (0, 0.5) sec
and (o, Gr) = (0, 90)°for the scenariosbsegi-2 = [45,45] °, bsegr2 = [90, 90] °, and bseg12 = [-
21.75,90]°. In this case, the roll DOFsivaried from 0 to 9C° while maintaining a constant
articulated tail configurationThe scenaridbseg12 = [-21.75; 90]° corresponds tocanfiguration
shape 2 tail configuration with the tail COM located along the roll axis similar to a reaction wheel
For this case, the tail COM does not move during rotation, hence zero forces during the motion.
However, since the tail is not axisymmetric (i.e., there argloffa g o n a | terms in th
tensor), moments are generated in the/xand zdiredions.

For thethreescenario®f bsegy-2, the tail COM is held at a fixed distance along thexis.
Because there is no COM motion along thaxis, there is no force in thedirection, and the
forces in the ¥y plane are due to centripetal and tangential accelerations (as discutieed ea
static gravitational forces have been subtracted Blotieverfor thebsegi-2 = [45,45]° and Dseg,

12 =[90, 90]° casesgravity will generate moments Mgy andMg ;.. ForMg,y, the noRzero initial

moments are due to the reduced tail COBtaihce from the tail base fbgeg,1-2 = [45, 45]° and

Bseg,1-2 = [90, 90]° compared tdseg,1-2 = 0° (the static loading fali = bseg,1-2 = 0° includes ay

axis moment component). Fbts ;, asl increases from 0 to 90°, theaxis distance betweehd

COM and tail base increases, creating a gravitational moatahte end timeFor the inertial
component ofMg z, the tail és tangenti al acceleration
secondary to the change due to gravitpsagi-> increass.

It is important to note thahe loading profiles of Fig. 4.6an act over extended time
durations due to infinite roll motion, similar to a reaction wheel, enabled via the slip ring; thus

providing a performance advantage in comparison to existilsgésiewed inChapter 2
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Figure 4.4: Simulation Results: Loading for dynamic tail bending at fixed roll angles.
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Figure 4.5: Simulation Results: Loading for dynamic tail rolling at fixed bending angles.
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4.3 Experimental Prototype and Results

This section discusses the integration bé tR3RT prototype (section 3.1), along with
experimental resuldemonstrating the RBT loading ability o verify the dynamic model (3.2),
articulated structureso adyvantimggreratog/eahancedo nv e n
inertialloading (43.3), andthe RR T 6 s k iaocaracg dnd repeatability 84).

4.3.1Tail Implementation
Figure 4.6 shows the experimental prototype of the-lRB. The links of the tail structure and
frames of the rigid housing were printed using plastic. The remaining custom structural
components were fabricattdm metal(steel for shafts, aluminum for other components). Braided
nylon cables (MagicShield) rated for 441 N (100 Ibs) were used to actuate the tail; segment 1
actuatiorrequired double routed cable lines to accommodate the high impulsive tensions generated
during tal motions. During integration, the cable routing was optimized though a series of
experimental iterations to minimize friction effects by relieving aggressive cable routing angles
about the small sized pins with passive rollers.

A distinctive feature othe R3RT is its Spath and cylindrical cable routing scheme that
enables decoupled actuation and equal antagonistic cable displacements as disChsgxdi@n
Therefore, the two tail segments can be controlled by actuating their respective pulleys

independently as illustrated in Fidy.7.
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Measurements

RealTime Loading —‘

Segmen®

Segmentl

Figure 4.7: Flexibility of the R3RT illustrating decoupled actuation wighconstant roll angle
of 0°: A) Variation ofb; while b2 remains fixed. Variation db, while by remains fixed depicting
B) configurationshape 1, and Y@onfigurationshape 2.

4.3.2 Loading Results
Experi ments were performed to measure t-he tai

axisload cell as shown in Fig.6. Sensor measurements were sampled at 400 Hz using a PCl data

acquisition card. A moving window mean lguass filter of width 50 sample points was used to
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filter out high frequency sensor noise from the measured data; suiffdédéa was collected
preceding the start of the tail motion to uniformly filter the relevant time span.

Tail bending motionswhere {o,tr) = (0, 0.5) sec anM4egi-2,0, bseg,1-21) = (0, 90)° with
constant rolli {8, 45, 90}°, were performed similar to the case scenarios presentatiion
4.2.2 to compare measured loading profiles with computed simulation results. Hidure
illustrates the measureoldding profiles. Each case scenario was conducted three times with results
averaged. From the plot, it can be observed that tail curvature motion is compleeskir, @fter
whichthe tail experiences vibrations that dissipate to steady state conditions

Like thesimulatedresults in Fig4.4, the measured loading profiles exhibit similar loading
as the roll angle is varied: force loading about tkexiz shows an approximate invariance to
various roll angles, gravitational moment loading offsets abwmeityt and zaxis at final tail
configurations approximately match computed results, and profiles qualitatively match the shape
of computed profiles and final steady state values, but do not exactly match the idealized smooth
contours.This is considered tbe acceptable performance and will validate the tails approach to
replicated loading profiles about its basedrperimental evaluation of developed control schemes
conducted in Chapter 8.

As seen in Figd.9, the experimental tail results exhibit simifieak magnitudes during the
tail motion coupled with nontrivial lag behind the simulated trajectory. This is primarily due to the

reliance on a feedbadkased velocity controller for generating the tail motor inputs.
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Figure 4.9: Comparison of simulation and experimertal loading results whet = 90°.
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4.3.3 Comparing Articulated and Pendulum Inertial Loading
Experiments were performed to compare the inertial loading profiles of an articulated tail structure
to a singlebody rigid pendulum, a comparison that was aredyin simulation ifil5]. To maintain
consistency in terms of mass distribution, theAR3tail consisting of 12 links &s reconfigured
into two structures: 1) an articulated single DOF tail segment with equal relative angle distribution
constrained via@gear pairs (Figd.10(A)), and 2) a singkody rigid pendulum with immobilized
gears capable rotating abots link 1 revolute joint (Fig. 4.1()). For consistency in terms of
power input and range of motion, both tail structures were actuated by prescribing a constant input
cable tension as the tail rotated through its trajectory of equal cable displacement atrallfixed
angle of 90°, thus producing a planar horizontal tail motion unaffected by gravitational loading.
The motions result in a COM angular displacement range equivalent to 104° and 180° for the
articulated and penduluiike tail, respectively.

Figure4.11lillustrates the measured loading profiles for the articulated and dindle
rigid pendulum tails for motions generated with constant cable tensions of 60 N and 110 N. These
motions were performed three times for each tail structure with measured ioadiag results
averaged to ensure consistency. The time spans to complete motions were slower for the articulated
tail (60 N: 0.63 s, 110 N: 0.48 s) compared to the pendiikenail (60 N: 0.58 s, 110 N: 0.42 s).
The articulated tail motions likely geire slightly longer time spans due to cable friction along the
structure. Tabld.2presents the mean measured inertial loading of the loading shown 4nlkig.
Based off this data, for equivalent input cable displacements and constant cable témsions,
articulated tail, in comparison to the pendutlike tail, on average provides: a 53% increase in
generated moment about the bdgk %), a 52% reduction ifrg,y, and an 8% increase g .
Increased moments are beneficial for inertial adjustmenticapipihs because they produce
angulare-orientation of the legged robot the tail is attached to. Decreased net forces are beneficial
because forces may either aid or hinder inertial adjustment applications based on the state of the
legged robot and due the fact that forces result in system translation

These experiments highlight the significance of increased articulation in tail structures to
provide enhanced inertial loading about its attachment point in terms of increased moments and
reduced forcethat produce can produce more desirable effects in applications involving attitude
adjustments, dynamic seffjhting, and maneuvering as discussed3dh]; results which are
corroborated ir15].
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Figure 4.10: R3-RT structural configurations for comparative inertial loading experiments: A)

Articulated, single DOF tail segment with motion distributed vigéar pairs, and B) Single
body rigid pendulum structure with immobilized gears
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Figure 4.11: Experimentally measured loading profiles of articulated and-bgily single
pendulum tail strictures for a catant cable tension of 60 N {8) and 110 ND-F).
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Table 4.2: Mean measured loading profiles of articulated vs. sthglgy rigid pendulum tail

in constant tension experiments.

Cabk Tensior| Tail Structure Fg.z(N) | Fs,y (N) | Mg x (Nm)
60N Articulated 2.1 -1.06 -0.48
Pendulum | -1.89 | -2.83 -0.27
110N Articulated -6.7 -1.78 -0.93
Pendulum | -6.36 -3.19 -0.72

4.3.4 Accuracy and Repeatability Results

In addition to analyzing thieertial loading generated by the HRT, the accuracy and repeatability

of the cabledriven mechanism were also analyzed. Analyzing these parameters is critical for tasks
andtvehani pul

involving prec

transitiontensionbetween the pair of cablestuatinga

i se COM adjustments

segment

without i

configuration as it moves through a varietycohfigurationshapes and trajectories.

The R3RT was programmed to cycle betwebkatail curvatures @, C2 and C3associated

with pulley angles obsegi-> = [0]°, bsegr-2 = [45]° andbseg1-2 = [90]° at a fixed roll angle of 90°.

To measure the resulting individual joint angles, a Point Grey Blackfly camera (BBLY

13S2MCS) was mounted orthogonallytotR8-R T 6 s

to measure the

rel ative

b e n dmagegpropessmgae used

i nk

orientations

each configuration over five consecutive cycles. Figu2 shows the expected link angle

(dottedline), and measured link anglésolid line withmarkers)Xor the twelve joints for the three

configurations in the form @fnerror plot showing theneasurednean (777) and standard deviation

(5).

For the C1 angles, slight offsets are observed from theehmonfiguratiod the largest

mp a c

wi t

offsets in each segment being 4.1° and 6.1° in segments 1 and 2, respectively. The primary factors

that introduce these inconsistencies are gear backlash and slight cable slack. As each gear pair

rotates, slight variations doe the tooth geometry will modify the relative angle between the links.

For the cable tensions, it was found duringugethat a slight slack on one side of the cables was

needed to prevent the mechanism from locking up during operation. Lock upsnasufiighly

tensioned segment cables that prevent rotation in either direction and introduce a hygperesis

effect i n the

|l i nkso

from 2° t0 5.1° in segment 1 and 3.1° t@°6in segment 2.
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For configurations C2 and C3, Fig.12 shows link 6 reaching angles 46.4° and 91.3°,
minor variations from the predicted values, but a significant variation is noted in C3 joint 12:
169.5° measured for a predicted 180°. This is likelysed by the challenges of practical
i mpl ementation of cable routing that are not
that cause slight variations of equal and opposite cable extension and retraction coupled with error

accumulation overhe joints.

200 T T T T T T T T T T T T

)
-h
o
=)
I

Link angles (deg

50

Link

Figure 4.12: Repeatability experimental results showing mean and standard deviation of
measured link angleenddeviations (solid line and markers with standard dendbars) from
expected values (dotted line)

4.4 Conclusion
This chapter presented the kinematic and dynamic modeling of tRIRBng with experimental
results to validate models and test the mechanisms accuracy and repeatability for static
stabilization applications anthe performance in generating inertial loading for dynamic inertial
adjustment applications.

Results of kinematic workspace analysis have demonstrated that 4R& Bfdwces a
higher dimensionality enefffector workspace due t®iincreased articulation and has significantly
greater ability to adjust its COM due to the ability to change the distance between the COM and
tail base, which is important for static stabilization applicatiofise R3RT end effector

workspace spans 270and exceeds the proposed workspaces of previously implemented
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pendulumlike tails presented in Table 2Hbwever, the R&RRT COM workspace as shown in Fig.

4.3 falls 65° short with respect {6, 40], reported in Table 2.This deficit can be overcome by
adding a 450 g tip mass to match the 255° COM workspace and further increase the volume in
which the COM can be positioned. The benefiteaaf configurationshapes further increases the
manifold of inertial loading about the base of the tail by actuating vacoofgurationshapes

during tail motiong51]. For static stabilization applications, experimental results determined that
the R3RT can produce tail configurations with an accyrand repeatability of 1.4+5.Xor
segment 1 and 10.5+6.%r segment 2.

To demonstrate an articulated éab ¢ a p agbnerhté énlgancedoinertial loading in
comparison to previously implemented penduika tails, experiments compared the generated
inertial loading of the RRT in articulated mode with respetd the R3RT configured in
pendulumlike mode. Results indicate thiar equivalent input cable displacements and constant
cable tensions, the articulatedode in comparison to the penduldike mode on average
provides: a 53% increase in generated moment about theMasg, (@ 52% reduction ifs,y, and
an 8% increase iRgz. These results demonstrate that articulated tails generate enhanced loading
in comparison to pendulufike structures because increased geedratoments are beneficial
for inertial adjustment applications since they result in rotation of the system to which the tail is
attached to and can more significantly impach e s ypsriorenamées whether it be for
maneuvering or stabilization applicatis.Generated forces result in undesirable translation that is
not beneficial for inertial adjustmenEurthermore, e prototype demonstrated satisfactory
accuracy and repeatability, which makes it appealing for use in static loading based applications
for precise COM positioning.e. static stabilization of a legged robot

Experimental results have demonstrated that measured peak loading profile values equal
to 6 N and 3.1 Nn fall slightly below computed values using the dynamic loading model because
the experimental tail motion duration was slightly longer than the 0.5 s time span used in computed
results. This is expected since inertial loading decreases towards steady state gravitational loading
conditions as the time spans of tail motions are le@mgd.The performance of the R3T in
producing inertial loading is considered to be acceptable performance and will vedelddds
approach to replicatlading profiles about its base fexperimental validation of developed

control schemes demonatedin Chapter 8.
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CHAPTER 5: MODELING, ANALYSIS, AND
EXPERIMENTATION OF DMST

Chapter 3 presented the detailed design of the DMST tail mechanismititahded for inertial
adjustment of a lighter weight biped robot attached in a vertical contignras will be
demonstrated in Chapters 5 and'Bis chapterpresents the kinematic and dynamic model of the

DMST (sections.1)taill, ac c ount i n gkinénmaticcotuphng besvges linkages and the
cabledriven actuatiorusing a multidiameter pliey. These dynamic models are used to analyze

the workspacandimpact ofmotion and tail configuratioon the loading profiles, generated forces

and momentgieneratediue to tail motions, transferred through the tail basewiibeventually

be appliedo the legged robot for inertial adjustment applications (section 5.2). Then, experiments
using integrated prototypes are performed (section 5.3) to validate the forward kinematic and
dynamic model s, determine the medcrheasure shmds ac
mechani smés ability to generate inertial | oad

5.1 Kinematic and Dynamic Modeling

After analyzing the kinematic coupling created in the mechanism by the actuation cabling, the
kinematics and dynamics of the mechanism are deriection 5.1.1 presents how joint angles
change with respect to input angles due to kinematic coupling. Section 5.1.2 derives the position,
velocity, and acceleration of each rigid link in the tail structure. An actuation loading model is then
presented in sectitb.1.3 to compute the required torques to produce tail motions and section 5.1.4
presents the method to compute generated inertial loading at the tail base as a result of tail motions.

5.1.1 Joint Angle Trajectory

The actuation cabling between the MDRI&nks creates a kinematic coupling between the MDP
rotationandeacdnkd s | oi nt an gl esinexdensbie)mHoweger, théocableaauting e
for link i > 1 will route along the previousl links. Therefore, the cable path length change due

to these joint angles must be considered.
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With reference to Fig. 5.1, E.1 recursively maps the prescribed MDBtor jointangle
t minto therelative linkageangles i, whereq (defined in Eq. 5.2) is theoupling ratiobetweerr;,
the MDPi-th radiusfor the cable terminating at link andrcy is the radius of the circular cable
routing surfaces. These parameters are shown in Fig. 2 forlnt@MST. The roll joint angle
L equals the prescribed motor angledue to direct drive, also definedlg. 5.1. The associated

joint velocities/ andJ, and accelerations andJ, may be found by differentiating Eq. 5.1.

J_?hi‘r% i=1
lhaeal s e =
f=1r

h=t iy (5.2)
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Figure 5.1: Schematic Diagram of DMST.

5.12 Linkage Position, Velocity, andAcceleration

Kinematic illustrations of the base link (lirf¥, intermediate links (links 1 throughl),
and terminal link (linkn) are shown in Fig. 5,2vith relevant frame and kinematic parameters used
in this analysis defined graphically.
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Figure 5.2: Kinematic illustrations of DMST links: A) base link 0, B) intermediate link, 1
and C) terminal link.

The linki orientation matrixR; is defined in Eq. 5.3, whely{(! ) is a yaxis rotation by
anglet andRz(* ) is a zaxis rotation by anglei. The body O rotation is due to the roll of link O
with respect to the tail base frame, and the badyation is due to the pitch of linkwith respect
to link i-1.

. _fRA7) - i=0
TR.R(g) 1¢i @& (5.3)
As showninFig.52 t he posi t ithlinksoinbcéntetphneandtlirkiCOM s
pi.com,are calculated using Eqgs. 546, wherd_j2;0 is the distance from the roll joint to pitch joint
1,yis the yaxis unit veabr, Ly is the distance between adjacent pitch joinis; o is the distance
from joint0tothe ink OCOMLyci s t he di stance between an
COM, andLxcnis the distance between joimaand the linkn COM.
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0 i=0
P =1 Ay LmoRLY i F (5.4)
P tLyR,y 2¢1 @

- :

—_——) —.

B jnt +LcoRY 130
| .

p|,co|v| =1 pl,jnt +LJ2cRi y 1¢i ¢ % (55)
:’ P tLicnRY I

Link i angular velocities  are defined in Eq. 5.6, wherés the zaxis unit vector.

_§fRy i=0
=

¥, . .
1¥.,+J R zI1¢i & (5.6)

The linear velocities; jnt andvi,com may be found by differdiating Egs. 5.4.5, using the

propertyR =¥, R, where & denotes the skesymmetric matrix mapping of vectarsuch that

ab=a 3b. The angular accelerations are found by differentiating EqTBeblinear accelerations

aijnt anda;,com may be found by differentiatingjn: andvi.com.

5.1.3 Actuation Loading Requirements

For this robotic structure, three sources of loading are considered: inertia, gravity and actuation.
The inertial forceFiinr and momenM; inr and gravitational forc€; grv acting at each link COM

as external loading, while the actuation contributes to the joint mdvhgats discussed below.
Because the joint angles are prescribed, the kinematics, the inertial |laafinge directly
calculated from the applied trajectories; the only unknowns are the joint fajeemnd moments

Mi jnt.

Figure 5.3illustrates free body diagrams for the terminal link and an intermediate link of
the DMST. A recursive formulation of thequations of motion (starting from timeth link and
propagating tan = 0) based on these free body diagrams are defined in Eq. 5.7, whkegis the
position vector from the linkCOM to jointj, defined in Eq. 5.8.
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Figure 5.3: Freebody diagrams of DMST links: Aerminal linkn, B) intermediate link, C)

base link 0.
E = iéFi,jnt +Fi,grv i =5
H i~ Fi+1,int + jint I:'Tgrv O i¢na@ - (5.7
M. :‘IéMi,jnt"'piij Fi,jnt ) 5 i :n
e i Mg M BigF g BtuFp 01 0 1

pl,j,CJ = pjnt,j “Reom i (5.8

These equations of motion mag beorganized into recursive formulations of joint load

forcesFint defined in Eq. 5.9, whems is the linki mass andj is gravitational acceleration.
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_Fm (p,COM - agrv) i = _
) Ay =8y (5.9)

F | . ,
A[Fi+1,jm+m(p|cow| ‘agn,) O € n¢cl -

i,jnt —

Equation 5.10 defines the recursive formulation of joint loamentsMi j., for which
Miinr is defined in Eq. 5.11. In Eq. 5.11js the linki moment of inertia with respect to the ground
frame, andiq is the linki moment of inertia with respect to the linkame. The subscript! is

used to identify theonstant inertia tensor defined in the local béggd frame.

éMiinr' f)liCJFijnt i+

I\/Ii jnt :i Y ' 4 ~ H
a iMiie *Misie B oF 0 Bk O 1Cn d (5.10)
M =%+ ¥, I|:iIcIRTI (5.11)

The defining property of a revolute joint is that it cannot support a moment along its axis
of rotation. Thereforefpr each revolute joint the actuation loading must provide the moment in
Mijnt aligned with the revolute joint axis of rotation. The actuation loading differs for joint 0 and
joints 1-n. For joint 0, the revolute joint axis Roy, and the moment abothis axis is a torque
directly provided by the roIDOF gear motor output shaft, defined in Eq. 5.12.

l, = ( Ry y)T Mo jn (5.12)

For jointsi = 1-n, the revolute joint axis is defined R$z and the moment along this axis
is due to the dae tensions acting between link& andi. For ann-link DMST, there will ben
cable tensions contributing to this moment, and the normal distance from the revolute joint to these
tensions igcp, resulting in the cable tension formulation in Eq. 5WBereT,;; is the tension at

joint i of the cable terminating at lifk
Fep & r;:iTi,j = (R Z)T M ot (5.13)
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For the cable tensions, assuming there is friction between the cable and tail structure along
its Il ength, recur si vsonscran theu teraninatianmpoinbtd thetbhse is c a b |
required. For a givep Ti; will be nonzero only fon = [1, ].

Solving forT;; consists of two steps performed recursively from jomi to jointi = 1:

1) calculating thd;; tension using Eq. B4, and 2) baclropagating the jointtensions to joint
i-1 using Eq. 5.15, whereis the coefficient of friction and is the contact angle between the
cable and routing surfaces. Equation 5.14 was derived from Eq. 5.13 knowiilig thétfor allj

< i, and Eg. 5.15 was found using a Halttion model for the contact between tbable and

routing surfaces between joints.

CT _lé(RZ)T M jni i=n
collii — 1 oo n ; (5.14)
[(RZ)T M - T @ = i 1¢i & &
T, =exp(me,) Ty "7 * (5.19)

The torqueld required to drive the MDP may be calculated using Eq. 5.16, which takes the
sum of the moments due to each cabletensimct i ng over that cabl ebs

.=4() o

i=1

5.14 Dynamic Tail Loading Model
Beyond understanding the actuation requirements of the DMST, the dynamic model should also
be capable of calculating the loading (force andrmaiat) the DMST applies through its roll joint.
The recursive calculations BfjrandMijna c cumul at e t he | oading du
and gravitational loading from the tip to the actuation module. Therefore, using the joint loading

at link 0,the tail base loadings andMg may be calculated using Eq. 5.17. The ground frame in
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which the tail model is defined is assumed to be located at the attachment point between the tail

and legged structure.

(5.17)

0,jnt

5.2 Tail Analysis

This section analyzes g¢hkinematic workspace (section28l) and loading capabilities of the
DMST (section5.2.2) while varying trajectory and design parameters to further understand the
factors that contribute to generated forces and momengsajed at the base of the tail

5.2.1 Kinematic Workspace Analysis

The proposed mechanism is articulated in structure and a single DMST can form-aigivafiere
spatial tail configurationFigure 5.4hows thesingleconfigurationshape that can be gaated by

a single 5segmenDMST. Unlike the R3RT that is capable of forming twapnfigurationshapes
as discussed in section 4.2He DMST is capable dbrming aC-shaped curvature with segments
rotated in the same direction denotead@sfigurationshape 1.

The end effector and COM workspace are defined by the locus of positions the end effector
tip (link 5) and COM can reach, respectfully. The defined workspaces can be computed using the
forward kinematics (sections 5.1511.2) using the geometrigarameters extracted from the
DMST CAD (Fig. 3.9) defined in Table 4.1. Figurebshows the RRTO6s si mul at ed
workspaces (end effector and CQMth/without tip masgfor a fixedroll angleat 0° where the
multi-diameter pulley is varied between=[-90:90°. The coordinate frame origin is tBMST
joint 1.

The end effector workspace is capable of spanning 90°, falling much shorter than the end
effector workspace of the RRT (section 4.2.1)that can span up to 27@r an input angle of
Dseg1-2 =[-135:135F due to its less articulatddOFs At ai | 6 s COM wor kspace i
range of motion, mass distribution, link geometry, and number of independently actuated tail
segments. For thBMST, the COM workspace with no added-tiass illustratedwith a green
line in Fig. 54, can be displaced along theaxis up to 100 mm. With the addition of a tip mass
with ms = 3.5 kg illustrated with a red linghe COM workspace is increased and can be displaced

280 mm along the-axis. As will be denonstrated in Chapt& the DMST requires thiadditional
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tip mass to successfully stabilize the biped to posit@systends combined COM within the
support polygon during a walking gait.

Similar to pendulusiike tails, the DMST can only produce ereffector and COM
workspaces about a curve in a plamghout considering roll motionWhen considering roll
motion, this curve becomes a surfatkerefore, a single 5 link DMST cannot produce a volume
in space to position itSOM as the RRT that is enaleld via the motions of two independently
actuated tail curvatures. However, these capabilities are achievable for multiple DMST modules
connected in series, a concept presented in sectidsuBrbt practically implemented as part of
this research

These esults further emphasize the importance of increased articulation and multi
curvature tail configuration shapes that caproduce a higher dimensionality eneffector
workspace ana greater ability to adjust its COM which is important bmth dynamic ineial

adjustment andtatic stabilization applicationas discussed in section 4.2.1

300 -

250 -
Configuration
Shapel

200 -

150 -

End Effector

1@ Workspace
-50 ) — 1

W ¢ COM Workspace
-100 - - Mois= 026kg |

Mp 14— 0.26 kg
— Mps= 35 kg
-150 1 I 1 I e E— I I I ]

-250 -200 -150 -100 -50 0 50 100 150 200 250
X(mm)

Figure 5.4: Workspace andonfigurationshape of a#ink DMST fort m=[-90:90°.
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Table 5.1: Simulation parameteifsr the 5link DMST.

Property Value Property Value
LoJs2c0 63.3 mm Mo 0.350 kg
Li2c 59 mm my1-5) 0.26kg
Li2cn 49 mm Li230 105.25 mm
ri [9, 16, 22, 28, 34] mn Li2s 60 mm
I'cbl 25 mMm
§0.0038 0 0 2 e06 0O O 2
la=g O 00014 0 gkg-mh |5, =0 06 0 :°10° kg -0
g 0 0  0.0031y 60 0 054

5.22 DynamicTail Loading Analysis

In the following analysis, the dynamic model of the DMST, developed in segtlpis used to
simulate the system actuated with PID controlled servo mdgerimentally measured data of

the servo plant parameters including inertia, friction, damping and torque/speed saturations were
extracted fron[82] and controller gain coefficients were tuned fearcritical operation on the
bases of empirical analydilsat were set t&, = 60,K; = 10, andKq = 0.4 The dynamics of the
system were used tevaluate Eq5.17. A five-link DMST is considered with the simulation
parameters presented in Table 5.1, ssletherwise stated, to compare results with experimental
prototype resultas discussed in section 5Nass properties are estimated from a detailed CAD
model.Furthermore, the dynamic loading profiles utilize the global coordinate frame of reference
defined in Fig.5.1

5.2.2.1 Trajectory i Inertial Analysis

Tail loading profiles are influenced by both static loading (gravity) and dynamic loading (inertia).

Since gravitational effects are tiamevariant (do not depend on velocity or acceleration), tdrey

the same for a prescribed tail trajectory reg:
effects are timeariant since greater accelerations correspond to greater magnitude loading
profiles. Therefore, the inertial loading acts as pb#tion to the steadstate gravitational

loading. In this analysis, only planar bending is considered whasevaried from O tdhe target

positonof° / 2 rad to simulate a servo step respons
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duration of tail notion, to study its effect on inertial loading. Figr® presents the force and
moments loading diagrams for the three time span case studigs2, 0.3, 0.4} sec. The time
span of 0.2 sec represents the fastest step response the system can adhiget gosition. Time
spans were elongated by reducing the proportional gain constant. To better visualize the
perturbations from equilibrium, steady state gravitational force offsets aboutitie were set to

Zero.

Fex (N)

0 0.2 0.4 0.6 0.8 1
Normalized Time

Fev(N)

M BZ (N'm)

0 0.2 0.4 0.6 0.8 1
Normalized Time

Figure 5.5: Inertial analysis: computed loading profiles fer{0.2, 0.3, 0.4} sec. The-axis
time is normalized as a fraction of the total duration to aid comparison

It is observed from these plots that ferdoading profiles magnitudes: 1) increase as the

time span decreases for each tail motion due to greater accelerations, and 2) approach a steady

75



state profile as time spans increase due to the time invariance of gravitational effects. It is also
noted th& x- and ycomponents of the force loadir{gsx and k) at the endpoints are zero
because these instances represent static configurations with zero velocities and accelerations;
however, the final zomponent moment loadir{ls ;) is offset due to thergvitational induced

moment at the taildés end configuration.

5.22.2Trajectory i Roll Analysis
In section R.2.1], a planar case study was analyzed in
motion was varied. However, roll angle is another trajecpasameter that can be varied to
distribute loading. In this analysis, simulations are performed using the 0.2 sec time span tail
trajectories (similar to motion used in sect®m2.2.]) where the roll angle is varied at constant
values = { "/ 4 ,}rad/ 2, 3 [ 4

Figure5.6illustrates the associated loading results. Due to the rotational symmetry of the
tail motions about the-gxis, the loading with respect to this axis (i.e., ttaosnponents of force
and moment) is invariant to the change.iffrurthermoe, since the tail is performing tail curvature
motions at constant roll angles, thegmponent moment loading is zero.

The x and zcomponents show the impact of roll angle on the distribution of the loading
profiles. For = °~ / 4 a n dcorBpon@tforce and zomponent moment profiles are equal
and opposite, whereas thecamponent moment andcomponent force are equal in these two

cases.
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Figure 5.6: Roll angle analyis: computed loading profiles fer= { ~ / 4, 2, 3

5.22.3Designi Mass Dstribution Analysis
I n addition to trajectory parameters, a tai
Two design factors will be analyzed in this paper: mass distribution and couplingAtatiesign
parameter analysis will use tail curvature motion with a 0.2 sec time span (similar to motion used
in section 32.2.1).

The DMST is designed to accommodate a tip mass to increase the loading capacity for a
given tail motion. This section awaks the effects of the mass distribution ralico)n loading
profiles, where represents the ratio between an additional tip mass and the total weight of the

tail (links and actuation unit). In this analysis, the total weight obtliek DMST is 4.3 kg. All

1

"4



other design variables and properties aglkel ltonstant to compare results with inertial analysis
loading profiles.

Three case studies are presented ing=igthat show force loading profiles where the mass
distributionratio is varied between three valufs= {0.5, 1, 1.5} representing an additial tip
mass equivalent to {2.1, 4.3, 8.6} kg attachedtirk 5.

Results indicate a linear correlation between the increase of tip mass and loading profiles
magnitudes. In comparison to inertial analysis results with no tip mass, loading profile mhegnitu
increase approximately by factors of 3.2, 5.5, and 7.E|fequa| to 0.5, 1, and 1.5 respectively.

Although increasing tip mass generates larger magnitude dynamic force loading profiles,
a maximum limitof additionaltip mass is imposed by motor specifications. UsingEtg the
MDP torgue requirements were cpuated for the- values under consideration, with results shown
in Fig. 5.8 It is observed that the required torque for all case scenarios initially take on positive
values to overcome inertia to move the tail in the positive orientation, then changemtoa
values and attains maximum magnitudes during the deceleration phase then remains offset in this
region due to gravitational loading. Mass distribution parameters must be chosen based on MDP
angular velocity and torque requirements to selenbtorthat is capable of producing a desired

tail motion.
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Figure 5.8: Computed MDP torque requirements f|>|: {0.5, 1, 1.5}.
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5.22.4 Designi Coupling Ratio Analysis
The coupling ratiaj is defined as the ratio lve¢enr; andrcn, as discussed in sectidil.1 This
section will analyze the influence of the coupling ratios on loading profiles by varying MDP
dimensions while maintaining a constant link circular routing curvatdre 25 mm using a 0.2
sec tail cuvature time span. Table.2 presents the design parameters of two case studies for
various coupling ratios. Case 1 represents the scenario where MDP dimensions are scaled by a
factor of 2 in comparison to dimensions used in sectidr? 3.and Case 2 repsents the scaled,
inverted scenario where the largest coupling ratios are connected to links adjacent to the actuation
unit and decrease in progression to the tip of the tail (link 5).

Figure5.9 shows the loading profile for the two case studies. By eoim@ peak values
and with those from Figh.5, the scaled coupling ratios in Case 1 have nonlinearly increased
loading profiles. The xand zcomponent loading increased by a factor of approximately 1.8
whereas ycomponent loading by a factor of 3.4. Thignlinear increase is expected due to the
differentiation of trigopnometric terms that are a function of link orientation given bg.Ethat
yield accelerations multiplied bg?. It is interesting to note that the inverted scenario Case 2,
generates tger loading profiles than Case 1 since the higher coupling ratios of the tail bottom
links correspond to a greater tail rotation and accelerations of the top links, thus producing larger
dynamic loading. Greater tail rotations also correspond to a largerent arm that produce a

larger steady state gravitational moment about theiz

Table 5.2: Design parameters used for coupling ratio analysis

Case r 1.5 (mm) dis
1 [18, 32, 44,56, 68] | [0.7,1.2, 1.7, 2.2, 2.7]
2 [68, 56, 44, 32, 18] | [2.7,2.2, 1.7, 1.2, 0.7]
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Figure 5.9: Coupling ratio analysis: computed force and momertditaaprofiles.

5.3 Experimental Prototype and Model Validation
In this section, experiments are performed using alinkeDMST prototype, section 5.3.1, to
measure the mechani smds a psecltion’.3 and calidgteforard at e | ¢

kinematic relations to determine the3d mechanis

5.3.1 Tail Implementation

Figure 5.1 hows t he experimental test platform und
components were printed from ABS gli@. High torque servo motors rated for a stall torque of

IONMmM and no | oad speed of 55 rpm operated at a
two DOFs with PID parameters setKg = 60, K; = 10, andKq = 0.4 to demonstrate critically

damped bedwior.Link lengths and pulley diameters were chosen toyfye 60 mmrcy = 25 mm,
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andri =19, 16, 22, 28, 34] mm farranging from 1 to Hased on optimization scheme to produce
a desired tail curvatufd 6]. Thesedesign parametemmatch the simulation parametgnesented

in Table 5.1for comparison of results

Curvatur

6-AXiS Load

Metal Breadboard?®

Figure 5.10: Experimental setup of a fiink DMST prototype.

5.3.2 LoadingResults
In order to measure the generated loading profiles and verify the dynamic tail loading model
presented in sectionB4, the fivelink DMST prototype was connected to a-axis load cell to
measure the loading profiles generatedhgytail, as sbwn in Figure 5.1. Sensor measurements
were sampled at 400 Hz using a PCI data acquisition card. A moving window mean of 50 sample
points was used to smooth the measured data.

In this experiment, the tail performed a tail curvature by sendirg=a” / r&d goal angle

at maximum angular velocity and torque to the servo motor controlling the MDP rotation. Loading
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profiles were measured for constant ercask | ang
scenarios shown in Fig. 5.6

Figure5.11 illustrates the measured loading profiles for various roll angles. From the plot,
it can be observed that tail curvature motion is completed in 0.24 s, after which the tail experiences
vibrations that dissipate to steady state conditions. It is expected thahfvitiin the mechanism
extended the response time above the 0.2 s obtained from simulated results that assumed no cable
friction € = 0. In comparison toomputed results shown in Fig. 5t6e measured loading profiles
do exhibit similar distributed loads as the roll angle is varied:-dgrgponent moment loading
maintains a zero value for the three case scenariossd@pponent foce loading is approximately
invariant to roll, 3) xcomponent force and@mponent moment profiles, fer= "/ 4 and 3°
rad, are approximately equal and opposite, whereas-tioenponent moment andcomponent
force are approximately equal in magnitudpsteadystate gravitational moment offsets closely
match computed results, 5) the profiles qualitatively match the shape of computed profiles but do
not exactly match the smooth contours due to vibrations in the long structure during tail motions
that lave not been modeled analytically.

Measured peak loading profile values, equal to 6 N and Ing Kall below computed
values because the experimental tail motion duration was slightly longer than the 0.2 s time span
used in computed results. This is expécsince as the time spans of tail motions are lengthened,
dynamic loadings decrease towards steady state gravitational loading conditions as explained in
section 52.2.1 The results of this experiment will be used to update simulation parameters, in

paticular dissipative friction, to better compute loading profiles as part of future work.
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Figure 5.11: Experimentally measured loading profiles for various roll angles.

5.33 Accuracy and Repeatability Results

A series of experiments were performed to validate the forward kinematic relations derived in
section 5.1.1. The DMST was programmed to perform repeated cycles of three distinct tail
curvatures: {C1, C2, C3} where the MDP dags varied betweehm= N{ 0, 4, and
respectively with a fixed roll angle. The tail approached these curvatures in clockwise and counter
clockwise sequences to determine if hysteresis due to cable friction and/or elasticity impacted
performance. Tail curvatures merecorded using a higlesolution tracking camera mounted
orthogonal to the tail curvatures. Image processing techniques were then implemented to measure
the |Iink orientations at each configuration.

measurements were recorded for ten consecutive cycles. babpesents the mean measured
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