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NOVEL MECHANISM AND CONTROLLER DESIGN
FOR HYBRID FORCE-POSITION CONTROL OF HUMANOID ROBOTS

SUMMARY

Conventional rigid joint designs meet the industrial requirements, i.e., highly precise
and stiff motions as much as possible. On the other hand, the humanoid robots are
expected to move and seem as humans do. In order to bridge the gap between humans
and humanoid robots, three different mechanisms and control algorithms are presented
in this thesis.

The first mechanism presented in the study is composed of two plates connected with
a two-part shaft having a universal-joint in the middle. The orientation of the top plate
is changed by the cables which pass through the lower plate and are connected to the
capstans on the motor shafts. A universal joint attaches each part of the shaft which
constrains the motion of the mechanism and allows it to be treated as serial kinematic
chain. The elasticity in the mechanism is provided by the helical spring that shows
nonlinear behavior under combined compression and bending. The nonlinear behavior
of the spring allows adjusting the stiffness of the mechanism. The full and simplified
inverse kinematic models are presented in the study. Afterwards, the dynamic analysis
which includes analysis of the nonlinear behavior of the helical spring is given in
detail. Finite Elements Method is employed to validate the findings from the helical
spring analysis by using Castigliano Theorem. The experimental results show that both
kinematic and dynamic model are confirmed.

The second mechanism is based on antagonistic working principle. To assure the
variable-stiffness property nonlinear springs are required. Variable radius pulley
mechanism constitutes custom force-elongation curves by using linear torsional
springs.  Three synthesis methods are proposed to obtain desired nonlinear
force-elongation curves and they are experimentally validated via a custom built tensile
testing platform. Furthermore, the position and stiffness control is tested on the
implemented mechanism. In addition to the control experiments, three algorithms are
given for the estimation of external forces by using three encoder measurements.

The third mechanism is the combination of first two systems. The revolute joint in the
second mechanism is substituted with a magnetic spherical joint. The kinematic and
dynamic models of the system are formulated benefiting from previous designs. Both
simulations and experiments are performed to validate the models.

xxiii






INSANSI ROBOTLARDA BIRLESIK KUVVET-KONUM KONTROLU iCIN
YENILIKCI MEKANIZMA VE KONTROL TASARIMI

OZET

Ilerleyen teknoloji ile birlikte, endiistride insanlarin yaptig1 tekrarl isleri 6nceden
sekillendirilmis ve bagka insanlarin girmemesi i¢in yalitilmig ortamlarda yapan,
robot olarak isimlendirilen programlanabilir makinalar gelistirildi. Ancak insanlar,
kendi islerini yaptirabilecekleri ve kendileri ile benzer kabiliyetlere sahip makinalarin
hayalini kurmustur. Oncelikle bilim kurgu hikayelerine konu olan ve insansi robot
olarak bilinen bu robotlar 1980’lerde ilk kez gerceklenmis ve bu tarihten sonra
artan bir ivme ile gelistirilmeye devam etmistir. Bu robotlardan hem goriiniim hem
fonksiyon acisindan insanlara benzemeleri beklendigi gibi, endiistriyel robotlardan
farkli olarak, kisitlanmis alanlarin disinda ve daha 6nceden bilmedigi ortamlarda,
etrafindaki objelere zarar vermeden hareket etmeleri beklenmektedir.

Insans1 robotlar hareketlerini eklemleri vasitasiyla gergekletirirler. Onciil insans1 robot
modelleri, endiistriyel robotlarda oldugu gibi kat1 ve kesin hareketler yapan eklemler
icermekteydi. Ancak insansi robotlar ile endiistriyel robotlardan beklenilenler arasinda
farkliliklar vardir. Endiistriyel robotlar 6nceden tanimlanmis bir gérevi miimkiin olan
en yiiksek dogruluk ve hiz ile yerine getirmek lizere tasarlanmaktadirlar. Oysaki
insans1 robotlar, 6nceden programlanmadigi ve insanlarin bulundugu ortamlarda belirli
gorevleri tamamlamak i¢in iiretilmektedirler. Bu nedenle insansi robotlar endiistriyel
robotlardan hem hareket, hem alg1 kabiliyetleri agisindan ayrilmaktadirlar.

Ote yandan insans1 robot tasariminda amac insan seviyesinde hareket kabiliyeti
oldugu i¢in, son yillarda dogrudan insanin hareket sisteminden esinlenerek tasarimlar
yapilmaya baglanmistir. Temel olarak insanda hareketler kas-iskelet-tendon yapist ile
saglanmaktadir. Kaslar kimyasal enerjiyi mekanik enerjiye doniistiiriirken; tendonlar,
kaslarin iskelete baglanti noktasini teskil ederler, adeta bir yay gibi calisarak enerji
depolarlar. Kaslarin eklemler etrafinda olusturuldugu yapiya bakildiginda antagonistik
calisma prensibi On plana cikmaktadir. Bu yapi iskeletin etrafindaki kas-tendon
ciftinden olusur. Tek bir kasin kasilmasi eklemin hareketini kontrol ederken, birlikte
kasilma eklemin ¢ikis sertliginde degismeye neden olur. Kaslarin yay gibi ¢aligmasina
ek olarak, iizerine diisen gerilmeden yola ¢ikarak dis kuvvetleri tahmin edebilme
yetenekleri vardir.

Bu tez kapsaminda, insansi robotlarin eklemlerinden beklenilen 6zellikler géz Oniine
almarak tii¢ farkli; kablo ile siiriilen, degisken sertlikli, kuvvet uyumlu, enerji
verimliligi yiiksek, diisiik maliyetli, hafif, kolay imal edilebilen ve kompakt eklem
tasarim1 yapilmigtir.  Farkli yapilar ve serbestlik derecelerindeki bu eklemlerin
kinematik ve dinamik modelleri ¢ikarilmisg, her biri icin pozisyon ve sertlik kontrolii
icin yontemler onerilmistir. Hem elde edilen modelleri dogrulamak, hem de kontrol
yontemlerini test etmek adina eklemler iiretilmis ve deneysel olarak sinanmistir.
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Ik olarak 4 serbestlik derecesine sahip eklem tanitilmistir. Bu mekanizma iki plaka
arasina sikigtirilmig bir helisel yay ile iki pargali bir milin kardan kavramasi ile
birlestirilmesinden olusmaktadir. Mekanizmanin hareketi, alt plakanin altinda bulunan
motorlar tarafindan saglanir. Bu motorlar, millerine bagl kasnaklar yardimi ile iist
plakaya bagl kablolar1 ¢eker veya birakirlar. Bu sekilde iist plakanin 2 eksende
donme hareketi saglanmis olur. Uciincii donme hareketi ise mekanizmanin ortasindan
gecen milin hareketi ile dogrudan siiriilerek saglanir. Bu mil yaymn ve dolayisiyla
mekanizmanin hareketini kisitlayarak kinematik modelin seri mekanizmalarda oldugu
gibi kolaylikla elde edilmesini saglar. Ote yandan yay sayesinde, mekanizma kuvvet
uyumluluk kazandig gibi, yayin hem basma hem egilme zorlanmasina maruz kalmasi
nedeni ile dogrusal olmayan bir davranig sergilemesine neden olur. Bu o6zellik
kullanilarak, mekanizmanin dordiincii serbestlik derecesini olusturan cikis sertligi
ayarlanabilir. Bu mekanizma icin tam ve basitlestirilmis ters kinematik modeller
sunulmustur. Ileri kinematik model, gradyan bazli metotlar ile elde edilmistir. Bu
mekanizmanin dinamik modelinin hesaplanabilmesi icin Oncelikle helisel yaylarin
basma ve egilme zorlanmalarina ayni anda maruzlarken davraniglarinin incelenmesi
gerekmektedir. Bu nedenle oncelikle yayin hareketini tanimlayan parametre sayisi
herhangi bir veri kaybi1 olmadan indirgenmistir. Sonrasinda yayin her bir sarimi
ayrica ele alinmis, lizerinde olusturulan sonsuz kiiciik elemanlarin potansiyel enerjileri
hesaplanarak Castigliano teoremi yardimiyla izin verilen basma/egilme araliginda
olusturacag: tepki kuvvet/moment degerleri bulunmustur. Bu degerler 2x2 sertlik
matrisi olarak belirli aralikta sayisal olarak elde edilmistir. Dinamik hesap yaparken
tiim mukavemet hesaplarini tekrar yapmak yerine bu hesaplarda elde edilen sonuclar
tablodan interpolasyon yardimi ile ¢ekilmistir. Yay sertliginin hesabini dogrulamak
icin ayni yay sonlu elemanlar yontemi ile ayni etkilere maruz birakilmistir. Bu
bilgiler 1518inda mekanizmanin dinamik denklemleri elde edilmistir. Elde edilen
modeller, deney diizenegi lizerinde yapilan testler ile dogrulanmistir. Bu mekanizmay1
onemli kilan 6zellik sertlik degisimini saglamak icin piyasada rahatlikla bulunabilen
dogrusal helisel yay disinda herhangi ek bir ekipmana veya mekanizmaya ihtiyac
duyulmayisidir. Burada yay, insan boynunu olusturan 7 adet omurilik ile hem hareket
hem yap1 olarak benzesmektedir. Bu nedenle bu mekanizma boyun eklemi i¢in uygun
olarak diistiniilmiistiir.

Ikinci onerilen mekanizma tek bir eksen etrafinda donme kabiliyetine ve sertligini
degistirebilme o0zelligine sahiptir. Bu mekanizma tasarimi itibari ile insan
kas-iskelet-tendon yapisina biiyiik benzerlik gostermektedir. Mekanizma, temel olarak
birbirine bir donel eklem ile bagl iki plakadan olugsmaktadir. Hareket, donel eklemin
iki tarafinda karsilikli olarak duran iist plakaya baglh kablolarin dogru akimli motorlar
ile ¢ekilmesi ve birakilmasi ile elde edilmektedir. Mekanizmanin sertlik degistirme
kabiliyeti kablolarin iist plakada baglanti noktasindaki degisken yaricapli kasnak
mekanizmasi ile miimkiin olmaktadir. Bu mekanizma dogrusal 6zellikteki kurma
yay1 kullanarak istenilen kuvvet-uzama egrilerini liretmeyi amaclar. Mekanizmanin
istenilen degerleri saglayabilmesi icin kasnak profilinin istenilen kuvvet-uzama
egrisine gore tasarlanmasi gerekmektedir. Tez kapsaminda analitik, optimal ve sayisal
olmak {izere iic metot Onerilmistir. Bu metotlarin performanslari olusturulan bir
cekme diizenegi ile test edilmistir. Degisken yaricaplhi kasnagin sentezlenmesinin
ardindan, eklem mekanizmasinin kontrolii anlatilmis ve deneysel olarak hem sertligi
hem de pozisyonu kontrol edilmistir. Ek olarak, mekanizma iizerinde bulunan ii¢
enkoder verisi kullanilarak mekanizma iizerine gelen dig kuvvetler tahminlenmistir.
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Kalman Filtresi, dig kuvvet gdzlemcisi ve yapay sinir aglar1 bu amacla elde edilen veri
tizerinde calistirilmig ve sonuclar karsilagtirilmistir. Mekanizmada kullanilan motorlar
disaridan hareket ettirilemez olduklar1 i¢in, sabit konumda enerji harcamaz. Pasif
yercekimi kompanzasyonu olarak bilinen bu durum saglanirken, elastik elemanlar
sayesinde mekanizma disaridan gelen etkiler ile hareket ettirilebilir. Bu mekanizma
hareket yapisi itibariyle tek serbestlik dereceli oldugu i¢in dirsek ve diz eklemlerinde
kullanilabilecegi diistiniilmektedir.

Ikinci mekanizmanin hareket kabiliyetinin tek eksenden ii¢ eksene artirilmasi ve donel
eklem yerine kiiresel mafsal kullanilmasi ile {li¢iincii mekanizma elde edilmigstir. Bu
mekanizma literatiirde az sayida bulunan ¢ok serbestlik dereceli degisken sertlikli
eklem tasarimlarina ornektir. Mekanizma dort dogru akimli motor-kasnak ve kablo ile
hareket ettirilmektedir. Ug hareket bir sertlik olmak iizere dort serbestlik derecesine
sahip olan bu mekanizma, manyetik kiiresel mafsal sayesinde genis bir hareket
kabiliyetine sahiptir. Kinematik ve dinamik modellerin sunulmasinin ardindan,
once benzetim ortaminda, sonra da deneysel olarak hareket kabiliyeti sinanmistir.
Sonuclar gostermektedir ki, hem hareket kabiliyeti hem de sertlik degistirme 6zelligi
bakimindan; bu eklem omuz, bilek ve kalca eklemlerine kullanilabilir.

Sunulan tiim mekanizmalarda alt seviye pozisyon ve sertlik kontrolii anlatilmis ve
deneyleri yapilmistir. Ancak, herhangi bir obje ile etkilesime gecildiginde sertligin
nasil belirlenecegi anlatilmamistir. Tez kapsaminda, objenin gorsel veriler ile tanindig1
ve fiziksel Ozelliklerine baglh olarak temas noktasi ve eklem sertliginin ayarlandigi
bir kontrol metodu Onerilmistir. Bunun i¢in masaiistiinde bulunan ve giinliik hayatta
siklikla kullanilan 30 objeden olusturulmus bir veri kiimesi ve derin 6grenme teknikleri
kullanilarak objeler taninmigtir. Onerilen metot hem benzetim ortaminda hem de
deneysel olarak incelenmistir. Sonucta, her obje icin gegerli tek bir sertlik degeri
olmadig1 ve yanlis sertlik veya temas noktasi secimi halinde etkilesimin kararsiz
olacagi ve basarisizlikla sonuglanacagi gosterilmistir.
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1. INTRODUCTION

The machines gradually became more complex and capable with each passing day.
This capability is partly due to the programmable and controllable features integrated
into the machines in the industrial age. The programmable and controllable machines,
which are called robots, were first developed in the 1950s and they have become a
crucial part of industry thereafter. The industrial robots have the ability to complete
pre-described tasks repeatedly within a structured environment. Traditionally, because
of the safety of humans and the continuous flow of the operation, the humans/human
co-workers cannot enter into the robotic production cells while the robots are in

operation mode.

The people have imagined machines interacting with and working for humans as well
as resembling them since the ancient times. These machines were the ancestors of the
robots which are known today as humanoids. Although humanoids are also classified
as robots, their design requirements are different from the industrial robots. The
mechanical structure of the robots should provide a safe interaction with humans and
follow motion patterns similar to humans. In addition, the structure of the robot usually
imitates the appearance of the humans as well. These robots should have an ability to
respond the changes in the environment like a person does; therefore a better perception

capability, control strategy, and decision making/artificial intelligence are required.

A robot can be described as a combination of joints and links from the mechanical
perspective. In fact, the robot gains its ability of movement via joints. Thus, the motion
of a robot is defined by its joints. This motion has to be very precise in most of the
industrial cases; therefore the joints are designed as rigid as possible. In the humanoids,
contrary to industrial robots, the rigid joints are not necessarily desired. In spite of
preliminary examples of humanoid robots which utilized the rigid joints, elastic joints
have started to replace with rigid ones in humanoids considering their requirements. In
order to provide the elasticity and compliance which are much needed in humanoids,

recently, the robotic joints have been designed using the varying elastic property to



comply with various tasks in the last decade. In addition to variable stiffness and
elasticity in the joints, the actuation units are also coupled with joints in a tendon-driven
manner as in human muscular system. As an alternative to the conventional direct-drive
technology, this trend is using elasticity to increase the similarity between the human
and humanoid motions, and tendon based structures tend to be lighter and give more

space of design for the robotics researcher.

Another aspect of robotic design in humanoids is the control of the applied force
while planning for a precise trajectory. This type of trajectory may involve physical
interaction with surrounding objects and people in an unstructured environment.
Therefore, a combined force and trajectory/position control strategy is searched after.
In addition to this extra control ability, the humanoids are expected to be able to do
complex tasks that people can do, so their ability to perceive and semantic inference
should be high. As a result, the humanoid applications are more demanding in the

control and perception fronts, therefore, more open for Al implementations.

In this thesis, three different tendon-driven variable stiffness joint mechanisms are
designed and presented. After detailing the general conceptual and geometric design,
the kinematic and dynamic analyses are given with corresponding simulation results.
Next, the application of low-level control algorithms for the mechanisms is mentioned
together with the experimentally evaluated performances. Finally, a force control
strategy based on the visual object recognition using deep-NN is demonstrated in an

object manipulation task.

After this brief introduction herein, the next section opens with the purpose of the
thesis. Then, in order to have a better insight and understanding of the topic, many
similar studies and inspiring research results are presented. Next, the contributions of
this thesis are given to clarify the differences from the previous studies and show how
this thesis advances the past achievements in the field. Finally, this section finishes

with an outline of the thesis.

1.1 Purpose of The Thesis

The humanoid robots which are designed according to the general design criteria of

industrial robots fall short of the requirements of safe human-robot interaction and



following the human motions in terms of smoothness, force control, and dexterity.
Industrial robot joints are built as stiff as possible to ensure the position accuracy.
Unlike industrial robots, humanoid robots are expected to interact with humans and
other surrounding objects, having less or no requirements on the position accuracy.
The joints of a humanoid should, therefore, be designed with a different approach so
that HRI is safe, especially when an impact is unavoidable. Another difference in the
requirements can be observed in task-dependency. For example, industrial robots are
supposed to perform a given task in a minimum time window; therefore, sharp motions
involving high levels of acceleration are acceptable. On the other hand, in humanoid
robots, the motions with sharp characteristics and high level of accelerations are not

desired due to safety concerns.

In order to build a humanoid robot with desired characteristics, investigation of the
human body, especially the muscle-skeleton system, is a good starting point. Human
muscles are settled around the bones and work mutually with other muscles. Since
they are able to pull only, every skeletal muscle exists with its antagonist pair which
is responsible for intentional motions. In recent years, cable-driven robotic actuation
systems have been developed. Similar to the muscles, cables are unidirectional and
cannot be subjected to compression forces. Thus, cable-driven joints resemble human
muscle system and often called as tendon-driven system due to similarities between
them especially in force related sense. Furthermore, human muscles behave like a
mechanical spring and capable of storing energy. This property is beneficial for energy
efficiency in most of the tasks, especially in walking. By storing and releasing elastic
energy in the Achilles tendon, people improve the effectiveness of lower leg joint a
long way past what is feasible for work. Beyond energy efficiency, this feature allows
people to interact with humans and objects around them without posing a harmful
effect. It is worth noting that precision is not often the main goal for most of the
daily activities. Once the precision is needed, antagonistic muscle pair works together
and increase the stiffness. Therefore, the muscle resembles springs in mechanics and
can adjust its stiffness depending on the task necessities. VSA has recently gained
popularity in robotics research field. These mechanisms comprise elastic elements
with special designs to set the desired stiffness value. Following their biological

counterparts in the human body (i.e., shoulders, neck and ankle), these mechanisms



have multiple degrees of freedom per joint, instead of the single DOF mostly seen in
industrial robotic mechanisms. The industrial robots generally use single DOF joints
successively, whereas, the certain humanoid designs employ multiple DOF. One way to
achieve multiple DOF is to use parallel actuation, for instance, universal and spherical
joints. In addition to resembling the DOF of the human musculoskeletal system, the
actuation of such mechanisms can have internal feedback. As well as being actuators
of the human body, muscles are competent to sense exerted forces so that people can
feel roughly how much weight they are carrying without measuring the object. In the
conventional robotics, actuator and sensors are designed to perform separate tasks.
The elastic element, beyond being a prominent part of the actuator in VSAs, acts
as a force sensor due to its deformation. Besides, in order to capture a resembling
nature of the human motion, the humanoids also require a control structure which is
different from the classical approach. Human intelligence benefits from a good blend
of feedforward and feedback control whilst feedback control is a common approach in
industrial robotics. In this context, recent advances in deep learning area could extend
the capability of control strategies in humanoid robotics supporting this feedback and

feedforward structure.

From the overview of a wide range of robotics, it can be seen that there is an exciting
tide of solutions to joint design problem, perception, learning and control. However,
the unified solution is still required. The problem cannot be resolved by mechanical
design improvements or advancements in perception or control alone. These fields
should be integrated to obtain an original and feasible solution advancing the area in
multiple aspects. In this thesis, the goal is to present humanoid joint designs for the
motion of head and limbs with the energy-efficiency, compliance, cable-driven and
variable stiffness properties. Besides these capabilities, the mechanism should have
simple structures and it should be easily manufacturable as well as being low-cost to
be a part of our daily lives in the future. The underlying theory of the mechanisms
with kinematic and dynamic analyses are attempted to be explained alongside with the
synthesis methods to design similar mechanisms for specific assignments. Moreover,

force interaction and position control are two important aspects in humanoid robot



design. Another aim is presenting both low and high-level control applications with

experimental results to evaluate the performances.

1.2 Literature Review

In order to better explain the contributions of this thesis, first, a general literature
overview is presented covering the current research trends in humanoids. This section
is divided into five subsections to increase clarity; 1) humanoid robots, ii) structure of
human joints, iii) joint mechanisms in humanoid robots, iv) elastic joints and variable
stiffness actuators and v) joint control with artificial intelligence. The literature
overview here also provides a general perspective for the whole thesis. The detailed
literature surveys are given in each chapter having the relevant topics to have a succinct
introduction into the thesis here and have adequate space for the detailed literature

analysis later in their own respective sections.

1.2.1 Humanoid robots

Robots that resemble the human body in both movements/functions and appearance
are called humanoid robots [4]. The first concrete example Wabot-1 [5] is a
two-legged walking robot (biped). This robot has artificial ears and mouth and has
oral communication skills. Although it seems primitive with today’s technology, the

foundations of advanced humanoid robots have been laid in this early example.

After the development of Wabot, high-profile firms have started to develop such robots.
For example, Honda is the leading company which started biped robot project (P1) in
the middle 1980s and today Asimo, the 11t version, i1s one of the most advanced
humanoid robots. Despite its rigid joint structure [6], it can run at 6 km/h and climb
stairs [7]. Humanoid robot design is still a focus of active research. Many rigid-joint
robots have been developed and are now commercially available for research and
development purposes while focusing on different aspects ranging from mechanical
design to perception capabilities. For instance, HRP-4 is designed to be light-weight
and low-power life-size humanoid robot [8]. Similar to HRP, Nao is a well-known
robot in a broad range of research applications such as Robocup standard league
football [9] and autism rehabilitation [10]. Another commercially available humanoid

robot is Personal Robot (PR2) which is a test platform for Robot Operating System



(ROS) [11]. Instead of biped walking, PR2 provides locomotion by its omnidirectional
wheeled mobile base. Unlike the commercial examples, Icub is an open-source project
and available online. This robot is manufactured in the average size of a human infant
and is also expected to learn everything from crawling to walking as human infants

do [12].

Anthropomorphism is a term that defines the attribution of human properties to
non-human individuals or objects, and this concept is heavily applied in humanoid
robot design. An anthropomorphic robot design considers the real human body
dimensions. This concept was first applied to the "Manny the mannequin" robot that
has the ability to sweat and breathe in 1988 [7]. Researchers in the University of
Tokyo have approached anthropomorphism concept in a more realistic manner and
transferred the model of the human musculoskeletal system to a set of robots, finally
designing Kenshiro with the aim of simulating human motions [13]. The motion of
Kenshiro is generated by electric motors and tendons. Furthermore, the muscles and
bones are imitated based on the human body in the sense of shape, power levels, and
placement/location. These tendons are flexible like human muscles. In another study,
humanoid robot Justin was designed to gain compliance by using elastic actuation
which allows safe human-robot interaction and tasks requiring force control such as
assembling objects [14], cleaning a board or sweeping a table [15] without harming
them through the torque sensors on each joint. In addition to testing the performance
of the robot in the daily tasks in which the robot should be moving in a gentle motion,

the safety of the arm is also evaluated in the impact scenarios in a crash test. [14].

The interaction between the humans and robots should be examined not only in the
physical sense, but also in the sociological and psychological dimensions. Social
robotics is the area which investigates the psychological effects of human-robot
interaction. A well-known hypothesis suggests that over a certain level of humanoid
resemblance to human beings are not welcomed. This phenomenon is known as
uncanny valley [16]. However, the hypothesis has become a matter of debate in recent
years. It is shown that exceptionally humanlike robot showing feelings can reduce
death-thought, thus uncanniness [17]. In addition, humanoid robots with human-like
faces and expressions or androids, are used in autism rehabilitation purpose [18, 19].

Social interaction is also a necessity for service robots which assist people in their



daily work. For example, REEM, a service humanoid robot, can assist people in daily

activities through its indoor visual navigation system [20].

Humanoid robots are not only useful in daily jobs, but also they can perform tasks
that are considered to be dangerous for human beings. NASA and General Motors
have developed Robonaut 2 for space exploration missions that are expected to work
with other astronauts and activate switches, use power tools and manipulate objects
[21]. Like the space operations, the military fronts and operations can also pose a
threat to human safety. In order to deploy missions without human soldiers or assist
them in dangerous situations, robotic solutions are searched for. One example of
this application is Atlas, which is a highly mobile biped robot with elastic joints,
are designed by Boston Dynamics Company that formerly manufactured big dog for
assistance to soldiers. The robot has appeared in [22] Darpa Robotics Challange which
is a competition for [23] paving the path for obtaining more realistic search and rescue
robotic platforms. The theme of search and rescue has become prominent especially
after Fukushima disaster and the questions on why robots cannot help the people. The
aim of the competition was to make robots interact with the unstructured environment
objects like cars, valves or demolished concrete in a disaster scenario [23]. Another
recent application of risky tasks is Ocean One robot, which is developed by Stanford
University. The goal of the robot is to be an avatar for users in under-water explorations

by using a haptic interface [24].

Together with the advancements in additive manufacturing technology, humanoid
robot designs are also upgraded. Poppy [25] and Inmoov [26] are examples of
this new approach which have 3D printable open-access designs. While reducing
the manufacturing cost of the robot, this new trend makes it more accessible to the

researchers all over the world.

Although all humanoid designs are not covered, the most influential design trends are
selected and detailed here. It is for the sake of brevity that this overview is kept at a
reasonable length. For further information on the general humanoid design, a detailed

survey on the topic could be found in the review article [7].
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Figure 1.1 : Joint types on human skeleton, composed by [1] and [2].

1.2.2 Structure of human joints

Before browsing the literature for humanoid robot joints, first having a look into the
human musculoskeletal system could be beneficial. Rather than a detailed analysis,
an engineering point of view to human anatomy is attempted in this section, since this
study is an engineering thesis. First, musculoskeletal system is introduced, and the
human joint types are examined. Then, general muscle behaviors are presented with

antagonistic working principle.

The tree of total 206 bones forms the frame of the human body connected together
by ligaments in joints [1]. There are three types of joints which are classified in the
allowable motion range. First two types are called as synarthrosis, and phiarthrosis that
are either immovable or slight motions are permitted. Therefore, only the third type
(diarthrosis or synovial joints) is of interest in this thesis because of the generation
of human limb and head motions is the goal. Movable joints are also divided into
six categories corresponding to the DOF in motions [2]. Skeletal system and the

mechanical analogies of the joint categories is shown in Figure 1.2.

It is worth mentioning that the aim of the thesis is designing a mechanism
following/copying the functional abilities of the human joints rather than replicating
them. In robotics, the complex motion data of human is captured and degraded into
a more simple structure composed of 1 and 3 DOF joints [3] which is shown in

Figure 1.2. Nevertheless, the robot used in the study does not have 3 DOF joints in
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Figure 1.2 : Motion freedoms of human joints [3].

upper-limbs and researchers try to scale the data to the robot available for research. In
fact, it is common to assume that human arm [27] and leg [28] to have 7 DOF whilst the
wrist and ankle are not actually spherical joints. Similar to humans, 7 DOF humanoid
arms can have multiple configurations without moving end-effector (hand) as a result
of redundancy. Consequently, having only revolute (knees and elbows) and spherical
joint (neck, shoulders, wrists, hips and ankles) modules, 31 DOF humanoid which is

capable of imitating human locomotor motions can be implemented.

Muscles are responsible for human motions and classified into three categories [1]: 1)
Visceral muscle ii) cardial muscle, and iii) skeletal muscle. First two of the muscle
groups are related to heart and inner body activities, so they cannot be activated
by conscious mind/motor neuron system. Muscles in the third type are connected
to the peripheral nervous system and can both be controlled and receive the force
feedback using spindles [29]. The muscles produce force by contracting in a series
of chemical processes, in which actin and myosin protein filaments in their cells get
involved, yielding various force-length and force-velocity models which are detailed
in [30]. Tendons are the anchors between muscles and the joints; furthermore,
they store the elastic energy and give the ability of spring-like behavior which is
investigated in a multi-joint limb in [31]. At the macroscopic level, the arrangement
of muscle fibers is called muscle architecture. When the muscle architecture changes,

force-length and force-elongation characteristics change [32]. Also, the muscle-tendon



internal architecture affects the use of force economically and the recovery of elastic
energy [33]. From the anatomical point of view, skeletal muscles are arranged in an
antagonistic manner to form a functional musculoskeletal structure. Co-contraction
of an antagonistic pair of muscles can adjust the impedance to stabilize the posture

against the perturbances [34].

Researchers from the areas of biomechanics and robotics may benefit from the increase
in the accuracy of musculoskeletal models. A freely available software OpenSim
presents a possibility to simulate musculoskeletal structure with realistic results [35].
In addition to simulating human motions accurately, knowledge of the limits of joint
motions is substantial in humanoid design in order to start with already feasible
dimensions. Despite being designated for space operations, NASA Man-System

Integration Standards can form a basis for anthropomorphic dimensions [36].

All in all, although the basic structures of the musculoskeletal systems are understood,
it is still necessary to study the movement mechanism and the relation with the brain
[37]. Robotics have achieved a long way in the light of the biomechanics research, and

yet there is still room for basic and applied research.

1.2.3 Joint mechanisms in humanoid robots

After having an insight on how human skeletal and muscular systems work together,
the joint architectures in existing humanoid robots may be reviewed. Because the joint
structures adapt themselves according to their locations in the body, the state of art
mechanisms given here only include the neck, shoulders (upper limb) and hips (lower

limb) to make less confusion.

In the human body, neck consists of 7 vertebrae, atlas bone and around 22 muscles
[2]. Vertebrae behave like a spring and muscles are responsible for various motions.
Likewise, the other joints of the human body, the neck joint is simplified to a
certain extent when applied in humanoid design in order to make a simpler and
feasible implementation. The neck mechanism of robot KHR-3 simplifies the complex
structure to 2 DOF joint with harmonic drives and DC motors [38]. A more advanced
version of this mechanism comprises 4 DOF; 2 for leaning side by side, 1 for rotation
around the longitudinal axis and final one for nodding. 4 DOF mechanisms are

obtained using four-bar [39], differential [40] and belt-pulley [41] mechanisms. In lieu
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of stiff designs, cable-driven and spring based solutions are proposed [42,43]. These
solutions make it difficult to solve the kinematics in spite of increasing similarity to

human beings.

Akin to neck structure in the human body, another complicated part is the shoulder
complex. The human shoulder includes four joints, and two of them act as a spherical
joint, i.e., sternoclavicular and acromioclavicular joints. Moving parts clavicle and
scapula and a constant bone sternum/thorax form a 12 DOF parallel mechanism
[44]. A simple approach to shoulder design problem is building a 3 DOF serial
manipulator [41], [45]. Researchers in [27] proposed a 3 DOF spherical joint and
cable-driven configuration. In [46], a parallel spherical mechanism is presented.
The spherical six-bar linkage mechanism is a promising step further and presented
with kinematic calculations [44]. But the prototype is difficult and expensive to
manufacture. The most advanced shoulder concept is given in [44] with a qualitative
comparison between real human motions and the mechanism. Despite the successive
results in simulations, the mechanism is not implemented. The researchers in [47,48]
addressed the imitation of compliance as well as kinematics. 3 DOF mechanism
has programmable compliance in [47] so that the elasticity can be set for different
payloads. On the other hand, the human shoulder is replicated with most of the
bones and joints in [48]. Albeit it is possible to replicate human motions within this
configuration, it is not possible to produce desired motions as a result of impossibility

to copy all muscles.

Humanoid robot’s locomotion is provided by either a wheeled-base or two-legged
structures, which is known as biped robots. The hip joint is the connection point
between the leg and the robot, thus has an important role in walking. The simplest
design includes 2 DOF serial hip joint in Nao Robot [49]. 3 DOF serial drives form a
spherical joint with axes intersecting at one point, is the most common implementation
with a belt and gear transmission [S0-52]. The robot Robian benefits from a parallel
mechanism [53] instead of serial one. Energy efficiency of the walking task is
increased by using double spherical joint in hips [54]. Similar to shoulder joint, elastic
components have been used in designs partially [55] or completely [56, 57]. The
impedance values are modulated in the design of robot Blue [58] through a modified

version of AWAS [59] considering human motion patterns.
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Figure 1.3 : Series elastic actuators.

Despite the great effort by humanoid robot researchers, there is still no perfect solution
to the imitation of human motions problem. In fact, the human body is too complicated
to be replicated in a humanoid robot. It is not possible to replicate all the muscle
arrangements with state of the art actuation techniques. The mission of the robot
designers is to maximize the similarity between human and robot in terms of look,
motion and interaction whilst reducing complexity and cost of the robot. It is worth
noting that the focus of this thesis is to design humanoid robot joints which resemble
human joints in functionality but not on the appearance while preserving simplicity

and keeping costs low.

1.2.4 Elastic joints and variable stiffness actuators

Safety has been an important and expanding topic within the robotics in recent years.
In the conventional approach, to increase precision, robot joints are built as stiff as
possible, but in the recent research more elastic elements are proposed in between the
connection of motor and load [60]. However, it is understood from the experiments
that single stiffness values is not suitable if we would like to achieve several tasks with
the same robotic arm. To set the stiffness/impedance value, variable stiffness actuators

(VSAs) or in general variable impedance actuators (VIAs) have been developed.

After reaching the desired position, industrial robots tend to hold the position against
external forces (i.e., gravity) using active motor input. Moreover, they track desired
motion profiles accurately to complete the well-defined repetitive task in a structured
environment. On the other hand, external effects are allowed to change the position of
the joint in SEA mechanism design due to the elastic element between the motor and

the load. Considering the constant-stiffness (k) elastic element, the static equation is
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in linear form as follows:

dart
k= 10 (1.1)
T=k60 (1.2)

The symbol 7 denotes the torque; the angle is represented by 6. The deflection of
the elastic element is computed by the difference between free and final positions and
shown by 6. The relation between torque and deflection angle is non-linear in VSA

mechanisms which yields a variable output stiffness as given in equation (1.3).
dt=f(6)do (1.3)

where f(0) is the nonlinear stiffness function. The response of the joint to external
forces could be adjusted with respect to the desired task by changing joint stiffness.
A classification of stiffness adjustment mechanisms in literature is given [61] in three
main categories: 1) Spring preload, i1) Changing transmission between load and spring,
and 1ii) Physical properties of the spring. The first type is the system in which a
couple of springs and motors work mutually, i.e., antagonistic springs.In this category,
the working principle imitates biological musculoskeletal system. To obtain a linear
stiffness change, a quadratic spring is built using a cam mechanism with a linear helical
spring [62]. Researchers in [63] show the significance of quadratic springs in VSA
design. Second and third mechanism design proposed in this thesis is built on this idea.
Mechanisms fall in the second kind, changes the distance between the rotation center
and one of the following: linear spring connection point or tip point to set a desired
non-linear torque-position relation [59]. Mechanisms in the last type utilizes natural
characteristics of linear springs. The Jack spring mechanism specifies the number
of helical spring active coils causing stiffness variation [64]. The first mechanism
presented in this thesis is included in this type and stiffness variation is obtained by
the pure response of the linear helical spring under bending and compression effect. A

general schematic representation of first two types is given in Figure 1.4.

Power is usually generated by electrical motors in VSAs, whereas there are VSA
designs which are actuated by pneumatically artificial muscles [65]. Another variant
to actuation concepts is using low-cost and low-precision electrical motors, in other
words, hobby servo motors. In [66], a modular VSA is coupled with hobby servo

motors to reduce the cost. Likewise to actuation components, elastic parts could differ

13



a) Load b)
Load

Motor2

RSt — AAEEAAA—

Motorl Motor2
| |
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in various mechanisms. Even though it is not introduced in a VSA, rubber [67] and

timing belt [68] is used as the source of elasticity.

Beyond the compliance, stiffness change is an essential notion to be able to complete
some tasks that are expected from humanoids, such as walking and throwing a ball.
Energy-efficient walking of bipeds is performed by utilizing compliant actuators on
account of energy storing ability of the elastic component. Energy efficiency is a key
concept for humanoid robots because of limited space that is left for batteries. In 1990,
the impressive study of the research group in Leg Laboratory in Massachusetts Institute
of Technology was a revolution to conventional biped walking methods [69]. Their
mechanism could walk owing to its initial energy without any actuator or external
energy injection. Although this may be true for stable conditions, when there is a
change in walking speed or environment, to maintain the efficiency and the stability
of the mechanism, it is expected to change its natural dynamics. Putting the two
mechanisms side by side, one is fixed legged robot and the other is Edubot, a variable
stiffness legged robot, having the energy cost decrease about 40% in running [70].
In a similar manner, compliance in the mechanism increases the distance in the case
of ball throwing due to energy storage feature. In accordance to this, an optimal
control strategy is implemented to the VSA mechanism to maximize ball-throwing
distance [71]. Benefits of stiffness adjustment are presented in the study by comparing

variable and fixed stiffness performances.

VSAs are superior to conventional actuators in terms of energy efficiency, safety in
impact scenarios and potential sensor failures. Today, design and control of VSA is

a very active research field in robotics, and the number of studies has been growing
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rapidly [72]. A detailed analysis of the VSA designs in literature can be found in
[61,73-75].

1.2.5 Joint control and artificial intelligence

Feedback and feedforward are most common types of control which the system reacts
the change in the environment automatically. In the feedback control technique, sensor
measurement(s) are utilized to change and hold the control variable at a set value.
Unlike feedback control, actions are taken in a pre-described way in feedforward
control without caring how control variable reacts. In conventional control, these two
techniques have applications that are used together, as well as applications that are used
on their own. On the other hand, the researchers question which method is preferred
by the human intelligence to carry out daily tasks. The existence of feedback control
in human decision mechanism can be explained by referring the sensory organs in
the muscles (i.e., [29]). On the other hand, the presence of the feedforward control
in human control strategy was brought to light with inspiring studies in [76, 77].
In both studies, the movements of the human subjects are perturbed in a controlled
environment, a rotating room and an unstable force field. As a proof of the existence
of feedforward control, the subjects can adapt their motion trajectory to the changing
environmental conditions. As a result, it can be said that human brain exploits both

feedback and feedforward control.

Feedback control has been used in humanoid robots since the first design. In earlier
stages of the humanoid robot history, position control is performed to complete
manipulation or walking tasks via encoders. However, in last decades, the force
control has gained importance due to increase in the requirement of interaction with
unstructured environments. Two ways of force control are defined in [78]: passive
and active force control, where the former is low-cost and simple, yet not suitable for
industrial applications, latter is expensive and complicated. The passive force control
is provided by the intrinsic properties of the joint mechanism which must include
elastic elements between load and motor as given in the previous section. On the
other hand, active force control requires additional force sensors. In [79], custom
force/torque sensors are designed to lower the cost for joints of humanoid robot Icub.

In addition to additional sensors, the algorithms are complicated and require precise
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models of both the robot and the environment. The impedance control, which is one
of the major algorithms, creates a virtual impedance and the system turns to be a
mass-spring-damper system [80]. This method and derivatives of active force control
are applied to many humanoid robot tasks such as walking [81], manipulation [21]
and opening a door [82]. Although the successful applications are reported, dynamics
based structures of the methods make it prone to be unstable according to modeling
errors. Additionally, sensor failures and impact scenarios [83] are other failure modes

which damage the HRI.

Feedforward control strategy is based on the knowledge of the system model instead
of the variable measurements. Therefore, a model of the environment or the robot can
be useful for this approach. For example, it is shown in [84] that humans can predict
when to catch a falling ball as a result of their experiences with the Newton’s Law.
Accordingly, it requires semantic information retrieval from the environment. Similar
to humans, humanoid robots can benefit experiences and increase the performance
metrics of the desired tasks by using this information, especially in a visual way. In
fact, computer vision is a well-established research area, and many studies are present.
Despite the extensive effort in conventional techniques [85], accuracy and computation
cost restrict to harvest semantic information from the images. On the contrary, a new
algorithm, which is based on neural networks, a well-known feedforward method, have
gained more interest recently. This new method is called as deep learning (DL), and
the first example is published in 2012 [86] with a record-breaking accuracy to solve
classification problem of 1.2 million images from 1000 classes. Afterwards, many
great models are designed to carry the performance of classification one step further
[87-89]. Besides the accurate results, DL algorithms are good candidates to be used
in humanoid robots to acquire semantic information from various sources due to its

similarity to human brain architecture [90].

In the previous sections, the benefits of the similarity between human and humanoid
joints are explained. In addition to mechanical resemblance, the similarity in control
strategy is a good step to close the gap between human and robot intelligence. As
in humans, a combination of feedforward decision scheme can be exploited with a

feedback control action.
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1.3 Contributions of The Thesis

The main goal of the humanoid robotics research is to design robots which mimic the
human motions as close as possible. In order to achieve this goal, both mechanical
structures and control strategies should be inspired by humans while avoiding the
increase in complexity and cost. In this thesis, new humanoid robot joint designs
are presented considering the aforesaid requirements. Although the main focus is on
the mechanical design, low-level control methodologies are given for each design.
In addition to this, a high-level control approach is proposed as a case study. We
believe that the study will contribute to humanoid robotics by introducing new ideas
and will help to make today’s robots one step closer to human-like robots. The major

contributions of the thesis are summarised as follows:

e A 4 DOF cable-driven variable stiffness neck mechanism is introduced, and the
mathematical models are derived. The mechanism combines the advantages of two
different design approaches as given in [42,43] and [27,91-94]. Hence the shaft
and the universal joint inside the mechanism constrain the motion which facilitates
the calculations of kinematic and dynamic models without losing the compliance
due to the presence of the helical spring. In addition, the mechanism introduces a

new approach to adjust stiffness without additional components.

e An antagonistic 2 DOF cable-driven variable stiffness elbow/knee mechanism
using variable radius pulleys is proposed. Despite the examples of antagonistic
bi-directional VSA design in the current literature [62], use of VRP as nonlinear
spring mechanism reduces the complexity and cost. Also, three VRP synthesis
methods are detailed in order to design user-defined nonlinear spring mechanisms.
To our knowledge, the synthesis methods are the first methods in the literature for
translational VRP mechanisms. Besides the structural similarity to human muscles,
three methods are shown to estimate external force/torque with regards to elastic

element deflection as human muscles sense the external effects.

e Previous studies in literature mostly focused on single DOF VSAs. In this thesis, a
4 DOF VSA is designed which combines the advantages of cable-driven multi DOF
joints and antagonistic VSA mechanisms. This mechanism is an advanced version

of previous 2 DOF elbow mechanism. Instead of the revolute joint in the middle of
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2 DOF system, a magnetic spherical joint is utilized which resembles the shoulder

and hip joints in human.

e The stiffness adjustment ability brings new motion freedom which contributes
the complexity of control. To choose correct stiffness value in the context of
manipulation of an object, we proposed a methodology on contemporary object
recognition techniques. The approach is similar to human manipulation system as

having a combination of feedforward and feedback controls.

1.4 Thesis Outline

Following the introduction presented in this chapter, the thesis starts with the
description of 4 DOF cable-driven variable stiffness neck mechanism in Chapter 2,
where the kinematic/dynamic models are presented with the control approach. Next,
in Chapter 3, 2 DOF elbow/knee mechanism which utilizes variable radius pulley
mechanism as nonlinear spring. The synthesis methods of the nonlinear spring
mechanism are detailed within the chapter. Additionally, three external force/torque
estimation methods are applied to variable stiffness joint. Then, 2 DOF joint is
improved, and DOF number is increased to 4 in Chapter 4. A stiffness adjustment
method using the results of a visual recognition technique is used to adjust the
mechanism stiffness in a case study in Chapter 5. Finally, the conclusion and the

future works are drawn in Chapter 6.
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2. NECK JOINT (CDPS) DESIGN AND ANALYSIS

In this section, a cable-driven, compression spring-supported hybrid mechanism
is presented. The benefits of the proposed system are the special blend of
various qualities of variable compliance, hybrid parallel-serial structure for better
controllability and light-weight design. The mechanism can be used as a neck joint
in humanoid robots due to smooth motion profile and resemblance to human neck

joint structure. It can also be classified as an individually controllable joint module.

This new joint mechanism design combines two different design perspectives. In the
first perspective, in order to imitate the spring-like behaviour of the human cervical
vertebrae, it is replaced with a helical spring. Similarly, the muscles are substituted
with cables which are pulled by electric motors [42,43]. Accurate kinematic models
of the given mechanism are difficult to compute unlike serial manipulators and also the
control of such a mechanism is a difficult task. In the proposed CDPS mechanism,a two
part shaft combined with a universal joint in the middle is placed co-centrically with
the spring which is located between the top and bottom plates. The shaft in the middle
serves as a series link and simplifies the computations of kinematics and dynamics.
Moreover, the additional components allow transferring yaw motion directly. In
some other research, a similar mechanism is designed without using a helical spring,
resulting in a more stiff mechanism [27,91-94]. On the contrary, the helical spring
in the CDPS mechanism, which is proposed in this thesis, brings compliant behaviour
alongside with the translational motion of the output plate on the upper part of the

shaft.

A conventional helical spring exerts an opposing force proportional to its length
change resulting in a linear force-length relation under compression effect. However,
when a combined bending and compression loading is applied to spring, a nonlinear
relation is formed between force/moment and the deflection. The nonlinearity
is not necessarily a disadvantage. On the contrary, it is a desired behaviour in

VSA design and to obtain the nonlinearity often in the state-of-the-art studies the
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researchers make use of complicated mechanisms [61, 74]. In this chapter, the
methodology of using the conventional helical springs as nonlinear spring mechanisms
under bending and compression effects is detailed without using additional parts and
complex mechanisms. Only a few studies analyse the effect of combined bending
and compression on a helical spring, even though the spring is a widely used classical
machine element. Shape memory alloys are used as actuators and two different mixture
of bending and compression loading scenarios are considered in [95]. The first scenario
is a single-side loading and the second one is pure bending. Both cases are solved based
on Castigliano’s Theorem. In this thesis, the spring is analysed numerically by using

this theorem under combined effects of bending and compression.

This chapter is divided into 4 sections. The first section gives a general description and
the main ideas in the concept of CDPS mechanism. The kinematic and dynamic models
of the proposed mechanism are presented in the second and third section, respectively.
In the final section, the experimental setup is introduced and the experimental results

are reported with conclusions.

2.1 Description of Cable-Driven Parallel-Series (CDPS) Hybrid Mechanism

The proposed mechanism is comprised of two plates, a compression spring, two-part
shaft, four cables and motors as shown in the CDPS mechanism drawing in Figure
2.1. The lower plate and the upper plate hold the compression spring in concentric
position. The lower plate and the motors are fixed to the base and the upper plate
position is adjusted by three cables that are pulled or released by which three servo
motors located underneath the lower plate. Thus, the upper plate can rotate in two
axes providing pitch and roll angles. The two-part shaft with a universal joint in the
middle, which passes through the mechanism, and constrains the spring motion. The
yaw motion which is defined the rotation about the longitudinal axis is obtained by a
fourth motor transferring through the concentric shaft. In order to make the mechanism
lightweight and remotely-actuated, all motors are encapsulated in an isolated box and
can be installed at a far location from the joint. The mechanism may be classified as a
parallel manipulator considering its closed-chain structure, yet the two-part shaft and
the universal joint imposes serial kinematics which is reflected by serial mechanism

properties. As a result of this, the mechanism is called as CDPS hybrid mechanism.
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Figure 2.1 : CDPS mechanism and its components, with motors, bearings and
capstans.

The mechanism has four DOF in total; three of them corresponds to pitch, roll and yaw
motions. The last one is related to the stiffness adjustment capability, in other words,
translational motion of the upper plate on the shaft. The pitch and roll motions are
described as the rotations of the upper plate about the radial axes that are perpendicular
to each other and placed on the shaft. The universal joint restricts these rotations
which also helps easier kinematic and dynamic modeling. Unlike the pitch and roll
motions, the yaw motion is actuated by a direct-drive motor and is not inherently
compliant, for that reason this motion is not included in modelling and experimental
sections. Nevertheless, the compliance can be integrated using a torsional spring to
the shaft rotation at the lower plate when it is required. The last DOF is the upper
plate translation on the shaft which is designed to change the combined stiffness of the
mechanism in pitch and roll axes. In this mechanism, the stiffness control is achieved

via a structure-dependent way without using extra mechanism.

2.2 Kinematic Model

In CDPS mechanism, the upper part of the shaft is connected to either an end effector
or the successive link, for instance, a robotic head. Therefore, the motion of the upper
shaft can be considered as the output motion of the mechanism. Since the output yaw
motion is excluded from the analysis due to the aforementioned reasons, upper plate

motions play a decisive role. Since the upper plate is pulled by the cables externally, it
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Figure 2.2 : Neck mechanism with variables, local and global axes, cable lengths,
upper and lower plate cable assembly points.

defines the pitch and roll motions of the output shaft. In addition to these motions, the
upper plate translational motion changes the compression on the spring. The motion
of the upper plate affects helical spring and stiffness of the mechanism too. The pitch
and roll (0, ¢) motions determine the bending angle of the compression spring where
the bending center is forced to be the center of the universal joint by the restrictive
geometry of the mechanism. Similarly, the compression amount of the helical spring
is taken into account as the translational motion of the upper plate. Because the lower
part of the shaft is at rest, the compression is measured by the distance (d,) between the
universal joint center and the upper plate. Therefore, the upper plate relative position
to lower plate can be described by using three generalised coordinates and collected
in a vector (q), noting that the vectors are shown with bold symbols. The geometric

variables used to derive kinematic model are illustrated schematically in Figure 3.4.

It is clearly seen in Figure 3.5 that the neck mechanism is an RRP structure with 3
DOF. The local frames (X3, Y1, Z1) and (X, Y3, Z5) intersect and one of them is
rotated by angle 7/2 with respect to the other one. The distance d is constant since

the lower shaft is fixed to the lower plate.

The forward and inverse kinematic model can be obtained by using the given variable
definitions. The motor shaft angles or the cable lengths (I, [, /3) are the inputs and
the pitch, roll angles and the translation of the upper plate (0, ¢, d>) are the outputs

in the forward kinematics. On the other hand, in the inverse kinematics, generalized
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Figure 2.3 : Reduced serial kinematic model of neck mechanism with RRP structure
(pitch, roll and translation).

coordinates are the inputs and the cable lengths are the outputs. Since the mechanism
between the upper and lower plates is serial in RRP structure, transformation matrix
between them can be written to derive kinematic equations. Three cable connection
points on the upper plate (Py,P,,P3), which are located at /3 intervals, define the
upper plane. Similarly, evenly spaced three points (0,0,,03) in which the cables
pass through on the lower plate defines the plane which can be used in geometric
relations for the lower plate and the rest of the mechanism. The first component of the
transformation matrix is the constant translation (7r) of the fixed-length lower shaft.
After the translation, the pitch and roll rotations are taken into account around the
universal joint center. Finally, the translation of the upper plate is added to calculations.
In equation (2.1), the transformations are given and when combined with the rotation

matrix, the transformation matrix described between upper and lower planes is formed.
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Then, equation (2.3) is used to calculate the transformation matrix P; = [P, ., P, , Pi,z]T
via Oi = [Oi7x7 0i7ya Oi,Z]T'

P; O;

)-n[?

The Euclidean distance between Oj and P; is used in order to compute the relation
between the cable lengths (/,/»,/3) and the upper plate position (8, @, d2). Any cable
length can be calculated by the given expression in equation (2.4) according to this

distance.

s = . 0. )2 . 0. )2 . 0 )2
- » » . P < 5 9
li \/(sz OIX) +(By Oly) +(Pz Ozz)

where i=1,2,3

(2.4)

When the exact position of the upper plate is calculated, the error f; between the cable
lengths and the points where the cables tied upon must be zero. The error function
between the real length and the Euclidean distance between the points is given in

equation (2.5).

fi=li— ) (B 0i) + (Py— 01> + (Pre— 01)* = 0 (2.5)

Because of the nonlinearity in the error function, Newton-Raphson numerical method
can be applied. The formula can be adapted to calculate any of the parameters when
the rest of them is known/ predicted. The iterative method is expressed by the equation
(2.6).

=qc1-J 'F (2.6)

The symbol ((.);) shows the iteration step and q is the vector of the generalized
coordinates in k" iteration step. The vector F contains the nonlinear error function
in equation (2.5). where J is the Jacobian matrix defined by equation (2.7) and qg
is the k' iteration of the solution for the vector of the generalised coordinates, while
vector F is formed by error equations of cable lengths f;. The Jacobian matrix (J) is

described by equation (2.7) which is calculated as follows:
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If desired generalized coordinates are known, then the calculation of the necessary
cable lengths become a simple task via equation (2.5). In addition to this, a reduced
kinematic model is presented which minimizes the spring compression. Rather
than the generalized coordinates vector, this model takes only orientation inputs into
account and calculate necessary cable lengths with the assumption of one of the cables
is fixed at its initial length. In fact, when the stiffness change is neglected, system DOF
reduces to 2, thus it can still be assumed as a fully actuated system with two cables. In
this method, first, the idle cable is detected according to the motion command. Then
the iterative solution technique is performed to find remaining cable lengths by using

the simplified Jacobian matrix given in equation (2.8).
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To have a better insight into the reduced kinematic model, Figure 2.4 can be referred.
In the figure, the top view of the lower plate and the O; points are shown. The lower
plate is split into three areas with virtual lines which are drawn between the center
and the circumferential points. These areas are used to determine the idle cable by
looking at the desired pitch and roll motion vector. Two cables around the motion
vector are marked as moving cables for that case, whilst the opposite one is fixed and
is set to default value. As an illustration, a motion vector E, corresponding to 30°
rotation in both pitch and roll axes, is drawn to show the direction of motion. The
neighboring cables to this vector are cable-1 and cable-3, therefore these cables are
selected as moving cables. After this selection, the pulling amount of cables required
to obtain desired motion is calculated by using equation (2.7) and (2.8). The other

cable is retained at the default position.

The humanoid neck platform is implemented and all the experiments in this chapter
are performed on the setup. The physical parameters used in the setup are given in
Table 2.1. In order to achieve a realistic workspace, these parameters are fed into the
reduced forward kinematics algorithms. Thus, by holding one cable length constant,
the translational position of the upper plate center point and the orientation of the upper
plate with respect to the global frame on the lower plate are calculated. The algorithm
is repeated to include the idle condition for every cable at (95 mm) while changing the

other two within 50-95 mm range, as given in Figure 2.5. As a result of workspace

25



Z [mm]

Figure 2.4 : Top view of the lower plate and an example motion command vector.
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Figure 2.5 : Workspace of the proposed mechanism in a) 3D b) Y-Z c¢) X-Z view d)
Pitch and Roll Angles.
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Table 2.1 : Simulation parameters in workspace analysis.

Variable Value [unit]
Lower shaft length d; 47 [mm)]
Length of constant cable 95 [mm]

Distance between lower plate center and O; points | 40 [mm]
Distance between upper plate center and P; points | 40 [mm]

analysis, the position of the upper plate center is given in Figure 2.5, where three
different colors and symbols are used to show distinct cases of idle cables. Figure
2.5.(b) and Figure 2.5.(c) show Y-Z and X-Z views of the same figure, respectively.
The symmetrical distribution in Y-Z plane with respect to X-axis is caused by the
symmetrical location of the cable 2 and 3. Conversely, only cable 1 is located on the
X-axis which results in an asymmetrical distribution on X-Z plane. Therefore, both
in positive and negative directions, pure roll motions requires the cables 2 and 3 to be
pulled. Although cable 1 is adequate for positive pitch motion, two cables are needed
for negative roll motions. The final part of the Figure 2.5 shows the range of motions

(ROM) in pitch and roll axes.

In spite of the fact that, in [96], the human neck ROM varies from individual to
individual in regards to their ages, genders and physical traits, average values for pitch
(flexion-extension), roll (lateral bending) and yaw (axial rotation) axes are stated as
60°, 40° and 80°. However, a limited amount of the full motion is employed to fulfill
daily tasks as given in [97]. It can be seen from the Figure 2.5.(d) the proposed neck
joint is able to rotate between —30° and 30° yielding 60° in total in pitch and roll axes.
The limiting factors for the ROM are the strength of the cables and the stall torque of
the motors. Another limiting factors comes from the construction as the lower plate
blocks physically the upper plate after a certain rotation. All in all, despite the motion
limits of the mechanism, cannot fulfil the full ROM of an average person, which is the

major disadvantage of the joint, its ROM is sufficient to complete human daily tasks.

2.3 Dynamic Model

The dynamic model of the mechanism derived in this section uses the kinematic
relations obtained in the previous section. To derive the dynamic model firstly 3D

geometric model is simplified to 2D due to its symmetric structure. As a result of
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the simplification, the pitch and roll motions are reduced to pure bending without
any information loss, thus the motion of the mechanism is degraded to bending and
translation (compression according to spring). Secondly, the helical spring is analysed
under combined bending and compression case. The reaction force and moment of
the spring are calculated by using Castigliano’s Theorem. Finally, the cable tensions,
the spring reactions and the inertial forces of the mechanism are taken into account to

build the complete dynamic model.

2.3.1 Dimension reduction of the model

Despite the fact that the pitch and roll motions are two distinct rotations about X
and Yj axes, their effect is combined and it can be considered as bending. Hence,
these two rotations can be formulated so that the bending is computed as a resultant
motion in order to simplify the analysis of the spring. To accomplish this task, two
different Euler angles conventions are employed as illustrated in Figure 2.6. In the first
place, two rotations about X and Y axes are defined in Euler (X-Y-Z) convention
which implies the pitch and roll angles. After this definition, the same orientation of
the upper plate is achieved by Euler (Z-X-Y) convention. Therefore, X¢-Y¢ frame is
rotated about Z axis resulting a new rotation axis Ypew. The motion around the new
axis is called as bending and denoted with p. Great care must be taken that both the
pitch and roll rotations have this bending effect in the spring, but the rotation about Z
have no influence on the spring. Thus, in the second convention, only second rotation
characterize spring reactions. Because the total number of parameters is retained same,

there is no information loss due to this operation.

2.3.2 Helical spring analysis

After expressing three motions with two parameters which have an influence on the
helical spring, we can now analyse the helical spring. The general assumptions of
this analysis are that the bending effect that occurs under the compression load on the
helical spring rather than causing buckling. The other assumption is that the cables

have constant lengths.

The purpose of the analysis is to find the relation between the compression force /

the bending moment and the deflection / bending angle, i.e. the stiffness of the helical
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Figure 2.6 : Dimension reduction operation from the top view.

a) b)

Xk
Figure 2.7 : a) Local frames on spring and infinitesimal element b) Top view of a
spring coil.
spring. Since there are two parameters on both side, the stiffness is no longer expressed
with a scalar, but a 2x2 matrix. To obtain the stiffness matrix, a similar approach is
employed as in [98] where each coil is treated separately. Beyond the decomposition

of the coils, each coil is divided into infinitesimal elements, too.

The frame x;y;zx is attached to the bottom center of each coil where k denotes the coil
number starting from the bottom and increasing to the top. The total bending is divided
into equal parts and reflected the z; axes of each coil. The origin of every coil is shown
by Nk. As well as coils, 2D frames are defined on infinitesimal elements of which to
define strength properties. The vector & is placed on the tangential direction and the
vector &y is placed on normal direction.The frame and variable definitions which are

utilized in the analysis are shown in Figure 2.7.
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Figure 2.8 : Coil origins and control points of Bezier curve.
Cubic Bezier Curves are used to calculate the curve of coil origins. The starting and
ending control points (Cp and C3) are defined at the origin points of the lower and
upper planes. The other two control points (C; and C;) define start and end directions
of the curve which are selected as arbitrary points on the direction of normal vectors of

the lower and the upper plates. Four control points are calculated as given in equation

(2.9).

Co=1[00]"
q:m%ﬂ
Cr = [do— Cg—lcos(g —p)di +dosin(5 —p)]" 29
G = [dzcos(g —p)di —I—dzsin(g —p)?
Then the coil origins can be calculated as follows:
Ne= (1—=v)?Co+3(1 —v)*0C1 +3(1 —vi)viCa +viC3) .10

fork=1,2,...,8
The variable vy is a vector between 0 and 1 and divided equally into n parts. Control
points and all coil origins are given for an arbitrary (30°) bending in Figure 2.8.
After obtaining the curve, the strength of infinitesimal elements on the spring can be
formulated. The tensions on cables which pull the upper plate from different directions
are denoted by Ty, T, and T3. These unidirectional tensions can be simplified to a
generalized forces definition. Since there are two degrees of freedom in motion, i.e.
the bending and the compression, generalized forces are defined in the same axes.
Therefore, the equivalent forces are described as Feq in z,_1 direction and moment

Meq around x,_1 axis. To calculate the effects of the equivalent force on the bending

30



ﬂ
PRl ]
B

v
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angle, the distance between origins of the upper plate and the infinitesimal elements
are defined. The position vector of the upper plate origin point Py with respect to frame
k is represented as krpo. The position of an infinitesimal element "’ on k' coil of the

spring, ¥r,, is defined as in equation (2.11),

Kry =¥ro +¥rp, (2.11)

where Kr,, is the position vector of the infinitesimal element in the particular coil and

is defined as given in Eq. 2.12.

Rcos(o)

kp, = | Rsin(o (2.12)
Nk+1,z*(Nk,z)a

200
The effect of the equivalent force on bending, which is acting on the element pu, is

calculated by using the moment vector, l‘MM, as follows:
KM, = Fry x ¥Feq (2.13)

As a result, the total moment acting on the element (kMﬂt) can be computed as given
in equation (2.14).
KMy = KM, 4+ KM (2.14)

The infinitesimal element specific frame €,€, is taken into account in order to use

Castigliano’s Formula. The moment is transformed into the element specific frame
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after a rotation o about zj axis is performed. The resulting moment vector (M) is

calculated as in equation (2.15).
KM, = Rot,(a)*M . (2.15)

The energies are calculated by using the Castigliano’s Theorem for bending in two axes
((Up1)1, (Upp)x) and torsional ((U;)x) strain which are given in equation (2.15). The
symbols E and G stand for the material specific strength properties, modulus elasticity
and shear modulus. The geometry of the helical spring such as area moment inertia,

polar moment inertia, and radius are represented by 7, J, and R;ing, respectively.

211 (kM )2

(Ubl)k :/0 T?Rspringda (2.16)
211 (kM )2

(UbZ)k :/0 TC}ZRspringda 2.17)
211 (kM )2

(Ul)k :/0 T—C;Rspringda (2.18)

Equation (2.20) gives total strain energy ((U);) for a single coil. Total strain energy
(U) 1is the sum of the total strain energies of all coils and calculated as in equation

(2.20).

(Ui = (Up1) + (Up2) + (Up)i (2.19)
n—1

U)=Y (U (2.20)
k=0

The compression distance Ad, and the 2D bending angle p is calculated by the
derivation of the strain energies with respect to equivalent force and moment according

to Castigliano’s Theorem:

I(U)
Ady = —+ 2.21
T (2.21)
I(U)
=—= 2.22
P =G, (2.22)
Finally, the 2x2 stiffness matrix of the helical spring can be written in given form in
equation (2.22).
Feq Ad»
=[K 2.23
[Meq} 3 { p 229

To form a look-up table for 2x2 stiffness matrix, Ad> and p are swept in a range of
0-32 mm and 0° and 40° with increments of 1 mm and 1°. All the parameters used in

the analysis are given in Table 2.2. The numerical values are obtained with the help
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Table 2.2 : Simulation parameters in helical spring analysis.

Variable Value [unit]
Compression distance Ad, | 0,1,2...30 [mm]
Bending angle p 0,1,2...40 [°]
Spring wire radius r 0.75 [mm)]
Spring radius R 8 [mm)]
Material ASTM A227

of Matlab Symbolic Toolbox. The analysis results are given in Figure 2.10 according
to the definition given in equation (2.24). It is worth noting that the elements K, and
K> are the same due to the symmetry in the stiffness matrix. Therefore, instead of

showing both of them in the figure, only one of them is given.

| KKz
K] = L{Zl KZJ (2.24)

K1 and K> are the relations between compression-reaction force and bending-reaction
moment of the spring. On the other hand, K|, and K3;, are equal because of the
symmetry of the stiffness matrix, express cross relations between compression-reaction
moment and bending-reaction force. When bending angle is zero, it is assumed
to be a singular position for stiffness change, because the stiffness does not vary
with the change in translational motion, according to the Figure 2.10. For constant
bending angle, increasing values of compression reduces all the elements of the matrix.
Therefore, compression makes spring softer. For constant compression, bending has
similar affect. However, the spring gets stiffer for rotation with increasing values of
bending angle due to K;;. Bending angle affects stiffness of the mechanism. In spite
of the fact that the translational motion of the upper plate adjusts stiffness, bending
angle of the mechanism has more effect on the stiffness. However, the stiffness of the

mechanism is adjustable, because the compression also changes the stiffness.

Experimental validation of the stiffness value is a challenging task due to lack of direct
measurement techniques. To overcome this problem, Finite Element Analysis (FEA)
which is a proven and prevalent tool, especially in structural mechanics. Therefore,
the results which are given in this section is compared to the results of FEA method
which is implemented in Ansys software. The upper and lower plates are set as rigid

components to isolate their elasticity effects from the spring. Besides, the spring is
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/o
Figure 2.11 : The models of the mechanism in finite element analysis a) initial b)
deformed.

fixed to both plates. Revolute and prismatic joints are defined between the upper-lower
shaft and upper shaft-plate, separately. Initial position excludes all deformations and
the simulation starts at the free-length of the spring. Then 10 mm compression and 40°
bending are applied at the same time. Consequently, the reaction forces and moments
are obtained, and they are compared with the results which were obtained from the
proposed analysis technique. The set of values obtained from dynamic analysis and
from FEA are shown together in Figure 2.12. Also, the images of initial and deformed
shapes with meshes from the FEA software are given in 2.11.a and 2.11.b. In Figure
2.12 the results of the proposed method and the FEA are plotted with red and blue.
Since the bending and compression motions are applied at the same time, with a ramp
function, they are shown both on the x-axis in mm and degree units. The reaction forces
obtained from both methods are plotted in Figure 2.12.a. and the mean difference is
calculated as 2.2%. Similarly, the reaction moment plots are given in Figure 2.12.b and
the proposed method yields an error of 1.5%. However, at the beginning of simulation,
there is a convergence problem occurs in FEA analysis. It can be inferred from the
figures that a quadratic relation arises for both the force and the moment when the
combination of bending and compression loads are applied to a linear helical spring

without the use of any additional mechanism.

35



50 T T T T T T T T T
== = Proposed Method P 7
= [ijnite Element Method
40 Z 8
30 b
z
[}
2
g
= 20 1
o
3]
I
(3]
14
10 9
0 -
-10 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Compression [mm]
L 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Bending [deg]
b
1200 T T T T T T T T T
== = Proposed Method
1000 - = Finite Element Method
E
£ 4
Z
IS
Q
£
g 4
=
c
2
51
9 4
Q
o4
_400 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Compression [mm]
L 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Bending [deg]

Figure 2.12 : Behaviour of the spring under compression and bending effects a)
Reaction force b) Reaction moment.
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2.3.3 Complete dynamic model

The equation of motion of a serial manipulator is described as in equation (2.25).

M(q)§+C(q,9)q+G(q) = B(q)T+Fs(q) (2.25)

The vector q is the generalized coordinates vector [0, ¢,d>]”, { and { are the velocity
and acceleration vectors, respectively. M is the mass matrix, C includes Coriolis and
centrifugal forces and G is the gravity matrix. There are no motors connected joints
directly. Cable tensions are taken into account with a mapping matrix B which is given
in equation (2.26). Fy is the generalized force vector of helical spring and s; is the
unit vector on the i cable direction. The variables P, , P,, P; are the positions of

connection points of upper plate and each cable.

Sz 82,2 83z
B(q) = |—-P Syt Plyshz —P272527y + szSLZ —Pz’ZSQ’y + P2y52,z (2.26)
Piosix—Pisi;  Pagsox—Poso;  Pogsox—Pyso;

2.4 Experiments and Results

The performance of the proposed mechanism is evaluated through the experiments
in which the mechanism performs a certain motion pattern which is controlled
by an algorithm/schema based on the kinematic model. In order to perform the
experiments, first, the mechanism is mechanically implemented. In the experimental
setup, the mechanical construction and the components are introduced. The electronic
components such as sensors, microprocessors are presented together with the control
algorithm. In section 2.4.2, the experiment is detailed and performance is analysed in

terms of kinematic and dynamic models.

2.4.1 Experimental setup

The mechanical construction of the mechanism is retained as simple as possible and
implemented with ubiquitous components. The mechanism is constituted using these
machine elements: the upper/lower plates, cables, two-part shaft, the helical spring, the
revolute joint. The plates are made of Aluminum (7075) material while the material
of the shaft is specified as chromed steel (AISI E 52100) in order to increase wear
resistance against the linear bearing motion. The actuation is provided by four Robotis

Dynamixel MX-28 motors with 2.5 Nm stall torque at 12 V. One of the motors are
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Figure 2.13 : UMAY neck mechanism.

directly coupled to the shaft and drives in the yaw axis. The other three motors
provide the motion by pulling the cables via 14 mm capstans on their shafts. Even
though the cables are made of fishing lines with 0.5 mm radius, they can carry 100
N payload. PFTE tubes are assembled to the holes through which the cables pass on
the lower plate. In addition to the picture in Figure 2.13, a video of the experiment is
uploaded to the journal website as supplementary material [99]. The motions in the
video contain randomly selected pitch and roll combinations. Although the translation
motion in starting position (zero-position) has no influence neither on stiffness nor
on the orientation, it is highlighted in the video for the demonstration purposes. To

achieve this motion, three cables are pulled with same rate and amount synchronously.

There are two measurement units in the experimental setup. The first one is Razor
9 DOF inertial measurement unit (IMU) which gives the orientation of the upper
plate and utilised as a truth table. The other measurement units are the encoders of
Dynamixel motors. The data which is collected from these encoders are fed back to the
control system. Therefore, the orientation of the mechanism can be estimated by using
the motor positions and the forward kinematic model. At the end of the experiment,

the estimated values are compared with IMU readings to validate kinematic models.
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Figure 2.14 : Control structure used in experiments.

A kinematic-model based position control scheme is implemented in Robot Operating
System (ROS) to drive the mechanism to reach the desired orientations. A graphical
user interface (GUI) node gathers the desired orientation from the user. Then, the
orientation commands are evaluated by the cubic trajectory node which enquires
the necessary motor angles form inverse kinematic server. The simplified inverse
kinematic model is executed herein and the resulting motor angles are sent back to
cubic trajectory node. The cubic trajectory node calculates a third order polynomial
to reach the desired motor angles smoothly. The total trajectory time is assigned as 2
seconds for each trajectory which is a feasible amount of time for given workspace and
motors. Finally, the calculated trajectory is transferred to Dynamixel trajectory node
which transforms the commands into motor motion. The position control scheme is

given in Figure 5.3.

2.4.2 Results

The results which are given in this section are taken from the same experiments, which
makes all the figures in this chapter comparable or related. The focus of the results is
on the pitch and roll motions and their relevant motor control. The motions on yaw
axis are not considered because the stiffness and the motion of the upper plate are
not affected. The experiment is conducted for 80 seconds which is an arbitrary long
enough time period to validate the kinematic and dynamic models and the position
control performance in terms of orientation error. The user sends random orientation
commands that are consistent with the ROM via GUI. The experiments are evaluated

from two different perspectives. Firstly, the motor positions are fed into forward
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kinematics and the orientation of the upper plate is estimated which are compared with
the IMU measurements to validate the kinematic model. This experiment also shows
the accuracy of the motion controller. Secondly, the cable tensions are estimated by
using the inverse dynamic model. The same estimation is computed with the help of

motor currents and two datasets are compared to verify the dynamic model.

The orientation results of the experiment are given in Figure 2.15 in pitch and roll axes
including IMU (blue line), forward kinematic outputs (green dot) and user commands
(red dash). As it can be seen from the figure, the user commands are randomly
generated step functions. It can be interpreted that the upper plate can follow the
desired orientation trajectory smoothly while preserving the stiffness at the minimum
level. Furthermore, both the tracking results and the forward kinematics outputs are

similar to IMU results which verifies the kinematic models.

Three cable tensions during the experiment are estimated from both the inverse
dynamic model and the motor currents. The kinematic quantities are fed to the inverse
dynamic model and the cable tensions are calculated. Moreover, Dynamixel motors
provide load information to the user with regards to current levels consumed for the
motion. Two estimation results are compared to validate the dynamic model as can be
seen in Figure 2.16. The general behaviours of these data are similar for each motor,
but there are errors in particular areas. Three reasons can be listed to explain the areas
in which the error is higher. First, the motors are driven by the way of pulse width
modulation (PWM) which induces noisy current readings. Second, the friction in the
gearbox and between the cable and the PTFE parts are neglected in the inverse dynamic
model, however, in the experiment, their effects cannot be ignored which contributes
the error. Finally, DC motors have no load current which is not taken into account in

this estimation.

2.5 Conclusion

A cable-driven parallel-series hybrid variable stiffness joint mechanism is presented in
this section. First, the mechanism and the working principles are explained. Next,
the kinematic analysis both in full and simplified forms are given considering the
mechanism as a serial manipulator. Furthermore, the workspace of the mechanism

computed and drawn utilizing the forward kinematics. After derivation of the
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kinematic models, the dynamics are examined in three separate main steps: 1)
dimension reduction without information loss, ii) the helical spring analysis and iii)
derivation of the complete dynamic model. In dimension reduction step, the pitch and
roll motions are dealt with by combining the two motions in their effect, which is
bending. The helical spring analysis takes the bending and the compression as input
parameters and calculates the reaction moment and force where the relation is named
as stiffness matrix. The reaction force results are validated by comparing to FEA
results. At the end of this step, the look-up table for the experimental setup is created
for a specified range of inputs. By using the knowledge of kinematics and the spring

reaction forces, the complete dynamics model is presented.

The neck mechanism is manufactured and assembled to validate the kinematic and
dynamic models. The same experiment, which consists of random user orientation
commands for 80 seconds, is used for two different perspectives. The orientation
of the upper plate is measured by an IMU and is estimated thorough the forward
kinematics model. The results are compared to validate the forward kinematic model.
Additionally, the IMU data and the user commands are compared to evaluate the
inverse kinematic model and the controller performance. In addition to successful
trajectory tracking, the forward kinematic model can also estimate the orientation. The
second perspective in the experiments is to confirm the inverse dynamics model. For
this reason, the cable tensions are estimated by using this model. Furthermore, the
same quantities are computed from the motor loads and two data are compared. The

results show that inverse dynamic calculations are similar to motor current values.
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3. ELBOW - KNEE JOINT (VRP-VS]J) DESIGN AND ANALYSIS

A cable-driven variable stiffness 2 DOF joint mechanism is presented in this chapter.
The mechanism resembles human elbow and knee joints regarding its one DOF
rotation capability which is considered as a revolute joint. The second freedom is
the result of compliance. The elastic behavior of this mechanism is obtained by a
structure that resembles human antagonistic muscle-tendon-bone system. The motor
and capstan pair imitates the muscle as it behaves like the energy source of the
mechanism. The muscles are connected to the skeletal system with the tendons,
providing the energy storage and the elasticity, which is imitated by a mechanism
called as variable radius pulley (VRP). Besides the structural and functional similarity
concerning actuation, the external forces/torques are estimated through the deflection
measurements from VRP likewise the spindle organ in human muscles. Beyond the
structural and functional similarity with humans, VRP-VSJ mechanism reduces the
complexity and the cost remarkably. A simple schematic view of the VRP-VSIJ is

illustrated in Figure 3.1.

The biological and original version of this type of joint has the ability to change
their stiffness value thorough co-contraction of agonist and antagonist muscle pair.
Researchers in [62], are inspired by this natural aspect and designed a VSA in
a similar structure. Besides, it is shown that non-linear springs are required to
obtain a variation in stiffness. The necessity of quadratic spring profiles to attain
a linear stiffness relation, which is a property of human muscles, is also shown in
the same study. Additionally, stiffness variation of a robot joint is not limited to
linear relations; a custom designed force-deflection function can be desired. The
same study also states that despite the great effort on the design of non-linear spring
mechanisms in the literature, they are mostly inaccurate without feedback and not easy
to calculate. However, the researchers suggest a cam mechanism featuring quadratic
spring behavior and the design is somewhat simpler than previous examples. Also,

they included an antagonistic VSA experiment set-up with the help of proposed cam
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Figure 3.1 : Schematic representation of the mechanism and components.

mechanism yielding a linear stiffness profile. Beyond this, the cam mechanism offers a
possibility of obtaining any desired force-deflection profile theoretically. Nevertheless,
the mechanism covers a large area and is not suitable for an anthropomorphic arm
design. The contact between the cam and the follower generate an excessive amount
of friction. Besides, backlash and difficult implementation are the other issues to be
tackled by designers. Alternatively, the use of variable radius pulleys (or non-circular
pulleys) is a promising way to obtain a nonlinear spring. This idea is applied both
in translational [100, 101] and rotational [102, 103] spring mechanism designs. The
superiority of this approach is simplicity in its design which has less moving parts
and can be fit into smaller spaces. The simplicity is not the only advantage of this
design, but also cable-pulley mechanisms are subjected to friction far less than cam

mechanisms are.

The name of VRP mechanism, which can be seen schematically in Figure 4.2, can vary
such from wrapping cam mechanism to variable radius drums and non-circular spools.
Similar to variation in names, the VRPs are used to fulfill many different purposes in
various system designs. For instance, it is utilized in gravity compensation [104—-106],
VSA [107, 108] and specific motion profile generation [109] studies. The main focus
of these studies is generating a custom non-linear force/torque-deflection relation by
the synthesis of pulley profile. The pulley profile synthesis problem is tackled in an
analytical manner in [100, 106, 110], whereas in [104] a numerical approach is taken.
If we compare all these studies, in contrast to complicated calculations in the analytical
method, a simple and efficient numerical solution technique is proposed in [104].

Another possible approach to the synthesis problem is considering it as an optimization
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Figure 3.2 : Simplified view of VRP mechanism.
problem which attempts to minimize the desired and the generated torque in [107]. Ina
broader context, this technique can be widened to include whole series elastic actuator
(SEA) design and tries to minimize the energy consumed by the motors. A more
detailed analysis can be performed in [109] in which the idler pulley and the cable
thickness effects are considered. Even though there are detailed studies on synthesis of
VRPs, all the given methods are implemented to obtain a rotational non-linear spring
by using a helical spring; however, in this thesis, a translational spring is generated
by the VRP. Only limited number of studies are interested in this type of VPRs, and
the synthesis methods are absent. For example, the study in [102] focuses on passive
noise reduction and passes VRP synthesis without analysis. Another example is given
in [103]; a synthesis method is presented which permits only the use of some non-linear

functions.

The major contribution of this chapter is to propose a methodology for the synthesis of
small size translational VRP mechanisms. Three methods are presented to synthesize
VRPs to attempt to extend the current literature. Also, a low-cost, easily customizable,
energy-efficient and safe VSJ that is based on translational VRP mechanisms are
presented herein. In addition to synthesis and detailed VSJ design, three external

force/torque (F/T) estimation technique are applied to the mechanism.

Since the VRP has a great influence on the proposed mechanism design, this chapter
first describes VRP mechanism and presents three synthesis methods, after giving
the current state-of-the-art studies. Following the experimental verification of these

methods, the proposed VSJ is introduced with kinematic and dynamic models. Next,
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the control method and the experimental setup is explained with the conducted position
/stiffness control experiments. Then the external F/T is estimated via three methods,
and the experimental results of these algorithms are given. Finally, the conclusions are

drawn, and the future directions are presented.

3.1 VRP Mechanism Description and Synthesis Methods

The VRP mechanism offers a great range of applications regarding its simplicity. The
VRP mechanisms can be implemented to generate a spring behavior in two contrary
ways: translational or rotational. In order to obtain a translational spring (see in Figure
3.3.a), it includes a linear torsional spring connected to the pulley. When the cable
which is wrapped around the pulley is stretched, the torsional spring is twisted. The
torque generated by linear torsional spring is balanced with the product of pulling force
on the other end of the cable and the radius where the cable leaves the pulley. Varying
radius values creates a possibility of generating custom pulling force- cable elongation
relationship/ mapping. In contrast, the same pulley-cable pair can be used as a
custom non-linear rotation spring mechanism. In order to achieve the rotational spring
features, a helical spring is connected to the end of the cable. Thus, the external torque
exerted on the pulley is balanced with the linear helical spring elongation. Although
both mechanisms are similar, the synthesis of the pulley profile differs in one design
from the other. Despite of the various methods in the literature in terms of synthesizing
pulley profiles for the rotational VRPs, however far too little attention has been paid
to the synthesis of translational VRPs. Knowing the pulley profile alongside with the
rotation angle, computation of the deflection of the helical spring and generated torque
is straightforward for rotational VRP. On the other hand, the pulley profile and the cable
elongation data is not enough to fully define the configuration, and further operations
are needed to calculate the tensile force and the pulley rotation. In this section, an
analytical method, originally developed for rotational VRP [110], is presented with its
implementation to translational VRPs and a feasibility condition is defined to draw the
boundaries of designs which are suitable for implementation. Following this method,

two new numerical methods are proposed for same synthesis purpose.
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a) Translational VRP

b) Rotational VRP

Figure 3.3 : Two possible use of variable radius pulleys to obtain a desired nonlinear
spring: a) translational, b) rotational.

3.1.1 Analytic solution and feasibility condition

Even if the analytical solution of the pulley synthesis problem makes use of force
and geometric quantities symbolically, resulting in a pulley profile as a function is
presented in the literature, all of them are applied to rotational VRPs. Nonetheless,
the contrast between two mechanisms has arisen not from the pulley but from the
spring types. The translational mechanism utilizes a torsional spring which generates
the reaction torque against the pulling force input, whereas the rotational mechanism
makes use of translational spring to generate balancing force opposing to the torque
input on the pulley. Therefore, analytical relations remain same, the perspective of the
problem differs, the input is not torque on the pulley but is the pulling force on the
cable. So a simplified version of the solution given in [110] is used to synthesize the
pulley profile in this thesis. Also, the convergence of the solution is guaranteed due
to given feasibility condition at the end. The geometric representation of the variables

used in the analytical method is shown in Figure 3.4.

The relation between the pulling force (F(u)), the elongation of the cable (), torque
generated by the linear torsional spring (M («)) and the pulley rotation () can be given

in equation (3.1) as a result of the principle of virtual work [146].

F(u)du=M(ct)do 3.1)
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Figure 3.4 : Variables used in the analytical solution.

Re-organizing the equation (3.1) gives the derivative of the cable elongation with
respect to the pulley rotation as in the equation (3.2).

du M)
da F(u)

(3.2)

If both sides of the equation (3.2) are integrated, the cable elongation can be expressed
as a function of pulley rotation (u(c)). It is worth noting that unlike the original
method, torsion is generated by a linear source: the constant coefficient of the linear
torsional spring is Kgpring.

u (04 az
/ F(u)du / M(@)der = Kypring - (3.3)
0 0

The elongation can be defined by using other geometric quantities as given in equation
(3.4):

u=s+1—s9—1Iy. (3.4
where wrapped cable length is denoted with s. The symbol / represents the free cable

length. Departure angle 3 defines the derivative of departure point (x,y) with respect

to wrapped cable length:

dx =dscos(B), (3.5)
dy = dssin(f3). (3.6)

Loop closure method is used to define the equation between geometric quantities as in
equation (3.7).
x+iy+1eP = Re', (3.7)
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where R is the distance between the center of rotation and outlet point. Using necessary
operations from Egs. (3.4) and (3.7), the derivative of u w.r.t. « is calculated as in
equation (3.8):

du

P =Rsin(f — a). (3.8)

By using the equations (3.3) and (3.8), 3 can be calculated as follows:

B :sinl(%%)—ka. (3.9)

The free cable length / can be obtained as given in equation 3.10.

R -
| _Reos(B=0a) (3.10)
duw 1 +1
do? Reos(B—a)
Finally, the pulley profile is obtained as given in the following equations.
x = Rsin(a) —Icos(B), (3.11)
y = Rsin(at) — Isin(B). (3.12)

As it can be seen from the equation (3.9) f is constrained between —1 and 1 in the
light of the limits of the sine function. In other words, the convergence/divergence
angle of the pulley cannot be less/more than —90°/ + 90°. Therefore, all arbitrary
F (u) functions cannot be obtained for any given ks,ine values, physically. Hence, the
choice of correct R and k;ing values is the key point in the synthesis problem. In order
to select proper spring constant, the feasibility condition is defined as given in equation
3.13, describing the relation between the spring constant, desired pulling force and the
outer radius of the mechanism.

F(u)R

p (3.13)

kspring

Because only positive values are implementable, the positive side of the equation is

considered.

3.1.2 Numerical methods

Even though the analytical result is the preferable solution due to its precision, the
convergence of it is not guaranteed, or the desired function cannot be expressed by
an explicit function. Hence, defining the pulley profile and the force-elongation curve

as discrete points, two iterative numerical algorithms are presented to overcome these
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Figure 3.5 : Variables used in simple iterative method.
problems. The first method presents a solution which considers the tangency condition
and calculates the pulley profile point-by-point iteratively. On the other hand, the
second algorithm attempts to minimize the error between the desired and the simulated
force-elongation curves by changing the positions of the points which constitute the
pulley profile. For this reason, a simulation algorithm is necessary to analyze the
given pulley profile. Albeit the analytical method approaches problem likewise in the
rotation spring, the examination of the translational spring mechanism is not as simple
as the rotational version. The principal difference between them is the determination
of the cable departure point position. When the rotation angle of the pulley is known,
which is the scenario in rotation spring mechanism, it is straightforward to calculate
departure point position. In contrast, further calculations are needed to find the position

when the amount of the cable pulled is known in lieu of pulley rotation.

3.1.2.1 Simple iterative method

Using the tangency property, which means the cable always leave the pulley with the
tangent angle at the departure point, the pulley profile is synthesized for a given initial
point and torsional spring coefficient. Unless the convergence is achieved, then the
initial point-spring coefficient pair is changed to attempt solution again. The variables

used in the method are given in Figure 3.5.

The algorithm starts with the specified initial point to be assumed as the first departure
point (ay). The index k denotes the iteration step and corresponds to discrete points on

the pulley profile. Consequently, the force-elongation curve (Fy,,, Uges) 1s defined in a
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discrete way and decides the number of points on the pulley profile. So, if a precise
definition of the profile is required, then the force-elongation curve should incorporate
as many points as possible. Supposing the first elongation amount is equal to the
first distance (/) between the outlet point (P, ) and the departure point (ay), the next
departure points are calculated as given in equation (3.14).

ar— Py

g Kok g, (3.14)
k \ak—Po,kl(k)

i1 = 4d

It should be noted that s; is the wrapped cable length between two consecutive
departure points. It should be remembered that the points are connected with lines,
not splines. Thus, s; is simply calculated by taking the distance between consecutive
points. Because it is unknown in a calculation step initially, it is assumed to be equal

to Aug.s. As aresult, the value of /5| can be calculated as follows:
lkr1 = I+ Auges — Sk (3.15)

To calculate the pulley rotation between successive desired elongation points, first, a
circle is drawn around a; | with a radius of /; ;. The intersection between this circle
and the virtual circle around the center point with a radius of R representing the VRP
body defines the next outlet point (P, x41). The rotation angle is calculated as in the

following equation.

P
o = tan~ ' (S2AHL), (3.16)
Po,k+1,y

The force equivalence can now be calculated by the help of the geometric definitions.
Expressing the unit vector between F, ;11 and a1 as lx11 4. the tensile force can be

calculated with regard to lx 1 4 and oy as follows:

ks pring O

Forpx = (3.17)

A1 ok Ly — W1yl Lux
If the error between F, ., ; and Fy,q i is smaller than a threshold , k is increased by one.
Otherwise it determines the next s; and iteration returns to the equation (3.13) and
repeats all the steps with a new s;. The next sy, is calculated with a step size / factor as

follows:

Sk = Sk — h(Fdes.,k - erp,k)- (3.18)

The iteration stops when all the desired force-elongation points are paired with

departure points on the pulley surface. Depending on the initial point selection and
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the feasibility condition, the solution may not converge. However, the algorithm runs

very fast which allows numerous attempts.

3.1.2.2 Optimization method

This method treats the synthesis task as a nonlinear constrained optimization problem

which is defined as in the equation (3.19).

nf
Coe . 2
minimize Z [faes e — Forpk]
kspringar k=1

subjectto ripg—r;>0,i=1,....m—1, (3.19)

0<ri<R.
At the beginning of the algorithm, an arbitrary pulley profile is specified, such as a
circle. For the sake of simplicity, m points are placed around the center of rotation
evenly spaced in polar coordinates. The desired force-elongation curve is defined as
vectors having the same length in Fy,; and ug4.,. Unlike the previous methods, the
torsional spring coefficient is not specified by the designer, and it is calculated in the
algorithm alongside with the pulley profile. As expected, it can be excluded from the
algorithm, if the coefficient is known. After simulating the completely-defined VRP,
the force-elongation curve is generated. The resulting curve is compared with the
demanded curve, and optimization algorithms decide, how to slide the positions of r;
on the lines drawn out from the center of rotation and change the spring coefficient,
to minimize the difference between the curves. The iterative cycle of analysis and
changing the features in turn continues until a local minimum is reached. The variables

and the geometric representation can be seen in Figure 3.6.

After the initial definitions, the algorithm calculates the departure point (p,) and the
wrapped cable length (s). In addition to this, the distance (/) between the outlet
point (P,) and the departure point (p,) is computed initially. Since a stretched cable
can exclusively wrap around a convex geometry, only the points on the convex hull
influence the calculations. The center of rotation (0,0) is also included within the
convex hull. Denoting by P,, the points included by the convex hull are sorted by their
angles in increasing order. Straight lines are drawn between P, and p; and the number
of intersection with the convex hull is found, repeating for every interior points of the
convex hull. The departure points for the current configuration are identified when the

intersection number stays as one, and they are shown by p,. Besides, wrapped cable
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Figure 3.6 : Variables used in optimization based method.

length (s) can be calculated initially as follows:

n
50=Y_||Pui+1 — Pul|- (3.20)
i—=1

Determination of the initial location is followed by an analysis for each ug. 4, SO
that F,,, is obtained. Similar to previous method (.)x stands for the index of
force-elongation curve elements. The analysis requires the correct determination of
rotation of the pulley oy for a given cable elongation uy, . In the initial stage of the
algorithm, departure point index (n) is assumed to be 1, considering the farthest point
to the outlet point. In k™ step, the idle cable length inside the mechanism is computed
as in the equation (3.21).

=1y + 80 — Udes k — Sk- (3.21)

The cable length wrapped around the pulley, s;, can be calculated similarly to the s, at
its initial pose. Great care must be taken at this point of the algorithm to calculate the
rotation ¢y when the [, is known. A circle with a radius of [; is drawn around the P,,
and a circle with radius r,, is drawn around (0,0). In case of correct dimensions, these
circles intersect at two points. Since the operation is performed in the first quadrant,
positive coordinate values both in x-axis and y-axis are taken into account from these
points. All points in the convex hull which represents the pulley profile are rotated
by an angle that is calculated as the angular difference between p,, and the selected
intersection point. Like in the initial setup, a straight line is drawn between P, and p,,,

and the intersection between the convex hull is counted. If the intersection is equal to
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1, then the rotation angle and departure index are determined as o and 1 respectively.
Otherwise, the assumption for 7 is increased to 2 and the calculations are repeated until

the number of intersection equals to 1.

After completing the geometric calculations, one can now calculate the force value
according to the elongation. The position vector r, and the unit vector in cable
direction I are necessary to be calculated to determine the force value.

Pn.x
Iy — ’ 3.22
\ [p] (3.22)

The direction of the tensile force is indicated by the unit vector 1 and it is calculated as

in the equation (3.23).

_ Po —TIn
|[Po — ral|

Considering the static equilibrium, the moment generated by the torsional spring

1 (3.23)

equals with the moment exerted due to the tensile force F,,,, as given in equation
3.24.
M =r, < Fpp il (3.24)

The assumption of linear torsional spring, the equation can be modified as given in the

equation 3.25, noting that the rotation is defined around the z-axis.
M, =Ko« (3.25)

In this case, the tensile force is obtained as follows:

M
Fppg = —————. (3.26)

Fnxly = Fnyly
Since the non-convex points are dysfunctional in the pulley profile, non-strictly
increasing or decreasing function is admissible for the force-elongation curve. Thus,
the restriction is reflected as a constraint to optimization method according to the
characteristics of Fy,;. Even though the computational cost of the proposed method is
higher than the previous approaches, it is possible to widen its scope by incorporating
with the specific working constraints of the VRP-VSJ mechanism in the future studies.
For instance, the energy consumption of VRP-VSJ can be used to define the cost
function in the optimization method/algorithm and the pulley profile can be calculated

to reduce this value most.
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3.1.3 Implementation of VRP

In this section, the presented algorithms are compared when the quadratic
force-elongation curve is treated as a benchmarking problem as given in equation
(3.27).

Fjes = 0.003u2,, 4 0211405 (3.27)

It should be noted that units of Fy,; and u,,. are defined as N and mm respectively.
Experimental quantities are used in this comparison. The radius of the VRP main
body is 17.5mm defining the maximum radius of the pulley. On the other hand, bearing
radius determines the minimum radius of 8mm. The stiffness of the torsional spring is

calculated as 0.96Nmm /rad by using the procedure detailed in the experimental setup.

The commercially available software Matlab symbolic toolbox is utilized to calculate
the analytical solution.Since the function u(a) is highly nonlinear, it is not easy
to obtain o/(u) function as a closed mathematical representation. Henceforth, the
numerical values are substituted with the symbolic ones. The feasibility check
determines the range of allowable o whereas the final values are established by trial

and error. The implementation is given in Algorithm 1.

Algorithm 1 Analytical Method
1: Calculate symbolic u( ) by using equation (3.3)

Derive u(o) to find dd”((aa)) and f{g;}?
Compute 3 and [ via equations (3.9) and (3.10)
Pick a range for o and form a vector
Determine range of u, if it is not achieved change the range
Check feasibility condition, if it is not satisfied change o range
for each ; in o do
Evaluate equations (3.12) and (3.13)
end for

Return the pulley profile (x,y)

N A A A S

_
=4

The simple iterative method, for which the complete procedure is shown in Algorithm
2, is run in Matlab Environment. The choice of the initial departure point affects the
convergence of the solution; therefore, several attempts are required most of the time
in order to get a convergent solution. The technique results solely for feasible points
as in analytical method; otherwise, the points on the pulley profile get extreme values,

constituting the extremity of the algorithm for any given force-elongation curve.
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Algorithm 2 Simple Iterative Method

1: Set arandom a; on the first quadrant

2: for each Fye y in Fy, do

3 Define s as Au

4 while Absolute value of Fy,; — F,, < threshold do

5: Determine ay | via equation (3.14)

6 Calculate ;1 by using equation (3.15)

7 Draw two circles: 1) Center: P, x4 1, Radius: [y | 2)Center:(0,0),Radius:R
8 Use intersection of two circles to find oy

9 Fyp i is calculated as given in equation (3.17)

10: Set new s; according to the error
11: end while
12: end for

13: Return the pulley profile a points

The nonlinear optimization based method is implemented using Matlab ’fmincon’
function as given in Algorithm 3. the selection of the initial points have less
influence on the solution convergence; therefore they are merely placed on a half
circle incorporating 0.1radian increment. The algorithm simulates the behavior of
the mechanism for every different pulley profile try and reduces the error. Unlike the
other methods, regardless of whether it is feasible or not, this algorithm attempts to

calculate pulley profile in the best available manner.

The same computer, which has Intel 17-6500U CPU and 8GB RAM, executed the
algorithms that yielding discrete points representing the pulley profile. Increasing
the number of discrete points did not affect the computation time since the profile is
analytically known, the analytical method completed the calculation in 5.76 seconds.
On the other hand, the simple iterative method is the best in computation time-cost
with 0.016 seconds, because only numerical function evaluations are included within
the algorithm which leads faster operation compared to symbolic calculations. The
nonlinear optimization method is far slower than the other two methods with a duration
of 202.6 seconds. The computation time exponentially grows with the increasing
number of discrete points in this method, whereas it is proportional to the simple
iterative method. The resulting pulley profiles vary depending on the algorithm
which is demonstrated in Figure 3.7. To emphasize how the profiles play a role in
implementation, the 3D printed pulley, which is obtained from optimization method,

is placed to the VRP body center in Figure 3.7.
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Algorithm 3 Optimization Method

1: procedure ANALYZE(p)
2 Set error =0
3 Determine convex hull of p
4: for each p; in p do
5: Draw line between p; and P,
6 if (Number of line intersection with convex hull = 1)
7 n=i
8 break
9: end if
10: end for
11: Calculate sg and as shown in equation (3.20)
12: for each Fy,  in Fy.  do
13: for each p; in p do
14: Compute /; and s
15: Draw two circles: 1) Center: p,, Radius: [; 2) Center: (0,0), Radius:
R
16: Determine oy, from circle intersection
17: Rotate p by oy
18: Draw line between p,, and P,
19: if (Number of line intersection with Convex Hull !=1)
20: n=n+1
21: break
22: end if
23: end for
24: Calculate r,,, 1 and Fvrp,k
25: error = (Fyesx — pr,k)z + error
26: end for
27: Return error

28: end procedure

29: Set initial p vector

30: while Optimization criteria are not satisfied do
31: ANALYZE(p)

32: Determine new p via optimization method
33: end while

34: Return convex hull of p
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Figure 3.7 : Synthesized pulley profiles: a) from three methods and b) 3D printed
pulley image for optimization method.
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Figure 3.8 : Schematic view of VRP mechanism.
3.2 VRP-VSJ Mechanism

A cable-driven 2 DOF variable stiffness joint mechanism VRP-VSJ is explained in
this section. At least two parameters, which are namely the position and stiffness, are
needed to describe the configuration of the mechanism. Because it is driven by two
motors, VRP-VSJ is a fully-actuated mechanism. A simple drawing of the mechanism
with the variables used in the analysis is illustrated in Figure 3.8. As it can be seen from
the figure, a revolute joint restricts the motion as a rotation whereas 2 DC motors, by
pulling the cables via the capstans fixed to each motor shaft, actuates the mechanism.
The remaining ends of the cables are wrapped around the pulleys in VRPs. When the
motors move in opposite directions, the position of the mechanism changes. On the
contrary, to adjust the stiffness value, both motors rotate in the same direction, i.e., pull
or release the cables at the same time. The stiffness variation arises from the nonlinear
spring mechanisms (VRP) that are detailed in the previous section. The position and
stiffness of the mechanism are measured by the encoders coupled with the revolute

joint and VRPs respectively.
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Substantially, the VRP-VSJ mechanism is designed to be utilized as elbow or knee
joint in humanoid robots, which are able to work in environments where unfavorable
working conditions for people can exist. As a natural result of the inclusion of passive
compliance by the mechanism, it contributes significantly towards human-robot
interaction safety. Thanks to the ability of variable stiffness, the mechanism can work
in the necessary configurations for different types of daily tasks or different situations

(acceleration, stop, etc.) in the same task.

Despite the fact that the significant VSJ/VSA designs have been presented in recent
years, they are complicated, heavyweight, expensive and hard-to-produce. The
proposed mechanism in this chapter, suggests a solution to these problems without
losing essential features such as compliancy, variable stiffness, and controllability. The
mechanism can be considered as a good combination of off-the-shelf products, and 3D
printed part from low-cost FDM printers, alleviating the total cost that is given in Table

(3.1).

A prominent asset of the system is its back-drivability while the actuation units are
motors with non-backdrivable gearboxes, providing passive gravity compensation
alongside with the compliance. This unique feature increases the energy-efficiency
so that when the mechanism at rest, energy consumption decreases to zero, which is
crucial for humanoid robots with energy supplies as batteries. It is known that presence
of gearboxes in joint designs poses a problem due the backlash in the gearbox. This
problem is defeated to a certain level as a result of the cable tension which tries to close
the gap between adjacent teeth. The simple design helps the modeling and control, and
pave the way for external F/T estimation which is examined at the end of this chapter.

As a result of these benefits, it has a potential of usage in humanoid robots.

3.2.1 Dynamic model

Since it is fixed to prior links of the robot or a base, the motor side is assumed to be
at rest and out of interest in the dynamic model. Since the DOF for motion is 1 for
this system, a basic dynamic model is calculated. The forces and torques acting on
the mechanism are illustrated in the free body of the mechanism, given in Figure 3.9.

Since the rotation center of the load side is the center of the revolute joint, the equation
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Figure 3.9 : Free body diagram of the mechanism.

of the motion is expressed by calculating moment equilibrium around this point as

given in equation (3.31).

J0y=Tid,—Thdy,+ Toy. (3.28)

The inertia of the load side is denoted by J. The symbol 6y stands for the joint angle.
The cable tension forces are described as 77 for left and 75 for right side. The idler
pulleys connected to the revolute joint ensures that the cables are always retained
parallel to each other, and the distance to the link is d, for each one. The external
effects are reduced to the generalized force definition and presented as torque which is
denoted by 7,;.

Ti= forp,(8) 1=1,2. (3.29)

The cables are directly connected to VRPs; thus the tension forces can be computed
from the elastic properties of them. The rotation of pulleys 6; and 6, in VRP
mechanism depends on the twist of the torsional springs. In the design stage of the
VRP, the pulley geometry constitutes a non-linear relation between pulling force and
the pulley rotation. Although it can be obtained from the aforementioned calculations
explained in VRP design section, another way to obtain the same relation is to collect
data from a tensile test with a physical setup. The relation is defined as a function
Surp for both VRPs. It is worth noting that, two VRPs are designed symmetrically,
however in practice, they are not completely same because of imperfect manufacturing
and assembly. Consequently, they are treated as different functions to account small

variations. Thus the motor side of the equation is calculated as follows:

T = forps (8 7y 1=1,2, (3.30)
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where r. is the radius of the motor pulley.

3.2.2 Stiffness adjustment ability

In order to define the stiffness of the mechanism, general definition of stiffness for
one DOF system can be referred, which is known as the displacement according to
applied force along the same DOF. The mathematical expression for this definition
is the derivation of the force with respect to the displacement. In this way, the overall
stiffness of the mechanism is described as the derivative of the reaction moment Mj,ing
w.r.t. the revolute joint angle 0, reducing the VRP-VSJ mechanism to a torsional
spring. As a consequence of unilateral tension forces on cables, one of the cables is
active in the stiffness calculation according to the motion direction. Recapping the
constant distance between the link and the cables d,, the stiffness (K) is formulated as
a function of active cable tension as given in equation (3.31).

dM  dF
= = — 3.31
de — do " 630
From a geometrical point of view, elongation of the cable u depends on 6 and d, with

an infinitesimal displacement assumption shown in equation (3.32).
d,d8 =du (3.32)

By applying chain rule and inserting equation (3.31) into equation (3.32) to obtain K

value, stiffness formula becomes as it is seen in equation (3.33):

dF B dF du

g =g — d_FdZ
do du doé

dy = . 3.33
V= (3.33)

It can be inferred that VRP-VSJ mechanism stiffness is proportional to the derivative
of VRP force-elongation curve. For example, if a quadratic curve is preferred, then the

stiffness becomes linear, verifying the results given in [62].

3.2.3 Position and stiffness control

Considering the symmetrical structure and unidirectional force application capability
of the cables, symmetrical two-part control is applied to the mechanism. In this control
scheme, depending on the motion direction, each motor is assigned to control stiffness
or position. In fact, if a position command tries to rotate the joint to left from its current

position, left motor and right motor are assigned to position and stiffness control tasks,
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Figure 3.10 : Controller block diagram.

respectively. On the contrary, if a position command tries to rotate the joint to the
right, left and right motors are assigned vice versa. Position and stiffness controls are
maintained by using PID and PI controllers respectively. The block diagram of the
control structure is illustrated in Figure 3.10. As can be seen from the figure, position

and stiffness references follow either blue or red paths with regards to motion direction.

3.3 Experimental Setup and Results

In this section, two different experiments are conducted. The first experiment is to
measure the performance of the synthesis algorithms, and the results are presented
in terms of the tension on the cable, the pulley rotation and the elongation. On
behalf of the experiment, a tensile test platform is manufactured which measures these
three quantities at the same moment. The second experiment is performed to test the

VRP-VSIJ and the control algorithm performance.

3.3.1 Tensile test of VRP mechanism

A custom experiment equipment is built for tensile test in which the sample is subjected
to a controlled pulling force to a certain level. This platform, which is made of PLA
material and steel bars, is given with components in Figure 3.11. To complete the
tensile test, firstly the VRP is fixed to the base. The remaining end of the cable
belonging to VRP is knotted to the grip part which is connected to a load cell,
measuring the pulling force. The moving part carrying the load cell is translated via

leadscrew manually by the help of hand wheel in which a nut is fixed. Thus the rotation
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Figure 3.11 : The tensile test equipment.

of the hand wheel translates this part. A linear encoder (AMS AS5410) captures the
translation of the moving part whereas rotary encoder (AMS AS5405) measures the
rotation of the pulley. All data from three sensors are acquired by using an Arduino

Mega2560 simultaneously.

VRP is manufactured and assembled to compare the accuracies of the proposed
synthesis algorithms for a case study. Later the best algorithm is used to synthesize
desired pulley profile, and it was utilized within the VRP-VSJ mechanism. The
bounding box for the VRP design is assigned as 40x40mm. Exploded view of
the complete assembly of the experimental setup can be seen in Figure 3.12. For
examining the performances, the pulley profiles are taken from the outputs of the
algorithms and manufactured using a 3D printer. The shaft is fixed to the pulley and
connected to the VRP body with a rotational ball bearing to minimize the friction in
between. On the other side of the shaft, a magnet is placed to the end on instead of
the rotary encoder that measures the angle without touching the shaft. The torsional
spring is connected between the pulley and the cover, and only rotational motions are
allowed. The output hole is either covered with a Teflon tube or connected to an idler

pulley, to reduce the friction between the body and the cable.
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Figure 3.12 : Exploded view of VRP mechanism.
The torsional spring coefficient is determined via a fully-circular pulley within the test
rig. The multiplication of the measured tensile-force with the constant pulley radius
gives the moment generated by the spring. The value of the spring coefficient is also
validated using spring formulas given in the textbooks according to its material and

geometry.

After completing the tensile test for three synthesis methods, force-elongation curves
for each algorithm is obtained which are given in Figure 3.13. In this figure; blue, green
and red lines show experimental, desired and simulation results successively. As can
be seen from the figure, the most accurate results are obtained by using the nonlinear
optimization method with 13.3% RMS error. The errors for analytical and simple
iterative methods are observed as 42.7% and 29.3%, respectively. As it is stated in
previous part in this chapter, the analytical method and simple iterative method cannot
give reliable results unless feasibility condition is satisfied, whereas, the optimization

based method can always search for better profiles to minimize the error.

In order to emphasize the stiffness change, a new VRP design is synthesized
accompanying increased value of the quadratic component of the case study
force-elongation function. The new quadratic function is specified as given in equation
(3.34).

Fes = 0.02u3,, + 0. Lutgeg (3.34)

Force-elongation (a), force-rotation (b) and elongation-rotation (c) plots can be seen in
Figure 3.14 for the final pulley design. The RMS error between the desired function
and the experimental result is calculated as 0.3469N in view of the fact that uncertainty

in torsional spring coefficient, lack of precision of FDM type 3D printer and the friction
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Figure 3.13 : Force-elongation curves for three proposed methods from left to right:
analytical, simple iterative and nonlinear optimization.

forces are not included in the model. Furthermore, the noise in both the load cell and
the encoder measurements can reflect as an error in the results. Force-rotation and
elongation-rotation curves serve as relation maps since solely rotation can be measured

in the VRP-VSJ mechanism.

Because the antagonistic setup is symmetrical, two identical VRP mechanisms are
required to complete VPR-VSJ assembly. Although the same geometrical identities are
used in manufacturing process, the force-elongation curves of two such mechanisms
are not completely same, as observed in Figure 3.15. Unfortunately, hysteresis occurs
due to friction between adjacent coils of the torsional spring according to these curves
so the force values are different for pulling and releasing directions. As a result, further
care should be taken to estimate the VRP-VSJ mechanism stiffness depending on the

"pull" or "release" mode.

3.3.2 VRP-VSJ mechanism control test

An experimental setup for the VRP-VSJ mechanism is manufactured including final
design and implementation of agonist-antagonist VPRs. In this setup, the actuation is
provided by two low-cost DC motors with worm gear reducers. The angular position

of the revolute joint is measured by the same encoders used in VRPs. All of the
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Table 3.1 : Total cost of experimental setup for VRP-VSJ mechanism.

Component Cost per item
DC motor 8.50 $
Encoder 1253 $
Arduino Mega 7.35%
PLA 15%
Other mechanical 2%
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Figure 3.16 : Experimental setup for VRP-VSJ mechanism.

components are 3D printed from PLA material with the exception of bolts, nuts,
bearings, encoders, and motors. Arduino Mega2560 and an L298N driver circuit are
used as the main controller and motor driver respectively. Total cost is calculated as
65.44 USD. A detailed table for the cost of the components can be seen in Table 3.1

and experimental setup is shown in Figure 3.16.

The aforementioned PID based control algorithm is coded into Arduino Mega2560
board to evaluate the complete system. A sequence of control signals for both position
and stiffness are sent to the controller. The position control signals are formed as 10
seconds step inputs with 10° shifts between +30° and -30°. On the other hand, stiffness
values are fed by two different values resulting in a square wave. As it can be seen from
Figure 3.17(a), the mechanism follows the reference inputs successfully with an RMS
error of 4.20°. In contrast, Figure 3.17(b) and (c) show the rotation pulley angles in
terms of stiffness. Although the stiffness values fluctuate based on the change in the
control inputs, the error decreases noticeably to a certain level. The RMS error values
of VRPs are 7.34° and 5.68°. It is worth to note that controllers restrict the mechanism

motion with an error of +-2° because of the excessive amount of friction in the gearbox.

3.4 External F/T Estimation

Sensing external effects plays a key role in interaction with the environment in robotics.

Although the highly accurate and expensive force/torque sensors are commercially
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Figure 3.17 : Control scenario outputs: a) Joint position control, b) Left pulley
stiffness control, c) Right pulley stiffness control.

available, elastic robot joints can provide a basis for estimating the external F/T due
to its deformations besides their safety and energy-efficiency advantages. As it is
mentioned in Chapter 1, human muscles have also the perception of exerted forces
on themselves, through the spindle organs. In this section, three different methods
are presented to estimate external F/T by taking the deformation measurements into
consideration. In addition to increasing the resemblance with the human muscle
functions, external F/T estimation brings the ability to acquire information about the
contact environment in a cost-efficient way. Before detailing the methods, a literature
survey is presented in the remaining part of this section to have a better insight into
the state-of-the-art techniques in external F/T estimation in robotics. Following the
literature, the slight modifications in the experimental setup, which are applied to
increase the quality and variety of measurements, are revealed. Next three methods

are explained in detail. Finally, the experimental results are given and discussed.

Estimation of non-measurable states by using the other measurements is a prominent
problem in robotics; the algorithms attempting to solve this problem are called as the
observer. A deterministic observer takes measurements as input, and by the help of the
system model, it returns the estimations of the states which are not directly measured. It
models the system as a random process, the groundbreaking observer method Kalman

Filter (KF) [111] has achieved remarkable results, which is mostly used in filtering,
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estimation and signal processing. However, the original theory deals with the linear
systems, numerous variants are derived appropriate for nonlinear systems. Extended
Kalman Filter uses a linearised model at the most recent estimate. Among its various
applications in robotics area, far fewer applications utilize the algorithm to estimate
external disturbances. In [112], external torques are estimated for 1 DOF flexible
robot through the measurements of a joint torque sensor with EKF. Similarly, EKF
algorithm is applied to the same problem in [113], based on the measurements of tip
position, reflecting the shape of the robot, for a hyper-redundant flexible mechanism.
In fact, instead of the motor current measurements [114] in rigid robots, the shape
modification or the deformation has been used for this purpose in the elastic robot,
but the measurements are essentially not practical. For example, the shape of the
hyper-redundant structure is measured by the vision in [115] and magnetic trackers

[116].

Disturbance observer (DOB) is a tool to compensate undesirable external effects by
using filters [117]. Explaining the importance of tuning filter bandwidth, the purpose
of DOB is defined as to compensate uncertainty in the system in [118] and [119].
Since most of the systems are nonlinear using DOB such as the SEA, the performance
of DOB is evaluated in [120]. For various compensation and estimation necessities
in different systems, variants of the method are derived and named according to their
intention of use. For example, in [121] and [122], reaction force observer (RFOB) and
three degrees of freedom control based multiple disturbance observers (TDOF-DOB)
are proposed to compensate for disturbance effects from the environment and modeling
errors. Additionally, in [123], another variant which is concentrated on solely
estimation of external effects, such an observed named ’external force observer’ EFOB
is applied on a surgical tool within a similar experimental setup to present one in
this chapter. The method is used to estimate external F/T in particularly where safe
human-robot interaction is required while having limited space for an extra sensor

such as in a surgical robot [123] and an exoskeleton system [124].

Beyond the filter and observer approaches, one can treat the problem as function
approximation. Artificial neural networks (ANN5) are inspired by the biological neural
networks constituting the human brain; approximates a highly nonlinear function to a

given dataset or in other words "learn" the input-output relation. Its model-free nature
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is superior to the model-based methods in terms of modeling errors and uncertainties in
the measurements due to the dynamic working conditions. The study in [125] reveals
that the success of ANNs to handle nonlinearities in dynamical systems. In [126],
successful tracking results of a 2 DOF robotic are shown although the performance of
ANN substantially depends on quality and quantity of the data. Similarly, [127] trains
a neural network with two hidden layers to estimate the payload of a series manipulator
using trajectory data for both single joint and multi-joint cases. Moreover, ANN-based
F/T observers using only position and torque data are presented in [128], in order to

estimate the contact force without expensive devices.

Treating the estimation problem from three different perspectives; filtering, application
of stochastic observer/sensor fusion and function approximation/regression, powerful
tools in robotics are evaluated in this section. KF and EFOB are preferred to detect
the environmental effect and estimate external F/T value in the VRP-VSJ mechanism,
by using system model and encoder measurements. Due to the simple design of the
mechanism, KF is applied to the linear system with three states. Furthermore, to
increase the estimate accuracy, multiple EFOBs are used for each VRPs. Beyond
acceptable force/torque estimation, tracking and control instances of ANNs using
simulation and/or measured data from various sensors in robotic systems, this study
proposes to estimate external force/torque values of a VRP-VSJ mechanism using

solely measured encoder data with ANN models.

3.4.1 Modifications in experimental setup

The estimation experiment is performed by using the VRP-VSJ mechanism, yet with
three slightly modifications which are not in concept but implementation. First one
is related to the data augmentation, considering the importance of the data for ANN
method. Two encoders are coupled to the DC motors to be used in the model-free
method so that influence of an increase in the data dimension to the accuracy can be
observed. The second modification is about the hysteresis of VRPs. An idler pulley is
assembled to the outlet point instead of Teflon tube. In addition to this replacement,
a small piece of helical spring is substituted the original torsional spring to avoid the
friction between adjacent coils. By taking these cautions, the hysteresis uncertainties

in new agonist-antagonist VRPs are not completely disappeared but reduced to an
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Figure 3.18 : Force-rotation curves for VRPs.

acceptable level. As a result of the capability of measuring only the pulley rotation
on VRP-VSJ setup, the force-rotation curve is given in Figure 3.18. The final one is

the addition of load cell to the experimental setup which serves as ground truth.

3.4.2 The estimation methods

The estimation approaches presented herein is divided into two categories: 1)
model-based and i1) model-free methods. The first category consists of KF and EFOB
methods. These methods are supposed to use a dynamic model of the system; however,
due to the negligible inertia and acceleration terms, a quasi-static model is taken into
consideration which neglects the first term in the equation (3.31). The second category
includes ANN method to constitute a regression model. To make a fair comparison
between the algorithms, few free parameters to be decided in model-based methods
are optimized using training data as ANN does for an excessive amount of parameters.
At the end of the experiment, the same test data, which are entirely different than the

training, are used in comparison for three methods.

3.4.2.1 KF approach

According to the linearity of the system model, KF method is implemented to estimate

external F/T. The method is defined in two steps: 1) prediction via system model and
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i) estimation w.r.t. measurements. To be consistent with the literature, this method is

presented with the notation as used in [129].

The rotation of both pulleys (8, and 6;) are taken as first two states, for they yield
cable tensions by using look-up table, and they are directly measurable variables via
encoders. The final third state is considered as the external force F,y;, applying directly

to tip point of load cell connected between VRPs.

01
x=| 6 (3.35)
Fe.xt

For the sake of simplicity and due to the quasi-static behavior of the mechanism, the
states are assumed as constants which yields a state transition matrix (A) as given in

the following equation.

States are assumed to be constant due to quasi-static behavior and simplicity which

results in a transition matrix (A) as given in equation (3.36).

1 0 O
A=10 1 O (3.36)
b —b 0
where b is defined as follows:
dy
b=—. 3.37
d (3.37)
Similarly to the transition matrix, the measurement matrix (H) is also simple as
follows:
1 00
H= [O 1 O} (3.38)

Prediction step includes state and covariance updates as given by the following
equation.
X, =A%,
(3.39)
Po=AP_ AT+0
The predicted state vector is denoted by X where current time step is represented
with (.);. The covariance matrix P is calculated with the additional process noise
covariance . The symbol R stands for the measurement noise covariance. To
complete measurement step, Kalman gain K is calculated as given by the following
equation.
Ke=P H" (HP, H' +R)™! (3.40)
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The states and the covariance matrices are updated by using the measurements (z;)
from both encoders and the Kalman gain.
X =X, + K (zx —H)?I;)
(3.41)
Po=I—-KH)P,
Proper choice of Q and R matrices are crucial for the accuracy of the method, and

to specify best possible values, sequential quadratic programming (SQP) algorithm is

used within the training data.

3.4.2.2 EFOB approach

EFOB is the second model-based method to obtain estimations of external F/T.
Although original DOB methods feedback the estimations of uncertainty and
disturbance to achieve robust control, EFOB merely tries to obtain disturbance. An
extraction operation and a low pass filter are executed in EFOB method to carry out
this goal. Extraction operation makes a distinction between the reference input and the
cable tension in VRPs. The resulting signal from the extraction operation is processed
in a low pass filter (LFP) to attenuate high-frequency noise components. Since LFP
cancels out the signals based upon a cut-off frequency level, the choice of the cut-off
frequency level plays a decisive role and should be tuned properly. In Figure 3.19,
the block diagram of the VRP-VSJ mechanism with EFOB , position and stiffness

controller is illustrated.

External force equation can be easily obtained by using the block diagram of
the VRP-VSJ mechanism in Figure 3.19, after achieving the cable tension forces.
Estimated tension force for each VRP mechanism is calculated by the following
equation;

cfi

E(s):rcf_(Fref_fvrpi) i=1,2, (3.42)

where cf; represents the low pass filter frequency value, F. s indicates the computed
force which is required to change the joint stiffness value. Total force is given as f,,
which includes the system uncertainty and the external force. Moreover, computed

external force is given in equation 3.43.
dp Fex(s) = dy (Fi(s) — Fa(s)) (3.43)

Two EFOBs, one for each VRPs, are used in order to estimate external F/T, and

first-order LPFs are performed to retain the simplicity of the observers. The adjustment
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Figure 3.19 : External force observer structure.

of cut-off frequencies of the filters is treated as an optimization problem. The
interior-point algorithm is executed for the training data, and the total error is tried

to be minimized.

3.4.2.3 Model-free approach

ANNSs are based on connected building blocks which are inspired by biological
neurons, namely perceptrons, and learn a given input-output relation by optimizing
the parameters by the help of a method called backpropagation. The perceptrons,
which can be seen in Figure 3.20, they consist of inputs, weights, bias term, activation
function and the outputs. The formulation of a single perceptron is given as follows:
n
y:Zx,-*wi—i—b (3.44)
i=1
where x;s stand for the inputs, w;s, b and y denote the weights, the bias term, and
the outputs, respectively. The weights are initially set small random numbers before
the start of the learning process, and they are updated backpropagating the errors.
Similar to other numerical algorithms, the learning process stops when a pre-defined

performance criterion is reached such as epoch number, error rate, etc.

The model-based estimation methods are prone to errors due to the system parameter
uncertainties and the assumptions made in modeling. On the contrary, it is unlikely to

see these errors in the results of ANN estimations, because solely input-output data,
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named as training data, are fed into and modeling is left to the algorithm. Although
the resulting model is not explicitly expressed, it has the ability to generate outputs
when new inputs are fed. In addition to these advantages, it can cope with the noise
in training data. In this study, despite the model-based methods, the hysteresis and
friction involving VRP tensile test data are not used in training of ANN algorithm, the
relation is inherently obtained by using only data which is collected from VRP-VSJ
experimental setup. Two ANN models with respect to the number of inputs are applied
to this estimation problem which is treated simply as a regression problem. The first
model considers only encoders of VRPs and revolute joint as inputs. The output is
the collected data from the load cell which serves as a truth-table. This model yields
comparable results with model-based methods, as having the same inputs. The second
model benefits from five encoders data, which takes motor encoders into account, for

comparing the performance of ANN with three and five encoders.

ANN training procedure can be summed up in five steps: i) preparation of data to
training, ii) feeding data to neurons for training, iii) execute the model by provided
inputs until the last layer, iv) obtain results or outputs, v) backpropagation of outputs
by an optimization method. The steps given between three and five are repeated until
a pre-defined performance criterion is met. Preparation of the data before training
is crucial for having accurate results. To be ready for the training, a standardization
operation is performed to data which is rescaling the whole data with zero mean and
standard deviation of unit variance as 1. This process does not change the relationship
between input and output as a result of treating all data together. After this process,

input signals are fed into ANN model; activation functions decide how they pass
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Figure 3.21 : Relation between the system and artificial neural network model.

through the neurons. In the end, the outputs are generated; thus the accuracy is
determined by a loss function. In case of over an expected accuracy is obtained, then

the training process is terminated.

3.4.3 Results

The experiment within this study is conducted by sending the control signals as a
specified motion and stiffness profile for 175 seconds. Despite the fact that the
experiment carried out continuously in one-piece, the first 120 seconds includes a
motion pattern that starts from an initial position of 0° according to the joint and sweeps
a range between +30° with 10° increments/decrements. While the positions of VRPs
are changed by 20° and 40° repetitively, that causes the variation in the joint stiffness.
The system attempts to preserve its initial position with constant stiffness for the last 55
seconds. The encoder measurements belong to the experiment as being 5 angle values
can be seen in Figure 3.22. During the experiment, random forces are applied to the
system onto the tip of load cell so that they are measured directly to be ground-truth

data.
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Figure 3.22 : Encoder measurements used as the training and test data.

Model-based methods estimate external F/T via three encoder inputs and the linear
model of the system. Parameters of Q and R matrices are optimized by using
training data to minimize the estimation error. The concluding matrices are Q =
[0.00090.00260.1]" and R = [0.00660.0137]7. Similarly, the optimization results of
first-order LPFs in EFOB equal to 0.3312 for cf; and 0.3718 for cf,.

The final ANN model has three input features and is composed of 2 hidden layers
having 100 neurons at each hidden layer with "relu" as activation function for each
neuron with "purelin” at output neuron. The loss function of the model is mean square

error (MSE), and Levenberg-Marquadt method is used as the optimizer.

Model-based methods are implemented in Matlab and Matlab Simulink software.
Since training on a single CPU takes the excessive amount of time, our ANN models
are trained on a laptop computer with a CPU of Intel i7 and a GPU of Nvidia
GTX-570m that runs Linux Ubuntu 16.04. We implemented the codes with Keras,
which is a high-level neural networks library, written in Python and runs on top of
Tensorflow. In Figure 3.21, the 5-input ANN model is symbolically represented.
Correspondingly, the 3-input ANN model can be obtained by excluding the last two

input features. The results of the experiment are given in the Figure 3.23.

The best method according to the accuracy of the results is KF method with an RMS
error of 0.1108 N. The RMS errors of EFOB method and the ANN with three encoder
inputs are similar, 0.11365 N and 0.11317 N, respectively. Also, even though it is not
better given in the results graphs, ANN which is trained including five encoder inputs

results not better than three inputs. The five input model yields 0.13740 N and 0.13737
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Figure 3.23 : Comparison of external F/T methods.

N for two and three hidden layers. As can be seen from the Figure 3.23, the ANN
method gives very accurate results when no external forces are applied according to
load cell measurements. In contrast, errors of KF and EFOB are larger when compared
to ANN in the absence of external force, because of the hysteresis in VRP causes the
pulleys stop in different positions. When a force is applied, the best results are obtained

by KF method, especially for negative forces.

KF and EFOB methods simple, methods are simple yet effective methods for such a
simple system model. When the system has more states and the linearity is lost, the KF
method becomes difficult to implement in small-sized and low-cost microcontrollers,
but in this study, both methods can be implemented in such a device. On the contrary,
the ANN requires sophisticated hardware for both training and the estimation only
collected data is enough without a model of the system, even VRP tensile test in this
study. Subsequently, it is seen that the accuracies are limited with the quality of the
sensors and the component of the implemented mechanism; however, the results of

three methods are similar at about 0.1 N.

3.5 Conclusion

A low-cost antagonistic cable-driven VSJ mechanism design, suitable for particularly

elbow and knee joints in humanoid robots, capable of 1 DOF motion and a human-like
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actuation mechanism, is proposed in this chapter. The cost is reduced by a considerable
amount by exploiting 3D FDM printing technology and low-cost components. Two
DC motors with non-backdrivable gearboxes are responsible for the actuation of the
system which brings energy-efficiency. The motors are connected to nonlinear spring
mechanisms, namely VRP, in an antagonistic manner; the variable stiffness is achieved
by the motions of motors together. In addition to being simple and compact, VPRs
are highly versatile and can be synthesized for any custom defined force-elongation
function. The synthesis of these translational nonlinear spring mechanisms is dealt
with in both analytical and numerical methods. Besides the implementation guides of
algorithms, a fair comparison is presented alongside with the experimental results by
using a custom-built tensile testing platform. The conducted experiments reveal that
nonlinear optimization based method yields minimum error for a given benchmark
problem. It is remarkable that infeasible regions for specific torsional spring and
force-elongation curve compels solution method to be optimization based. After
comparing the results, the final VRP designs are implemented to be used in the
VRP-VSJ mechanism. These VRPs are assembled in antagonistic setup to compose
the VRP-VSJ mechanism. Position and stiffness control experiments are conducted
on the proposed system. The agonist-antagonist structure of the system is controlled
using PID and PI controllers for position and stiffness, respectively. The results of
position and stiffness control experiments show successful results of controlling both
attributes. Similar to human muscles, the ability of the mechanism is extended to have
not only actuation but also perception. For this reason, three external F/T estimation
methods are presented, i.e., KF, EFOB, and ANN. The experiments affirm that such a
variable-stiffness mechanism can calculate the external effects by only measuring the
deflections of elastic elements, without any additional sensor. These both model-based
and model-free methods are also compared regarding their accuracy, implementation

difficulties, and computation costs.

The findings highlight that such a mechanism can respond to a wide range of robot
interaction tasks, which require varying compliance. Also, this study proves that the
suggested synthesis methods are relevant to generate customizable VRP designs in
low-cost and compact form, corresponding to various applications. In addition to VRP

synthesis algorithms, the external F/T methods contribute alleviating the cost problem
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by using existing sensors. The proposed mechanism provides a low-cost solution to
safety, stiffness adjustment, compactness, easy-to-manufacture requirements of the
current approach to humanoid robot joint designs with its simple structure. As well
as being a ready solution for elbow/knee joint, it forms a basis for the next multi-DOF

joint, VRP-VSJ3.
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4. SHOULDER - HIP JOINT (VRP-VSJ3) DESIGN AND ANALYSIS

The joint design presented herein is the overall combination of the mechanisms
explained in previous chapters. The mechanism which is presented in Chapter 3
is improved to have 3 DOF motion ability in the design. The revolute joint which
connects the fixed part to moving part in VRP-VSJ mechanism is substituted with a
spherical joint. With the increasing motion freedom, two cables and two motors are
now insufficient to perform desired motions. As stated in [130], it is compulsory to
have at least n+ 1 cables when n DOF cable-driven mechanism is actuated. Although
more number of cable can expand the workspace is reported in [131], the minimum
number of cables and motors sufficient for actuation is used, since the aim of this thesis
is increasing similarity with human functions while maintaining simplicity. The 3 DOF
serial kinematics for neck mechanism is presented in Chapter 2, a similar approach
is used in this chapter due to the similar linkages between the upper and lower plate.
Unlike the CDPS mechanism, VRP-VSJ3 is fully compliant in pitch, roll and yaw axes.
Therefore, the mechanism is resulting in a combination of neck and elbow mechanisms

which can be employed in the humanoid robot joint requiring multi-DOF in one place.

Despite the great effort in the last decade to design VSAs with various attributes,
there are only few studies on multi-DOF VSAs. Most of the multi-DOF limbs
consist of serially connected single-DOF VSAs, as given in [132]. Additionally,
for serial connection purposes, modular VSA designs are presented in [66]. In
contrast, multi-DOF VSAs are emerging need for robotics, particularly humanoid
robots, considering the human joints such as shoulder, hip, wrist, and ankle. In [131],
design of a 3 DOF cable-driven VSJ module is demonstrated. Although the mechanism
is similar to the mechanism proposed in this chapter, VSD is not well defined and the
absence of the synthesis methods limits the mechanism implementation. Additionally,
6 cables are employed in actuation to expand the workspace in their work, additional
cables necessitate extra motors; thus increases the weight, size, and cost. In contrast

to VSA literature, an inspiring study is reported a cable-driven multi-DOF joint based
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Table 4.1 : Cable routing map between the lower and upper plate.

Lower plate | Cable ID | Upper Plate
O3 1 P
01 2 P
0, 3 P
0, 4 Py

humanoid arm in [27]. Having less number of cables and actuators, the study in [133]
obtains 3 DOF orientations with only 3 cables. The pitch and roll motions are obtained
by the sum of yaw and tilt motion; which differentiates the motions of the mechanism

from human natural motions.

Following the brief introduction about the joint mechanism and the literature, the
mechanism proposed in this thesis is described in detail. Then the kinematic and
dynamic analysis are presented. After having models, a simulation model is presented
to validate the models and control approach. Consequently, the results of the

simulation are drawn and the future directions are given.

4.1 Description of VRP-VS]J3

The design of the mechanism consists of the upper and lower plate, spherical joint
and four motor-gearbox-capstan-cable-VRP groups. The spherical joint restrains the
motions of the upper plate, enabling it to be treated as a serial mechanism during
the kinematic and dynamic modeling. Four cables connect three points on both the
upper and lower plate to obtain pitch, roll and yaw motions. So, there is one special
point on each plate to which two cables attached, unlike the other points connecting
to a single cable. The existence of these special points give *V’ and *A’ shape to
the cables, this allows to perform yaw motions, in other words, rotation around the
longitudinal axis. On the other hand, the pitch and roll angles, rotations about 'x’
and 'y’ axes, are maintained by pulling and releasing of the reciprocal cables. All
the motors are encapsulated in a separate box and placed under the lower plate. A
schematic representation of the mechanism is as given in Figure 4.2. Additionally,

since the cable routing is consequential, it is given in Table 4.1.

Considering the large range of motion of the spherical joint in three dimensions, the

moment arm between the rotation center and the cables changes with the movement
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Figure 4.1 : Point and cable definitions of the lower (left) and upper (right) plate.

when joint is located between the upper plate and the lower plate. This, especially
in extreme angles, reduces the ability of actuation by pulling the cable, almost or
completely disables the cable that is attached to the reverse side of the rotation. In
order to preserve the moment distance above a certain level, the spherical joint, as a
rotation center, is positioned to the center of the lower plate. Hence, the moment arm
is fixed to the distance between the center of the lower plate and the cable attachment
points. In fact, although being located on the lower plate limits mechanism motion

structurally, it contributes the widen the dynamically feasible workspace.

The proposed mechanism has four DOF in total; three of them are related to the
compliant rotations, namely pitch, roll, and yaw. The last DOF corresponds to the
stifftness of the joint. Similar to the orientation, the stiffness of the mechanism is
adjusted by cable lengths. Although three stiffness values can be described around
three axes, for this design, they are interdependent so that it can be can be assumed as
only one stiffness value that is the combination of the effects of three axes. Therefore,
stiffness can be adjusted in a preferred direction, and the rotational stiffness value
around other axes become uncontrollable. Since four motors are connected to the
system, controlling four parameters is plausible, when the system is considered as a
full-actuated system. Provided that six actuators and VRPs are included in mechanism
design, the stiffness in three rotation becomes controllable, detailed in [134]. The
response of the human arm, however, is a stiffness change in the opposite direction to

perturbations. Although experiments are carried out to show the effects of arm position
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Figure 4.2 : Point and cable definitions of the lower (left) and upper (right) plate.

on stiffness change in [135] human arm stiffness characteristics during the maintenance
of posture, the directional behavior can be observed from the polar stiffness ellipses. In
the light of this information about the humans, controlling stiffness in a direction rather

than all directions is satisfactory, when the humanoid robot motions are concerned.

The joint mechanism offers a wide range of robotic applications, especially for
humanoid robots due to its compactness, simplicity, low-cost manufacturability and
customizability. In addition to these advantages, the joint has multi DOF structure
and preserves energy-efficiency through non-backdrivable gearboxes which do not
consume energy when the joint is at rest, providing varying compliance. The
cable-driven nature and non-backdrivable motors contribute to these advantages, but
the VRP plays a decisive role. Since it is detailed and synthesis methods are presented

with experimental results, no further explanation is given in this chapter.

4.2 Kinematic Model

Before deriving the kinematic model, firstly, the necessary variables should be defined.
The output motion is described as the 3D orientation of the upper plate, as pitch (0),
roll (¢) and yaw (y) angles. The origin Oy in the lower plate is assumed to be the
center of rotation for spherical joint and the structure is completed with a link just after
the spherical joint. The cable departure points on the lower plate is denoted with O;
where the index (.); represents the point or cable identity. The points on the upper
plate are shown with P;. The cable lengths are denoted with /; where the indices end

at 4, unlike the plates. Since the spherical joint constrains the motion, the kinematic
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model can be formulated by treating mechanism as a serial structure. Considering the
humanoid shoulder joint, the home position in which the coinciding frames XYyZy and
X1Y1Z, are in entirely same configuration is assumed to be straight open arm position.
The frame XyYpZy is essentially fixed to the lower plate and at rest, on the other hand,
X1Y1Z, rotates with adjoining link. The superscript at the left top side identifies the
frame in which the variable is defined. Firstly, the initial length of the cables are

calculated as given in equations (4.2-4.4).

L = |'P-0;5] (4.1)
L = |'PB-20| 4.2)
L = |'P-20| (4.3)
Iy = |'"P-20,| (4.4)

At the home position, the frame X;Y;Z; and XoYyZy are the same, the rotation matrix
transforming variables from frame 1 to O is an 3x3 identity matrix, the extraction
operations can be performed directly. The rotation matrix (I)R is defined in Euler "ZYX’
convention as given in equation (4.5).

cocy cOsy+cysOsp  sOsycOcysd
(1)R: —cPsy cOcy—s0sdpsy cysO+cOsosy 4.5)
s¢ —c¢ 56 cOcd|

The inverse kinematic problem is the calculation of essential cable lengths to attain the
desired position, for the mechanism orientation. Therefore, the requested pitch, roll,
and yaw angles are substituted in the rotation matrix (I)R to transform the positions of

the points on the upper plate to the base frame.
'P.=R'P, (4.6)

Consequently, the new cable lengths are calculated by the distance between points on

the upper and lower plate as given in the equations below.

L, = [°P-%0;3] (4.7)
L, = |°P,-"0] (4.8)
by = ’P=20] (4.9)
Ly, = [°P-20,] (4.10)

The cable length adjustment is explained in the previous part, however, if the

implementation is concerned, the motor shaft angles are required to be calculated
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accurately. For a stiff configuration, simpler calculations that the ones used in this
mechanism could be possible. The amount of motor rotations from the home position
is found by directly taking the difference of new [;, and home [; cable lengths.
Nevertheless, great care must be taken to control motors synchronously because of the
non-backdrivability of the gearboxes. A possible failure in the synchronization causes
a broken cable or even a malfunctioning joint. On the other hand, the compliance in
the mechanism compensates such effects, but an additional component is included in
the calculations. The elongation amounts of cables in VRP (f,,, ;) are required to be
added to the cable lengths. Additionally, a chosen cable elongation is held at a constant
desired position to set stiffness. Determining one of the stiffness value sets all of them

implicitly, as a result of dynamic equivalence.

The forward kinematics of this mechanism also resembles the kinematics in the neck
mechanism. When we have the cable lengths, and the orientation is to be calculated,
gradient-descent optimization methods (like Newton-Raphson method in FK of neck)
can be employed. Then the FK problem turns into an optimization problem that can be
described as in equation (4.11).

4

inimi Lin — 1] 4.11
mlé’lvth"I}I/lZe lzzl[zn 1] ( )

4.3 Dynamic Model

The dynamic model of the system can be formulated by using the serial manipulator
EOM, in general with an arbitrary actuation torque 7,, and it is given as in the equation
(4.12).

M(q)i+C(q,9)q+G(q) = T (4.12)

where ¢ stands for the generalized coordinates, in vector form [0, ¢, y], ¢ and g are
the first and second derivatives, respectively. The actuator in the mechanism pulls the
upper plate from specified points through the cables. The tension force (F,, ;) on the
cables reflect the motor torques. As a result of having spherical joint coinciding with
the lower plate, the moment arm of cable tensions fluctuates between certain levels
regarding the configuration, yet never equals to zero or negative values. Therefore, the

moments of each cable tension are computed as given in the equation (4.13).

T = 'P; X Fyrpi (4.13)
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Skew-symmetric form of the vector product can be used to generate a mapping matrix

between cable-tension-induced moments (7;).

0 —1Pj,Z 1Pi,y erp,islax
Ti= 1Pi7Z 0 _]Piv-x erp,ishy (414)
—1Pl-,y 1P,-,x 0 Fopist,z

where s; denotes unit vector along the cable direction. The (.)y,(.)y,(.), indices show
X, y and z components of the corresponding vector respectively. Using the equations
(4.13) and (4.14), now the mapping matrix between cable tensions and the moments in

generalized coordinates can be written as in equation (4.15).
B=[B, B, B3 By (4.15)

where B; is defined as follows:

_IPi7ZSi,y +1 Pia)’si,z
Bi= | 'Pzsix—" P,xsiy i=1234 (4.16)
—1P,ysix+! Pxsiy

Consequently, the final form of the EOM is obtained as given in equation (4.17).

M(Q)q+C(Q74)Q+G(Q) :B(Q)erp 4.17)

where F,, is the vector which has cable tension elements.

erp,l

_ erp,2
e (4.18)

erp,4

4.4 Simulations

In this thesis, the simulations are not explained in detail until this chapter. In this
section, how such mechanisms are modeled in a simulation environment is illustrated.
Then the inverse kinematic model-based control approach is given with the simulation

results.

4.4.1 Simulation environment

To analyze the mechanism motions, and validate the kinematic model with the control
algorithm, simulations are performed. In this section, the simulation environment and

modeling the mechanism within the environment is explained.
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Figure 4.3 : VRP-VSJ3 in an arbitrary position in simulation environment.

The simulations are performed within Matlab SimMechanics software which includes
various joint types, sensors, and actuators. The software is able to communicate with
Matlab Simulink in which the control algorithms are also developed. Even though
the mechanical definitions can be defined manually, the direct transformation from
CAD model is preferred to avoid numerical errors. The simplified CAD model of the

mechanism is designed in Solidworks software.

The mechanism is mainly composed of three segments, the lower plate, the adjoint link
and the upper plate. The spherical joint is placed between the lower plate center and the
adjoint link. The upper plate is connected to the link with a weld joint in the simulation
environment. The cables, which are outside of the conventional scope, are defined as
the rigid links considering the strained cables. Accordingly, the cable is modeled as
the connections of three links with four joints. The cables at the attachment points on
the upper and lower plate can rotate freely in three dimensions, so the connection is
included in the simulation by the assumption of the spherical joint. The lower segment
is connected to middle one with a prismatic joint which represents the cable wrapped
around the capstan. Additionally, another prismatic joint is located between the upper
segment and the middle segment, to simulate the elongation of the cable in VRP. The

visual representation of the robot is shown in Figure 4.5.

The points on the lower plate (O;) and the upper plate (P;) are aligned around a circle

with a radius of 25mm. In the home position, the distance between two plates is defined
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Figure 4.4 : VRP-VSJ3 simulation results.

as 55 mm. The load side is assumed to be manufactured plastic (Delrin) to define the
inertial features. The VRP mechanisms in simulation is specified to show the behaviour
of a quadratic spring and a linear damping. The relation between pulling force of VRP

(Fyrp) and the elongation (u) is defined as follows:

Fyrp=u+0.01u*+0.14 (4.19)

4.4.2 Results

The inverse kinematic model based position control is applied to the simulation model
of the mechanism. In order to obtain desired orientations, the inverse kinematic model
given in the previous section is employed. The desired orientation parameters (pitch,
roll, and yaw) are fed into the algorithm to compute necessary cable lengths between
each point on the upper and lower plate. The desired orientations are arbitrary values
within the workspace of the mechanism and generated as a step input with five-second
durations. Once a new orientation command is sent, the inverse kinematic algorithm
calculates the new cable lengths. According to these cable lengths, a cubic polynomial
is fit to the trajectory to obtain a smooth motion profile. Position, velocity and the
acceleration values regarding cubic polynomial is sent to joint motors connected to
each cable in the simulation. The execution of motors yields an orientation change on

the upper plate. The results of the simulation are given in Figure 4.4.
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It can be interpreted that the mechanism performs rotations in a wide ROM
successfully in accordance with the Figure 4.4. Firstly, single axis orientation
commands are followed, then finally, a multi-axis rotation is completed. All the
motions are carried out in five seconds, following a cubic polynomial and arriving
the desired location at the end of the duration. When a task is over, the velocity
becomes zero and the next task is started. The oscillations during motions are primarily

influenced by the arbitrary selection of damping coefficient.

4.5 Experiments

4.5.1 Experimental setup

The VRP-VSJ3 mechanism is implemented as a humanoid shoulder joint to evaluate
the performance while validating the aforementioned models. Similar components to
VRP-VSIJ are used in the mechanical assembly, for it is an advanced version of the 2

DOF VRP-VSJ mechanism.

The body is manufactured from PLA material with the help of FDM 3D printing
technique. The same nonbackdrivable geared motors and capstans used in VRP-VSJ
implementation is assembled to provide actuation. The spherical joint between the
upper and lower plate is the combination of a steel ball and magnetic socket. The steel
ball is subjected to magnetic field, the holding force is up to 40 N. The magnetism in
the joint structure allows rotations of 180° in pitch/roll axis and 360° in yaw axis,
because it eliminates the necessity of shape bonding between the socket and ball,
in other words, necessity of socket to be more than a half sphere for gripping the
ball. At the load side, VRP design remains same, the encoder is changed to AMS
AS5048B to benefit from I2C bus which enables daisy-chain mode with connecting
up to four encoders. In the daisy-chain mode, four encoders are serially connected
and the encoder, in the end, is connected to Arduino Mega board. Additionally,
Razor 9 DOF inertial measurement unit (IMU) is placed at the end point on the upper
plate to measure the orientation of the mechanism. It is worth to note that, the IMU
measurements are not included in control method, the purpose is only to evaluate the

error of the mechanism in terms of orientation.
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Figure 4.5 : VRP-VSJ3 experimental setup.
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Figure 4.6 : IMU measurements in VRP-VSJ3 single-axis motion experiment.
4.5.2 Experimental results

The first experiment is carried out for single axis motions. For testing, step input
commands between —30° and 30° which lasts 10 seconds are sent to the controller.
After the first minute, the same inputs are sent again to analyse repeatability. Unlike
the cubic polynomial trajectory generation in simulations, the experiments are based
on pure PID control. When the step inputs are applied, the controller calculates the
necessary motor rotations by executing the inverse kinematic model, and set reference
rotations for each motor. The resulting motions of this experiment can be seen in

Figure 4.6.

In Figure 4.6, the pitch and yaw motions are given with red and blue lines, respectively.
The dashed lines with the same colors show the input commands. It can be seen that the
mechanism can achieve desired orientations within an error range of £2°. In contrast,
the mechanism cannot repeat the outputs with same inputs, when first half and second
half of the figure is compared. The cause of this error can be the friction sources
such as gearbox, VRPs and the points on the plates that cables pass through. Another
prominent observation on this experiment is the change in the yaw position when the
mechanism tends to move in the pitch axis. This error is induced by two reasons: 1)
control algorithm and ii) calibration failures. The control algorithm attempts to reach
the desired positions without taking the intermediate points into account; this can affect
the rotations about the other axes. Additionally, the determination of the home position

and initial cable lengths are essential for the mechanism to perform successful motions.
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Figure 4.7 : IMU measurements in VRP-VSJ3 multi-axis motion experiment.

Deficiency in calibration may cause steady-state errors since the only feedback is the

encoders for the mechanism.

In addition to the single-axis experiment, another experiment is conducted to analyze
multi-axis rotations. The resulting motions of the mechanism in this test are shown in
Figure 4.7. In addition to single-axis motions, the mechanism can perform multi-axis
motions successfully. In Figure 4.8, each motor and VRP encoders are also presented.
It can be seen from the motor position errors in Figure 4.8.(a) that PID controller
eliminates errors in the motor position immediately after receiving new commands.
The Figure 4.8.(b) shows the motor positions which reveals the relation between the
motors and orientation when it is considered with the Figure 4.7. In this figure,
home position corresponds to 0° motor angles. The positive and negative angles
mean pull and release respectively. The Figure 4.8.(c) shows the measurement of the
VRP encoders. As a side note, the springs are not deformed as much as in VRP-VSJ
experiments, because the wire radius of the torsional spring is changed from 1.2 mm

to 1.5 mm in this experiment.

4.6 Conclusion

The VRP-VSJ3 mechanism is a low-cost, compliant, variable-stiffness cable-driven 4

DOF mechanism. Additionally, the mechanism does not consume energy when it is
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at rest due to nonbackdrivable gearbox coupled with the DC motors. In spite of the
passive gravity compensation feature, the mechanism is compliant. The amount of the
reaction to an external effect can be set via VRP mechanism which is customizable
nonlinear spring device and detailed in the previous chapter. This property, in other
words, variable stiffness, makes the joint versatile for various applications, especially
humanoid robots. In addition to this, stiffness variation is a necessary feature for
safe human-robot interaction. Despite these advantages, the implementation of the
mechanism is easy and low-cost. All the components are off-the-shelf products and
there is no advanced manufacturing techniques that are required to build the platform.
Beyond these capabilities, the magnetic spherical joint in the middle of the mechanism
permits a great range of motion which makes it suitable for the 3 DOF humanoid joints

such as shoulder, hip, ankle, and wrist.

In this chapter, after the brief introduction about multi-DOF VSA, the proposed
mechanism is described. Next, kinematic and dynamic models are given respectively.
To validate the kinematic model, arbitrary orientations are obtained in the simulation
environment. After the simulation part, the experimental setup is introduced. It is
shown that the mechanism can complete single and multi-axis motions successfully

which makes it is suitable for various robotic applications, mainly humanoid robots.

As being an advanced version of the VRP-VSJ mechanism, the proposed mechanism
herein has also the possibility to estimate the external F/T due to position sensors
on VRPs. Furthermore, in future, the optimal design of the mechanism can be dealt
with; the synthesis of VRP mechanism makes it possible. Even if it is an attempt to
avoid moment arm changes by placing the spherical joint on the lower plate, there is
still a variance as humans have. The change in the moment arm delimits the stiffness
adjustment ability depending on the arm position. The mechanism can be improved to

completely lock the distance with additional simple sub-mechanisms.
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5. CASE STUDY: FEEDBACK-FEEDFORWARD CONTROL

Three joint mechanisms including revolute, universal and spherical connections with
variable stiffness properties have been presented in previous three chapters. In these
episodes, significant effort was spent to increase human-like functions and motion
similarity. Following up the human behaviors of a humanoid robot is a two-sided
problem; the first side is about the physical interaction or actuation. The other side
is about intelligence/decision making. Although it is not the focus of this thesis,
the decision of stiffness values is the intersection point to both sides. However all
three mechanisms can adjust stiffness values, and the experimental results disclose
that low-level control algorithms successfully achieve desired stiffness values, there
is no algorithm to decide high-level commands to specify stiffness depending on the

desired task.

Humans carry out the manipulation tasks accompanying the past experiences or
intuition about the dynamics of the physical world. For example in [84], human
estimations of time-to-contact in a simple ball catching task in both the World and
Space where the gravity is not present. The experiments indicate that past experience
with falling objects in the World conditions provisions the attitudes of humans. They
fail at initial tries in space, but after a while, they adapt to no-gravity conditions in
space. Similar to this study, a reaching and a slicing task are examined with a visual
feedback delay to demonstrate influence in [136]. The resultant motions of human
subject overshoot which can be assumed as the evidence of the existence of visual
feedback; however, they adapt themselves to the situation after several tries. At the
end of the experiment when the delay is removed that results in an undershot; so, the
feedforward control or past experience also influences the motions. Furthermore, the
anticipation of the weight of the object is prominent in manipulation tasks. In [137],
the relationship between the object size/color and the estimated weight from human
subjects are examined. Simple shaped objects are manufactured at the same weight

but in different sizes and colors. It is observed that the human subjects fail to generate
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appropriate force for smaller and brighter objects. This shows that even humans can
be confused when the visual cues are illusive; however, in general, both feedback and

feedforward controls affect the behavior.

State-of-the-art VSA/VIA mechanisms decide stiffness or impedance values in two
distinct ways: optimization for the specified task or imitation from humans. In [138],
a human wrist impedance is measured by using EMG signals and three ways are
implemented on two different VIAs to imitate both position and impedance of the
wrist. On the other hand, in especially explosive tasks, for example, ball throwing,
the stiffness is determined by using an optimization strategy. In contrast to these two
approaches, we attempt to imitate the way of human approaches manipulation problem
rather than directly imitating by collecting signals from muscles or optimizing in a

task-dependent way.

Rest of this chapter continues with explaining object recognition techniques from
visual cues in order to acquire semantic information about the object to be manipulated.
Afterwards, preparation steps and unique features of a novel image dataset which
includes objects usually located on desktops and are manipulated by humans in daily
activities are presented. Thereafter proposed control technique is illustrated with
simulations results. Finally, the experimental setup is introduced, and the results are

given with concluding remarks.

5.1 Object Recognition by DL

Computer vision algorithms seek for unique patterns stored in image pixels such as
edges, corners, textures, which constitute the features as the smallest meaningful
regions. In classical computer vision, the procedure of extracting features is performed
in two consecutive steps as follows: i) The feature detection is described as obtaining
the significant regions, where the highest variation in the appearance occurs, and ii) a
feature descriptor is defined as assigning the relevant pieces of information involving
size, orientation, location, color, texture, etc. to these regions. In computer vision,
the object recognition problem is addressed to predict the labels of the separate items
existing within the whole image. Furthermore, the object localization is to predict the
bounding-box coordinates surrounding the objects properly. In other words, object

recognition is the answer to what is inside the scene while object localization attempts
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to find where the object is located in spatial coordinates. So that the detected features
and the identical descriptors are employed to execute computer vision applications
such as image aligning, stitching, etc. The main operations for a conventional computer
vision can be summarized as follows in 5 steps: /) Preprocess the input images from a
convenient dataset. 2) Extract features from the inputs utilizing an appropriate feature
detector/descriptor method. 3) Arrange the features plausibly for comparison and
matching with each other. 4) Train a suitable classifier for recognition or regressor
for localization and validate/test the performance until achieving a competent score. 5)
Once the training and testing are over, then the model is ready to be deployed for instant
comparisons. It is clear that conventional methods require computational intensity.
Thus, they are inappropriate for real-time applications. Further detailed analysis and
comparisons of the conventional feature detector and descriptor algorithms are given

in [85].

In recent years, deep convolutional neural networks (CNNs) are declared for remedy
the deficiencies of conventional methods that reach human-level performance scores in
computer vision tasks. These type of architectures use convolution operation by sliding
a filter over input images in addition to the ordinary artificial neural networks. The

convolutional layer executes the mathematical operation as given in Equation (5.1):

h w d

CO?ZV(I,K)xy = G(b + Z Z Z Kijk *Ix+i—17y+j—1,k) (5.1)
i=1 j=1k=1

where [ is the image, and K shows the number of convolution filters, ¢ denotes the
activation function, h,w,d indicate height, width, and depth, respectively, and x,y
stand for the spatial pixel coordinates. In [139], primary deep neural networks and
applications are reviewed in detail. This study states that the CNNs are better for the
image, video, and speech processing applications. As long as training deep CNNs
take much time even with expensive hardware, it is insufficient to train the whole
networks from scratch and there exist base models for object detection and recognition
those trained with great amount of data (e.g. 1.2 million images) for great number
of categories (1000 classes) such as [87, 88, 140—144]. Hence, the transfer learning is
asserted to employ CNNs for computer vision tasks practically because in much cases
a limited number of categories are considered, and there are irrelevant object classes
within base models. The transfer learning in deep CNNs is to keep earlier layers

frozen, in other words stopping the learning or parameter update, and then continue
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Table 5.1 : Complete object class list in ADORESET.

Ashtray | Candlestick | Fork/Spoon/Knife | Mouse Teapot

Bag Clock Frying Pan Pen/Pencil Telephone
Book Cooking Pot | Head Wear Photo Frame | Vase

Bottle Cup Keyboard Shoe Wallet

Bowl Desk Lamp | Laptop Smart Phone | Webcam
Can Eyeglass Monitor Speaker Wrist Watch

the training of higher-level layers. The number of fixed-weight and updated layers are
determined according to the number of classes and instances for each class to be used
fine-tuning. In this way, the knowledge of pretrained CNN model is also employed

together with the dataset concerned particularly.

5.2 ADORESET: A Hybrid Image Dataset

The accuracy of an object recognition algorithm based on ANN techniques is primarily
affected by the quality of the training datasets in terms of quantity, labels, missing
samples, variations, noise, outliers. Also the content of the dataset influence the
performance with respect to the task dependency, in other words whether it is closely
related to the task or not. For example, if the indoor objects are identified to perform
a robotic mission in a house environment, then a dataset composed of outdoor images
such as seas, forests, mountains is not appropriate to achieve successful results.
Although there are various image datasets which are both rich in the number of classes
and image per classes, there is an absence of an image dataset which mainly focuses
on indoor, mainly desktop-manipulation surroundings. In this section an image data
set including 30 classes which are the commonly used objects in the daily life is
generated, thereby it can be used in manipulation tasks. The presented dataset is named
as ADORESET, in long version annotated desktop objects real and synthetic images

dataset. The complete list of the objects included in dataset is given in Table 5.1.

Construction of the dataset is started with downloading the images from search engines
by using search term in multi-languages. After completing the downloads of enough
number of instances for every class in the list, they are processed before training in
the ANN algorithms. For this purpose, a graphical user interface, which is named as

ITUrk GUI, is designed. The GUI takes the downloaded raw images and shows them
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Figure 5.1 : Preprocessed real images.

to the user 24 instances at a page. Firstly, the user is asked to select delete command
for irrelevant pictures with the object class. The users not only clear dataset from
irrelevant images but also they provide bounding box and successor objects. As a
second step in the same page, the user specifies the bounding box of all the object
by left and right-clicking on the top left and bottom right corners. Finally, to acquire
the semantic information about the relations of the objects, the user selects or writes
the successor object name in the image if one or more exist. Then, when the user
changes the page, the software saves the information received from the previous page.

Preprocessed images for each class are shown in Figure 5.1.

In order to strengthen the diversity and the performance in the simulation environment,
the dataset is enhanced with synthetic images. Preparation of this part begins
with the downloads of CAD models for same objects like that of the real images.
Since the scales of these models can vary, firstly a scaling is applied. Later, all
models are oriented to have the meaningful side in the z-direction and bottom centers
aligned to the origin. Following the CAD model arrangement, they are transferred
to Gazebo Simulation Environment (GSE). Two prominent parameters influence the
image variety in this environment. The color of the light is the first one which is
adjusted by changing the sun object in GSE. The second important parameter is the
6D pose of the camera that captures the images. To obtain camera poses consistently

framing the object, two nested half spheres are created around it. A random unit vector
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Figure 5.2 : Preprocessed synthetic images.

is generated with positive z-axis value, and it is then multiplied by an arbitrary distance
value, assuring to be inside virtual volume between the spheres. The same sun is
employed for 30 images whereas the poses are unique for every image. The synthetic

images for each class are shown in Figure 5.2.

The dataset composed of 2500 real and 750 synthetic images for 30 classes, resulting
totally 97500. All images are in RGB color format with 300x300 pixels size. The
bounding boxes and successor objects are kept in separate text files with tab delimited

format.

The dataset is trained through the real part and synthetic part separately, as well as
together in hybrid form. Similarly, validation data composed of these combinations.
VGGNet, InceptionV3, ResNet and Xception models are utilized to evaluate the
performance of the dataset. All the algorithms are implemented in the Tensorflow
framework. Consequently, if the train data consists of only real images, best validation
accuracy for only real images is obtained by Inception V3 with 86.54%. However,
the same algorithm fails to recognize objects in a hybrid (50.97%) and synthetic only
(10.77%). Similar results are acquired for synthetic image training; great success for
synthetic images (97.58%) and failure for others (86.54% for hybrid, and 86.54% for
real). In contrast to these results, a training with hybrid dataset increases in almost

all validation scenarios (86.03% for real only, 89.97% for synthetic only and 93.54%
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for the hybrid). Consequently, a hybrid image dataset alongside with Inception V3

architecture performs object recognition in both real and simulation environment.

Because the main focus of this thesis is to propose novel mechanism designs
and control techniques to bridge the gap between humanoid robots and humans,
ADORESET, and computer vision techniques, to which partially contributed as a part
of this thesis, are not presented in details; however, a more comprehensive study about

this subject can be found in [145].

5.3 Proposed Control Approach

Semantic knowledge about the target object for manipulation task provides a priori
data before the contact or grasp; therefore, the task can be planned including the object
dynamics. Since our aim is to indicate the benefits of this approach, a very simple
manipulation task is taken into consideration for the simulations and the experiments.
An object which is located on a table is requested to be pushed a certain amount by
the proposed variable-stiffness joint mechanism without overturning or damaging the
object. To fulfill the relocation successfully, approximate object weight and center of
gravity are considered to determine the joint stiffness and contact height. The proposed
control block diagram is given in Figure 5.3. With reference to the figure, following
the object to be put on the table, firstly, it is recognized with the help of the fine-tuned
DNN models and ADORESET. A look-up table which holds the physical information
about the thirty object included in ADORESET is utilized to gather the weight and
the center of gravity of the object. Then required stiffness is determined according to
object weight. The computer vision algorithm does not only specify the object type,
but also it gives the bounding box. As a result of the depth cameras, the exact location
and the height of the object is detected, and the contact point is calculated, especially in
"z’ axis. The controllers of rigid Cartesian manipulator bring the end-effector to correct

position while the VRP-VSIJ carries out the pushing task with specified stiffness.

Considering the control structure proposed herein and the human in manipulation task,
the similarities can be seen. As humans approach an identified object, they take the past
experiences into account, which can be assumed as the feedforward path. Also, the
shape of grasping or pushing is prominent for a successful operation; it is determined

by the past experiences of the Newtonian dynamics. On the other hand, after the
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Figure 5.3 : Block diagram of the presented control approach.

contact, both the position and the F/T information is acquired by visual and tactile
sensing units, and they are fed back to the main controller, brain, until the task is
complete. Likewise, the proposed approach uses prior knowledge supplied by the
look-up table before starting the task. Then it feeds back the visual and force data. If
one of the feedforward or feedback paths are blocked, the performance of the controller

either drops immediately or fails completely.

As it is stated in Chapter 3, both motors in the VRP-VSJ mechanism controls
the position and stiffness independently. However, when its path is blocked, it is
impossible to control the position and applied force in the same axis at the same
time. Therefore, the coefficients of P controllers in both controller are considered
as the weighting factors. To achieve the task, the dominance of the stiffness control is

increased when compared to the position controller.

5.4 Simulations

5.4.1 Simulation environment

Unlike the simulation software used in the previous chapter, not only multi-body
dynamics of the object but also the multi-object dynamics are taken into account in this
chapter. Therefore, the simulations are performed in Gazebo Simulation Environment

(GSE).

In GSE, a table is created to be a base for the manipulation task. Three depth cameras
are located in front, right and top sides of the table. A light source is added inside

the table environment to increase the image quality and avoiding shadows. A simple 2
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DOF rigid robot arm is assembled to table which has the ability to move in longitudinal
axis and rotation (Prismatic Revolute configuration), because of the impossibility of
simulating variable stiffness joints in GSE. However, it is attainable to add any kind
of sensor or motor with/without a specified amount of noise. Thus, an on-off torque

control is applied to the rigid joint to resemble the VRP-VSJ mechanism.

5.4.2 Results

The objects are located at the center of the table before the simulation starts. Since
the manipulation task is described as to move the visually recognized object from
initial position to the desired position, first, images from depth cameras are processed,
and the object is labeled by using fine-tuned VGGNet model and simplified version
of ADORESET. The object location is determined via visual data; i.e., conventional
color based methods favorably as a result of structured environment. Then the contact
height and amount of torque to be applied to the revolute joint is determined by using
the look-up table. Finally, the operation is completed with the actuation of the revolute
joint. Figure 5.4 shows the simulation results. In Figure 5.4(a), the initial positions of
the object on the table is shown by an image captured from the simulation environment.
The labeled objects are given in Figure 5.4(b), and the images from the final position
of the objects are illustrated in Figure 5.4(c). The final column in Figure 5.4 gives the

position error in time.

The simulations reveal three possible cases 1) successful manipulation, ii) overturn of
the object due to wrong contact point determination or excessive torque application,
and iii) rest at initial position regarding insufficient torque. The failures indicate the

significance of the determination of correct contact point and torque.

5.5 Experiments

5.5.1 Experimental setup

To retrieve experimental results and validate the findings from the simulations, a test
rig is manufactured. The test rig is composed of a 2 DOF Cartesian rigid manipulation
equipment which is connected to the base of VRP-VSJ mechanism that is given in

detail in Chapter 3. An end-effector arm is attached to the other end of the VRP-VSJ
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Figure 5.4 : Simulation results of pushing object via proposed control method.
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Figure 5.5 : Experimental setup to test the control method.

mechanism to exert a force on the objects with a smooth surface. The actuation of
the Cartesian platform is provided by two Nema 17 stepper motors with ball-screw
mechanisms, and totally 8 linear bearing supports the motion with minimum friction.
An independent from VRP-VSJ Arduino Mega board is employed to control this

platform.

The vision system is equipped with a depth camera and a webcam. The depth camera,
which provides the height of the object, is located 100 cm above the table focusing
the object from the top. Besides, the webcam is placed in front of the manipulation

platform with 60 cm distance.

All the data is collected in the computer which processes and calculates four outputs;
1) position, ii) stiffness of VRP-VSJ and position of the Cartesian platform in iii) x-axis
and 1v) y-axis. A serial port connection is preferred to transmit commands and receive

sensory feedback because of simplicity.

5.5.2 Results

The experiments conducted in this section is given for five possible scenarios including
combinations of faulty positioning and stiffness selection for high and low inertia
objects. To demonstrate and investigate those possible scenarios, the proposed control

algorithm is disrupted intentionally to generate wrong stiffness or position outputs,
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Figure 5.6 : Manipulation failure due to wrong positioning.

firstly. Then the algorithm is reset to defaults to show the performance of proposed

control technique and VRP-VSJ mechanism.

5.5.2.1 Case 1: wrong positioning, manipulation failure

Even though it is a straightforward task, the contact point between the robot and the
object is crucial for the pushing task. So, an experience with Newton dynamics is
necessary to complete such a simple duty. While touching point under the center of
gravity assures the stability of the pushing, higher points cause overturn. The data
collected from the encoders of the VRP-VSJ mechanism during the experiment is given
in Figure 5.6. It is worth mentioning that, the time of this figure start just before the
contact moment. The contact between the object and the arm reflected in the difference
of two VRP encoders. The differences between the VRPs are related to the applied
force linearly, as stated in Chapter 3. Thus, it can be observed from the Figure 5.6 the
contact is lost before the arm reaches desired position. In this case, although stiffness
selection is appropriate for the object, herein a cup, the task fails because of the wrong
choice of the contact point. The image sequence from both main camera and depth

camera is given in Figure 5.7.

5.5.2.2 Case 2: wrong stiffness, low inertia, manipulation failure

The second experiment is to show how pushing task is concluded when the stiffness

is set to the higher value than necessary amount for objects with lower inertias. To
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Figure 5.8 : Manipulation failure due to high stiffness.

illustrate this, an empty bottle, which is weighing a few grams, is chosen as the object
to be manipulated. The results of the same procedure are given in Figure 5.8. As
can be seen from the graph, the impact occurs at nearly fifth second, where the all
encoder measurements intersect. At this point, the applied force does not increase
with respect to encoders of VRPs. In fact, at the impact moment, the applied force
is heavy enough to make contact unstable. Thus, the object overturns, and VRP-VSJ

continues its motion without any further interaction.

5.5.2.3 Case 3: wrong stiffness, high inertia, manipulation failure

As well as the higher stiffness values, inadequate stiffness results in incomplete tasks.
The inertia of the bottle is boosted by filling with water half of it. The outputs of the
experiment are shown in Figure 5.9. After the first contact nearly at 25°, VRP-VSJ
spends a great effort to push the object to the desired position. However, it can be
seen that the motion of the arm stops at nearly —7°. In this experiment, the object is
manually taken away to show that the arm can continue its motion when the way is not
occluded with the heavy bottle. Another aspect of this is the difficulty of estimation
of physical attributes of fillable objects such as bottle and cup despite the recognition
of it. Even humans can fail in such a situation, indeed; they overcome this problem

through feedback control.
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Figure 5.9 : Manipulation failure regarding low stiffness.
5.5.2.4 Case 4: correct stiffness, low inertia, manipulation success

In the last two experiments, the controller defaults are loaded to demonstrate the
successful pushing tasks with the aforementioned objects. In this case, when the
inertia is low, the adequate level of stiffness applies proper force to push the object
safely. Figure 5.10 shows the successful experiment results. It can be inferred from the
figure, during the contact phase which is between fifth and tenth seconds, the difference
between both VRPs is small meaning that also the applied force is small. Since the
inertia is assumed to be the priority, the motion is not completed at the desired position;
nevertheless, without occlusion of the object, it can not reach that position. Thus, it can
push the object as close as possible to the desired spot without harming or overturning

it, which can be assumed as a successful experiment.

5.5.2.5 Case 5: correct stiffness, high inertia, manipulation success

The final experiment is carried out to show the performance of the controller when
the object has high inertia, and cup is employed as the object. Figure 5.11 reveals the
successful outputs of this experiment. Greater forces are applied to the object from the
previous case, as can be seen from the graph. At the end of the experiment, the arm

reaches the desired position, 30°.
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5.6 Conclusion

In this chapter, rather than controlling stiffness at low-level for the proposed
mechanisms, an attempt is presented to determine correct stiffness values which
involve main control architecture as an outer loop to low-level stiffness control
loops given in the previous chapters. The methodology benefits from the semantic
information of the manipulated object by extracting it from contemporary visual data
processing techniques. To retrieve the correct labeling, first, an image dataset is
formed containing both synthetic and real object images which are frequently used
object in the daily life of humans. By using fine-tuned models, the objects are
first identified in the simulation environment. Following the recognition, the simple
arm in simulation mimicking the VRP-VSJ mechanism is actuated to perform simple
push-the-object-task. Then an experimental setup is manufactured, and the control
technique is evaluated experimentally. The findings reveal that careful stiffness and
contact spot determination is crucial even a simple manipulation task; therefore, the
proposed method which combines the advantages of feedforward and feedback control
can contribute the high-level stiffness control of such mechanisms detailed in this

thesis.

The further directions of this research can be pursued including advanced experimental
setup ( a full arm equipped with VRP-VSJ and VRP-VSJ3s) and dexterous grasping
ability. A more complicated assessment of both physical features of the objects and
grasp configuration is an additional research question that can be considered for further

studies.
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6. CONCLUSION

Achieving the design of safe, energy-efficient and low-cost joints is one of the grand
challenges in the humanoid robotics area. Besides, both following human-like motion
trajectories and having a structure which is similar to musculoskeletal system are
desired aspects. Additionally, considering the variety of the tasks that took place in
the daily life of humans, the joint should be able to adjust its stiffness. In this thesis,
three joint mechanisms, having basically different designs but the same purpose, are
presented to fulfill the listed requirements of the humanoid robots for the joints of
3 DOF neck, 1 DOF elbow-knee, 3 DOF shoulder-hip/wrist-ankle. Also, stiffness

variation property adds up an extra DOF to each joint.

6.1 Summary

Firstly, CDPS mechanism is presented which contains a helical spring and a universal
joint with the two-part shaft and four cable-motor pairs. The behavior of helical
spring resembles the human upper vertebrae/neck joint, whereas the shaft constrains
the motion which makes it possible to treat the mechanism as serial-chain. The
kinematics of the mechanism is analyzed according to cable lengths between two
plates, and a simplified inverse kinematic algorithm is proposed assuring minimum
energy consumption due to minimum spring deformations. Afterwards, the dynamic
model of the system, which requires the analysis of combined compression and
bending behavior of the helical spring, is presented. The models are validated through
FEA method and experiments. With its suitable ROM for daily activities and stiffness
adjustment ability, the mechanism is a promising solution for neck joints in humanoid

robots.

Secondly, VRP-VSJ mechanism is described which is suitable for 1 DOF joints
in a humanoid robot body, such as elbow and knee. This mechanism resembles
the human musculoskeletal system; the motor-cable pair imitates the muscle while

the VRP mechanism mirrors the functions of tendons. The artificial muscle-tendon
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pair is arranged in an antagonistic manner, one for both sides of the revolute joint.
Therefore, the stiffness and the position change are obtained in collaboration with both
motors and VRPs. Three methods, named as analytical, optimal and numerical, are
presented to synthesize VRP which acts as an energy storage element and the source
of elasticity. The synthesis methods seek best possible pulley profile which determines
the force-elongation curve. Next, with the synthesized VRP, the dynamics and stiffness
models are given for the VRP-VSJ. Following the synthesis of the VRP and the
modeling of the proposed mechanism, three algorithms are detailed, based on KF,
EFOB, and ANN, to estimate external F/T via only encoder measurements. Control
and estimation experiments are conducted; the mechanism is observed to show similar

functions to the human musculoskeletal system, in terms of control and perception.

Finally, the advanced version of the previous mechanism, VRP-VSJ3, is presented. By
adding two motors-cables-VRPs, and substituting the revolute joint with the spherical
joint, the kinematic and the dynamic models of the system is formulated benefiting
from the previous designs. Simulations and experiments are performed to validate the
models and the control approach, yielding that four cables are adequate for achieving
the desired motions successfully. Subsequently, the VRP-VSJ3 is appropriate for
highly dexterous joint of the humanoid robots with respect to the magnetic spherical

joint inside the mechanism which enables a great ROM.

The proposed mechanism offers various advantages to humanoid robot designers; one

can summarize them as follows:

1. Variable stiffness: Two different stiffness adjustment strategies are applied to
aforementioned joint designs. In particular, VRP mechanism is beneficial due
to its versatility arising from the synthesis of the pulley according to desired

force-elongation function.

2. Compliancy and safety: Elastic components used in the system designs bring

compliance and safety without a necessity for advanced force control techniques.

3. Energy-efficiency: Elastic elements within the mechanism support the structure;
it enables to retain the position constantly without motor activity. VRP-VSJ

and VRP-VSJ3 mechanisms are backdrivable mechanisms with nonbackdrivable
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gearboxes which lead to passive gravity compensation and compliance at the same

time.

4. Simplicity and production easiness: The stiffness change in the given systems is
obtained by only a helical spring by benefiting its natural characteristics, or a pulley
with a varying radius. All the components are either suitable for FDM type 3D printing

production or off-the-shelf products.

5. Compactness and being light-weight: Mechanisms presented in this study requires
minimum number of elements. Simplicity in the design both reduces the volume and

the weight.

6. Low-cost: The absence of the requirement for cutting-edge motors or complicated
sensors reduce the cost of the mechanism considerable amount. The structural
elements are produced via FDM type cost-efficient 3D printers which also drastically

reduces expenditure for this item almost to zero.

7. Minimum backlash: Low-cost gearbox is generally not preferred in robot joint
designs because of its backlash problem. However, the pretension in the cables

contributes to decrease the backlash.

8. Modularity: The motors beneath the upper plates of the mechanism are encapsulated
and can be placed separately. In addition to that, all the joints are designed to work

individually.

9. Similarity to human joints: The joint designs are inspired by the human

musculoskeletal system and imitate their functional features.

10. Perception of external F/T without additional sensor: As humans can sense
the external loads, the proposed mechanisms are able to estimate external effects by

probing the deflections of elastic elements.

In addition to achieving the desired stiffness in the joint-level, another critical problem
is to decide the stiffness value for miscellaneous tasks properly. In this thesis, a control
technique is introduced which is mainly inspired by humans. In this method, both
feedforward and feedback control is applied to a simplified manipulation task. The
Newtonian dynamics of the Earth is transferred as pre-knowledge about the object by

recognizing the object to be manipulated so that its physical attributes are obtained.
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On the other hand, visual cues and force sensing ability pave the path to better stiffness
adjustment ability like humans do. The conducted simulations and experiments show
that the stiffness adjustment is crucial for even an uncomplicated slide-the-object task

in terms of safety and accuracy.

6.2 Future Directions

The study explored in this thesis can be extended to increase similarity with human
joints regarding position and stiffness. To achieve this, first, experiments can be
conducted on humans to learn motion and stiffness patterns according to several daily
tasks. Then, this experience can be transferred to joint designs by applying machine
learning methods. Also, advanced control techniques can be applied to mechanisms to

increase accuracy.

The joint designs are presented individually in this thesis; however, the other extension
of this study is to investigate the behaviors when added in a successive manner. In
this respect, the joint designs can be assembled to build a full limb and eventually a
humanoid robot. The robot can carry the manipulation task in a better way moving the
performance one step closer to human dexterity and skill and complete complex tasks

with the consideration of proposed approach as a basis.
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