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Abstract

This project deals with safety issues in human-robot ictesa. A particular focus
of this project is on a humanoid robot hand which requireygpal) safety to interact
with objects/humans. A robust and active compliance corgqmoposed via an Integral
Sliding Mode Controller (ISMC) to achieve safe object giagp The ISMC allows us
to introduce a model reference approach where a virtual4s@asg damper system can
be used to design a compliant control.

The first stage of the studies requires the derivation of dnevdrd kinematics for
the Bristol Elumotion Robot Hand (BERUL) by using the DH teiciue. With the help
of the motion and image capturing tool, Roborealm, the kiztiza data of the robot
hand are obtained to compute the relationships betweenithiegngles. The forward
kinematics results show that a suitable model for a sindletringer can be represented
via a pulley-belt type system.

The second stage requires the investigation of the ISMQ#oking and positioning
control. The results reveal that the ISMC is the most swstabhdidate for tracking and
positioning control in particular to eliminate friction @dustiction, also in comparison to
standard PID, adaptive and traditional sliding mode cdntro

The third stage of the PhD-research introduces a novel mefi@lence approach
for active compliance control via the ISMC in simulation a&gperiment. The ISMC
provides a non scheduled compliant control where tramsitiom positioning to force
control can be eliminated. It is practically proven that BEeERUL fingers can perform
at different, specially designed compliance levels forc#eobjects. Further improve-
ment for practical grasping is proposed by introducing asiphl coordinate system for
the thumb finger and exploiting a cylindrical coordinatetsysfor the other remaining
fingers. The operational space control approach is propmseermit finger (i.e. hand)
posture optimization for practical grasping; this alsauess the need for high accuracy.

Finally, an automatic tuning procedure is introduced f@& dompliance reference
model which will allow to find suitable compliance level pareters for specific objects.
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Chapter 1

Introduction

1.1 Background

1.1.1 General

One has to understand the history of humanoid robots to gaave develop ideas for the de-
velopment of humanoid robots. The history of robots begah thie word “Robot” Karel,
2001 which stands for a laborer that originated from a Czechadtovord “robota” (i.e.
work), and represents the automaton which serves humagdasif it was a real creature,
despite it is not alive. At the moment of their first emergertbey were given anthropo-
morphic shapes even before named “robot”. Their imaginacgstors are Talose in Greek
myths, robots in “R.U.R.”Karel, 2001}, Hadaly in “L ‘Eve future” [Harbouy 2003, Maria
in “Metropolis” [Adam 1993 and so forth. Robots appeared before approved as a field
of science, e.g. Android designed Wince [1945, Steam Man byDederick[1868 or the
first oriental android Gakutensoku INishimura[1929. They are thought to be primitive
humanoid robots and they were the very result of the cuyidsivards ourselves. On the
other hand, the history of roboticé$imov, 1991 began with the control of manipulators
[Goertz 1952 1954 at Argonne National Laboratory, which was a trial to real@human-
like device, particularly focusing on the arm function. &rthen, robotics has been widely
concerned with the functional mimicking of biological systs, not only the whole body
type humanoid robots. In the early stage, robotics was mé&angeting the development of
industrial robots which worked in limited environments B&s plants.

During the seventieatoh[1973 developed WABOT-1, which was equipped with a vi-
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sual recognition system, verbal communication system ajqubaistatic walking controller.
Then,Katohet al.[1985 and Sugancet al.[198] also developed WABOT-2. Though it did
not have walking ability, it had visual and auditory sermagiand succeeded to play the elec-
tronic organ. The history of humanoid robot research dfeoh[1973 is also the history of
an evolution of their body, which are classified into i) thepagody type, ii) the crawler type
and iii) the whole body type. The upperbody type Humanoidd&®share the extension of in-
dustrial manipulators in the sense that they are fixed to #ise.bThe study theme for them
mainly lies on the fusion of intelligence and motor contrBanuc Ltd. Nakajimg 1985
developed a large size humanoid Fanuc man. At that time, haithaobots have wheels
or caterpillars on their lower bodies, so that they can lootamn the world. Tachiet al.
[1989 developed Hadaly-2 with mechanically variable compl@oa its arms, and studied
the man-machine interaction and cooperation. Finallythele body type humanoid robots
would have legs, and thanks to them, they can move on muctheoudgrrain than crawler
type robotsHirai [1997 andHirai et al.[199§ developed P2, which was epoch-making not
only in humanoid robotics but in the entire field of robotiB is the world’s first cable-less
humanoid robot, which can walk and can go up/down stairs.

At present, some of the latest research on humanoid robstsbassed on different areas
of the robot’s body. For example, dexterous two-handed pudaiors Ptt et al., 2004 were
investigated for the upper body of a robot. This robot is cliamp through passivity based
control approaches. However, the compliance control amiraoes not include the context
of the surrounding world. The robot torso is safe but doesafiotv (social) interaction.
Then, there is the study of a compliant humanoid robot, whexdocus is on the lower part
of the robot’s bodylHyonet al., 2007. Hence, this project has successfully concentrated on
balancing in the presence of unknown external forces. Tiugpt shows that the robot is
successfully compliant but the controller is again not sigfit to allow context dependent
compliance control. This shows that there is a significaetrfer an improved compliance
control approach in humanoid robots and for a thorough tiy&son of a robot’s body
actions such that the robot can safely work with humans irsémee environment.

1.1.2 Project Context

The focus of this project is on compliance control in robotgparticular for the humanoid
robot hand which is capable of working in the same envirortrasrhumans and able to in-
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teract with humans and to grasp any objects safely (seed-lgi)r This is motivated by the
fact that the cost of human workforce is increasing and deapddc studies have shown the
general aging of population, which decreases the amountagfsaible workforce. Hence,
applications of humanoid robots can be seen in the area oftema@ince tasks for industrial
plants, security services of home and office, human caenperations of construction ma-
chines, and cooperative work in the open air. In particutze, fields of service robotics,
medical applications, and operation in hazardous envigsrisnare of primary importance.
Moreover, in education, robots have always fascinated thg and old, and provide new
and valuable tools for teachers in both classroom-baseditgpand excursion. A robot can
also be a personal companion in which the robot is capabledonapany the user ranging
from babysitting for children to personal assistant as aglloneliness companions. More-
over, in medical science the robots can provide vital hetptients which are in need of
rehabilitation or simply comfort. This requires a robot dnuipped with sensors for moni-
toring vital signs and emotional states. The discussion@bbows that the capability of the
robot in order to replace human work force has become impbaiad popular nowadays.
Many research teams are working on the problem how a robotncae, act, talk, see and
touch as good as a humadtifai et al,, 1998, [ Sakagamet al,, 2002, [Morita et al,, 1999,
[Kanekoet al,, 2003, [Kim et al,, 2005. A so called “humanoid robot” still requires vast
improvements in many areas such as mobility, flexibility asl\&as security. However, re-
search on the motion control and compliant control of hundhisostill in the midway due
to the following factors:

1. A large number of degrees-of-freedom systems, congistirmore than 30 joints.
(The Bristol humanoid robot has more than 40 joints, i.e. idtgfor each arm, 2
torso joints, 1 neck joint and 12 joints for each hand.) Suchudtibody system is
highly nonlinear, so that it requires advanced nonlineatrob approaches taking also
account of the kinematics, i.e. complex relationships betwthe local coordinate
system of each robot joint, and the nonlinear dynamics whaturally arise from
such a complex robot.

2. The Bristol Robot is a highly redundant system (e.g. eashhas 7 joints to deter-
mine six degrees of movement of the endpoint of the arm amfualhis not only
requires a good comprehension of position control or caiwerfrom internal joint
forces to the external reaction forces, through the intemaaevith the environment at
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Figure 1.1: An ‘interacting’ Bristol Robot Hand

each contact point, but also a good understanding of theqbggcal (im)possibilities
of a human(oid) robot: Although the arm is multiply reduntiaot every possible joint
combination achieving a 6 degree target may be feasibleraaytnot be acceptable
for a ‘human’ arm posture or it may even be dangerous.

. Allarge number of underactuated systems have been huitifot hands. The fact that
it is much easier to control a finger with one actuator rathanta fully actuated one
is not always true. The transformation from one angle tofzaraf the finger consists
of 3 links with one actuator may vary at a desired end positibnis will cause the
difficulty to grasp an object accurately. Although an undtrated system may reduce
the cost, a fully actuated finger can produce a more precaspgrg manoeuver.

. Structure-varying system: The total degrees of freedampas the contact state changes,
i.e. it is collocated with the environment. Thus, resolveadety issues through com-
pliance control in humanoid robots is a very challenginggobas more than com-
pliance for safety is required: The controller is to be usadaf robot which has to
‘socially’ interact with humans rather than avoiding theiowever, the humanoid
robot is able to harm human beings since there are so manytaimties occur during

its implementation in the ever changing (social) contexhefreal world.
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Hence, providing robust and active compliance control far tobot hand can be one
of the solutions to resolve safety issues. This is howevali@hging since the problem as
mentioned in items three and four of the preceding discassiay significantly affect the
grasping performance. To demonstrate this, the Bristamiglion Humanoid Robot Hand
(BERUL), which has been built to emulate characteristicselto a human hand, can be a
very good platform to investigate a compliant control gyt The BERUL hand should be
able to grasp any object without damage. Moreover, the camidontroller via the BERUL
hand has to satisfy not only (social) compliant interactiout the controller has to exploit
the highly redundant characteristics of the humanoid radbathieve movement in the most
human-like manner, i.e. the controller has to cater foraamntext dependent compliance,
human posture and movement at the same time.

1.2 Problem Statement and Objectives

Achieving active compliance control in particular for th&BUL hand requires a robust
control strategy. This is important due to the fact that tE&RBL hand consists of significant
stiction and friction. This is enhanced as the hand is lighwweight and fragile. The hand
of 9 degrees of freedom is a prototype, i.e. not well docueetand modelled: all fingers,
l.e. index, middle, ring and small finger consist of threddirand three joints except the
thumb finger. The thumb has four joints and four links. Forrttagority of the fingers, these
joints are connected through a single, flexible push rod wisithen actuated by a leadscrew
mechanism that converts a linear movement into a rotary mewefor an electrical motor.
Nine servo motors have been attached to various fingers &t&ERL fingers. In particular,
one motor actuator is used for the small and ring finger andatwators used for the middle,
index and thumb finger.

Furthermore, the kinematics of all fingers of the BERUL haralreot provided by the
producer of the BERUL hand, thus, this certainly affectsghgformance of the controller
during grasping an object. It becomes even more difficultwiie BERUL hand is con-
tinuously subjected to improvement, change and repair.s€qurently, modeling the robot
hand in detail is only feasible to a limited extent. Moregtee BERUL hand is classified
as an underactuated system. This enhances the difficultyrafat design. Hence, choos-
ing an appropriate robust controller in this case may not tiwial task in particular when
nonlinearities may contribute to poor tracking performanc
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A study byArmstronget al.[2009 has shown that a human hand can safely grasp any
cylindrical and cube objects of the same size within appnately one second from opening
to closing state. Thisis a very important target to be adddoy a robot hand as the controller
should be able to perform as close as possible to human haed .siloreover, human hand
are composed of 19 joints with 21 degrees of freedom condéct84 muscles that provide
great flexibility [Choi et al, 2008. This allows the human hand firmly grasp any objects
with minimal posture while maintaining the speed and coamili As a result, this can be
very challenging task due to the robot hand must also ableaspgwith certain posture
and speed without crushing the objects. However, note ti@tracy of human grasping is
limited [Choi et al,, 2009 i.e. errors of10% would be acceptable (although the controllers
presented here are accurate less #ifarerror). Hence, taking into consideration the above
mentioned problems, the objectives of the research ardlas/fo

1. To select a robust control scheme which can overcoméostiand friction in the robot
hand.

2. To achieve good motion control where the robot hand istalrlealize grasping within
one to two seconds.

3. To devise a compliant control approach for the BERUL hared ¢the robot must be
able to physically interact with objects/humans withowtsiag damage or injury).

4. To enable robust and fast manipulation when in conta¢t antunknown environment.

5. To achieve different compliancy levels for a particulpjext and different objects, i.e.
the controller has to adapt to the different object charasties (e.g. a hard and a soft
surface of the grasped objects).

6. To imitate human hand posture for grasping an object ssiclglandrical and spherical
grasping.

1.3 Methodology

Thus, some techniques which may be useful for the BERUL harathieve robust active
compliance control are as follows:
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. Comparison of the suggested integral sliding mode cbstrategy with a PID con-
troller, an adaptive controller and a conventional slidimgde controller. This allows
to verify the most suitable control method to be used for tE&RBL hand in order to
overcome stiction and friction.

2. Exploitation of a sophisticated image capturing toolsas Roborealm to capture the
kinematics data; use of Maple-Sim to develop a robot handefrexti SimMechanics
to test grasping performance through off-line simulatiéii.these tools can provide
faster, safer and reliable results in simulation beforeaitrme implementation can be
carried out with low risk.

3. Development of a robust and active compliance controbwidntegral Sliding Mode
Controller (ISMC). The ISMC can introduce a model referemalel approach where
a virtual mass-spring damper system can be exploited. fiegetith ISMC, an adap-
tive control approach may also be considered to realisestadmd active compliance
control.

4. Development, exploration and study of a suitable grasf@ohnique via a cylindrical
and a spherical coordinate system.

5. Application of an operational space control approachltovgosture optimization for
grasping.

6. Provision of an automatic tuning procedure for the coarule reference model.

1.3.1 Compliant Control Strategy

A core point of this thesis is to develop a robust (almost mifrde) active compliance
control. Two approaches seem to be the worth developing um@ahoid robot hand control
environment:

1. Adaptive control.
2. Integral sliding mode control.

It is known that adaptive control is capable to work in highnlinear and uncertain en-
vironments and the design method is not time consuming. thdagontrol allows adaptation
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to large parameter changes in the robot and also bettertadjosto unmodelled dynamics
of the environment. The fact is that humanoid robots areligbnlinear systems; therefore,
adaptive control can be very helpful. Thus, adaptive coigra strong candidate for control,
i.e. it will deserve more detailed discussion.

As a second major control technique, integral sliding maatgrol (ISMC), allows us to
introduce the model reference control of a mass-spring @éasystem to achieve compliance
control. Apart from that, the ISMC is able to overcome nosdirities such as friction and
stiction, emanated from a plant. It is expected that, the @Spproach should allow for
‘social’ context compliance control. In order to measure tbntact surface, a sensor must
be integrated with the suggested control schemes. Forwlssmploy a single pressure
tactile sensor (SPTS) which will be attached on the fingesdithat different contact surface
can be measured. In principal, the SPTS uses capacitieztlcasnformable pressure sensor
to accurately and reliably quantify applied forces. Momo\or practical grasping (to a
human-like extent), a newly introduced posture controliaran operational space control
will be embedded into the compliance controller.

Note that other types of robust controllers sucliag 1 optimal control or gain schedul-
ing are in this respect not investigated. Due to the simgland the practicality of the control
design to achieve an active compliant control for the BERWQdirs, an adaptive control and
an ISMC are more suitable control approaches (more detarlesbmmon compliance con-
trol schemes is given in Chapter 2). The approachds.ofor ;. control lend themselves to
a linear context while the problem of the hand is highly noadir. Moreover, much of the
approaches used here in this thesis are model referenag, f@sehich ISMC and adaptive
control are highly suited.

1.4 Outline of the Thesis

Considering the statements about the problems and olgeafthis research work the struc-
ture of the thesis is as follows:

Chapter 1: Introduction of the Thesis.

The chapter introduces the specific project to be carriedooube compliance control. The
existing problem, objectives and methodology are highédland emphasized here.
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Chapter 2: Literature Review.

The chapter provides the necessary background on comel@rdrol. Besides gathering
information in particular for active compliance controther related work such as on kine-
matics, modelling and sensor technology are also outlileeel. iThis will help us to monitor
the past, recent and future research work, that need to eeeddbr or resolved.

Chapter 3: Kinematics, Dynamics and Experimental Set-Up.

The chapter shows the derivation of the forward kinematidd® robot hand by using the
DH technigue and introducing the video capturing tool, Relbm, to capture the kinemat-
ics data in order to find out the relationship between twotgiithe dynamical model of the
BERUL fingers is provided. With the help of MapleSim, the miazfé¢he BERUL fingers can
be represented in the Simulink environment. Additionallith the help of SimMechanics,
the model can be validated in simulation before it can be useeal time implementation.
Moreover, the overall experimental set-up is discusse&. BERUL fingers have been con-
trolled with MATLAB/Simulink and dSPACE which permit a sifgpand an easy way to
carry out the experiment.

Chapter 4: Underactuated Fingers Controlled by Robust and Alaptive Trajectory Fol-
lowing Methods.

The chapter is in particular investigates four differenttcollers namely a conventional PID
controller, an adaptive, a conventional sliding mode anthtegral sliding mode controller.
In this chapter, it is shown that sliding mode control methade indeed highly suited to
counteract nonlinearities while providing superior periance.

Chapter 5: A Novel Approach of Robust Active Compliance for Robot Fingers.

The chapter introduces a novel method to achieve active ltange control in simulation
and real time implementation: Integral sliding mode contrees a model reference ap-
proach. A mass-spring damper system using an external foeeesurement for compliance
is introduced as reference model. Itis a robust techniquestitze active compliance control
for the BERUL fingers which are hampered by stiction andifsitphenomena.
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Chapter 6: A Framework for Control in a Cylindrical and a Sphe rical Coordinate Sys-
tem.

The chapter provides a principal concept for grasping aeatlja cylindrical and spherical
coordinate systems. This improves a grasping techniqueblyalling the hand in particu-
lar the thumb finger via spherical coordinates and the o#freaming fingers via cylindrical
coordinates. It has been proven by previous work that contyrgyasped objects are cylin-
drical, which makes the active control in cylindrical comates highly suitable for the index,
middle, ring and small finger. On the other hand for the thumdef, it has been found that
the multi-redundant character of the thumb requires a mersatile task coordinate system.
The thumb has to be able to move around any grasped objecirast to the other fingers.
Thus, spherical coordinates are more suitable for the thdrnb chapter also considers an
operational space control approach to resolve the prodtatrsbme of the fingers are actu-
ated by more than one actuator, introducing redundancyr@dendant degrees of freedom
are adjusted via a posture controller, a common part of aryabienal space controller.

Chapter 7: Practical Results in Cylindrical and Spherical Coordinates for Fixed Com-
pliance and Adaptive Compliance.

The chapter demonstrates practical results for practi@sping via cylindrical and spher-
ical coordinate systems. The chapter is also important seme the effectiveness of the
operational space control for practical grasping. Therobkesign and the results for the
choice of compliancy levels are provided for specific olgedtor this, an automatic com-
pliancy level for the object to be grasped is proposed. Thosgs that the proposed control
algorithm (i.e. the ISMC) can be useful for achieving diffiet levels of active compliance
control for hard and soft surfaces.

Chapter 8: Conclusion and Future Work.
The chapter summarizes the main contribution of the thesldwure work.

10



Chapter 2
Literature Review

Over the years, humanoid robots have become of major intefetudy among researchers
in the robotic field. Researchers have in particular extehgexplored and analyzed human
structures, behaviors and biomechanics so that a humarolida can be realized. Among
them, the Honda humanoid robot has been developk@i[et al., 1998 which is a hu-
manoid robot with two legs and two arms, able to walk not ooiyiard and backward but
also diagonally either to the right or left and turning in atigection as well. Moreover, the
(intelligent) ASIMO [Neo et al,, 200§ which is capable of speaking, seeing and listening
has been presented successfully. These are two exampiéstieamotivated researchers to
broaden robotic research in various fields such as comntigrcsystems, sensor technol-
ogy, image processing and particularly research in comgdiaontrol as in Bristol for the
robot hand of the Bristol Elumotion Robot (BERUL).

The hand is one of the most important sensory organs andtaxtuad the human body.
It has the capability to distinguish a touched object in masi forms such as object thick-
ness, object softness and object weight. Eventually, thd hall respond accordingly when
grasping such objects without damaging them. Likewise,bmtrdhiand should be able to
perform the same tasks before entering the human enviranri8gnificant effort has been
made to emulate as much as possible the functions and thef sizeiman hand: This can be
found in Jacobsert al.[1984, ShadowRobof2003, Grebensteiret al.[2011] and Borst
et al.[2003). A more advanced design of a robot hand has been introduc®dndeweghe
et al. [2004 where a special hand, adnatomically-Correct Testbed (ACT) hahds been
built mainly for the following purposes:

11
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e As a telemanipulator that mimics both the active and pasywemics of a human
hand for precision teleoperation and prosthetics.

e As an experimental testbed to investigate the complex heardrol of human hand
movements,

e As aworking physical model of the human hand for neuro- aadt-surgeons to test
new surgical reconstruction techniques for impaired hands

According toVandeweghet al.[2004, none of the other mentioned robot hands are suitable
for the above purposes since they are not anatomicallyecoas compared to the ACT hand.
Other designs which can be considered similar to the ACT ltamdbe seen in a paper on
Dexterous Anthropomorphic Robotic Typing (DARThayer & Priya 2011. The main
design objective is to demonstrate that the hand could typ& computer keyboard. They
claimed that a single DART hand could type at a rate of 20 wpeatsminute, compared to
the average human typing speed of 33 words per minute withhawmals. Thayer & Priya
[201] further claimed that there is no other robotic hand thataecurately type at human
speed.

Perfect design including a sophisticated prototype agchire and a powerful control
scheme of the robot hand is indeed vital when using the harigdeitnuman/object world.
Essentially, the safety in particular for humans, the gedspbjects and also for the robot,
must be guaranteed before both worlds interact. One of tiaé nequirements is the pro-
vision of compliant robot hand control. A compliant robonkas needed for grasping for
human/objects but also for the safety of the robot handfitSetere are different aspects
which need to be focused on, in order to achieve a complidtrieand. Hence, this chap-
ter aims to provide a literature review for compliance inabbands. Other relevant topics
which are required for the compliant control of a robot hareladso included and split into
a few sections.

2.1 Compliance Control

Initially, it has been observed that there is a need of hagorgpliance control in industrial
robots in order to provide a flexible end effector that can $edufor assembly tasks. Work
such as welding, painting or deburring requires an accy@dgioning control together with

12
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compliance to prevent damage of the parts caused by the tgudoef An increase in cost
is implied if highly accurate positioning control withoudmpliance is used instead. This is
usually avoided by companies. Therefore, compliance obfdr robots has been of interest
for many years in industr\anget al, 1999. Another area where compliance control is
highly suited, is for medical systems and haptics. The neefbfce and compliance control
is a core requirement when using tools which are remotelyatpé and possibly enhanced
through hapticsKatsura & Ohnishi2004. In the case of this thesis, much of the focus
is given to compliant grasping to allow the compliant hamgllof objects in human-robot
interaction.

In the context of robot control, compliant control can be miedi as the allowance of
deviations from its own equilibrium position, dependingtbe applied external force. The
equilibrium position of a compliant actuator is defined asplsition of the actuator where
the actuator generates zero force or zero torglagrjet al, 2009. Hence, by this definition,
compliance will allow us to minimize the impact during ceibn of an end-effector with the
contact environment. In the case of robot fingers, compéasthe ability of robot fingers to
grasp any object without damage. Moreover, in particularuincase, the adjustable or the
controllable stiffness of the actuator is always acting Bkmass, spring and damper system.
This compliance model is depicted in Figi2el. The massn,, represents the effective
moving mass of a robotic link. The viscous dampglis chosen to give the appropriate
rigid-body mode to the unattached robot. While structueahging is very lowp, includes
the linearized effects of all of the other damping in the tofite sensor has stiffnessand
dampingb,. The workpiece is shown asgagound state The robot actuator is represented by
the input forceF', and the state variable. measures the position of the robot mass.

XI’
F__. Ks
L AAN _
m workpiece
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b, b,

N e

ROBOT SENSOR

Figure 2.1: Rigid-body robot model with compliant sensad agid workpiece
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The robot link dynamics of this simple system are describethk following transfer
function:
Xels) _ ! (2.1)
F(s) [mys? + (b, + bs)s + ks
In this case, the mode2(2) can be used to adjust the compliance of the system by changin
system stiffness and also damping. Passive methods do @seusor data and generically
rely on mechanical design. Active methods use the actuatormodify the system model,
either relying solely on PD-type control methods or alsmmporating sensor data, e.g. a
force sensor, to shape the system response. Much of thisagssied in this chapter.
Understanding human fingers can be the best example to desngpliant control for
robot fingers. Figur@.2 shows that a human hand is able to adjust a grasping forceutith
crushing the ball. On the other hand, Figar8illustrates a human-like robot. It employs
an active controller for a model reference characterigtiglicating mechanical compliance,

for a controller design. This will allow stiffness of the aators to be adjusted.

Figure 2.2: A compliant human hand

14
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f = MA% + D Ax + K Ax
k k

Figure 2.3: A compliant robot hand

2.1.1 Passive Compliance Control

Designing compliance for robots, in particular for multgfered robot hands, can be divided
into three main categories. First, the design is solely dhasepassive compliance for which
the use of linear springs is always preferaleifkosky 1985, [Johnson1985, [Shimoga

& Goldenberg 199q9. Passive compliance is also regarded as a device or addlitiool
(usually spring and damper) that provides flexibility foe tigid robot. It is usually attached
to the robot end-effector, such as at the hand, wrist, or fg1gAs mentioned earlier, the
primary demand for an industrial assembly can benefit frasghssive compliance flexi-
bility. Specifically, the adoption of passive complianceidg assembly operation in robot
manufacturing systems can guarantee tKat& Paul, 199Q:
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1. the positioning tolerances in robot operation and therggoc uncertainties in the
parts are relaxed,

2. the high forces or moments normally produced in jammingexiging are reduced,
3. the assembled surfaces are protected from damage, sadtegping or galling,

4. automatic assembly is facilitated to other operations,

5. expensive electronics normally required in precisioarapons can be eliminated.

Another advantage by employing passive compliance can &e wéen gripping or
grasping an object during an assembly process: The swiitidtween two states is avoided
in contrast to some active control methods, for exampleidytwntrol. The first of a hy-
brid controller state is controlling the positioning ermhich is also known as controlling
an unconstrained mode while the second state is providireg foontrol for which a con-
strained mode must be considered. Between these two staes|s a transition mode (i.e.
switching mode) from positioning control to force contrdh@re the force and velocity may
discontinuously be achieved and become uncertain. Thieiguity and uncertainty can
cause damage to the grasped object and can be avoided byyampgbassive compliance
near the contact point of the end effector. In this case, thetic energy that is produced
during transition can be absorbed and the possible higle$ascmoments can be prevented.
Hence, the discontinuity is accommodated for and perfoomanhthe entire system becomes
smoothedPaul 1987, [Xu & Paul, 1988, [Paulet al., 1988.

Moreover, a high gain of the force control can be selectedwhe robot is equipped
with a compliance deviceRobertset al.[1985 have shown that the allowable force control
gain is proportional to the effective stiffness of the ollesgstem. Therefore, for the system
including passive compliance, the allowable force congaih is higher than that without
passive compliance, which is desirable for improving devisi and performance of force
control. Wanget al.[1998 have addressed in their survey some other advantagessv@as
compliance as follows:

e Can achieve very high stiffness,
e Guarantees overall stability due to its passive nature,

¢ Relatively cheap as compared to active compliance (expefsi some applications),
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e Fastresponse rate.

Nevertheless, passive compliance has its own disadvansagé as positioning control
is no longer accurate due to the reduction of the stiffnesseoénd effector. More problems
have also been outlined Wanget al.[199§ as follows:

Mainly hardware achievable,

Compliance center is usually fixed which causes lack of fiéip

Static/quasi-static compliance, i.e. fixed complianceaigits

Hard but possible to consider the compliance dynamics bgiabéesign with stiff-
ness, damping and inertia factors taken into account.

2.1.2 Recent Developments in the Area of Passive Compliance

The work in [Akella & Cutkosky, 1989, [Sinha & Abel 1993, [Shimoga & Goldenberg
1994,[ Xydas & Kaq 1999, [Arimoto et al,, 2004, [Biagiotti et al., 2003, [ Yoshidaet al.,
2008, [Yamazaket al., 2009 has focused on deformable soft fingers as an alternativeavay
achieve compliant robot fingers. They were exploiting areatige of visco-elastic material
which has been used in soft pads. These soft pads will all@entpensate the dynamics ef-
fects such as shocks and vibration by dissipating the erterggg manipulation. At an early
stage Akella & Cutkosky[1989 have attempted to model soft fingertips that were filled with
powder or plastic fluid for controlling one degree of freedgrasping. A few researchers
have used soft skin fingers made from elastic gel for gragmmgose, e.gYoshikawaet al.
[2009 and Sugiyameet al.[2009. Then, the latest studies bamazakiet al. [2009 have
emphasized on two degrees of freedom grasping by desciivendynamic model of a pair
of 2-DOF soft fingers and formulating a new controller as aslthe equations of motion of
soft fingered manipulation. In general, research groupsdtirfingers limit their grasping
technique to 1 DOF or 2 DOFs only. The advancement of the tqabrio more degrees of
freedom requires modelling for deformation of soft fingerebhis very difficult to realize
in practice. More interestingly, a new compliant graspiechhique has been introduced by
Brown et al. [2010. His group has replaced a multifingered hand with a massafidar
material. This granular material which is filled in a singlenporous elastic bag is able to
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conform to the shape of the object during contact. The ssaukthis grasping technique is
based on the concepts of friction, suction, and interlagknechanisms that are incorporated
with granular material.

2.1.3 Active Compliance Control

On the other hand, active compliance may be an alternatiegevbensors and proper con-
trol action are employed_ju et al,, 2004, [Kugi et al,, 2008, [Albu-Schafferet al., 2007,
[Khanet al, 2010, [Chenet al, 2010. Specifically, active compliance is achieved through
joint-torques in the robot links, either by setting a lineaation between the force and dis-
placement or force and velocity. Work such as impedance@oitiogan 1984, [Hogan
1987, damping control Whitney, 1977, stiffness control $alisbury 19870 and resolved
acceleration controlljuh et al., 1980, [Shin & Lee 1987 is relevant to active compliance
control via different techniques. The pioneering work ormp@dance and compliance con-
trol has been carried out ljogan[1985 and Kazerooniet al. [1984. They have proven
that active compliance control can be easily produced vienals PD control. A similar
PD control scheme has been testedTbynei[199]], Liu et al.[2004, Kugi et al.[2008§,
Albu-Schafferet al.[2007 andChenet al.[201( for their respective prototype robot hands.
Although active compliance control can be achieved via gD control approach. In
many cases a robust controller method is preferable suck €slbaughet al.[1995 and
Khan et al. [2010 of BRL. Both groups have used force sensors to produce a lnefie
erence compliance control strategy. For this, they havel@magd an adaptive compliance
control scheme for a kinematically-redundant manipulatn interesting application by
utilizing active compliance control has been demonstratetouri et al. [2007 for skin
massage where a multifingered hand can perform pushing geassa rubbing massage.
The authors have employed position-based impedance tamioforce-based impedance
control to realize pushing and rubbing tasks.

Wang et al. [1998, on their study for compliance control robotic assemblgteyns,
again have listed explicitly advantages and disadvantaastive compliance control. The
advantages are as follows:

e Software achievable

e Easy to regulate and compute, which can benefit general use,
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Compliance center can be easily moved,
Dynamic compliance,

Easy to incorporate the system dynamics and force feedb&mimation into the sys-
tem so that the mechanical impedance of the robot end-effeein be controlled;
possible to achieve negative compliance in the principel. ax

Disadvantages are outlined as below:

Mainly software achievable (Note that software achievtibn also be an advantage,
However, the use of software may also introduce issues efysahd failure.),

Suffers from the kinematic singularity,

Since the Jacobian matrix of the robot kinematics is invivethe position and force
transformation between the joint frames and end-effectoné, force and torque con-
trol are difficult in certain postures (e.g. kinematics silagities),

Instability is often observed in active compliance congémdl careful attention is needed,

For position control, there is an upper limit on the desittthess to avoid oscillation
or instability,

Relatively expensive (cheap for some applications),
Limited response rate (normally suitable at low frequency)

For any digital control system, the sampling rate detersithe dynamic response of
the active compliance and cannot be too fast, and the respatesalso depends on the
control law used.

A study to improve the limitation of the frequency range u$edactive compliance
control has been investigated Bgnsinger & Weif200§ where the group has attempted to
minimize one or more of the components of impedaficg namely stiffnesgk), viscous
(b), and inertial(7;) components. The generated torque is a function of these tarms:

Tyen = k(0 — 0°) + bw + Lo (2.2)
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whereT,,, is the torque generatefljs the actual positior)* is the desired position is the
actual speed and is the actual acceleration. The technique, called Seri@stiE|Actuators
(SEAS) is capable of achieving low impedance across aluiagies. By minimizing the
impedance in particular for robot manipulators, this wilba low forces for a given per-
turbation at all frequencies i.e. have low impedance at figduencies and not only in the
actuators stable bandwidth.

2.1.4 Hybrid Active/Passive Compliance Control

It has been shown that both active and passive complianbaitpes may have advantages
and disadvantages. The last category, the so chilbdd compliancewhich is a combina-
tion between active and passive compliance, may suit sopleapons Pauraet al, 199§,
[Okadaet al., 2000, [Schiaviet al., 2009. This category seems to open more routes for
compliance research by taking into consideration the adg®s of passive compliance and
active compliance. For exampléauraet al. [1999 have examined the effect of the exert-
ing force at the end effector when hybrid compliance corfopbn intelligent assembly in
a robot work cell was employed. The results showed that iffaeds level is better when
compared to the solely passive compliance used in the sysbkadaet al. [2000, have
optimized their work by exploiting active compliance at @ lfsequency range while passive
compliance is used at a high frequency level for controlingumanoid shoulder mecha-
nism. More challenging work has been presentedhyieset al.[1997 for which hybrid
compliance has been deployed to replace the bearing ssiriiadke knee for a prosthetic
implant. It is obvious that several techniques can be usettideve grasping compliance
control for a robot hand. The fact that, there is no uniquetswh to grasp various objects
surfaces, has diversified the approaches for graspingatontr

2.1.5 Compliance Level

In addition to compliance control, obtaining the correan@liance level is also vital. For
example, robot fingers may require higher stiffness to hajtaas than a balloon. Hence,
not only the compliance is important, but the level of s&#s is also crucial for different
objects.Brownet al.[2010 have proven that their method was able to grasp varioustshje
such as a LED, a light bulb, a glass, a pen and an &ggsofet al.[2008, have revealed
their proposed algorithms are capable to detect the slgppag grasped cup when filled

20



CHAPTER 2

with water. The sudden change of an object’s weight has beeses by an optical three-
axis tactile sensor which has 41 array sensing elementsrtinaic the structure of human
fingertips. Similar stiffness level control ideas for chemggan object’s weight can also be
found inTsujiuchiet al.[2003 for the Gifu hand.

2.2 Hand Grasping

Grasping can be regarded as one of the main functions for amhoichrobot. Shaking a hand,
holding a glass, pouring water, passing an egg and writingsiyg a pen are examples for
robot hand functionality that may have to be carried out.&buman, executing those tasks
is very simple and straightforward. However, for the robandh, it requires a study of many
aspects such as positioning control, sensor or dynamiaalant order to realize simple
grasping. Again, a simple task such as holding a tennis balbe very delicate and difficult
for a robot hand to carry outKvrgic [1999 in his work has pointed out the complexity
during grasping an object. In many cases, the grasping fondemoment components are
neglected due to the modeling difficulty. As a result, sominefavailable methods treat the
finger and object contact as a point contact with Coulomhidmcnstead of surface contacts
with Coulomb friction. This simplifies a grasping design fobot hands. In general, the
robotic hands are still a long way from matching the graspimgjmanipulation capability of
their human counterparts and there is no unique solutioa gpasping hand and the contact
to an object. Thus, this has created many options for theisnlaf hand-object grasping.

Grasping for the robot hand can be divided into two basic gsamamely power grasping
and precision graspindNgpier, 1954, [Al-Gallaf et al,, 1993, [Johan Tegin2005. Power
grasping can be seen when a larger object is held up by a simghéulation task. For
example, grasping and lifting a chair and holding a heavydo®much easier than holding
an egg or a pen. Power grasping is usually performed usinggtine of the hand and almost
every area of each finger during grasping or holdi#wgmoto [2004, in his survey on intel-
ligent control of multi-fingered hands said that power ginaggan be realized without using
any sensory feedback if the contact force exerted on an totgacbe adequately controlled.
In other words, we can simply say that power grasping is sp#ie hand around the object
without knowing the final contact points between the handtaedbject. Figur®.4 shows
the examples of power grasping.

On the other hand, when it comes to precision grasping, malieatie objects such as an
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Figure 2.4: Examples of power grasping
(http://cg.cis.upenn.edu/hms/research/RIVET/grappRecog.pdf)

Figure 2.5: Examples of precision grasping
(http://cg.cis.upenn.edu/hms/research/RIVET/grappRecog.pdf)
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egg and a pen are considered (see Figusg It requires the hand to be more sensitive when
it touches the surface of the object. In many cases, precigi@sping uses fingertips which
are equipped with more powerful sensors. In contrast to pgnasping, the contact points
are known during precision grasping.

In order to understand grasping techniques for a robot haustijdy based on a partial
taxonomy of manufacturing grasps has been proposddubkosky & Wright[1984. The
group has done an observation on single-handed operatjanathinists which were work-
ing with metal parts and hand tools. They have found that p@me precision grasping
can be further detailed into smaller groups such as prelegiatamping required) and non-
prehensile (clamping not required). As such, the resutis/ed that, in general, grasping can
be easily achieved by a hand but hardly realized by a robad.hAfthough, a lot of effort
has been devoted to copy a human hand such ¥andeweghet al.[2004 and Thayer &
Priya[2011], none of the robot hand designs so far can beat the human hand
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Figure 2.6: Grasping constraint (http://www.cs.cmu.aaiugli/)
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