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ABSTRACT

Humanoid robots are designed and built to bear similitude to humans. Ultimately,
they are to resemble the sizes and physical abilities of humans in order to function
in human-oriented environment and work autonomously but to pose no physical
threat to humans. Humanoid robots need to exhibit artificial skin and facial
expressions to create extremely lively human appearances. A humanoid robot that
resembles human in its appearance and in its movement is built using powerful
actuators paired with gear-trains and joint mechanisms, motor drivers that are all
encased in a package no larger than that of the human physique. In this paper, I
propose the construction of the humanoid-applicable anthropomorphic 7-DoF arm
completed with 8-DoF hand. A novel mechanical design of this humanoid arm
makes it compact enough not only to be compatible with currently available
narrating-model humanoids, but also powerful and flexible enough to be
functional; the number of degrees of freedom endowed in this robotic arm is
sufficient for executing a wide range of tasks including dexterous hand motions.
The developed robotic arm is an interactive humanoid robot, with the safety feature
actualized in both the software and hardware aspects. Software-wise, the humanoid
arm adapts an algorithm to sense and interpret the incoming external force and

escapes toward a safe direction. Hardware-wise, it is designed and built to be light
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and compliant to minimize shocks in case of a collision.

The thesis covers the following:

- the development of the anthropomorphic arm and hand hardware for safe
human interactions

- the development of an algorithm for detecting an external force input
using inverse dynamics

- the development of safe escape algorithms without using the conventional

multi-axis Force-Torque sensors, torque sensors or contact sensors.

Keywords: humanoid arm, humanoid hand, human robot interaction, interactive

robots, safe robot arm, robot motion generation, humanoid robot.
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Chapter 1. Introduction

The word “robot” was first coined by a screenplay writer, Karel Capek (1920), in
his play “Rossum’s Universal Robots”. In his play, humanlike robots work at a
factory and receive maltreatment from their human employer until a scientist
endows them emotion and cause them to rebel and kill humans. Novelist Isaac
Asimov (1950) was the first to use the term “robotics” for the field and in his novel,
“I, Robot,” where he defined the famous three laws of robotics:

- A robot may not injure a human being or, through inaction, allow a human being
to come to harm.

- A robot must obey orders given by human beings except where such orders would
conflict with the First Law.

- A robot must protect its own existence as long as such protection does not conflict
with the First or Second Law.

With the advancement of technology, more powerful actuators, smaller and
sensitive sensors and faster computers, which are quintessential for developing
humanoids robots, have become widely available. The story of the factory
humanoids that went on a strike in Capek’s play may be a bit far fetched, but given
the current technology, it has become feasible to build complex enough of a

humanoid robot that could hurt human if no safety law is predefined.



1.1 Humanoid robots

Humanoid robots, are a new breed of robots that are evolving fast, and are
commonly distinguished from the conventional industrial robots. The first and
most apparent difference is in the humanoids’ appearance. Some humanoids even
exhibit artificial skin, painted/actuated facial expressions, and intricate masks that
are extremely lively and humanlike.

The second distinguishing feature lies in the actuation methods. In order to exercise
in an anthropomorphic fashion, a humanoid needs to have enough actuated
motional degrees of freedom to execute most of human actions; therefore, a
redundant actuation is inevitable in most cases. For arms, 7-degrees of freedom
(DoF, from the shoulder to the wrist) allows performing most human motions, and
for hands, it varies from 5 to 24 under actuated joints, depending on the types of
motion. Such redundancy in the humanoid limbs is essential in reproducing flexible
and smooth movements of a human. For finesse and lively actions, these multi-
joints also need to be actuated with sufficient torque.

Lastly, humanoids are robots which are designed for social and interactive tasks.
They often, if not always, share their work space with human operators and/or
other robots. Working closely with an unpredictable environment, humanoids are
expected to interact with an opponent in expressing its state, reacting to events and

performing tasks safely at all times.



1.2 Objectives

The current robotic technology has yet to build a humanoid robot that fully satisfies
all three criteria. For humanoids that focus on their appearances, the number of
DoF is reduced to produce minimal motion while keeping the exterior design
compact; however, the range and speed of the reproduced motions are
compromised. For humanoid robots that exercise in an anthropomorphic fashion,
the robot are armed with powerful actuators; however, this jeopardizes the overall
appearance as the joints become too large to be considered as a humanoid robot
arm. It is also challenging for a compactly designed humanoid to execute lively
motions while being conscious of its environment and safe interaction. Therefore,
this work aims to develop robotic arm and hand that satisfies the functionality

criteria without arbitrating its focus on anthropomorphic design.

1.3 System Overview

In this paper, I propose a humanoid-applicable 7-DoF anthropomorphic arm with a
8-DoF hand. The compact mechanical design of this humanoid robotic arm is slim
enough not only to be compatible with currently available narrating-model
humanoids, but also powerful and flexible enough to be functional. DC motors are
installed in a compact gear-train and joint mechanical frame while maintaining the
appearance of a human arm. Furthermore, the number of DoF endowed in the arm

3



is sufficient for executing a wide range of tasks including fine hand motions. For
an interactive humanoid robot, it is also imperative for the arm to be conscious of
its environment for safety while sharing the work space with humans: the safety
feature of the arm is actualized in both the software and hardware aspects.
Software-wise, the humanoid arm adapts an algorithm to sense and interpret the
incoming external force and escaping toward a safe direction. Hardware-wise, it is
designed and built to be light and compliant to minimize shocks in case of a
collision.

The rest of the thesis presents the research and development process of the
humanoid-applicable anthropomorphic arm and hand. Chapter 2 gives the literature
review on humanoids and humanoid applicable technology as well as robot human
safety issues. Chapter 3 presents the kinematics and dynamic modeling of the arm
including the dynamics of the arm while in motion, hand gripping and impact
dynamics effect on the hand and the rest of the joints. The paper proceeds to the
discussion of the method of the redundant link motion planning from collected knot
points in Chapter 4 including the design factors for a safe HRI trajectory. In
Chapter 5, I describe the novel design features of the arm and hand, built from the
biomechanical data collected for this study. I introduce the actuator specifications
and modularized motor controller along with the communication protocol used for

the system in Chapter 6, and the test-bed evaluations regarding the mechanical



performance of the arm in Chapter 7. Lastly, the concluding chapter summarizes
the research work on the interactive robotic arm along with the suggestions for

future work regarding the safety and hardware.



Chapter 2:
Hardware & Literature Review

Among the vast research on robotic arms and manipulators in the field of robotics,
this chapter looks at the work on humanoid applicable robotic arms and hands.
Here, the robot architectures and hardware designs that focus on the anthropometry
of the mechanism, the safe Human Robot Interaction (HRI) and the ability to
reproduce human movements are of the utmost interest. Humanoid robots’ novelty
lies largely in its mechanism design; the humanoids require compact packaging
while delivering enough torque and speed for task executions. The two features are
conflicting criteria as actuators’ volume and weight are directly proportional to
their power production. To overcome this physical constraint, researchers often
resort to reducing the mechanical specifications of the hardware. Decreasing the
number of DoF, reducing the range of motion, payload, or sacrificing the overall
size/weight for the mechanical performance are some of the ways implemented in
order to build humanoid robots. The following sections cover some of the

exemplary models.



2.1 Robotic arms

I investigate interactive, collision and impact sensitive robotic arms with multi-

DoF here.

Figure 2.1 Robotics Research Co. K-1207i (http://www.robotics-research.com/)

Robotics Research Co. (RRC) has developed an industrial robotic arm with
modularized joint parts and a slim mechanism design. Its 7-DoF joints can actively
change its joint compliance for the safe HRI. However, due to the use of harmonic
drives in each joint, the joint torque control may be ineffective at reducing the
impedance of the manipulator for a high control bandwidth. In addition, even at a
low control bandwidth, the joint would have a limited compliance due to the nature

of the harmonic drives.



(@) (b)

Figure 2.2 DLR light-weight robot (a) DLR 11 (b) DLR 111

DLR’s Light-Weight Robot (Hirzinger et al. 2001, 2002; Butterfass et al. 1998a,
1998b) is composed of weight-reduced safety brakes and modular system where
the individual joints are connected via carbon-fiber structures. Similar to the human
arm, the robot has 7-DoF and where the complete electronic components are
integrated into the arm. Having each joint equipped with a motor position sensor, a
joint position sensor and a joint torque sensor, the third generation model is quite
applicable for humanoids. However, DLR III Light-Weight Robot weighs 13.5 kg.
Although the load to weight ratio is high, a lighter arm would be desirable for a life
sized-humanoid robot arm with restricted space and actuation power. This model
also uses harmonic drives as a gear-train that have a nature of limiting the range of
joint compliancy even though it saves much room for compactness.

8



Figure 2.3 INSA 7-DoF Anthropomorphic arm (Tondu 2005)

For an arm without harmonic drives, INSA’s 7-DoF Anthropomorphic arm gives
almost the full range of motions of the human arm as it serves 7 DoF motion in its
joints. Also due to the nature of the McKibben pneumatic actuator, the arm is quite
compliant for safer human interactions. However, due to its overall size and weight,
its use in direct humanoid robot applications is quite limited. The Soft Arm (Bicchi
et al. 2002) also features compliant joints that are actuated by McKibben
pneumatic actuators; thus, the use of compressors is inevitable even though they

are quite difficult to work with when designing a compact robot body.



Figure 2.4 CARDEA arm (Brooks et al. 2004)

As a compliant humanoid robotic arm, CARDEA uses the Series Elastic Actuators
(SEA). CARDEA has a spring in series with the output of a DC motor so that the
SEA can determine the joint torque by sensing the spring deflection. This spring
also serves to protect the gear-train from impact forces that the arm may encounter.
Although the use of SEA enables CARDEA to satisfy the compliancy issue under
human environment, it has too large a base for realistic applications and only
serves 5 DoF. The limited actuation DoF also narrows the range of motions.

While realizing the importance of compliancy, it is still important to have a larger
payload at the end effector without loosening the range of control bandwidth. The
Distributed Elastically Coupled Macro Mini Actuation (DECMMA) arm (Zinn et al.

10



2004a, 2004b, 2004c¢) for example takes this into consideration and uses a double
actuation system. For higher frequency actions with lighter loads, it uses a smaller
joint actuator; and for larger loads with low frequencies, it uses larger actuators at
the base. The application of this actuating system, however, is too large for

humanoid robot applications.

2.2 Robotic Hands

Industrial robotic arm manipulators may resemble human hands in the sense that
there is a base that acts like the palm and serially linked multi joints that act like
fingers. However, for a realistic humanoid that follows closely the human
biometrics, we prefer five-fingered mechanisms. Here are some models that have a

high dexterity with potential applications in humanoid robotic hands.

Figure 2.5 The 12-DoF Robotic hand of Laval University

11



Fig 2.5 is the 12-DoF robotic hand made in 1996 in LAVAL University (Laliberte
2002). Two fingers grip and the last finger is used to stabilize the grab. Its focus is
on fast and stable and finger grasp; however, the overall size, shape and the

orientation of fingers is far from humanoid application.

Figure 2.6 The Fast Robotic Hand of Tokyo University (Namiki et al. 2003)

The Fast Robotic Hand has a high control bandwidth for grabbing objects using
vision sensing. It has a payload of 4N at the fingertip. The angular speed of the
wrist is 1800deg/s with each finger’s working range of 360-degree rotation; this

range would be beyond the capabilities of human hands.
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Figure 2.7 The tendon driven robot hand of Zurich University

The tendon driven robot hand (Gomez et al. 2006) uses artificial muscles
as actuators. At the fingertips, the robot has contact sensors and a total of 13 servo
motor actuated DoF. It uses bending sensors to confirm the finger position and
pressure sensors to cover the palm. Due to the nature of tendon driving, the wires
protrude out of the finger links, making it possibly dangerous to work with while in

a closed interaction with human operators.
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Figure 2.9 Air Muscles

The Shadow hand was first developed in 1997. It is actuated by a pneumatic
actuator called Air muscles. In the fingers, it has a total of 12-DoF and has extra 4-
DoF in the palm. Without the air compressor, the hand weighs 4.5kg. The fingers
are driven by tendons while position, torque, and force feedback-controlled. Using
a control glove, Master-Slave manipulation is also possible. The movement is quite
smooth, almost resembling human movements. However, due to the actuator’s

14



nature and its heavy weight, it is inappropriate for installing the whole hardware

system on an autonomous life-sized humanoid arm.

Figure 2.10 GIFU Hand 111 (Mouri et al. 2002, Kawasaki et al 2002)

The GIFU hand features 16-DoF in five fingers. It measures 251mm in length and
weighs 1.4kg in total. Its contact sensors on its palm and fingers have a total of 859
detecting points and its readings are used to determine the grasping status.
Although it does have five fingers and the human biometric conscious size, GIFU

hand is quite heavy for the humanoid robot applications.
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Figure 2.11 DLRIII (Borst et al. 2002)

The DLR’s latest hand model features four fingers with 13-DoF in total with
custom fitted DC motors in each joint. The sophisticated packaging is attractive
while the fingers sense external forces with inlaid torque and position sensors.
However, its size is larger than the average human hand if concerned with building
a real-life sized humanoid robot.

Kaneko developed a 13-DoF, multi-fingered hand that has a smaller mechanical
packaging while being dexterous enough to hold light objects (Kaneko et al. 2007).
However, the number of fingers is limited to four; UBIII Hand on the other hand
(Biagiotti et al. 2005) is light and has five fingers with human-sized dimensions. It
uses contact sensors which are mounted on each links to determine incoming forces

for task executions.
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Figure 2.12 The Complaint and Force Sensing Hand (Edsinger-Gonzales 2004)

As a force sensing hand, Edsinger-Gonzales’s hand utilizes SEAs (Series
Elastic Actuators) to sense the grasped objects. It is a unique approach to the
mechanism design as it uses no other force, torque or contact sensors. Figure 2.12
shows a robotic hand that has three fingers which are sensitive enough to hold a

light bulb while supporting 16-DoF.

Figure 2.13 Robonaut arm and hand (Lovchic et al. 1999, 2000, 2001)

17



NASA’s Robonaut arm and hand show the superior mechanism over the other
models covered in this chapter. The part dimensions are biologically inspired and
their components are robust enough to be used in space. The arm uses thermal
vacuum rated motors, harmonic gear drives and numerous sensors in each joint.
With multiple patents on its complex parts, this hardware is built for executing
tasks in space where the weight and the production price of the whole arm is the
least of concern compared to its mechanical performance. Therefore, the size and
the weight are too large for the on earth applications for human interactions.
Currently known robotic hands that are presented in this chapter and some
more models have been categorized with their characteristic tabulated in Appendix
A.
Summarizing the works on anthropomorphic arms and hands, the following graphs
show the trend in the design criteria and the physical compromises that the models
have made by updating the survey (Alba & Ponticelli 2005) with some new hand
models and with an emphasis on their applicability to a life-sized humanoid robots.
The data on the weights and operational velocity, and payload would have been
useful to make the design criteria index for the existing models. But even without
such data, it is apparent that the greatest challenge lies in executing multiple

articulations while keeping the weight and volume minimal.
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Number of fingers
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Figure 2.14 Number of fingers in robotic hands (survey of 26 hands)

Due to the limited palm and hand size and the variety of task choices, half of the
hands presented in the diagram have less than five fingers. If the dexterity of the
hands is of the only concern, having all five fingers is not as critical. However, the
lack of fingers does not provide a sufficient test-bed for a task of reproducing
realistic five fingered human motions (i.e. sign languages, reproduction of bio-

mimetic motions).
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Figure 2.15 Method of power transmission in robotic hands

(Survey of 26 hands)

The method of power transmissions vary with the actuator types. Most electrical
rotary motors use tendons (passive and active pulling), links, and gear power
transmission methods. Most pneumatic and hydraulic actuators and artificial
muscles use tendon pulling methods. Some hands use a combination of force
transmission methods.

Table 2.3 shows a summarized actuator to DoF ratio of the researched
hands along with the value for the newly developed hand, the Anthropomorphic

hand (named SNU MnM in the graph).
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Comparison of tendon driven anthropomorphic hands
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Figure 2.16 Tendon driven hands’ actuator ratio

2.3 Humanoid robots

A number of attractive robotic hand and arm models are presented in the previous
section. Separately, they show a high probability of being applied to life-sized
humanoids. However, it is rare to find an example where such designs are actually
incorporated into one machine (a hand and an arm put together) and function while
keeping the overall characteristics and biometrics of the parts. Also, having such
limbs be HRI-safe is still a definite challenge in the robotics field. This section
covers examples of the existing humanoid robot with a set of arm and hand. There

has been examples of robots with HRI conscious designs like the Companion (Fig
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2.17); however, these robots are less concerned with the resemblance to human,

and lack the multi-degrees of freedom range of motion.

Fig 2.17 InTouch’s The Companion

(http://www.intouchhealth.com/products.html)

The Companion is a 1.2m high robot on wheels that holds an LCD screen
displaying a medical professional operator from a remote location. The Companion
is designed to wander the nursing home facility greeting people in its path and
giving them simple but necessary medical feedbacks. Its HRI is critical; thus, IR
sensors and camera detect close objects. It has no separate arm or manipulator,

limiting its physical interactions with humans to its 2 dimensional floor trajectory.
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Figure 2.18 Rob@work and its 3D laser scanned image of the work

environment

Rob@work (Helms et al. 2002) in Fig 2.18 ensures safe HRI by having multiple
sensors to realize every position of its manipulator during task executions. It has
been equipped with a tilting sensor head containing a laser scanner and two
cameras. Care-O-bot (Fig 2.19), developed by the same group uses a tilting head

sensor and a remote controller to work inside homes of elderly.
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Figure 2.19

Care-O-Bot, human assisting anthropomorphic robot (Hans et al. 2004)

Figure 2.20 Interactive 6-axis F-T sensor installed PUMA arm

Interactive and co-working PUMA arms with a multi-axis Force-Torque (F-T)
sensor can check for collision and this feature is much desired in sociable and

interactive humanoids (Fig 2.20). But as an industrial robot, its mechanical
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capacity is over designed for humanoid applications and its size makes it
undesirable for humanoid robot applications.

Some of robotic arms and hand/manipulators with safe HRI include Rob@work,
Care-o-bot, and PUMA arms; however, despite their abilities to interact safely with

human operators, their appearances are far from life-sized a humanoid robot.

Figure 2.21 The Kendo sparring robot, MUSA (Bang et al. 2005, Lee 2007)

MUSA is a martial art practice partner robot that senses the opponents’ sword
moves and chooses the proceeding trajectories. Safe yet effective HRI, life-sized
arms are essential. The size and mechanical performance, and HRI are critical for

fast paced martial art practices and MUSA meets these requirements without
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having to use the commonly used multi-axis F-T sensors or joint torque sensors.
Four DoFs are endowed in each arm while the sword is held up with additional

DoF in the wrist. There is no separate hand component in MUSA.

Figure 2.22 Medical service robot RI-MAN lifting an 18kg human doll

Riken Brain Science Institute’s RI-MAN (Odashima 2006, Onishi 2007) also
shows robotic arms that would be suitable for humanoid applications. A variety of
sensors provide RI-MAN with a sense of vision, hearing, touch, and smell for safe
human interactions such as locating and lifting humans. Its arms have 6 DoF each,
but its payload capacity is not yet able to lift a real human (Fig 2.22 shows an 18kg
human doll). Its soft skinned exterior and dollish face allow for friendly
interactions with nursing home patients. RI-MAN’s robotic arms are specifically

built for safe HRI; therefore, its use of sensors is extensive.
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Figure 2.23 ASIMO with 6 axis F-T sensor mounted arm for human

interaction (Honda 2005)

Honda’s ASIMO also senses the load on its hands using F-T sensor in its wrist, and
is able to carry objects given to it and return it when interacting with human

operators. Its hands have five fingers but limited dexterity as it has only 4 -DoF.

Figure 2.24 Human interactive HRP-2 (Kaneko 2004)

Human interactive HRP-2 is able to interact with humans and produce useful tasks
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such as lifting while leveling the board. It has two 6-axis F-T sensors installed in its
wrist for sensing the externally applied forces.

Humanoid robots such as HUBO (http://hubolab.kaist.ac.kr), MUSA, RI-MAN,
ASIMO, and HRP-2, present realisticc human-sized exterior with flexible
movements in its redundant DoF endowed arms. However, they often lack the DoF

to reproduce human-like motion trajectories or have limited dexterity in the hands.

2.4 Safe HRI strategies

In conventional settings of industrial robots where they are not required to share
the work space with humans, the injury inflicted by robots are limited to the
machine’s malfunctions or the operators’ misconduct. This being said, if the robot
is isolated from human operators, little or no precaution measures are taken
regarding the safety of the operator; one just needs to keep clear of the robots’
workspace at all times. In many cases, industrial robots are kept behind the fence.
However, for humanoid robots that are designed to encounter frequent and random
HRI, neither communicational nor mechanical isolation is an option; for most
humanoid robots it would be impossible to carry out their task of physical strength-
supporting (for the elderly and disabled), entertaining, or communicating with their
human operators.

In order to ensure the safety of both humanoid robots and human operators, several
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criteria must be considered. Pervez and Ryu (2007), Ikuta (2003), Kulic & Croft
(2005, 2006), Khatib (1999), Bicchi & Tonietti (2001, 2004) and Zinn (2004a,
2004b) are some of many researchers whose work encompass HRI. According to
their studies, the research on HRI largely divides into three categories: the first is
defining and quantifying the level of safety, the second is minimizing this level
through hardware design and the third is controlling humanoids with software.

In the case where the robots’ hardware encompasses an infra-structure, or robot
body with multiple sensors, safety measures prior to a collision can be taken. Based
on the readings of the sensors such as multi-angled cameras, IR distance sensors, or
even electromyography (Kulic & Croft 2005), the robotic arm and manipulator can
slow down, alter the motion trajectory (Brock & Khatib 2002), or altogether stop
when a hazardous situation is identified. Also, any potentially dangerous situation
can be notified to the operator before it occurs.

For autonomous, compact sized robots that are not equipped with such
infrastructure, or vision-based system, which is costly both in computation and in
economical sense, the robot is left to determine the dangerous situation only after
an accident occurs. Upon a collision, robot chooses a trajectory path to minimize or
stop from being a physical threat to the operator by analyzing the sensor readings
(multi-axis F-T sensors, joint torque sensor, and position sensors).

For the ultimate safety, however, the intrinsic safety of the robot should also be
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considered. The intrinsic safety of the robot can be taken as the initial and the
“guaranteed safety” of the robot without the sensors (failed sensors) or even with a
high bandwidth control. In such cases, the robot is unable to surveillance the
surroundings, and make appropriate adjustments such as altering motion trajectory
or actively controlling the robot manipulators’ joint compliancy (Zinn, Hirzinger,
RRC). Therefore, one can consider the natural joint compliancy, weight, surface
coating material, shape, and surface friction for determining the safety of the robot
hardware (Ikuta et al. 2003). Or simply, as Bicchi (2002) puts it, passively
complaint joints along with low inertia (low body mass) are the two basic elements
of an inherently safe mechanism design that would ensure minimum safety during

HRI.
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Chapter 3:
Robotic arm and hand modeling

This chapter presents the work on the anthropomorphic arm and hand control and
joint manipulation. Here, I cover the inverse dynamics process, the dynamics
software simulation, and the joint torque calculations for impact force for the
developed robotic arm and hand. I have included most parameter tables that are

needed for the calculation.

3.1 The anthropomorphic robotic arm dynamics

The main physical differences between the human arm’s biomechanics and a
humanoid robotic arm are the actuation source and its location. Human arm joints
can only be roughly approximated in the mechanical sense due to the complex
nature of the human anatomy (Sakai et al. 2006, Lenarcic 1999). The arm joint
assimilates a ball and socket joint, but with an unfixed point of rotation. These
joints are actuated by complex co-ordinations of extension and compression of thin
and thick muscle strips. Even the use of the SMA actuated artificial muscles or
pneumatic actuators, and ball and socket joint only simulate this mechanical
functionality with much limitation. While the detail on the process of mechanical

design is covered in Chapter 6, the mechanism of the developed anthropomorphic
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arm is extremely human biometry conscious. The calculations of expected torque
load at each joint position can directly correspond to the load a human arm would
experience at the according joints.

For such calculation, the torque load experienced in each joint can be
solved iteratively from one link to another. The Newton and Euler method
summarized by Spong & Vidyasagar (1989) and Craig (2003) is applied to the
system of the seven modularized links. One of the links can be simplified as shown

in Fig 3.1. where (i+1) ™ link is directed toward the hand

Joint i Joint i+1

, Ti+1
Ti ;

Fi

Figure 3.1: The i" link of the arm
The location of link i’s end point is at the location of Fi; therefore, the jm
motor angle rotation is made at the end point of link (i+1). Using the Newton-
Euler method for stepwise link rotations from the base to the tip of the end-effector,
the summation of forces and torque about the link i can be written out as (3.1) and
(3.3) (Spong & Vidyasagar 1989).
F=R".f +mg =ma

ci 3.1

i+1
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T = RiMTm + fixry, _(Rii+1 fu)xn =la + o x(l,0)
T = Rimrm - fixr, +(Rii+l fo)xn+ Lo + o x(Lw) (3.2)

The rotational velocity @ of the link is found in the world coordinate frame (Spong

& Vidyasagar 1989, Murray et al. 1993).

a)io = a)io—l +Zi -0 (3.3)

Here a)io is the axis rotating speed in the world frame, which is detected by

observing point . Then, this ¢ is also given in the world coordinate while @ is

the rate of changing i " axis frame (shown in Fig 3.2).

ey 4

q(0)

Figure 3.2 Rotational velocity of g about axis i

The point on this local frame is q(0) at time 0 and q(t) at time t; then, (

is found as follows.

q(t) = wxq(t) (3.4)

For simplicity, the cross product term simplifies (Murray et al. 1993) to
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(.q(t) = aA) q(t) , where

0 -o
AN
0= o, 0
W, o

In order to use the inertial term of the arm links that are obtained from the
CAD software (local frame), the coordinate system has to match the rest of the
equation. For this purpose, the joint coordinates are converted into the local
coordinates. And they are found when all the joints are converted back from each

joint’s direction of revolute joint axis, J (equation 3.5 through 3.7). Subscript 1 in

The mass center and the joint orientation coinciding with the base frame

are summarized in Table 3.1 and the moment of inertia of all the links are shown in

Table 3.2.

Table 3.1 Joint link center of mass, link mass and joint direction (base frame)

@,
0

J. | stands for the first row values of the i™ joint.

Link numbers (shoulder=0 ~ palm=6)

o 5 4 3 3 1 0
Center of mass | 3 0 -9 2 6 10 5 0
in base coord.
Y 0 -3 4 0.8 0 o 47
[mm]
-585 | <500 | -424 | -311 -224 =70 0
Link mass [kg| 0.2 (0.002]0.93 | 0.4 | 0.45 1.3 0. 45
Joint rotation dir. X Y Z X Z X Y
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Table 3.2 Moment of inertia of seven joint links of the anthropomorphic arm

Link numbers (shoulder=0 ~ palm=6)

6 5 4 3 2 1 0

Moment of | Ixx | 484 1.5 1980 191 336 2716 844
inertia i

I 1860
base coord. ¥y | 372 1 156 481 2737 335

[kemm™2] | Izz | 160 | 0.7 | 298 | 136 | 149 | 442 | 852

Ji = RloRé"'RiiH /10 (3.5)

Ji o= RIOR;“'Rii-H |1 (3.6)

(e

J; ;=R'R}---R!

i+1 "

(e}

(3.7)

f—

Each joint’s J term produces three [3x1] matrices. By concatenating the three

terms, the q coordinate in the world frame is obtained.

I i i 38
4= [1x3] [1x3] [1x3] G.5)

And now, @ can be considered as the change in q during the time period from k-1
to k+1. Knowing this, the rotational velocity at joint i,®, is found by adapting a

numerical analysis method.
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o, (K+1) - (k-1)

o, (0) = )

(3.9)
Then, the body centered linear acceleration in the world coordinate frame is found

asa; .

wi = wia+Z;_0; + o, xZ,_q (3.10)

a =4 +a)i><roi+a)i><(a)ixroi) (3.11)

i = “e,i-1
Where a,;_, is the linear acceleration at the endpoint of the (i-1)" link, i is the

change in the angular velocity and it is accumulatively found from the previous

links. Following the same logic, the linear velocity is

V, =V,

e,i-1

+ @iX T (3.12)
In order to convert the body inertia given in the local frame to the world

frame, the following are considered ; using the J matrices found in (3.5), (3.6) and

(3.7), the resulting local coordinate torque, |;¢; is

i :[Ix'(ai"]i_l) Iy (e - J; ) Iz'(ai'Ji_a)]- (3.13)
To convert this to the world frame from this local frame, use (3.13).

‘]iilx ‘]i72x ‘Ji73x I - (i)
L, = ‘]iily ‘]i72y ‘Ji73y : Iyy'(aiJiz) (3.14)
‘Jiilz ‘]i722 ‘]i73z I, - (d;3)

Now, the torque reflected on to the motor by the gears is obtained as the following.
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T =1 '(gear_ratioifl)z 9| '[‘][3x3]:|+ Igeari72 -(gear_ratioifz)z ‘9| '[‘][3x3]]

geari geari 1

(3.15)
The torque load from the motor’s rotor is also reflected on to the motor by the
square of the total gear ratio.
=1

T -(gear _ratio,)*- @ ~[J[3X3]] (3.16)

rotori rotori
When the effects of all the torque are summed up, it leads to (3.17) to get the
torque effect of the current link to the next link.

T =0, =0 T4+ z-geari * Trotori (317)

The corresponding gear ratios, rotor and gear inertia are found in the following

tables.
Table 3.3 Moment of inertia of the rotors and gears
Link (shoulder=0 ~ palm=6)
6 5 4 3 2 1 0
Moment of | L totor | 038 [ 038 | 0.76 | 2.6 1.1 4.2 4.2
inertia
I gearl | 0.851 |0.672 [ 0.623 | 10.5 | 0.63 | 19.1 | 27
Base cood.
[kgmm?2] | I gear2 | 2.37 | 1.89 0 0 |0998| 0 0
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Table 3.4 Joint gear ratios

Link (shoulder=0 ~ palm=6 )
6 5 4 3 2 1 0
Gear ratio 135 135 63 T0 96.25 81 100
Gearl ratio 15 16.2 8.67 9 2138 9 10
Gear2 ratio 2 3.6 0 0 6.11 0 0

Table 3.4 shows the gear ratios of each joint. Here, the Gear ratio is the
total speed reduction done by the gear-train, and gearl and gear?2 ratio stand for the

ratios in between the spur gears in the middle of the gear-train.

3.2 Motion Simulation

In conjunction with calculations and 3D CAD software data, various motions of the
developed anthropomorphic arm are produced through a motion dynamics software.
The humanoid arm’s CAD file has been transferred to the motion dynamics
software to be evaluated. For this research, RecurDyn® software is utilized for
both kinematics and rigid multi-body dynamic analysis. This allowed for
confirming the arm’s motion range and its joint torque. An animated motion
sequence is also viewed while each joint’s linear and angular velocity and
acceleration are plotted.

From the plotted graphs, the joint torques for applied motion has been
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found. The 3D software enables an immediate dynamic evaluation of the
mechanical system. Therefore, the arm can be put in any arbitrary position and
moved with any desired speed, making possible for any probable motion to be
inspected while viewing the animation. The animation process is especially useful
when viewing the motion of the fingers and detecting their working range for

various types of grasping, which include power and precision grasps.

Forward
Control Kinematics
algorithm. x
-« Jacobian [*
ad )
Xd Trajectory _ t 1 Robot (q,qz
¥d Planner qad Manipulator
= Motor specs.
¥d Inverse qd :
Kinematics Dynamics
f

RecurDyn®

Figure 3.3 Schematics of RecurDyn® dynamics simulator process

Once a desired motion trajectory is set, RecurDyn® can read in the values
to produce dynamics results. The resulting torque profile is reviewed for the motor
torque sufficiency. The arm shown is not the exact model that is built; however, the
position of the center of gravity for each link and the location of joints are close to

the developed model. The motion simulation in Fig 3.4 shows the simulation of a
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hammering motion. Fig 3.5 shows the animated finger motions for a pen-holding

task.

Figure 3.5 Motion simulation of a pen-holding hand

3.3 Collision Evaluation

An incoming disturbance on a robot arm can be considered as a wrench (Murray et

al. 1993); the generalized force acting on a rigid body has six components, three of
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which are the linear components of a pure force and three of which are the angular
components of a moment acting on a point. For example, the impact on the palm

on point A (Fig.3.6), can be written as

mPaIm :|:FA}= (318)

where F, € R’ is the linear component, and T € R*is the rotational component
where R’ is the real number domain. Poinsot’s theorem states that every
collection of wrenches applied to a rigid body is equivalent to a force applied along
a fixed axis plus the torque value applied to the object. In the case of the
anthropomorphic 7-DoF robot arm, the reaction joint torque is already measured
for each given trajectory. The impact wrench on the arm or on the palm can be
found since any of the two wrenches are considered to be equivalent if they
generate the same work for every rigid body motion. Each link of the
anthropomorphic 7-DoF arm is considered to be a rigid body, and unless there is an
externally applied impact, the total work done by each joint is conserved for any

movement; and, the wrench (the impact force) can be found.
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Figure 3.6 Impact location and joint orientation

In Fig 3.6, the arm is largely divided into three components for
calculation: the palm as point A, the three joints in the wrist as point B, the elbow
joint as point C and the three joints in the shoulder as point D. Then I consider the
wrenches in these four locations: along the fixed axis of the rigid body, the linear
component of the wrenches is equivalent to (3.19).

Fa=F=FR=F (3.19)
And the torque components of the wrenches are simply the additions of the torque

values on the subsequent joints as shown in (3.20) through (3.22).
T =T+ xF, (3.20)

To =Ty +1gc xFy (3.21)
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Ty =Te +lep xFp (3.22)
As it was stated before, all the joint coordinates must be set up in the uniform

coordinates. Figure 3.7 shows the orientation of the arm and the seven axes. The

rotation matrices of each joint are given as the following.

[cosf, 0 —sind), | 1 0 0

RO=| 0 1 0 R!=|0 cos# —sing,
| sing, 0 cos6, | |0 sing  cos6
[cos®, —sinf, 0] 1 0 0 |

R} =|sin@, cosfd, O R; =0 cosf, -sind,
0 0 1 10 sind; cosb; |
[cosd, —sinf, 0 1 0 0 ]

R, =|sin@, cosf, O R’ =0 cosf, —sind,
0 0 1 10 sind;  cosb; |

(3.23)
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Joint 0

Figure 3.7 Joint sequence and lever arm directions
The torque loads on each joint are decomposed and converted into the

respective values in the shoulder coordinates. Starting from the wrist (joint 6), the

total rotations would be Adé) in the shoulder coordinate frame. It can be written
as P, = Adg -P,, where
Ad¢ =R’-R}-R;-R;-R!-R;. (3.24)

Similarly, the transformation matrix can be written for the consequent joints by

eliminating its prior joint rotations and can be written as
i 0 pl i
Ad, =R/ -R,---R/,. (3.25)

The space coordinates are set to be equivalent to the last shoulder joint, joint 0; for
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brevity, I drop the subscript 0 and thus the equation Ad(i) = Ad; holds. Following

this,

Ad4 Ty Ado To

Ad, |- T, =| 7, |, [Ad,] T. =[z;], and |Ad, |- Ty =|7,| . (326
Ad, Ty Ad, 7,

Here, 7; is the measured torque value in each i joint. When the impact is only

on the point B, the torque reading in joint 0 through joint 2 are considered. When

=
there is an impact right on the wrist, I denote its wrench m, , where it ism, = {_; .
3

For convenience, I divide the linear force component F, into two parts: I call the
force along the shoulder axis link L, asF,, while I call the force component
perpendicular to this as F;, . Therefore, from the definitions, the relation F;, L L,

holds. The orthogonal nature of all these vectors leads to the relationship

F, L L

Lo L (3.27)
L
where L, is g as seen in Fig 3.7. (3.27) can be expanded to
] (Ts LzJ
K= . X
R YRR
:%'Ta xL,. (3.28)
||
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Solving for F;, T, is obtained as:
T, = Ad, - {L; x(F;; + Fp)}

=Ad, (L xF, +L xF,)

L
=Ad3'(L1XF31)+Ad3'(L1XM' f,) (3.29)
2

f
s Ad, - (L % L2-||L—32”):T3—Ad3 (L, xF,), (3.30)
2

—_—

where L, is the direction vector from D to C point found to be, |BD — |CD =lge s

and f,, is the magnitude of F,,. Solving for f,, in (3.30), the value for f,, is

obtained as the following:

L
f, ={Ad; - (L X”L_ZH) =T, - Ad;- (L, xF;,)
2
_ T, - Ad, - (L, xF,,)
L b
Ad3 '(Ll Xm)
2
L,

L.

Now consider the whole arm, where the same sequence of equations can

(3.31)

where F,=F, + f,,-

be used. However the torque reading in the joints must compensate for the effect of

other joints first. As stated earlier, the wrench on the palm is

I:A
Mo =| o | (3.32)
A

And this wrench will transfer the linear component to point B where F; can be
written out as (3.33) by the definition of vector sums. The definition of the
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subscript Fg, (perpendicular to the lever arm) and Fg, (parallel to the lever

arm) are similar to the case described above.

L

Fo=F +Fg, =Fg + T, m (3.33)
2
And from (3.26),
-1
Ad, Ty
Ty =|Ads | |74, (3.34)
Ad, 7,

Te
where | 75 | are the measured torque readings.

2
At point C, the torque reading can be similarly written out as (3.26), producing
(3.35):

7,=Ad,-T. =Ad,-T; + Ad, - (L, x Fy) (3.35)
Take the similar form from (3.31), substitute in L, x F; =T, =T, (3.22) for

fg, in (3.33). The torque on the elbow already considers the torque experienced in

the wrist. Hence fy, is

f, = (r,—Ad, -Tg) - Adlz_'(l—1 x Fg) . (3.36)
Adz (L Xiz)

L.

Substituting (3.36) into (3.33) produces (3.37):

Foo LT, —Tox L, + A -TB)—AdIZ_.(Ll Fo) b5,
|| Ad, (L, x 2) L]
||
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T, is already known from Equation (3.22). T, is found from (3.20), and F, is

I:A

known from the wrench applied at point A, My, = {T } The same types of

A

equations can be solved out for the second case where the additional three joints in

the wrist are considered.

Figure 3.8 Joint and link orientation of the anthropomorphic arm.
In order to solve for the dynamic behavior of the robotic arm using the
equations described in the previous pages, each link’s inertial effect on the motor
joints must be considered. Table 3.1 through 3.4 show the corresponding values of

the moment of inertia in all the links that are converted into the base coordinate
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frame. As it was mentioned earlier, the link moment of inertia values are retrieved

from CAD software.

3.4 Joint stiffness control

The joint stiffness is actively controlled in real-time depending on the collision
during the motion trajectory execution process by changing its control parameters,
P and D. The average DC motor can be represented as a function of time (Guru

2001, Altintas 2000), written as:

©,, 46,0

V.0 =R,1)+L,3

3.38
dt  ° dt (39
And its torque is given as
T ()=J,6(t)+BO1)+T,- (3.39)
Ra Lo
S
I
+ > Je
V() @B

Figure 3.9 The DC motor representation with electric symbols
Using the Lapalce transformation, (3.38) and (3.39) leads to

V,(s)=R,1, +L,sI(s)+k,0,(s) (3.40)

49



T, (s)=J,8°0(s) + BSO(S) + T yu (S) (3.41),
where T, (S) =K, 1,(S) is given out as the motor current constant by the motor

manufacturers as shown in Table 3.5

Table 3.5 DC motor characteristics

2232 0245R  2642G 048 3242G 048 3257G 048

Terminal R 16.40 23.80 19.70 .56
resistance {ohm)

el Km 0.0321 0.0698 0.0820 0.0762
(Nm/A)

EMF const

(Vsechad) Kb 0.0321 0.0698 0.0820 0.0762
Rotor L 710E-04 | 220E-03 | 220E-03 | 1.10.E-03
inductance (H)

il J 380E-07 | 1.10.E-06 | 260.E-06 | 4.20.E-06
(kgm*"2)

No load speed

(rad foo0) Tm 74313 669.87 565.20 617 53
izl el m 0.006 0.0054 0.0075 0.0047
const (ms)

Considering the gear ratio n, (3.39) becomes
1 . )
T, =T ou (t)ﬁ =J0+B,0, (3.42)
where the effective inertia J, is found as the sum all the inertia (from the armature

and the load) reflected on to the motor, J, =J

J
a +%ad. Looking at the whole

system of the motor in Fig 3.9, when T, =0

V(s)—sK,-6,(s)) 1
[s+R ) nTS(S) (3.43)

(Jes® + B, $)0,(s) = Km(
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On(S) K, B,R
V(s) s[J,s+B, NLs+R)+ K, K]~ SH 3, +1](Ls+1j+Kme}
LR B,R
(3.44)
When V =0,
0,(s) ~(Ls+R) (3.45)

T.s) s[(Ls+R)J,s+B,)+K, -K,]

Since the electrical and mechanical time constant parameters are given as follows:

(3.44) simplifies to (3.46):

Km
‘f/m(s) - BuR ~G(s) (3.46)
®) S[(rms +1)z.s+1)+ 2““';"}

Then, the transfer function is given as follows:

V(S)-+<P7 ) ) q4q

Figure 3.10 Control block diagram of the PD controlled motor driver

Looking at the transfer function,

K

G(s)=——
®) Ms? + Bs
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G(s) = R (3.47)

K = Kn
R
Beff :Bm+Kme
R
M=1J

When the error signals, qd —(, and the change in error C]d —( in Fig 3.10 are
represented as €(t) and €é(t), the following transfer function can be found (Jung
2006):

u(t) = Koe(t) + K, &)

U(s) = KE(s) + KsE(s) (3.48)
_U6) _
C(S)pp = E(s) Ks +sK, (3.49)

Therefore, Fig 3.10 can be redrawn as Fig 3.11:

X
t.s24Befs ;

gear ratio maotar angle theta

Saturation

Woltage Crerivative differential gain

Transfer Fen

Froportional gain

Figure 3.11 Closed-loop system with PD controller
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For programming PIC in a discrete system, s domain factors can be
presented in discrete time domain with t step size. In fact, the error measurements
are directly used as the input to find the control constants, K,and K, . When the
control period is set as 1kHz, and encoder reading is 2048 counts/rev, for 2233

Faulhaber motor.

3.5 Hand kinematics

For the current research, it is assumed that the tendon cable to have neither mass
nor dynamics. The RC servo motors are used as the actuators in the current
humanoid robotic hand, and the reaction rate of the DC motors used in other arm
joints are much faster than the actuators used for the hand; therefore, it is safe to
make such an assumption. Caratheodory’s theorem asserts that for a robot with n
links, a minimum of n+1 tendons are required to actuate it, while Steinitz’s theorem
proves that any more than 2n tendons are redundant (Murray et al. 1994). These
theorems are also regarded as the configuration for distinguishing the tendon types
which are “N+1” types and ‘“2N” types.

For the developed anthropomorphic hand, the N+1 type configuration is
adapted. Given the finger architecture in Fig 3.12, the relationship between the

joint angle and the extension are given by
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Figure 3.12 2-DoF Finger mechanism

01 = L (3.50)
RMCP + RCable
R
0, = Xs , Douy -6, (3.51)

RPIP + RCabIe RPIP

Solving for cable extension produces (3.52) and (3.53), X, and X, are

obtained:
x1 = ‘91 '(RMCP + RCabIe) (3.52)
_ Rpulley
xz =~ 01 + ‘92 (RPIP + RCabIe) (3.53)
RPIP

When R,,R,,R;,R, are R_,.R Rpips Rucp  respectively, the coupling

cable’ “pulley >

matrix, denoted as P(6) is

R
T __2,
P(9)=a;(0 [RFR - (R+R)| (.50
0 R +R,

Since all of the extension functions are linear, the coupling matrix is a constant. To
compute the relationship between the actuator position and the joint torques, I use
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the stiffness matrix, K.

ki 0 .
K= [ 01 ‘ } ,where k. >0 is the stiffness of the i" tendon.
2

Letting €, be the extension of the tendon as commanded by the actuator and
h,(€) be the extension of the tendon due to the mechanism, I assume that
whenfd =0, and €, =0, the tendon is under no tension. Then, the net force
applied to the tendons is given by
fi =ki(e; +h(0)) -, (0)). (3.55)
When K is the stiffness matrix, the elastic behavior of tendons with extension e,
the equation f = K(e + h(0)) —h(#)) holds. For position controlled actuators,
P(@)Ke=7 and € +h(0)—h(8)>0,i=1,..,p. (3.56)
The overall stiffness is given by S . If the input positions are constant, this gives the
restoring force generated as:
S(0) = PK(X(8) - X(0))

_RR,R, “RR, - R’R,

4 3

0 k,(R +R,)

R’R,

3

kl (Rl + R4 )2

_R1Rz} —k{RlR2+R2R3+ +R1R2J 0

(3.57)
The coupling matrix between the actuator extension and the joint torques is given

as Qin (3.58):
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Rl R2

kR +kR, —kR,—k

Q=PK = )
0 K,R, +K,R,

(3.58)

[ \%

Figure 3.13 The free-body diagram of torque and cable wrap around a pulley

Now consider the torque exerted by the pulling of the cable. When Ris
the radius of the joint pulley, and the angle d@ is the wrapped radius around the arc,
the force and torque relationship on the finger joint is as shown in Fig 3.13.
Here,F, N and T are the forces acting on the cable, the normal force, and the
tension from the rest of the cable respectively.

N =T(0)sin(d@/2)+T(0+dO)sin(d/2) (3.59)
F+T(@)cos(d8/2)=T(6+db)cos(d/2) (3.60)

Assuming d@ is very small,

. (dej déo [dej
sinf| — |=— and cos| — |=1
2 2 2
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T(9+d9);T(0)+3—Ted9 (3.61)

Accounting those, (3.59) and (3.60) can equate to

N =T(6)do (3.62)
F=9T4g (3.63)
do

From Coulomb’s Law, F = 4N , therefore, (3.63) becomes

LT (0)d6 = _ng do, or (3.64)
dT
0=—
v T

Taking the integral of (3.64) from the known position & =0, the relationship

between the pulley and the tension cable is given by (3.65):
[[danT)= [ do
0 0
T(0)=Te" (3.65)
This cannot fully represent the mechanics of the tendon as there are frictions
applied by the cable housing. Depending on the radius of the arc in the housing, the

total friction force acting on the cable is determined. Fig 3.14 displays the free
body diagram of the finger actuating system. 6,,6, and @, represent the
wrapped contact angle between the tendon and the shield at the contact locations.
Since the coefficient of friction here is constant, (3.65) can be written out as (3.66),

where @, is the sum of 6,,6, and 6, and g, is the coefficient of friction
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between polyurethane (shielding) and nylon (fishing string tendon).

T, (0)=T,e"" (3.66)

Contact locations

B
3/

tendon /‘ "o

[

r 4

loipulley cable shield
Figure 3.14 Tendon within the windy shielding
N, T, 7 N,
F,
de, 76, +6,+d8)
H .
T(6,+8,) T(6,+86, +d6, +d6,)

T i 7

Figure 3.15 The free-body diagram of the finger actuation
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Now, when considering the friction in the pulley and the tendon (Fig 3.15),
4, s the coefficient of friction between aluminum / nylon, and 6, is the wrapped

contact angle in the finger joint (200 deg).

T, (0)=T,e"" (3.67)
Therefore, if the initial pulling tension is T, , the intermediate tension is
T, =T,-¢€" i (through the finger pulley only) and likewise, final pulling tension

in the cable is

T, =T, -e“0r% (3.68)
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Chapter 4:
Trajectory planning for safety

This chapter presents the method of creating motion trajectory of the developed
anthropomorphic robotic arm. This method can apply to most robotic manipulators
(even with redundant DoF) without using the conventional sensors; instead, it
monitors the motor current level to analyze the torque on the actuator. The results
of the algorithm show successful detection of the collision while the new trajectory

reduces the damage on both the robot and the human operator.

4.1 Torque-sensor-less torque sensing

The developed anthropomorphic arm and hand is designed for interactive
humanoid robot application. A robot gains information on its physical status and
surroundings through sensor readings and for multi linked manipulators, various
torque and gyro sensors, vision sensors are popular choice for this. Humanoid robot
arms are often equipped with torque sensors in each joints and multi-axis F-T
sensor at the end-effector (HUBO, ASIMO, HRP-2, DLR’s Light Weight Arm,
RRC-K1207i). However, the anthropomorphic arm does not use any sensors such

as multi-axis F-T sensors, torque sensors or contact sensors to measure torque or
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estimate incoming disturbance’s load and direction. It uses a unique method of
acquiring torque on the joints by observing the motor current which is proportional
to the produced motor torque. Since, the motor speed is decreased using a gear
train, the reading should compensate for the gear ratio and the back-drivability
efficiency. Then the found torque is the resulting torque with all the effect of
dynamics of the arm movement, gravity, and collision force, if applied. Fig 4.1
illustrates these steps to convert the current reading to the torque on the joints.

Motor torque const Gear ratio, Back-drivability efficiency

Motor Current H Motor Torque } » I Joint torque

Incoming
force

Inertia Gravity

Figure 4.1 External impact estimation by sensing the motor current

4.2 Motion teaching: knot point acquisition

For motion teaching, the anthropomorphic robotic arm and hand uses the same
algorithm that we first applied to the Kendo robot, MUSA (Bang et al. 2005). For
MUSA, instead of using the typical motion teaching methods such as teaching
pendant method, vision or an exoskeleton motion capturing system, we have used
the motor current measuring method to acquire motion knot points. Unlike other

motion teaching methods, it requires no other infra-structure or equipment and it is
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quite intuitive for the operator: the robot arm can be set up at a desired position as
if setting up a mannequin arm (see Fig 4.2) and the set position can be saved as a
knot point. This algorithm also measures joint torque by observing the motor
current change, but the robot’s dynamics does not need to be concerned in this case
(only the weight of the arm is of the concern). Each torque reading (converted from
the motor current measurement) is compared with the undisturbed joint torque
value for each position. If disturbance is detected, the joint rotates toward the

direction of disturbance.

Figure 4.2 Setting up robot arm as if setting up a mannequin on MUSA

4.3 Motion teaching: polynomial curve fitting

There are largely two methods in fitting curves into discrete points. Firstly the
curve is made to pass through all the points by interpolation. And the other is to
find the general trend by regression. When the interpolation method is used, the
created path needs to pass all points and this will make cusps which will in turn
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distort the trajectory. When regression method is used, the starting and the finishing
points of motion are unlikely to match the initial input points. Therefore, in this
research, high-order polynomial regression is used with restrictions of starting and
finishing points and velocities.

The polynomial function up to 9™ power produces the trajectory. (4.1)

shows the generic 9th order polynomial with boundary conditions.

y=a,+at+a,t’+---+at’

4.1)

Initial time: 0 =0

position: Yi

velocity: Vi

Final time: ™

position: Yn

velocity: Yr (n: number of discrete points)

Using the boundary condition, 8- are found in (4.2) and (4.3).

f(t,)=f(0)=2,=y, (4.2)
ft,)=10)=a =y (4.3)

Also, relative (4.4) and (4.5) for 3,8 are yielded.
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ag :%(9yn _tnyr: -9a, —---—28.71:;)
t (4.4)

1 , 7

a, :_t_g(gyn _tnyn _88‘0 _"'_a7tn)
n 4.5)

When these are substituted in (4.1), and reorganized, the error of the i™ point is

(4.6).
ei:yi—(a0+alt+---+a9ti9) 4.6)

Then, the sum of squares error is a shown in (4.7).

Here,

(4.8)

, Where

m=0,1,2,---9

For the least-squares fit of the polynomial, we minimize S with respect of

azyap..

the unknown coefficients 8 . For this, we set the partial derivatives of

S with respect to the coefficients equal to zero:
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oS
£=—2; Kai {Yi —koidg —kiiag =~k
v,
_(l_koi))’n+[l_7_l_9}yn}:0
tn tn
S C
£=—2Zk7i{>’i—kOiao—k1ia1—"'—k7ia7

i=1

tf
—(1=koi ) Yo +| === [y} =0
tn tn

(4.8)

(4.8) can be rewritten as a system of linear equations in the unknowns

a2,a3,...’a7 as

Sk Yok,

a

zkﬂkzi Zk7ik7i a'7

t9

n

i td ot
Zkzi{yi —Keid, _(l_koi)yn +(;_; y;}

. tt ot
Zkﬂ{yi _kmao_(l_koi)yn"'(#_t;g Yn}

n

. (4.9)

With (4.8), all the coefficients of (4.1) are determined.

(4.1) through (4.8), a common way of the polynomial curve fitting is
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shown; Fig 4.3 shows the ball throwing motion of the arm using the trajectory from

polynomial curve fitting.

Figure 4.3 Baseball grabbing and throwing

4.4 Motion teaching: weighted knot points

The importance of task execution usually concerns the path planning of the end-
effector. However, with redundant robotic manipulators, the form trajectory itself
can often be the required task. For example, holding a cup of liquid and
transporting it to the other side of table would be the case. For a successful
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execution of this task, two tasks must be completed: the content of the cup cannot
be spilt while transferring the cup from point A to point B. When creating the
motion trajectory for the anthropomorphic arm, the knot points are chosen and used
to create the motion trajectory by fitting the knot points in polynomial equations.

For such a task, minimum knot points would be 2 and the initial point as shown in

Table 4.1.
Table 4.1 Knot points for a cup serving motion
Joint numbers (shoulder=0 ~palm=6 )
o] 5 4 3 2 1 0
[deg]
Initial 0 0 0 0 0 0 0
position
Point A 0 30 35 -50 -35 =25 -30
Point B 0 5 10 -50 -130 -35 -20

Having more knot points often guarantees more accurate motion
trajectories. However, it is a cumbersome process to find all the knot points and
unless higher ordered polynomial equations are used, a complete deviation from
the original knot points is easy. Especially for the case of humanoid robots with
multiple redundant joints, little change in the angles make awkward move even if
the condition of knot points are met. Therefore, for generating motion trajectory in

simpler way without loosing the essence of the motion to complete the task, an
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algorithm to consider weighting the importance of the knot points is considered. By
weighting the importance of each knot points, while still using the same linear
regression method, this algorithm can reduce unexpected overshoot in the curve
without acquiring new knot points. Fig 4.4 shows two sets of polynomial trajectory
created based on the 3 knot points. The solid lines show the weighted version of the

trajectory.

Joint trajectory
G0 T T T T T T

— it
— jifit ]
— i

m— it

—intd

joints

— it

trajectory [deg]

jointa

i i i i ‘ ! i
0 10 20 30 40 50 60 70
step

Figure 4.4 Joint motion trajectories for serving a cup
The dotted line shows the default trajectory created without weighting (or
equal weights). Both start from initial point with zero velocity and the knot points
are the same at time step 20 (point A) and 63 (point B). Both line sets use
polynomial functions and if there are more knot points the trajectory profile can

vary. For the point B, it is weighted to be 4 times more important than the point A.
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Therefore, around point B, the trajectory curve flattens faster. By employing this
algorithm, deviating motion trajectory resulted from lack of knot points can be

reduced while the curve form can be customized.

4.5 Impact force estimation

Since, the motion dynamics can be completely solved out following Chapter 3, the
expected torque on each joint should be found. For a given trajectory, this toque
value can then be constantly compared to the new measurements. Depending on
the threshold, if the reading of the moving arm does not match the expected torque
values, it can be considered as the effect of collision. The flowchart of determining

the incoming torque is shown in Fig 4.5.

‘ Choose trajectory ‘
¥
| Wait START signal |
¥
—'| Load trajectory, torque |
¥
‘ Send trajectory to driver ) °°°°°°°°°°°°°°°°°° *‘ Receive trajectory
: : JRS \ Send torque |
‘ Receive torque from driver ‘4 --------- 3
‘ Control motor ‘
Compare received data to )
pre-calculated torque | Measure motor current
Difference
pver threshold
Yes

| Alternate motion |

Figure 4.5 Anthropomorphic arm motion teaching algorithm
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To determine the direction of the unknown incoming impact on the arm, seven joint
torque values at the point of impact are collected and their value difference over the
threshold is compared. The following 3 figures display the process of detecting
impact force from the joint torque reading form a task execution determined using
the algorithm. Fig. 4.6 compares the given motion trajectory’s expected torque with
the actual reading of the motor torque during a task execution. Fig. 4.7 displays the
reading of the motor torque when the arm jams into an obstacle. The deviation of
the curve is shown toward the end of the task. The impact force reading is filtered

through a threshold torque and the impact force is determined (Fig. 4.8).

Joint Torque Measurment

12000
— expected
10000 = .- reading
. . 8000
€
zZ
E 6000 -
(o
|_
4000 -
2000
0 M k |
0 20 40 60 80 100

step

Figure 4.6 Joint torque measurement during a task
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Joint Terque Upon Collision

16000
14000 _—gxpected
——impact read. .ﬂ'
12000
10000
8000 )
owo | N
4000 15,5,,- % T\ﬂ
2000 -L { q\\
D I L L L L
. 20 4an A0 ¥r1j [10n
2000 T
-4000
step
Figure 4.7 Joint torque measurement with an impact
Impact detection
9000 M -=— impact .
‘= 4000
zZ
E,
[3) " L L 1
& -1000 r
5 ) 20 40 60 80 100 120
-6000
-11000
step

Figure 4.8 Impact force on one joint
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Likewise, the impact forces on each of seven joint is collected for
estimating the load, and the direction. Figure 4.9 shows the graph of the
disturbance force applied to the palm of the anthropomorphic robot. This graph
shows varying magnitude of forces pushed in two directions; the stars are the
forces applied on the palm toward the body and the circles are the forces pulling
away from the body.

Once estimating the direction and the load of the incoming force, a new
trajectory is chosen accord to the “intent criteria” that has been developed for the
anthropomorphic robotic arm.

Force detection on the palm - pulling and pushing on the palm

000

4000 -

0

Fy[mNm]
b

Ly

Lannn ke e
-B000 =
ﬁ‘%

17000 L 1 i i L : |
-1500 -1000 -500 1] 400 1000 a0 2000

Fx[mNm]

Figure 4.9 Multiple impact forces with varying load and direction the palm
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4.6 Trajectory generation for safety

For generating a new trajectory to minimize further physical damage, analyzing the
estimated impact force for its actual danger level is necessary. The quantification of
the safety of humanoid robots had been first proposed by Ikuta et al.(2003)’s group
calculated the danger level using the danger index,« , which is the ratio of the
impact force, to the critical impact force. They examined robot’s weight, cover
material, joint flexibility, shape and the surface friction to determine the complete

danger index of a robotic arm (see the Danger Index in Fig.4.10).

Danger Index
Design factor Factor
m-a
Weight .
Fe Shock criteria
Package L
i F.dt
Sk Cd Impact load
: o I-6 Intent evaluation
Joint flexibility — )
Fdt Impact location
A
Shape z Impact duration
- H-N
Surface friction
FC

Figure 4.10 Intent evaluations suited to the anthropomorphic robotic arm

Given the danger index, safety level of the mechanism can be quantified

for a collision within a given trajectory. Upon collision, the algorithm narrows
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down the collected data considered for the Danger Index to three factors suited for
the anthropomorphic robotic arm: the impact load, the impact location and the
impact duration. These shock criteria are evaluated to determine the work

environment and the intent of the user.

IMPACT
v—

Intent evaluation

P

Intent to stop Involuntary collision
1
Shock absorption

Joint off-setting

Body inertia minimizing

Di ti Conti
Discontinue task R ontinue
tas_k tas_k

Figure 4.11 intent evaluation processes upon impact on the arm

The anthropomorphic arm is developed for real-life sized humanoid
robots bearing much similitude to real humans. By analyzing the intent evaluation
criteria, the robot arm can proceed to the next motion trajectory based on the intent
of its user. Depending on the intent, the robotic arm may not complete the task or
proceeds to finishing the task after taking appropriate measure of absorbing the

shock. Instinctively, there is one way of reacting to the incoming collision shock:
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by moving in the direction of the applied force proportional to the magnitude of the
load. And another is by proceeding to the direction of minimizing the body energy
level: meaning moving in to the direction where the robot needs minimum
voluntary movement. Currently, upon impact, the robotic arm moves in the
direction of the impact load while minimizing the body potential energy in all the
links. Fig 4.13 and Fig 4.14 shows the movement of the arm upon impact when Fig
4.12 is the controlled movement. For both movements, the impact came in at frame

3 of Fig4.12.

Figure 4.12 Controlled trajectory
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Figure 4.13 Collision with an intention to stop
At time frame 3 of the controlled trajectory (Fig 4.12), a collision occurs.

The impact is analyzed with the intent evaluation, and the motion comes to a halt.

Figure 4.14 Involuntary collision

This time, involuntary collision is made at the forearm link location. First
the arm moves in the direction of the incoming torque then proceeds to move in the
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direction to the original trajectory. In this case, at frame 3, the forearm experiences
an impact force downward. To reduce shock on the body, the elbow unbends and
the forearm joint rotates toward the forced direction. Then, the current position and
the time are compared with the original trajectory to choose the next motion. In this

case, frame 6 motion of Fig 4.12 is chosen to continue with the task.
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Chapter 5: Mechanism Design

This chapter details the biologically-inspired mechanical design of the humanoid
arm and the hand, including the unique gear-train for a humanoid robot that is
made up of back-drivable spur and bevel gears instead of harmonic drive. The
biometric conscious parameters such as the endowed degrees of freedom, the
working range, and the volume validate the effort to building the robotic arm is

suitable for size and flexibility critical humanoid applications.

5.1 Mechanical Architecture

Having the human figure in mind, the anthropomorphic arm has 7-DoF from the
shoulder to the wrist. This is very close to that of the human as the shoulder rotates
in 3-DoF (can extend to 5-DoF for finer manipulations (Lenarcic 1999, Sakai et al.
2006), elbow in 1-DoF and the wrist in 3-DoF. This architecture proves to be
effective and suitable when mimicking the human-like movements with finesse.
Figure 5.1 shows the location and configuration of the arm joints while Table 5.1

compares the developed anthropomorphic arm to a real human arm.
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a) b) c)

Figure 5.1 Mechanical architecture of the anthropomorphic arm

a) lllustration of available DoF from the shoulder to the wrist

b) CAD drawing of the anthropomorphic arm

c¢) Developed humanoid applicable robot arm
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Table 5.1 The anthropomorphic robotic arm vs Human arm

Anthropomorphic
humanoid arm

Human

7 (roughly)+
Dok ’ 2 (shoulder)
Shoulder to wrist
(500mm)
Length 550
- Elbow to wrist mm
(242mm)
3.7kg
Weight 3.6k
2 (with hand 200g) :
Joint Revalute joints Ball-socket joint
Payload
(Arm forward) 4.5kg 10kg
- Light weight - Light weight
Safety feature | Controllable joint |- Actl\f_ely varying
compliancy compliancy
- Soft skin covering

5.1.1 Hollowed joints

s 4 (elbow)

Ase T (wristz)

Axis 6 {wristo) A s § (wristy)

The custom made motor driver control individual joints from the shoulder to the

wrist. This driver is small enough (see Fig 6.1) to be installed on each link for a

embedded and modularized control having RS-485 communication in between the

modules. Although the multi-point communication network that RS-485 provides

minimizes the wiring between the modules, the power lines, and a single node

communication wiring is still necessary. Due to the flexibility of the designed

mechanism, the cabling can still be tedious and they can easily get tangled between

the moving joints during task operations. In order to clear the wires out of the, the
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joints are designed to have a hollowed out centers where the wires can run through.
This not only eliminates unsightly protruding wires but also minimizes the risk of
them getting caught in the gears while in motion. Since this arm has a multi-DoF
with a large range of motion, without having the wires gathered in the center, it is
quite challenging to position the wires unless having them braided and giving
additional length for the mobility. Fig. 5.2 shows the hollowed joint centers where

the wires can run through without interfering with the robot motion.

a) Shoulder b) Forearm c) Elbow

Figure 5.2 Hollowed joint centers in the arm

5.1.2 3-DoF wrist mechanism

In order to produce closely imitate human motions, it is critical to design the arm to

have 3-DoF in the wrist. Having the extra DoF allows for fine and precise
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movements which easily can resemble human’s motions. Due to the limited space
in the forearm section of the robotic arm, 1-DoF is placed in the forearm and the
two other DoF is placed at the end of the wrist. All three joints share the same
center of rotation for minimizing body inertia and reducing computational effort.

To realize this architecture, bevel gearing is used as shown in Fig. 5.3.

Figure 5.3 3-DoF in the wrist

5.1.3 Hand and finger mechanism

Human fingers are said to have around 20 DoF to execute most tasks and a couple
more DoF in the palm. Human fingers’ motions can be largely divided in to
enveloping grasp (power grasp) and fingertip grasp (precision grasp) (Borst 2002).
As the names suggest, power grasp would use the palm for larger force
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transmission where the precision grasp would use the finger tips for tasks that
require precision more than the force. For the currently developed robotic arm, the
fingers have a total of 15 joints and 8 of them are actively actuated by 8 RC servo
motors. There is no extra DoF endowed in the palm. Instead, the thumb connects to
the palm by a spring-loaded hinge which is composed of and a ball joint (actively
actuated in one direction). This design imitates most motions required of a thumb
for grasping. All the finger joints are tendon driven with fishing wire. The little and
the ring finger have one actively actuated DoF which controls movement in the rest
of the three joints, DIP (Distal Interphalangeal), PIP (Proximal Interphalangeal)

and MCP (Metacarpophalangeal) joints (see Fig.5.4).

Intermediate

phalanges '
Proximal/&r/'

phalanges

DIP joint

PIP joint

MCP joint

Figure 5.4 The human hand anatomy
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Figure 5.5 Developed robotic hand

The rest of the fingers all have two actively actuated DoF while having
coupled movements. For the thumb, DIP and MCP are coupled and the base carpal
joint moves independently. For the index and middle fingers, DIP, PIP and MCP
are coupled for one DoF and DIP and PIP are coupled for the other DoF (see Fig.
5.6 and 5.7). For the coupled movements, the angular change was mechanically set
to be in a ratio of 1:1. According to former biomechanical statistics, (Lang &
Schieber 2004, Andrew 2003) the angular velocity ratio between the joints varies
depending on the total angle change of the joints. Therefore, for the purpose of

grasping multiple and/or various objects, this ratio is 1:1. Currently the fingers
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have been tested to hold and grab in power grasp mode and have shown successful

performances with the given angular velocity ratio in the coupled joints.

Figure 5.6 Endowed degrees of freedom in hand

DIP

Figure 5.7 Finger joints

Many researchers have used tendon/wire driven hand designs to actualize
multi degree of freedom hand while keeping the weight down (see Appendix A and
chapter 2 for the statistics). The hand mechanism presented in this thesis also uses
tendon driven joints. When cables are used to actuate finger joints, in most cases,
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they are antagonistically actuated: when joints are moved in one direction, they
need to be actively pulled back to the other direction to go back to the origin. It is
unrealistic to use two actuators to create one joint motion when it is crucial to keep
the whole arm mechanism compact and light. Therefore, in this humanoid
applicable hand mechanism, finger joints are spring loaded to get the required
recoil motion when returning the fingers. From the test results springs have shown
to recoil the finger joints back to the origin; however, it when the unloading shock
is greater than the threshold, the fingers can jitter lightly upon the impact of a
shock. This problem is likely to be solved with a high stiffness springs and
corresponding high torque motors. This way of actuation can be seen as an
anthropomorphic behavior of the hand, as human hands, too, display greater force
when gripping than when opening the hand.

Wires cross link between the coupled joints and as it can be seen in Fig.
5.7, the grooves in the links allow minimizing the number of assembly parts. The
wires go around the grooves and get affixed to the links by screw bolts. The bolts

can tighten up the wires to change the preloading force if required.

86



Figure 5.8 Robotic hand’s finger joints: machined groove and ball joint thumb

5.1.4 Wire Shield

The tendon wires are 0.4~0.5mm in diameter flexible but a non-stretching fishing
string. In order to have the actuators pull the joints, these wires must be connected
to the actuator. However, due to its flexibility and thickness, the wire cannot
support tension and is bound to collapse. In order to maintain its position and
prevent tangling, and transmit the tension from the actuator to the joints, external
shielding tube is fitted from the end joint to the actuator. It is a similar mechanism
used in bicycle breaks; when the break handles are pulled, the cable inside the
external tubing is pulled while the shielding tube takes the reaction force from the
hinge. Similarly, the hand mechanism utilizes external tubing made of urethane that
encases the wire; the tubing maintains enough flexibility to route the wire in the
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desired direction while being stiff enough to anchor the reaction force.

-

Figure 5.9 Spring loaded and ball-socket joint thumb & shield tubing

5.1.5 Thumb joint mechanism

There is no hinge in the actual palm part of this robotic hand. However, in order to
grab an object, it is difficult to do it smoothly and “human-likely” without the
motion equivalent to that of the human palm. In order to compensate for the lack of
a palm hinge, in this mechanism, the base carpal joint is designed as a ball and
socket. This design allows the base joint to move in the shortest path of the wire
when actuated; however, it remains compliant to the object that it holds. The
flexibility of the thumb and in turn, the flexibility of the whole hand is maintained
with the given 8-DoF with this joint. Currently power grasp of up to 0.5kg load is

enabled with this design.
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5.1.6 Exterior covers

The humanoid applicable hand is designed for both types of holding controls:
power and precision grasping. In order to improve the grip of the finger tips, they
are fitted with silicon thimbles. Inside the palm and each phalange are covered with
foam rubber tapes for the same reason. They provide approximately 4mm thick
cushion for protecting the grabbed objects from scratching while increasing the

friction coefficient to minimize slipping.

5.2 Gears and actuators

This section covers actuators and the gear-train of the developed arm. In this
anthropomorphic arm architecture, spur gears are used instead of harmonic drive
gears. They are custom built to satisfy the dimensional needs and to enable to use

sensor-less joint driving algorithm.

5.2.1 Gears

The humanoids with an extremely compact mechanical designs favors the
application of harmonic drives which provide high gearing ratio in a smaller

package.. However due to the nature of the harmonic drives, the joints loose the
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compliancy and back-drivability. The currently developed robotic arm has no
additional sensor to retrieve the torque on the joints but instead uses spur gears and
its back-drivable nature to acquire joint torques. It is unarguable that harmonic
drives’ application in the architecture decreases the joint backlash. However, the
distance between the shaft axis of each gear in a gear train are designed to be
adjustable to minimize the effect of backlash (the backlash in each joint is
compiled in Table 7.4).

Table 5.2 compares the pros and cons of the use of spur gear and

harmonic drives and writes how the problems of using spur gears have been

addressed.
Table 5.2 Harmonic driver vs. Spur gear
‘ Harmonic drive ‘ Spur gear ‘ Current design
Volume Compact Depends Strat.eglc IS
required
Gear ratio Usually over 50 Adjustable Gear ratios 65:1 ~ 135:1
. Better than harmonic Back-drivability
Efficiency Worse than spur gear drive efficiency over 80%
Price Relatively expensive in cheaper Custom made spur
Korea gears
Usually better than spur | Usually worse than Mechanical feature to
Backlash o -
gear harmonic drive minimize backlash
Back drivability | Difficult Possible DD
estimate motor torque
) . . . Adjustable joint
Compliancy Limited compliancy Compliant e
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5.2.2 Actuators

There are a total of 7 joints from the shoulder down to the wrist: for the ease of
reading and visualizing the joints, the joints are numbered from one to seven
starting from the wrist joint as one. Eight different DC motor models are used and
the following table shows them in a list matching the motors and their locations in
the arm from the shoulder to the wrist.

All finger joints are actuated by the same RC digital servo motor from
Hitec (model HS-5125MG). The selected servo motors are thin and light which are
the characteristic wanted in this robotic arm application. Currently developed
robotic hand uses RC servo motors that do not require changing the rpm. Therefore,

there is no need for a gear-train.

Table 5.3 Joint driving actuators and gear ratios

DC Motor Weight Stall Motor _
(FaulHaber) torque const. Gear ratio
[kg] [Nm] [Nm/A]
0 (shoulder) | 3257 048CR 0.242 0.547 0.0762 1:100
1 3257 048CR 0.242 0.547 0.0762 1:81
2 2642 048CR 0.114 0.137 0.082 1:96.25
3 3242 048CR 0.175 0.189 0.0698 1.70
4 2232 0245R 0.062 0.0487 0.0321 1.65
5 2232 0245R 0.062 0.0487 0.0321 1:135
& 2232 0245R 0.062 0.0467 0.0321 1:135
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Chapter 6: Motor control

One of the novel features of the developed anthropomorphic arm is its modularized
links. Each arm link has its own embedded motor drivers to control the actuators
while all the drivers communicate via multi-point RS-485 communication. This
section covers the motor drivers and the communication protocol involved in the

anthropomorphic robotic arm motor control.

6.1 Motor drivers

There are a total of fifteen motors in the developed humanoid arm. Each of them is
controlled by custom-made motor drivers which are specially designed to be slim,
compact and light. For this reason, an effort has been made to use an all purpose
microcontroller chip that enables multi functional I/Os. Among the vast choice of
microcontrollers, we required one that features a robust architecture, a flexible
memory mapping and peripheral supports. AVR® and DSP 24001® are popular
options for such applications; however, the physical size of the chip is of a concern
in this robot arm application as we wanted modularized drivers for an installment
on each individual link. More details on the RS-485 communication specifications,
control methods, command configurations for the motor driver modules are
covered in the following sections. For the motor driver modules, Microchip’s PIC
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18L.2431 microcontroller was implemented. PIC® satisfies the requirements (RS-
485 communication operations, 10-bit resolution power control PWM output, 10-
bit A/D converter, flash program memory, internal RC oscillator) and is an

economic, one chip solution for modularization of the joint actuators.

6.1.1 DC motor driver

There are a total of 7 DC motor drivers for the robotic arm and they consist of
National’s LMD18200 and Maxim’s RS-485 interface chips. The LMD18200 chip
internally has an H-bridge circuit to drive DC motors and also measures the current
flow. Table 6.1 summarizes the specifications of the compact DC motor driver that
is developed to be installed on the arm links. Figure 6.1 shows the circuit diagram
of the DC motor driver.

Table 6.1 DC motor driver specifications

Motor FaulHaber DC motor

Size 27mm x 43mm
Voltage 48V

Max. current 3A (BA peak)
Communication R5-485

Control method Position control
Feature Current level feedback
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Figure 6.2 DC motor driver circuit diagram
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6.1.2 RC digital servo motor driver

To control 8 servo motors in the fingers, 2 servo motor drivers designed and they
are installed on the forearm of the humanoid arm. Because RC servo motor drivers
do not use DC motors’ LMD18200 chip, in order to extract the current flow level,
additional resistance was attached to pull out current reading. Currently developed
hand has a total of actively actuated eight DOF driven by eight RC servo motors.
Table 6.2 shows the specifications of currently used RC servo motor driver.

Table 6.2 RC Servo motor driver specification

Motor Hitec HS 5125MG

Size 27mm x 43mm

Voltage 6V

Communication RS-485

Control method Position control

Feature Simultaneous
5-driver operation
(4-motor current
feedback)

95



Figure 6.3 RC Servo motor driver (28mm X 48mm)
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Figure 6.4 RC servo motor driver circuit diagram

6.2 RS-485 communications

The motor driver modules receive the central command through RS-485

communications network. Mostly industries and plants used, RS-485 system is

faster and more resistant to noise compared to general use serial RS-232 system.

RS-485 communication system inherits the same protocol and configurations as

RS-232 standard. However, it can have multiple transmitters and receivers when
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RS-232 is meant only for one to one communication. The adaptation of RS-485

communication system minimizes complex and numerous cabling because all the

connections can be transmitted via single node. (see Fig. 6.5). Due to the nature of

multi communication with a single source controller, it is imperative to have a safe

communication protocol. For a successful communication, the transferring message

bits and responding bits must be confirmed to eliminate any malfunctioning in the

system due to communication error and noise. For the developed humanoid arm,

this communication protocol has been designed and implemented. The details on

the RS-485 command protocol will be covered in the following section.

DSP board
(320F2812)

485 serial

Motor driver

Figure 6.5 RS-485 communication system of the arm

|| DC motor
{PIC18F2431 (Faulhaber)
& LMD18200)
Fotor dn :i(;;ital servo
motor driver
(PIC18F2431) (HS-5125MG)

X7

The humanoid robotic arm and finger joints are controlled by the main

DSP microcontroller. As it was mentioned previously, individual motor driver for

joint motion (one driver for each DC motor and one driver for a set of four servo
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motors) communicate via RS-485 system with the main microcontroller. The main
DSP controller is responsible for producing trajectories that are sent to the motor
drivers ran by PIC® microcontrollers. Then the question arises who will compare
and make decisions upon reading in torque values. For the current application,
torque load on every joint is analyzed to make the next move, and this process is
done for each trajectory points. If the main microcontroller would takes the job of
making the decision, the acquired torque values of the joints (collected by PIC®)
must be transferred back to the main microcontroller: and this communication
takes time even though the calculation load on the PIC® microcontroller reduces.
If the extra transferring of received packet is eliminated, and instead PIC® makes
the required calculations to make decision for the next movement, the
computational load on PIC® increases. In this research, the communication rate is
set to be 40Hz and the main microcontroller does the necessary dynamics
calculation.

When using the default RS485 receivers with an input resistance of 12 kQ,
it is possible to connect up to 32 devices to the network. Currently, nine drivers and
one master transmitter are in the network while the RS-485 buses are in tri-state
with high impedance. In designing the communication protocol, the
communication rate is set to 19200bps. The master DSP controller sends and

receives 5 byte command packet in the form of Table 6.3 including the check sum
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byte. Every sending and receiving packet is checked to ensure secure
communication. This format is all defined during this arm development and

showed satisfactory communication capabilities.

Table 6.3 RS-485 communication protocol for humanoid arm

Motor Tx {Rx Byte #1 Byte#2 Byte#3 Byte #4 Byte #5
driver Header Address Value Value Checksum

DC To driver 0xAA ID Position Position Check sum
Low-byte High-byte
From driver axxx xxbb bhbb hbbb
a: direction
b: 2bits for
toque
Motor Tx /Rx Byte #1 Byte#2 Byte#3 Byte #4 Byte #5
driver Header Address Address Value Checksum
RC servo | To driver OxAA 151 1~4 add. Position Check sum
152 0~255
From driver aaaa xxbb bbbb bbbb

a: upper 4bits 10 bits
b: lower 2 bits returned.
for value

Address

The first byte is always set as 0xAA which is followed by the ID byte. The DC
motor IDs are numbered 131~133 for the shoulder (3-DoF), 121 for the elbow (1-
DoF), and 111~113 for the wrist (3-DoF). As mentioned before, four servo motors
are controlled by one motor driver and there are two motor drivers to control eight
DC motors. Therefore, the address numbering starts from 1511~1514 for the first

driver and 1521~1524 for the second RC motor driver.
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Position
The DSP controller sends preplanned position data produced from set of equations
that are found from interpolation software. The interpolation software we had used
for developing MUSA (Bang et al. 2005) is modified for the currently developed 7-
DoF arm: this software takes in a minimum of three knot points and produces
equation that interpolates the knot points. These values are updated for each packet.
The pulse conversion for each joint is set accordingly depending on the encoder
specification. The range of motion and the effective number of encoder pulse count
are considered in setting the displacement [deg / encoder pulse] ratio to maximize
the resolution of joint position control. The produced joint displacement in degrees
is as follows.

Joint displacement [deg] = 360 * (m / n)
, where n =number of encoder pulse / 1 command pulse,

m= number of encoder pulse / 1 rev
The RC servo motors that actuate finger joints use different conversion parameter
from the DC motor drivers. Servo responds to variations in the duty cycle of a 50
Hz rectangular pulse train. The rotation range of -60~60 deg is translated to 0~ 250
pulses where the pulse width varies 1.1~1.9ms. When the command value is not

within the scope of the preset motion range, the program set to give out error
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message. And for convenience, preset numbers are used to perform specified tasks
as summarized in Table 6.4.

Table 6.4 Preset commands for motor drivers

Address input Driver tasks

32100 Emergency stop for all motors
32101 Power on for all motors
32110 Reset all motor positions to the origin
Send current motor position reading
32111
to the controller

In addition to the commands above, if ID is set to 0x33 all the driver
reacts with LED signal without return value. Such definitions are not directly used
during the actual motion control process; however, these simple commands are

frequently used while testing the drivers and trajectory motions.

Torque reading

The motor torque is initially received as the motor current values which are
received in 10bits. For this measurement, 5 Ohm resistor is connected (if 1A
current flows, 1.0V is measured). Then the conversion ratio is calculated from the
maximum torque (current), which is measured when the potential difference is 5V.
For a 10bit-system, 1024 pulse is the maximum count and it is equivalent to 5V;

208.262pulse/A conversion ratio is used to calculate the actual torque. From the
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pulse reading, torque is calculated inversely; where, the joint torque is found to be
pulse count * 1A/ 208.262 count * motor torque constant * gear ratio. The joints
from the shoulder to the wrist have no coupling effect on each other during the

movement; however, the finger joints show dependency.

Checksum
The Checksum byte indicates the sum of all the pulse that has been sent.
ID + Address + Value + Chksum = 0
This byte makes sure if the communication is made successfully. This checks if a
correct driver is responding or if there’s a clash in responses or transfers. By
checking both check sum and id values is necessary for safe and accurate
communication. During this process, it needs 5.5ms for transferring and checking
the packets using 192000 bps communication speed.

ie. (8bit * Sbytes / 19200bps + 0.1ms wait time) * 15joints = 33ms
This means, for immediate checking of the received torque value happens only
after 33ms elapses (12ms for when moving joints only from the shoulders down to
the wrist). For current purpose of the humanoid arm, this value was found to be

sufficient using the DSP microcontroller.
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Chapter 7: Hardware Evaluation

The humanoid robotic arm with the mechanical architecture described in the
previous chapters is built and it is tested for various hardware specifications
including the motor capacity, the joint backlash, the back-drivability and the torque
reading resolution in the joints. Also the hand’s contact force sensitivity is

compared to the result of a contact sensor reading.

7.1 Motion range and speed

The developed anthropomorphic humanoid arm assembly measures a total of
500mm from the shoulder to the wrist; the upper arm measures 258mm and the
forearm measures 242 mm. The wrist to the middle finger tip (the longest finger)
measures 180mm. The total mass of this arm is 3.7 kg including the hand, motor
drivers and controller. Table 7.1 shows the maximum angular range of motion in
the joints compared to human (partly taken from Appendix B and the averaging
measurements from the laboratory members). Most joints are designed to have an

exceeding range of motion compared to the human’s.
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Table 7.1 Angular motion range in joints compared to human

Anthropomorphic arm

Joint ‘ Human [deg]

Motion range [deg]
shoulder 0 245 (-200~45) 265 (-205~-60)
shoulder 1 189 (-91-98) 180 (-45~133)
shoulder 2 209 (-109~100) 270 (-135~135)

Elbow 3 150 (0~150) 150 (-15~135)
Wrist 4 240 (-120~120) 210 (-105~105)
Wrist 5 150 (-70~80) 180 (-80~90)
Wrist 6 43 (-10~33) 40 (-10~30)

To execute most human like motions, the joint angular velocity at each
joint is designed to be higher than 200 deg/s. Each joint and their maximum
velocity are shown in Table 7-2. These values are superior to an average human
capability.

Table 7.2 Maximum angular velocity without load

Joint Maximum angular velocity [deg/s]

Shoulder 0] 350
Shoulder 1 430
Shoulder 2 390
Elbow 3 460
Wrist 4 650
Wrist 5 310
Wrist 6 310

7.2 Joint Bandwidth

Like any other robotic arms, a high bandwidth performance is desirable in
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controlling humanoid robot arm joints. However, the response rate for humanoid
robot arm joints is often jeopardized as much sensor information and data
communication must be taken into consideration for multi-joint, multi-DoF
redundant mechanisms. Figures below show the bode diagram of the joint motion
responses of the developed robotic arm. The plotting is done for the motor
responses when each joint is commanded to move 180 degrees. Fig 7.1 and Table
7.3 display the resulting data plot. As it can be expected, the wrist joints which take

the least load; thus, they have the highest bandwidth among the other joints.

Bode Diagram

joint &
joint 5
joint4
joint 3
joint 2
joint 0,1

Magnitude (dB)
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Figure 7.1 Bode plot of the arm joints
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Table 7.3 Bandwidth of each arm joint (for rotating 180 deg)

Joint Bandwidth [Hz]

Shoulder 0 0.4

Shoulder 1 1

Shoulder 2 1.6
Elbow 3 1.8
Wrist 4 3.0
Wrist 5 4.4
Wrist 8 4.4

7.3 Back-drivability

The back-drivability of each joint is found and compared with the actual torque
output from the motors. The actual torque output is calculated from the product of
measured current and the motor torque constant. The applied torque is derived from
adding incremental weight to the lever arm. In Fig 7.2 and 7.3, x-axis represents
the applied torque and y-axis represents the measured torque in Nm. As the graphs
display, the relationship is linear and show efficiency of minimum 70%.

The torque measurement range is within 1~5Nm while the sensing
resolution is within 2% of the measurement: a sample of 10 readings is made for
each incident of measurement and has used its average for comparison. Having less

than 5% of error in measurement compared to the calculation, they are still
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extremely conservative due to the quality of the gears: joints that have better
machined gears showed superior performance in all tests. Fig. 7.2 and 7.3 show the
measurements made for the top shoulder joint for resolution and accuracy. Fig 7.2
shows the maximum torque range up to SNm and clear linear trend up to that range.
Fig 7.3 shows the same joint where the 2% resolution reading is shown.
Subsequent shoulder joint 1 and joint 2, which take less torque than joint 0, are also
shown in Fig. 4 and 5. The lower joints of the arm only a take fraction of the load

compared to the upper joints.

[Nm] Applied Tq vs Measured Tq [Nm]

5 /
/

/ y=0.8401x + 2.0429
R’ = 0.9977

0 0.5 1 1.5 2 25 3 35 L] 4.5 5
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Figure 7.2 Torque detection in shoulder in its maximum range
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[Nm] Applied Tq vs Measured Tq [Nm]
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Figure 7.3 Torque detection in shoulder in its resolution range

For measuring the sensitivity of the joints, force is applied on each link
separately and this force is measured with a load cell. Figures 7.4, 7.5 and 7.6 show
the resulting joint torque readings and the applied torque when the force is applied.
As it can be seen, the joint is sensitive to less than 10mNm for the worst joint (the

shoulder joint 0, which takes the most load) and it is smaller for other joints.
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Figure 7.4 Shoulder torque reading for loading and unloading
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Figure 7.5 Elbow torque reading for loading and unloading
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Figure 7.6 Forearm torque reading for loading and unloading

7.4 Backlash

Ideally, gears should have no backlash for accurate positioning, and minimizing the
friction loss. However, using spur gear trains in this multi jointed humanoid arm,
the effect of backlash on the performance is inevitable. Table 7.4 compiles the
backlash in each joint. These values are isolated by restricting movements in other
joints while the measuring joint is rotated back and forth to check for the range of
the backlash. Since the scope of the deflection is small, its range was amplified
with a lever arm attachment and this deflection is measured using a micrometer.
Once the reading was made, its tangent value was taken to be the backlash of the

joint.
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Table 7.4 Backlash in the arm joints

Joint Backlash [deqg]

Shoulder 0 0.19
Shoulder 1 0.1
Shoulder 2 0.16
Elbow 3 0.13
Wrist 4 0.04
Wrist 5 NfA
Wrist 8 N/A

The wrist joint 5 and 6 are built with module 0.3 bevel gears, and
actuators transmit the torque through double gear trains. Measuring the backlash is

difficult in this case using the same conventional method.

7.5 Hand contact force sensitivity

Instead of using contact or conventional torque sensors, the developed hand detects
object grabbing by watching the motor current level change. The effectiveness of
using this method and conventional contact sensors are compared in Fig. 7.7 and
7.8. Fig 7.7 shows contact sensor reading of GIFU hand III when a contact is made.
Similarly, using the motor current detection method, Fig 7.8 also displays apparent
contact point. To see the sensitivity level of the finger joint, force is applied to a

finger joint in Fig 7.9.
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Figure 7.7 GIFU hand I11’s contact sensor reading (Mouri et al. 2002)
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Figure 7.8 Load detection by monitoring the motor current
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Figure 7.9 Sensitivity of the anthropomorphic robotic finger

Fig 7.8 displays the resulting force measurement when constantly
increasing force is applied to the finger. The point of contact is marked with a
dotted line in the figure. The finger starts to make measurements (applied force in
Fig 7.9) earlier than the actual force application (force measured on Fig 7.9). This
is due to the nature of cable actuation system. In other words, this dead zone is the
direct result of the friction in between the cable and the shield, and the lagging
cable inside the shield. With a tighter pretension in the cable, the finger can be
more sensitive as the amount of friction loss due to the cable lag can decrease.
Current setting of the finger cable tension shows a sensitivity level around

0.1~0.2N which is quite comparable to the result of contact sensor usage shown in
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Fig.7.6.

7.6 HIC index experiments

Industrial robots have specifications in all fields including the safety features.
Therefore, they have a standardized test for measuring the safe level in the
hardware. The most immediate way of achieving safety when sharing work space
with robots is a constant monitoring of the control manipulator with sensors. By
improving the mechanical design of the robot eliminates potential for hazardous
situations. An example of a hazardous situation would be being hit by an operating
robot while working closely to the machine. In this research, mechanical
frangibility of the human body and its severity is quantified using the empirical
formula developed by automotive industry. Among many formula, Head Injury
Criteria (HIC) index (McElhaney 1976, Zinn et al. 2004) is adapted to measure the

shock level: the solution is to reduce the effective impedance of the whole system.

2.5

t
HIC =| ! [adt| (t,-t)

27 My

Where a is a resultant head acceleration,

t,—t, 236ms

2.5 is used for the head, this parameter varies for different parts of body.
For the testing, 5 readings were taken for each of three arm model, which are the

conventional robotic arm that uses harmonic gears, MAHRU (Kim et al 2005), the
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developed humanoid arm without covering, and the robotic arm with a silicon
(porous silicon with 15mm thickness) covering. Each arm is hit with a F-T sensor
at 2m/s velocity as shown in experiment set up in Fig 7.9. The force reading is

collected every 440usec and plotted in Fig 7.10.
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Impact mass: 4.709 kg

Figure 7.10 Experimental setup for HIC evaluation
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Impact Forces of 3 models
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Figure 7.11 Impact force reading in all three arms

Table 7.5 Resulting forces and HIC

Conventional Anthropomorphic Anthro. arm
{(MAHRU Arm) humanoid arm + Silicon Cover
Trials
II\=,1c;:‘rxc-\='. [N] HIC E:ée [N] HIC II\;‘cz;‘rxc-e [N] HIC
1 1148.99 286.12 664.98 148.71 315.97 91.87
2 972.55 382.07 648.59 95.94 31416 73.49
3 903.46 422.50 721.00 140.90 326.14 66.62
4 1127.23 585.24 756.49 163.56 325.31 77.26
5 1115.52 558.21 619.42 81.58 305.18 60.67
Average 1053.54 448.83 680.30 124.14 _

116



The resulting numbers in Table 7.5 show a dramatic reduction with the
developed humanoid arm that is much more compliant than the arm using
harmonic gears. With the reduction in over all impedance and weight, the
maximum shock force is reduced 35% and HIC is reduced 72% compared to the
harmonic gear using humanoid robotic arm of MAHRU. With a silicon covering,

the effect is even higher being reduction of 70% and 84% respectively.
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Chapter 8:
Conclusions and Recommendations

This thesis presents a novel anthropomorphic 7-DoF arm completed with 8-DoF
hand for interactive humanoids. The mechanical design of the humanoid arm is
compact enough not only to be compatible with currently available narrator-
mannequin type humanoid robots, but also powerful and flexible enough to be
functional; the redundant DoF joints allow flexible robot arm and dexterous hand
manipulations. The detailed mechanism design, the embedded and modularized
hardware, the “conventional-sensor-less” trajectory planning for safety, and the
actuator control method have been presented. Hardware-wise, it is designed to be
light and compliant to minimize any system impedance; software-wise, the
proposed method recognizes any accidental collision in all the joints including the
fingers. Upon a collision, the intent evaluation chooses the subsequent reaction

trajectory for safe HRI.
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9.1 Summary of Contributions

The multi-DoF anthropomorphic humanoid applicable robotic arm and hand
The anthropomorphic arm and hand that display realistic mechanical parameters
for intuitive human interactions have been designed and built. The human
biometric conscious parameters such as, the joint operation speed, weight, length,
motion range, thickness and flexibility, all conjunctively exhibit human quality in
its motions. The embedded and modularized controllers of the arm enable a direct

application of the full mechanism to a human-sized humanoid robot.

The “conventional-sensor-less” torgue sensing

A simple yet unique method of torque sensing without using the conventional
multi-axis F-T sensors, torque sensors, or contact sensors is proposed in this work.
The load torque on the joints (both the arm and fingers) is proportional to the motor
current level of each actuator. Therefore, the motor current value is monitored for
joint torque changes for task execution and safe manipulations of the developed

arm and hand.

Impact force estimation and intent evaluation criteria for safe HRI
An algorithm for an aberrant impact force quantification and localization has been

suggested in this thesis for safe HRI. This algorithm can distinguish the joint load
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from the load resulting from its own weight and motion dynamics from an aberrant
impact during a task execution. Upon impact, it evaluates the collision force with
the “intent evaluation criteria” which is an objective and simple safety criterion
suited for the developed hardware. This evaluation quantifies the intent level of the
collision and chooses a new trajectory minimizing any future damage on the robot

and the human operator.

Inherently safe hardware: controllable joint stiffness

An inherently safe arm mechanism design is suggested for safe HRI; the arm
displays an exceptionally low link inertia, and compliant joint stiffness.
Eliminating the use of the torque sensors and stiff harmonic drives has increased

the range of joint stiffness which is adjustable.

9.2 Future Work

Currently the arm is designed to pose minimum danger to humans (according to the
ISO standards on industrial robots, HCI, and humanoid robotics danger index).
Therefore, in this research, only the impact force on the hand is watched and
analyzed. This focused research is sufficient as no critical danger would be posed
by other links. However, if the actuators were replaced with a higher torque

capacity and result in an increase in the overall volume and weight, the arm may no
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longer be safe and possibly require additional research on developing a different
safety protocol and algorithm.

Apart from the tendon-pulley pulled, 8-DoF hand that has been covered in
the thesis, an improved second version hand has been designed. This robotic hand
model has an additional DoF to have a total of 9-DoF. Comparing it to the previous
model, it weighs only 20g more but the new mechanism has eliminated the
problem with cable lagging in-between the joints. A future work on a sophisticated
grasping algorithm in conjunction with the previously developed contact sensing

method is likely to increase the dexterity of the hand.
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Appendix A: Robotic hands

I categorized currently known robotic hands here. The actuation method, number of
DoF, actuation mechanism, material, sensory skills, path planning method and

novel features are summarized.
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Table A.1 Barrett hand & DIST hand

Barrett hand DIST Hand
AN E
Presiously mMIT's FSC hand -
ARA
Institutions MIT Wniversita di Gennya
company Barrett techinology, inc.
countey LISA Italy
rear 1997 - 2004 1994
Status Commercial use Fesearch prototvpe
el Modularized force sensing Pulley and tendons: cable-driven
feature compliant actuators: spring
loaded revolute motors to
measure targue
Cahle driven tendan
Structures Jfingers A fingers and one apposahle
and Electrical revolute brushless thumkb,
materials maotors, Electrical revalute hrushless
Spur and worm gear rmaotars,
transmissions,
Faircontact surface smoothness
Senson- 9 DaoF (4 controlled= 3 fingers + 16 controlled DOF
maotor skills | 1 DaoF for spreading 2 fingers) Motar position sensors
Muotar position sensors (optical hall-effect hased joint position
incremental encoders) SENSOrS
Strain-gaudes bhased jointtorgue J-axis fingedip farce sensors
sensors (force sensing resistor)
Feedback Joint position contral Fosition feedback
cantral Joint welocity control
Emhedded D3P u-processor
Path Fower grasp and precision grasp Power grasp and precision grasp
planning
Autanomy Mon autonomous Mon autonomaonus
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Table A.2 Robonaut hand & DLR hand

MAME Robonaut Hand DLR Hand Il
Previoushy LTAH-MIT Hand DLR
AkA
Institutions MASA Johnson Space Center DLR-German Aerospace Center
campany
country LISA Germarny
Year 19949 2000~2004
Status Research prototype Research prototype
ovel Flexshaft , lead screw Built-in actuatar
feature tfransmissions Fulley-timing helt driven (distal
joints) Harmonic drivesigears
transmissions (for 2 DoF MP joint),
Structures 4 fingers and one opposable 3fingers and one opposable
and thurmb, thurmb,
materials Electrical revolute brushless revolute BLODC motars, produce up
motors, to 20N @ finger tip
kevlar body armaor coated with Silicone finger surface
Teflon
Senson- 16 DoF -- 14 controlled DOF 13 DOF (3DOFMinger +100F
rmotor skills (2 wrist + 3 middle, index + 3 palmy)
thumb + 1 pinky, ring) (coupled medial and distal joints)
LInder-actuated palm action Maotor position sensors
Wirist actuators in forearm Joint position (0.1 deq resolution)
Motor position sensors, sensors (potentiometers) Strain-
incremental encoders gauged based joint torgue sensors
Joint position sensars Tendan termp sensar
tension sensars B-axis fingerip force sensors
Tactile force sensors (FSR 1.8kgfhand 30M @ fingedip
Force Sensing Resistor
technolooy)
Feedback Force feedback Fosition feedback
control Joint level impedance cantrol
force control
Fath Fower grasp, precision grasp Fower grasp, precision grasp and
planning and human-like fine human-like fine manipulation
rmanipulation
Autonamy Remotely operated via visual Pre-planning: perfarms previously

feedhack

stored trajectories and hand poses
Tele-operation via data glowe
cantrol
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Table A.3 Ultra light hand & GIFU hand

MHame Lltra light Hand GIFL Hand
Freviousky - kH {kinetic humanaid) hand
AkA
Institutions Research center of Karlsruhe Gifu University
carmpany
Cauntry Germany Japan
Fuhlication 2001 2001-~20045
year
Status Research prototvpe Research prototvpe
Mlowvel Light weight Built-in OC Maxon servamotars
Features Flexible fluidic actuatars, mModularized fingers: no need for
Direct drive transmissions, biulky forearm
Flanar link mechanism in 3™
and 4% joints for under-actuation
Structures 4 fingers and ane opposahle 4 fingers and ane opposahle
and thumib, thumib,
materials Silicone-rubber glove Worm gear transmissions
20g iHinger 1.4 kgthand
Senson- 19 DoF (14 controlled = 3 wrist 20 0oF (16 controlled = 3
motor skills + 2 DoFfMinger + 3 DoF thumkby) DaoFfinger + 4 DoF thumb)
Jaoint position bending sensors Motar position sensors
Pressure sensors in finger links A-axis fingertip force sensors
12N @ fingertips Distribiuted resgistive tactile
sensors: 859 detection points
ART-Linux or Windows OS
Feedhack Mo sensary feedback Force feedback glove contral
cantrol Self adaptahle properies of the Fosition feedback contral
hand
Functional FPower grasp and precision FPower grasp and precision
capabilities drasp drasp
Peg in hole task using master-
slave through force feedback
olove control
Altanomy Pre-planning: performs patterns Freplanned hand signal

of movements ; position and
torgque of every joints
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Table A.4 Shadow hand & UB hand 111

MNarne Shadow Hand LB Hand [l
Institutions Shadow Robot Company Lt Bologna University
company
Country LIk [taly
Fuhlication 2004 2004
year
Status Available for purchase Research prototype
Maowvel Air Muscles Pulling tendons, cable driven
Features Coiled springs in elastic hinges
Actuation module in farearm
Structures 4 fingers and one opposahle 4 fingers and one opposahle
and thumb, thurmb,
materials Tendons, O brushed motar,
Laver of soft polyurethane Visco elastic cover
flesh, Thin polycarbonate
fingernails
Sensony- 24 DOF, 20 contralled {16M 2 20 0oF (16 controlled = 4 thumb,
maotor fingers + 5 thumb + 2 wrist + 1 index + 3 middle, pinky + 2 ring)
skills palim Motor position sensars
Muscle pressure sensOrs Tendon force sensors
Hall effect bhased joint position strain gauges based joint
SENSOrS position sensors
Distribiuted tactile force sensors | TOM tendaon pulling force
rcontact, force, direction) PC based real time control
RTAI-LIMUY OF
Feedback Fosition feedback {ow level Sensory feedback
contral joint position and joint stifness Motor position control
contral) Impedance contraol
Functional Fower grasp, precision grasp Power grasp, precision grasp
capabilities | and human like fine and hurman like fine manipulation
rmanipulation
Autonarmy Semi-autonomous Semi autonomous
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Table A.5 RCH-1 & Anthrobot dexterous hand

A M E RCH-1 Anthrobot Dexterous Hand
Previously WE4-RII armfhand
AKA WEMNDY arm (7 DoF) f hand {13
CoF)
Hadaly, wahian
RTR2 (3 fingers)
PALOMA Hand
Institutions Waseda University Rensselaer Polytechnic
campany Scuola Superiare Sant’Anna Institute (BP0
Country Japan, Haly LISA
Developm 1997 ~2003 19497
ent Year
Status Research Prototype Research prototype
[+ o] Built-in actuators {1 motor Zahle driven
Features integrated into the palm, 9 into
the forearm)
Structures 4 fingers and one opposable 4 fingers and one
and thurmb, opposable thumhb
materials Electrical revolute hrushless 4 5kgihand
motors + gears
Fingertip rubber coating 3200
(excluding motars in farearm: 2
for thumb is in palm, 4 for ather
fingers in farearm)
Sensony- Hand: 16 DoF (6 actuated) 20 D0F (16 actuated=
muotor Arrm: T DoF Afinger + 4 thumh)
skills 30N maximum grasping force
16 contact sensors &
phalanges (14 and palm (2
2 3-D force sensors @ fingertips
ofthumb and index finger
Feedback Fingertip pressure cantrol Force and position cantrol
contral
Path Pre-generated precision and precisian and power
planning power grasping grasping
Audtanormy FPreplanned mapping Freplanned mapping
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Table A.6 Rutger hand & UTAH-MIT hand

MAME Rutger Hand LTAH-WIT HARD
Frevioushy Shape memory alloy actuated DH {dexterous hand)
AkA prosthetic hand Mow Robonaut hand

Institutionsfco Rutoer Liniversity Lniversity of LUTAH,
mpany M T
Country LISA LISA
Development 1999~2002 1936

Year

Status Fesearch prototype Research prototype
Movel Wire-driven with S A Wire-driven
Features actuators
Structures 4 fingers and one opposahle 3 fingers and
and thumb, 1opposahle thumb
materials Electrical revolute brushless
motars + gears
0.36kaMinger
Senson- 20 0oF (4 DoF rfingen 16 DoF
motor skills Spherical joint for MP*s (2
CoF)
revalute joint far PIF DIP (1
CoF)
6.6TM @ fingerip
Altanomy FPre-planning: performs

previously stored
trajectories and hand
poses

Tele-operated with glove
YWisual feedhack from 2
stereo cameras

(25 img fsec)
Grasping-laser scanner
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Table A.7 Ultra high speed multi-fingered hand & 5-fingered robotic hand

MNAME

Litra High-speed
hulti- Fingered Hand

A-Fingered Robot Hand

Institutionfcom
pany

University of Tokyo

keio University

Country

Japan

Japan

Development
rear

2004

2004

Status

Research Prototype

Research prototvpe

MHovel features

Harmaonic drive gear & high
powered mini actuatar built in
each link

High torgque

Active catching enabled

Lltra-sanic matars and
elastic elements

Fulley + cable {nvlon string)
driven

Structures and
rmaterials

2 DoF in 3 fingers (2 index +
3R.L, thumbs)

180 den /0.1 sec (rach
finger in yaw dir)

4 fingers + 1 opposable
thurmb

no palm action

Senson-maotor
skills

Active wision imange
[rocessing

20 DaF (4 DoFf finger

Feedhack
contral

Yisual feedback

Force control by rotation
angle feedback

Fath planning

Approaching + grasping
phase

FPower grasp and precision
grasp

Produce Cutkosky
classification of gasping

Autanomy

autonomaous

mon autonomaous
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Table A.8 SKKU Il & HUBO

MAME SkEL I HUBO Armirhand
Previously Anthropomaorphic hand -

Ak

Institution/co MIZYEHD EAIST
e

Country South Korea South Korea

Development
Year

1995~2005

2000~2006

Status Fesearch Prototype Fesearch prototype
Movel DC Motor driven
features Universal joints and gears
timing belt
Structures Afingers + 1 opposahle 6 DoFfarm
and materials | thumb afingersihand
10 DoF 1 DoFifinger
(2 DoF X 3+ 4 DoF thurmb) 2 DaF harist

Reduction rations are
about 2741
a40 0

Pressure sensor @ finger
tip

pulley.fhelt mechanism
FIT sensor @ waist

Feedback
contral

DSF emhbedded contraller

Fath planning

Power grasp and precision
grasp

Power grasp and precision
grasp

Autonamy

Man autanarmaols

Man autonarmaus
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Table A.9 MAHRU & Micro surgery robot

A M E mMAHRL Micro Surgery Robot
CP2

AKA AHRA -

Institution/to KIST KAIST

mpany

Country South Korea South Korea

Developmen 2006 1995

tYear

Status Fesearch prototype Fesearch prototvpe

Mlovel Freely move both arms haster and slave relation

features for natural handshaking for tele-operated
surgery ;2 slave armes for
microfrmacrn
manipulation
Froduce 6DOF & the
end effector

Structures D motors Hydraulic actuators for

and the platform

materials
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Table A.10 EveR-1 & POSTECH Handlll

MAME EveR-1 POSTECH Hand Il
Previously AkA - POSTECH Hand
Institution/camp THRM AT &R EEFE[H

any
Country South Korea South Korea
Development 2006 1992~

Year
Status Fesearch prototype Fesearch prototype

Movel features

Limited to lifelike facial
features {15 DoF)

Arms and hands: Hand
shaking

Structures and
materials

Deduce max of 1~2
actuated DoF in
hands

dfingers

Sensary-motor
skills

Oz motor driven

OZ motor driven

Feedback
cantrol

Wigion

Forze sensing

Fath planning

Freplanned path

Autanormy

Autonomaous

mon-autonomaous
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Table A.11 Actroid arm & CARDEA arm

MAME Actroid arm CARDEA arm
Frevioushy AkA - -
Institutionfcamp kakorao Inc. MIT

any
Country Japan LISA
Development 2004 2003

fear
Status Commercial usage Fesearch prototype

Movel features

Series Elastic Actuator arms
mMechanically modular arms
(3 arms inthe future)

Structures and
materials

g DoF (2 shoulder + 1 elhow +
2wristf armm

Sensor-motar

BLDC mators ineach joint

skills Emhedded D3P contrallers
Feedback YWigion and whiskers feedhback
control for navigation and arm

manipulation
Forze controlled arm

Path planning

Edge detection around doors
and halkways to plan arm link
configuration

Autonomy

Mon-autonomous

Altonomous
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Table A.12

Thing, TUAT/Karlsruhe humanoid hand, and Dexterous robotic hand

AN E Thing TUATKarlsruhe Dexterous
Humanoid Hand Fobotic Hand
Previously HIGH & ARAMAR hand § arm -
AkA
Institutions Lniversity of Tokyo University
company Flarida Iniversity of Karlsruhe
(FZN
country LISA Japan Germany LISA
Publication 1887 2000 1982
Year
Status Research Research prototype Research prototype
Prototype
Mol Actuated by Spherical & sandwich Tendan-pulley
Feature rmodularized ShiA type driven
pistons ultrasonic motors
Ball joints for 2 DoF
Rod & link plate
narallel Mechanism
Structures Jingers + 1 afingers
and opposable thumkb Resin
Materials
Senson- Flex sensor an Hand:
rmotar power 20 DaF {1 actuated)
Skills glove controls the 4 under actuated DoF
Hand ffinger Arm: ¥ DoF
Feedback Mo sensory feedback
Zontral
Fath “Power glove™ Power grasp and
planning contral precision grasp
Autanarmy MHaon autanomaous Preplanned motian
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Appendix B:
Biomechanical models of human arm

In creating the anthropomorphic robotic arm, much attention has gone into building
an extremely lifelike humanoid arm that bares high similitude in its physical
appearance and capacity. Therefore, anthropometry of adult human has been
collected from various sources to determine the design specifications of the robot
arm. Ideally it is desired to collect all the anthropometric data from the same
controlled group. However, collecting such data is much demanding and there is no
guarantee such an effort will produce completely balanced demographic
representation of average adult human. Taking measurements from specimens
require strict control in measuring techniques (Lohman et al. 1988, William 1965),
without which inconsistency in the cumulative error is undetectable and cannot be
corrected. Since there are already several ways of determining the proper way of
making measurements and we consider two methods here. There are 2 methods:
directly measured segment length & projected length. The direct segment
measurement method is preferred for this research. Therefore, when the collected
measurement was not sufficient, we took the samples of the lab group members.

In the tables below, I summarized specifications of human body that
would be concerned when designing the robotic arm that bares the likeness and
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performs to the capacity that of the human.

Table B.1 Angular range of human adult male in shoulder, elbow and wrist

(Lohman et al. 1988, William 1965)

Rotation angles [deg] Torque[Nm]
Shoulder
Horizontal abduction 91 -
Forward flexion 188 -
Forward hyperextension 61 -
Lateral rotation 72 -
Medial rotation 109 -
Elbow
Supination / pronation 80 0.85
Flexion / extension 150 7
Forearm
Pronation 97 25
Supination 105 25
Wrist
Radial 27 -
Ulnar 33 -
Flexion 102 5
Extention 121 5
Rotation 270 -
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Shoulder Rotation, .
Lateral (A), Medial (B) Elbow Flexion

f

ISl

L—fﬂ*
[

Tyl e
o LY

I

P ym——— . . Y,

M N Shoulder Flexion (A), .
Wrist Flexion (A), Wrist Ulnar Bend(A), Extenaion (B) ) N 1
Extension (B) Radial Bend (B) i

Figure B.1 Nomenclature for arm angles (William 1965)
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Table B.2 Length of arm links (Vogt et al. 1998 Drills & Contini 1966)

% of total body | measurement % of total body weight [kg]
height [%] [mm] weight [%] (of 78kg male)

upper arm

length 18.6 296 - .

Weight - - 2.8 2.2
Forearm

Length 14.6 276 - 1.3
circumference i 254 S -

Weight - - 1.7 -
Hand

length 10.8 190 - -

Breadth - 88 - -

weight - - 0.6 05

Table B.3 Human arm forces in various directions

exertable horizontal force

condition applied with exertable horizontal force
low traction (u<0.2) both hands 110 push or pull
medium traction (u=0.6) both hands 200 push or pull
braced against wall one hand 240 push
high traction (u>0.9) both hands 310 push or pull
feet anchored both hands 490 push or pull
feet anchored Back 730 push
Hand & thumb-finger strength
e A
momentary hold 208 48 48
sustained hold 124 28 28
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a) b) c)

Figure B.2 Directional forces of human arm (William 1965)
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