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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. 

 

Student number: 2002-21182 
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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.
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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.
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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 
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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 
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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. 
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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.  
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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.  
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  (a)                  (b) 

Figure 2.2 DLR light-weight robot (a) DLR II (b) DLR III  

 

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.  
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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.   
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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. 
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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  
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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 2.8 Shadow hand (Shadow Robot Co. 2003) 

 

 

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 
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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 III (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) 
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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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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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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 



 28 

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 realistic, 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) th link is directed toward the hand   

 

Figure 3.1: The ith link of the arm 

The location of link i’s end point is at the location of Fi; therefore, the i th 

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). 

iciiii
i
ii amgmfRF ,1

1 =+⋅= +
+     (3.1) 
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The rotational velocity ω of the link is found in the world coordinate frame (Spong 

& Vidyasagar 1989, Murray et al. 1993).  

•

−− ⋅+= iiii qz 1
0

1
0 ωω      (3.3) 

Here 0
iω  is the axis rotating speed in the world frame, which is detected by 

observing point q. Then, this q is also given in the world coordinate while ω  is 

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

. 

Figure 3.2 Rotational velocity of q about axis i 

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

q  

is found as follows.  

)()( tqtq ×=
•

ω        (3.4) 

For simplicity, the cross product term simplifies (Murray et al. 1993) to 
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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 

1_iJ  stands for the first row values of the i th joint.  

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) 
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Table 3.2 Moment of inertia of seven joint links of the anthropomorphic arm 
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Each joint’s J term produces three ]13[ ×  matrices. By concatenating the three 

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

⎥
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⎡
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]31[]31[]31[

3_2_1_ iii JJJ
q     (3.8) 

And now, ω  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 ,ω , is found by adapting a 

numerical analysis method.  
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Then, the body centered linear acceleration in the world coordinate frame is found 

as ia .  

•
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Where 1, −iea  is the linear acceleration at the endpoint of the (i-1)th link, i

•

ω is the 

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

links. Following the same logic, the linear velocity is 

iiiei rVV ×+= − ω1,      (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, iiI α is  

[ ])()()( 3_2_1_ iiziiyiixii JIJIJII ⋅⋅⋅⋅⋅⋅= αααα . (3.13) 

To convert this to the world frame from this local frame, use (3.13).
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Now, the torque reflected on to the motor by the gears is obtained as the following. 
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        (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. 

[ ]]33[
2)_( ×⋅⋅⋅= JratiogearI iirotorirotori θτ &&    (3.16) 

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. 

rotorigeariroiriii ττττττ +++−=+1     (3.17) 

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 
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Table 3.4 Joint gear ratios 

 

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 gear1 and gear2 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. 

 

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 3.4 Motion simulation of a hammering arm 

 

 

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 

⎥
⎦

⎤
⎢
⎣

⎡
Τ

=
A

A
Palm

F
m ,       (3.18) 

where 3RFA ∈  is the linear component, and 3R∈Τ is the rotational component 

where 3R  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. 



 42 

 

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).  

DCBA FFFF ===      (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).  

AABAB FlTT ×+=      (3.20) 

BBCBC FlTT ×+=      (3.21) 
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DCDCD FlTT ×+=      (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. 
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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 0
6Ad  in the shoulder coordinate frame. It can be written 

as 0
6
06 PAdP ⋅= , where 
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0 RRRRRRAd ⋅⋅⋅⋅⋅= .    (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
i

i RRRAd 1
1
2

0
10 +⋅= L .      (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 i
i AdAd =0  holds. Following 

this,  
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Here, iτ  is the measured torque value in each thi  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 3m , where it is ⎥
⎦

⎤
⎢
⎣

⎡
Τ

=
3

3
3

F
m . 

For convenience, I divide the linear force component 3F  into two parts: I call the 

force along the shoulder axis link 2L  as 32F  while I call the force component 

perpendicular to this as 31F . Therefore, from the definitions, the relation 231 LF ⊥  

holds. The orthogonal nature of all these vectors leads to the relationship 
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where 2L  is BDl  as seen in Fig 3.7.  (3.27) can be expanded to  
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Solving for 3F , 3T  is obtained as:  
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where 1L is the direction vector from D to C point found to be, BCCDBD lll =− , 

and 32f  is the magnitude of 32F . Solving for 32f  in (3.30), the value for 32f  is 

obtained as the following: 
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where 
2

2
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Now consider the whole arm, where the same sequence of equations can 

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 
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And this wrench will transfer the linear component to point B where BF  can be 

written out as (3.33) by the definition of vector sums. The definition of the 
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subscript 1BF  (perpendicular to the lever arm) and 2BF  (parallel to the lever 

arm) are similar to the case described above.  

2

2
2121 L

LfFFFF BBBBB ⋅+=+=      (3.33) 

And from (3.26), 
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where 
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are the measured torque readings. 

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

(3.35): 

)( 13333 BBC FLAdAdAd ×⋅+Τ⋅=Τ⋅=τ    (3.35) 

Take the similar form from (3.31), substitute in BDBFL Τ−Τ=×2  (3.22) for 

2Bf in (3.33). The torque on the elbow already considers the torque experienced in 

the wrist. Hence 2Bf  is 

)(

)()(

2

2
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11222
2

L
LLAd

FLAdAdf BB
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τ
 .  (3.36) 

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

2
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2
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F BB
BDB ⋅

×⋅

×⋅−Τ⋅−
+×−⋅=
τ

(3.37) 
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DT  is already known from Equation (3.22). AT  is found from (3.20), and AF  is 

known from the wrench applied at point A, ⎥
⎦

⎤
⎢
⎣

⎡
Τ

=
A

A
Palm

F
m . The same types of 

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: 

dt
tdk

dt
tdILtIRtV m

baaaa
)()()()( θ

++=    (3.38) 

And its torque is given as   

 Loadem TtBtJtT ++= )()()( θθ &&& .    (3.39) 

 

Figure 3.9 The DC motor representation with electric symbols 

Using the Lapalce transformation, (3.38) and (3.39) leads to  

)()()( skssILIRsV mbaaaa θ++=     (3.40) 
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)()()()( 2 sTsBsssJsT Loadem ++= θθ    (3.41), 

where )()( sIKsT amm =  is given out as the motor current constant by the motor 

manufacturers as shown in Table 3.5 

Table 3.5 DC motor characteristics 

 

 

Considering the gear ratio n, (3.39) becomes 

θθ &&&
meLoadm BJ

n
tTtT +=⋅−

1)()( ,    (3.42) 

where the effective inertia eJ  is found as the sum all the inertia (from the armature 

and the load) reflected on to the motor, 2n
JJJ Load

ae += . Looking at the whole 

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

)(1)()()()( 2 sT
nRLs

ssKsVKssBJes s
mb

mmm −⎟
⎠
⎞

⎜
⎝
⎛

+
⋅−

=+
θθ   (3.43) 
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When 0=V , 
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Since the electrical and mechanical time constant parameters are given as follows: 

a

a
e R

L
=τ     

B
Je

m =τ ,    

(3.44) simplifies to (3.46): 
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Then, the transfer function is given as follows: 

 

Figure 3.10 Control block diagram of the PD controlled motor driver 

Looking at the transfer function,   

BsMs
KsG
+

= 2)(  
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The constants are  

R
KK m=  

R
KKBB bm

meff +=  

eJM =  

When the error signals, qqd − , and the change in error qqd && −  in Fig 3.10 are 

represented as )(te  and )(te& , the following transfer function can be found (Jung 

2006): 

)()()( teKteKtu DP &+=  

)()()( ssEKsEKsU DP +=     (3.48) 

DPPD sKK
sE
sUsC +==
)(
)()(     (3.49) 

Therefore, Fig 3.10 can be redrawn as Fig 3.11: 

 

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, PK and DK . 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  
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    (3.51) 

Solving for cable extension produces (3.52) and (3.53), 1X  and 2X  are 

obtained: 

)(11 CableMCP RRX +⋅= θ      (3.52) 

)(212 CablePIP
PIP

pulley RR
R

R
X +⎟⎟

⎠

⎞
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⎛
+⋅−= θθ    (3.53) 

When 4321 ,,, RRRR  are MCPPIPpulleycable RRRR ,,  respectively, the coupling 

matrix, denoted as )(θP is  
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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 . 

⎥
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⎤
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⎣

⎡
=

2

1

0
0
k

k
K , where 0>ik  is the stiffness of the thi tendon.   

Letting ie  be the extension of the tendon as commanded by the actuator and 

)(θih  be the extension of the tendon due to the mechanism, I assume that 

when 0=θ , and 0=ie , the tendon is under no tension. Then, the net force 

applied to the tendons is given by 

))())0(( θiiiii hhekf −+= .     (3.55) 

When K  is the stiffness matrix, the elastic behavior of tendons with extension e, 

the equation ))())0(( θhheKf −+=  holds. For position controlled actuators, 

τθ =KeP )(  and pihhe iii ,...,1,0)()0( =>−+ θ .  (3.56) 

The overall stiffness is given by S . If the input positions are constant, this gives the 

restoring force generated as:  
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The coupling matrix between the actuator extension and the joint torques is given 

as Q in (3.58): 
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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 R is 

the radius of the joint pulley, and the angle θd 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.  

)2/sin()()2/sin()( θθθθθ ddTdTN ++=   (3.59) 

)2/cos()()2/cos()( θθθθθ ddTdTF +=+   (3.60) 

Assuming θd is very small,  

22
sin θθ dd

≅⎟
⎠
⎞

⎜
⎝
⎛  and 1

2
cos ≅⎟

⎠
⎞

⎜
⎝
⎛ θd
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θ
θ

θθθ d
d
dTTdT +≅+ )()(     (3.61) 

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

θθ dTN )(≅       (3.62) 

θ
θ

d
d
dTF ≅       (3.63) 

From Coulomb’s Law, NF µ= , therefore, (3.63) becomes  

θ
θ

θθµ d
d
dTdT =)( , or     (3.64) 

T
dTd =θµ  

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

between the pulley and the tension cable is given by (3.65): 

∫∫ =
θθ
θµ

00
)(ln dTd  

µθθ eTT 0)( =       (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. ba θθ ,  and cθ  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 2θ  is the sum of ba θθ ,  and cθ , and 2µ  is the coefficient of friction 
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between polyurethane (shielding) and nylon (fishing string tendon). 

22
0)( θµθ eTTf =       (3.66) 

 

Figure 3.14 Tendon within the windy shielding  

 

 

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), 

1µ is the coefficient of friction between aluminum / nylon, and 1θ  is the wrapped 

contact angle in the finger joint (200 deg). 

11
0)( θµθ eTT f =       (3.67) 

Therefore, if the initial pulling tension is 0T , the intermediate tension is 

11
0

θµeTTi ⋅=  (through the finger pulley only) and likewise, final pulling tension 

in the cable is  

2211
0

θµθµ +⋅= eTTf      (3.68) 



 60 

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. 

 

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 9th power produces the trajectory. (4.1) 

shows the generic 9th order polynomial with boundary conditions.   

9
9

2
210 tatataay +⋅⋅⋅+++=     (4.1) 

Initial time: 01 =t  

position: 1y  

 velocity: 1y′  

Final time: nt  

 position: ny  

 velocity: ny′  (n: number of discrete points) 

Using the boundary condition, 0 1,a a are found in (4.2) and (4.3). 

( ) ( ) 101 0 yaftf ===      (4.2) 

( ) ( ) 111 0 yaftf ′==′=      (4.3) 

Also, relative (4.4) and (4.5) for 8 9,a a  are yielded. 
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When these are substituted in (4.1), and reorganized, the error of the ith point is 

(4.6). 
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Then, the sum of squares error is a shown in (4.7). 
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Here,  
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, where 

9,,2,1,0 ⋅⋅⋅=m .  

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

the unknown coefficients 732 ,,, aaa L . For this, we set the partial derivatives of 

S with respect to the coefficients equal to zero: 
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(4.8) can be rewritten as a system of linear equations in the unknowns 
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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 

 

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. 

 

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. 

 

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). 
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Figure 4.6 Joint torque measurement during a task 
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Figure 4.7 Joint torque measurement with an impact 
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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.  

 

 

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,α , 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).   

 

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.  

 

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 Fig 4.12. 

 

 

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) Illustration 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 

 

 

5.1.1 Hollowed joints 

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).  

 

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 

 

 

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.  
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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 
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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  
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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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18L2431 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 
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Figure 6.1 DC motor driver (27.5mm X 43mm) 

 

 

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 
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Figure 6.3 RC Servo motor driver (28mm X 48mm) 

 

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. 

 

Figure 6.5 RS-485 communication system of the arm 

 

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 kΩ, 

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 

 

 

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 

 

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 * 5bytes / 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 

 

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 

 

 

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.  

 
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) 

 

 

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 5Nm 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. 

 

Figure 7.2 Torque detection in shoulder in its maximum range 
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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 

 

 

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 

 

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 III’s contact sensor reading (Mouri et al. 2002) 

 

 

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.  
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Where a is a resultant head acceleration,  

mstt 3612 ≥−  

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. 

 

 

Figure 7.10 Experimental setup for HIC evaluation  
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Figure 7.11 Impact force reading in all three arms 

 

Table 7.5 Resulting forces and HIC  
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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” torque 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 
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Table A.2 Robonaut hand & DLR hand 
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Table A.3 Ultra light hand & GIFU hand 
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Table A.4 Shadow hand & UB hand III 
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Table A.5 RCH-1 & Anthrobot dexterous hand 
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Table A.6 Rutger hand & UTAH-MIT hand 
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Table A.7 Ultra high speed multi-fingered hand & 5-fingered robotic hand 
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Table A.8 SKKU II & HUBO  
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Table A.9 MAHRU & Micro surgery robot 
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Table A.10 EveR-1 & POSTECH HandIII 
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Table A.11 Actroid arm & CARDEA arm 
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Table A.12  

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



 146 

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) 

 

 



 147 

 

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) 

 

 

Table B.3 Human arm forces in various directions 
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a)                     b)                          c) 

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

 
휴머노이드용 로봇 개발의 궁극적인 목표는 인간과 흡사한 형상을 

가져서 인간의 환경에 적응 하여 인간과 상호작용을 하며 공존하는, 

인간의 편의를 돕는 로봇을 만드는데 있다. 이 로봇들은 집이나 병원 

같은 특이 환경에서 작업을 해야 하기 때문에 작업영역의 구속을 받을 

뿐만 아니라, 경우에 따라서는 사람에게 물리적인 위협이 될 가능성이 

있다. 산업용 로봇과 달리 휴머노이드용 로봇은 지정된 동작을 

수행하다가도 동작 중에 예상 밖의 외력이 감지되면 즉각 동작을 

정지하거나 안전한 동작으로 전환하여 로봇의 동작이 인간에게 피해를 

가하지 않도록 해야 한다. 또한 접촉 대상이 인간이 아니더라도 로봇은 

물체와의 충돌로 인한 균형 상실이나 손상으로부터 자신을 보호하기 

위해 동작을 정지하거나 변형해야 한다. 로봇 몸체 중 특히 팔의 경우는 

인간의 팔처럼 외력을 감지하여 적절히 대응할 수 있는 판단의 근거를 

필요로 한다.  

본 논문에서는 인간의 팔과 유사한 크기, 형상, 자유도를 가진 7-자유도 

로봇 팔과 8-자유도 손을 제작하고, 이 팔이 토크센서가 없이도 외력을 

감지할 수 있도록 프로그램하며, 앞서 말한 자기 보호 및 인간 보호를 

가능 하게 하였다. 기존의 휴머노이드 팔들이 느린 속도로 부자연스럽게 
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움직이는 것에 반하여, 개발된 로봇 팔은 인간이 일상생활을 행하는 

정도의 속도로 움직일 수 있다. 특히 각 7개의 관절들을 하나의 독립된 

모듈로 개발하여, 외부와는 최소한의 배선을 이용한 RS-485 통신으로 

안정적인 제어가 가능한 완결된 구조를 가지도록 했다. 이렇게 기어로 

외력을 감지하여 지능적으로 동작하는 팔은 안전도가 높아서 인간과 

상호작용하는데 적합할 뿐만 아니라 다른 모양의 다관절 로봇에도 적용 

가능하다. 이 연구에서 얻어진 성과를 정리하면 다음과 같다. 

 

인간을 닮은 안전성을 고려한 팔과 손의 개발 

전체적인 크기와 질량이 성인 여자의 팔과 손과 비슷하도록 설계하였다 

(전체 질량 3.7kg, 어깨 관절부터 손목 관절까지 500mm). 팔은 7-자유도

로 사람과 흡사한 대부분의 동작을 구현할 수 있으며 전체 관절 각속도

도 200deg/sec가 충분히 넘게 설계되어 사람과 비슷한 속도로 넓은 구동

범위를 가지며 운동할 수 있다. 기존의 휴머노이드 팔보다 가볍고 관절 

강성이 낮아서 안전도가 높은 팔임을 HIC 실험을 통하여 확인했다. 또한 

필요에 따라서 실시간으로 관절 강성을 조정할 수 있어서 다양한 작업이 

가능하다.  

  

외력에 반응하여 안전한 경로 생성 

다른 외력이 없어도 각 관절에서는 항상 중력과 관성력에 의한 토크 부
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하가 걸리게 된다. 이때, 로봇 팔의 역기구학과 동역학을 해석하여 외력

이 없을 시의 부하 토크를 알 수 있고, 이 값을 실시간으로 수집된 토크 

값과 비교하여 관절에 가해지는 외력만을 검출할 수 있다. 이러한 외력 

검출 기능을 이용하여 외력의 위치, 값, 방향을 구할 수 있으며, 현재의 

경로에서 들어온 외력에 따라서 새로운 안전한 경로를 실시간으로 생성

한다. 이를 위해서 외력을 위험 정도에 따라 분류하는 알고리즘을 개발

하였으며 그 수치에 따라 안전 경로를 택하여 움직이게 된다 

 

인간과 상호 작용하는 손 

개발한 로봇 팔과 손을 동시 제어하여 위치가 파악된 물건을 집을 수 있

다.  손에 잡힌 물체로 인해 발생하는 외력을 별개의 센서 없이 감지하

여 확실하고 안정적으로 반응할 수 있으며, 이 기능을 이용하여 인간이 

건네준 물건을 신속하고 안전하게 받을 수 있다. 또한 사람의 팔, 손과 

구동범위가 비슷하여 사람과 거의 동일한 동작 수행이 가능하다.  

 

주요어: 휴머노이드, 로봇 팔, 로봇 손, 로봇 인간 상호작용, 안전 운동 

경로 
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