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Abstract 

This thesis presents a series of efforts formulating a new paradigm of social robotics and 

developing prototype robot systems for exploring robotic user interfaces (RUIs) designs in 

the context of robot mediated telecommunication. Along with four academic articles 

previously produced by the author, this thesis seeks to answer how one could create a 

technological framework for designing physically embodied interpersonal communication 

systems. To provide an understanding of interpersonal robot mediator systems, the thesis 

introduces a concept of Bidirectional Telepresence Robots and presents the technical 

requirements of designing such robotic platforms. The technical architecture is described 

along with the development of anthropomorphic social mediators, CALLY and CALLO, 

that implemented robot gesture messaging protocols and robot animation techniques. The 

developed robot systems suggest a set of design insights that can guide future telepresence 

robot developments and the RUI designs. As for technological achievements from the study, 

the details of the robot design, construction, applications, user interfaces, as well as the 

software structure for the robot control and information processing are described. A 

thorough literature review on social robotics and multi-modal user interfaces are provided. 

This work is one of the earliest takes that not only opens up academic discussions on 

bidirectional telepresence robots and mobile phone based robot platforms but also inspires 

the industry new markets for robotic products with artificial personalities. 

 
Keywords:  socially interactive robots; robot morphology; robotic user interface; robot-
mediated communication; human-computer interaction; human-robot interaction; robot 
design; telepresence robot; 
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Chapter 1.  

Introduction 

1.1 Background 

This research, titled Robotic User Interface for Telecommunication, is also well known for 

the prototype robots, CALLY and CALLO, that were originally created by the author of 

the thesis during the project. In this dissertation, I review the advances of the robots to 

outline the research milestones that have been achieved since the project launch in 2007. 

Most of technical descriptions in the thesis are based on the robot development which had 

been done between 2007 and 2011. The project has been temporarily stopped since the 

collapse of the mobile phone company Nokia in 2012. At the time of writing the thesis 

revisions, there are obvious changes in the technology industry in 2017. To address the 

time lapse, this dissertation provides updated reflections of the research. This includes 

reviews of more recently published related work and discussions of newly introduced 

technologies as of 2017. 

1.1.1 Anthropomorphism and Computer Interface 

Anthropomorphism is a popular metaphor that appears across cultures throughout human 

history. Such a human metaphor plays different roles when it is applied to various forms 

of artifacts: it adds visual human characteristics to sculptures and logo shapes; implies 

functions of products; and invokes sympathy in character animations (Figure 1.1). Human 

intelligence is also a type of anthropomorphic metaphor used in Artificial Intelligence (AI) 

or agent systems; for example, web search engines organize information by running AI 

bots that imitate a human librarian’s categorization skills.  

Human-Computer Interaction (HCI) researchers have studied User Interfaces (UI) that 

interact with people by understanding human expressions, such as natural language and 
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sketch inputs. In HCI, human communication skills may become a strong metaphoric 

model for easy-to-learn and easy-to-use computer systems. In order to develop natural and 

convenient user interfaces for computer systems, it is necessary to learn how people use 

their communication skills. 

 

    
Figure 1.1: Anthropomorphic metaphors used in a sculpture, a logo shape, a door holder, 

and an animation character1. 
 

People use many kinds of interaction media such as verbal language, tone of voice, 

facial expressions and gestures (J.-D. Yim & Shaw, 2009). It is important in human 

communication to use the right combination of interaction skills, since it conveys clear 

information, adds rich emotions to expressions, and sets the mood of a conversation. 

Communication skills enable an individual to show or to perceive one’s personality, as 

each person has his/her own style of using their expressions. Good interaction skills help 

people build social engagement and enhance long-term relationships. 

1.1.2 UI: Input and Output Modalities 

Computer systems have been developed to provide the users with more intuitive means of 

interface modalities. Recent computing devices can understand users in more “human” 

ways than their earlier generations did. Computers once were only commanded via binary 

inputs (e.g., vacuum tubes, switches, and punch cards, until the 1960s); then text-based 

systems were introduced (e.g. electronic keyboard in the 1970s); two dimensional input 

                                                
1 Anthropomorphic animals and vehicles in Walt Disney animation films are notable examples. 

Photo:  
an inuksuk (stone 
man) statue on 
Whistler 
Mountain, BC, 
Canada 

Image:  
LG logo shape 

Photo:  
a door stop in 
human shape 

Image:  
a kitty animation 
character from 
Shrek movie 
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methods were commercialized (e.g. computer mouse and graphical user interface (GUI) in 

the 1980s); and post-GUI technologies have been actively studied and made available in 

the market (e.g. touch screens, tangible user interfaces, voice command, gestural inputs, 

biofeedback sensors and more from the 1990s onwards). As for output modalities, vision 

(e.g., from two-dimensional displays to flexible screens, 3D films, augmented reality 

glasses, and holograms) and audition (e.g., from vacuum tubes to directional speakers, and 

from music, sound effects to synthesized voices) have been main interface channels. 

Tactition (e.g., vibrations used in smartphones and game controller devices) is a relatively 

recent development, and there are also uncommon, rather experimental modalities that a 

computer may utilize such as thermoception (heat), olfaction (smell), and gustation (taste). 

This research primarily explores the possibilities of physicality or physical embodiment 

as a means of computer-to-human modality. I believe that physically embodied agents will 

work – or live – more closely with us by employing “Robotic User Interface (RUI)” in a 

post-GUI era. In this study, I describe a new RUI system that is potentially advantageous 

to on-screen animations in the context of human-computer and computer-mediated human-

human interactions. More specifically, this work presents how RUIs make computers more 

expressive and how technological design challenges are addressed in implementing RUI 

systems.  

1.1.3 Personal Information Device and Telecommunication 

A mobile phone is an interesting platform for researchers and designers as it has a variety 

of features that are valuable for developing and evaluating new HCI technologies. To cite 

parallel examples, imagine that a new speech recognition engine is invented. With a mobile 

phone running the engine in the background, developers can test the technology in real 

world settings and collect a lot of data, as people may use the cell phone (and thus the 

engine) very often, anywhere, and anytime. Designers would expect a long-term usability 

experiment to be easily available, as a cell phone is owned for a time period ranging from 

months to years. Personalization or customization issues can also be studied, considering 

that people use phone accessories (e.g., colorful skins, protective cases, hand straps, etc.) 

and sometimes set different ringtones for each contact groups in the phonebook. It is 

possible to evaluate aesthetic features as well using mobile phones, since people carry the 
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devices in a pocket or in a purse – a phone is more of a fashion item than a laptop in the 

backpack. 

This study looks into mobile phone technology as the target research context. By using 

the personal information devices, this work makes two contributions. First, it proposes 

design scenarios in that smartphones turn into physical characters and are equipped RUIs. 

The application ideas depict how RUIs add human social values to such devices, and how 

the new type of product can play a more interactive role in human-computer interactions 

and act as an expressive avatar in human-human conversations. Second, this work shows 

proofs-of-concept of the proposed scenarios and application ideas, and provides technical 

descriptions of the system implementation. The prototypes demonstrate the creation of new 

telecommunication protocols for RUI-enabled communication devices.  

1.2 Research Overview 

Some of the initial ideas of the project were first introduced in a few research proposals 

(Shaw & Yim, 2008; Yim & Shaw, 2009) and a technical report (J.-D. Yim, 2008). The 

scenario sketches described how RUIs could add anthropomorphic or zoomorphic values 

to mobile computing devices and how those features could enrich collaborative human 

interactions over distance. Then a comprehensive background research on the paradigm 

changes in the robotics industry and in academia was conducted with special attention to 

socially interactive robots. Literature reviews on tangible UI (or post-GUI) techniques for 

telecommunication also became a main part of background study, which later in the project 

constituted the conceptual framework of Bidirectional Telepresence Robots and Human-

Robot Interaction (HRI) paradigms for mobile phone based systems (see Chapter 4). The 

proofs-of-concept of bidirectional communication robots and RUIs were then technically 

implemented by writing customized software programs on mobile phones and embedded 

motor systems between 2007 and 2010. The first prototype system was given a name 

CALLY, and the second-generation robots were named CALLO. The robots demonstrated 

the proposed RUI framework and telecommunication scenarios in academic conferences, 

industry-academia collaboration forums, and invited talks. Some technical advancement of 

the developed systems was made public on the project blog and open media in order to be 
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shared with peer developers. An even greater audience1 from around the globe has watched 

working examples of the robots and read articles about the research project, as a very large 

number of on-/off-line news media, magazines, and blogs published stories of CALLY and 

CALLO robots since 2010.  

1.3 Research Questions 

This work aims to create a technological system that employs non-verbal anthropomorphic 

RUIs to enhance human-computer interactions and computer mediated interpersonal tele-

communication. The developed system will provide reflections on exploring the design 

space of socially interactive robots and on demonstrating new RUI applications that are 

strongly coupled with telecommunication or telepresence technologies in near future. By 

describing the development of the work, this dissertation seeks to answer the following 

research question: How can we create a technical framework for designing physically 

embodied interpersonal communication systems? As physically embodied systems and 

robot-based communication devices are in an early stage of development in real-world 

settings, illustrating the future usages of the technology will derive the requirements of the 

technology development, which then will help identify insights on RUI techniques and 

further issues on robot design. This dissertation will address the main research question by 

answering sub-questions and by achieving corresponding research objectives as explained 

below: 

1) How does anthropomorphism enrich the user interactions of personal information 

devices? 

Robots are a form of computing devices that can demonstrate dynamic and lifelike output 

interface modalities with their shapes and physical mobility. In order to explore design 

opportunities for the new type of computing artifacts, it is important to understand how the 

modalities will change prior generations of computer systems. By reviewing the advances 

of robotic devices, application scenarios, and user interactions, this study seeks to discover 

                                                
1 As of Dec. 31, 2013, the total number of people who have viewed the robot videos from the internet is 

assumed over 6,300,000 including the viewers of Nokia TV commercials on YouTube. More are TV 
audiences and readers of off-line articles on newspapers and magazines (see Appendix B for details). 
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how anthropomorphism influences the design of physically embodied, socially interactive 

systems and the interactions between human and embodied systems.  

2) What are the technical requirements of creating robot-mediated communication 

systems based on mobile phone platforms? 

Existing research on human-robot interaction (C Breazeal, 2003a; C. Breazeal, 2004; del 

Moral et al., 2003; Vlachos & Schärfe, 2014) has provided surveys and paradigms of social 

robots or socially interactive robots. This work discovers three interaction paradigms of 

mobile phone based systems: tools, avatars, and smart agents. Then it attempts to discuss 

the RUIs of social robots focusing on tools and avatar paradigms. The reflections on the 

avatar paradigm formulate the technical requirements of robot phones that mediate remote 

human communication. The requirements focus on the system architecture for mobile 

phone centered hardware integration and for a flexible software design that deals with 

device level interfaces, service protocols, and user interfaces. The three communication 

loops of the software structure become critical component of the system structure and 

technical implementation. 

3) How can we build an architecture to support the creation of bidirectional social 

intermediary interfaces? 

A bidirectional robot mediator system is different from existing communication devices in 

the way that it has to integrate motor actuators with computing units. The system is also 

different from teleoperated robots because it targets interpersonal communications in that 

the users of both ends always interact with bidirectional interface robots instead of uni-

directional controller interface. Ogawa and Watanabe introduced a similar system (Ogawa 

& Watanabe, 2000), but they were not compatible to mobile phone based systems. As far 

as we knew in 2010, such customizable bidirectional social mediators did not exist as a 

design platform to support explorations of socially expressive user interfaces and robot 

applications.1 Thus, this work aims to realize an architecture of bidirectional telepresence 

                                                
1 With updated literature, Nagendran et al. introduced a close symmetric telepresence framework in 2015. 
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interface robots and to provide the details of the robot prototyping system for future studies 

in this research domain. 

4) How can we apply the findings of physically embodied anthropomorphic interfaces to 

enhance the user experiences in human-avatar and human-agent interactions? 

With a significant part of the study inspired by scenario based design, the primary research 

approach we take for problem solving is technology-driven. This approach proposes a use 

of a vertical mid-fidelity prototyping method to present technology advancement of robotic 

user interfaces, which encourages further design activities to refine user interface ideas and 

application scenarios. By reviewing the research insights, this work is to describe how one 

can improve the user experiences of human-avatar and human-agent interactions. 

1.4 Research Objectives 

The overarching objective of the dissertation is to provide insights on a technology-driven 

design approach toward expressive robotic user interface of bidirectional social mediators. 

This work contributes in the fields of HCI and HRI by completing the objectives that are 

derived from the research questions previously mentioned in 1.3. 

Objective 1) Describe the changes that anthropomorphic robot features may bring to the 

design of personal devices, application scenarios, and user interactions. 

Design sketches were the first step to address this objective. I used the concept illustrations 

to explain how a combination of a communication device and robot mobility could shape 

lifelikeness and perform motor behaviors within example scenarios of human-computer 

interaction and interpersonal communication. The focus was then narrowed down from 

lifelikeness to human-likeness which revealed the potentials of anthropomorphic robot 

gestures to be an extra communication channel in computer-human interaction and social 

interpersonal communication. 

According to the literature review of paradigms on social robotics and multi-modal user 

interface techniques for communication, social robotics were emerging topics of human 

robot interaction (HRI) studies to which this research could best contribute by providing 
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the insights on designs of social interface robots, the interface, and scenarios. Based on the 

related work, I clarified the term, Robotic User Interface (RUI) as a physically embodied 

interface having bidirectional modalities that enables a user to communicate to the robot 

or to other systems via the robot. A survey of previous studies on HCI and HRI compared 

examples of expressive modalities along with examinations on user interaction techniques 

for anthropomorphic RUIs.  

By reviewing the imagined communication devices from design sketches and previous 

studies, I illustrated how the future applications and user interactions could be different 

from existing communication scenarios. 

Objective 2) Formulate the requirements of a prototyping platform for robot mediated 

communication. 

By understanding the implications of the communication devices, applications, and user 

interactions proposed above, I identified the paradigms of smartphone based robots and 

introduced the concept of bidirectional robot mediators as a new design space of RUIs for 

interpersonal communication. Such a robot was different from other computer mediated or 

teleoperated systems in terms of its device requirements and user interactions. As every 

robot mediator in bidirectional telecommunication played a role of user interface itself, the 

user interactions were dependent on RUIs more than traditional GUI techniques.  

The concept of bidirectional robot mediators provided insights on the interface loops1 

which formulated the technical requirements to complete the communication robot systems 

I suggested.  

Objective 3) Describe the implementation details of the developed system. 

Based on the requirements, the next research stage involved a design of a full interaction 

prototype platform for integrating computing devices, motor actuators, and network 

modules with flexibility for different configurations and user interface techniques.  

                                                
1 Device Lever Interface (DLI), Service Interface (SI), and Robotic User Interface (RUI). 
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CALLY and CALLO were human-shaped communication robots built on the developed 

prototype platform. They were designed 1) to provide RUIs to support interactive robot 

animation tasks, 2) to exchange gesture expressions between robots, and 3) to perform the 

received gesture expressions. To construct the robot bodies, a mobile phone became the 

robot’s head/face/brain, a motor system with microcontrollers shaped the robot body, and 

a near-field wireless network module connected the brain and the body units. Software 

wise, a significant effort was made to implement data structures and network protocols to 

create DLI and SI modules. The developed systems also demonstrated support of human-

robot interactions for robot expressions (such as robot gestures, facial expressions on a 

phone display screen, and artificial voice) and robot animation techniques (such as direct 

manipulation method, computer vision-based face tracking, and vision-based hand location 

detection). 

Objective 4) Describe how the developed prototyping system supports the creation of 

proofs-of-concept of expressive bidirectional social-mediating robots, and establish a list 

of considerations to inform robotic user interface designs for physical embodied systems. 

After creation of development platform, I presented realizations of robot applications based 

on the idea sketches generated earlier in the research. The developed prototype system 

demonstrated three kinds of robot-mediated communication scenarios: robot call indicator, 

asynchronous gesture messaging, and synchronous gesture sharing.  

The component-based software structure of the robot development system encouraged 

robot design improvements by supporting quick integrations of new functionalities. From 

the lessons that I have learned through the research, this dissertation is to provide insights: 

1) for advancing technology development of telecommunication systems or social robots, 

2) for designing smartphone-based robots and personal/home assistant systems, and 3) for 

improving the user experiences of robotic products and RUIs of social mediator systems. 

1.5 Organization of Thesis 

In the following chapters, this thesis presents the details of the study as summarized below. 
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Chapter 2 introduces the early design phase of the study for exploring research ideas on 

human-shaped RUIs. The chapter starts with the descriptions of the original concepts of a 

RUI system and revisits the roadmaps we planned at the time of project launch.  

 

Chapter 3 summarizes reviewed literature. The first part introduces HRI theories and 

taxonomies to clarify the definitions and characteristics of social robots in the context of 

this research. The second part focuses on application level paradigms of multi-modal 

interface and telecommunication services. Then it shows how previous systems enable 

users to interactively control motor modalities to create customized animations.  

 

Chapter 4 discusses HRI paradigms for mobile phone based systems and proposes the 

conceptual framework of Bidirectional Robot Intermediaries as the target design space of 

the research. In this chapter, I identify the three interface loops that are technically required 

in bidirectional communication robot development. 

 

Chapter 5 presents the technical details of developed systems, CALLY and CALLO. 

The chapter describes the robot’s hardware and software structures, and explains how the 

system design supports the requirements identified in Chapter 4.  

 

Chapter 6 presents example configurations and robot applications that are built on top 

of the robot prototyping platform developed in Chapter 5.  

 

Chapter 7 discusses technology design considerations to inform robotic user interface 

design for communication. The lessons will compare recent socially expressive products 

and address technology design issues to inform robotic user interface designs for physical 

embodied systems 

 

Chapter 8 concludes the thesis by summarizing the contributions of the work, limitations, 

and future work.  
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Appendices provide a timeline of research activities and a selected list of report and 

published academic articles as below: 

 

A published design practice paper, titled Designing CALLY, a Cell-phone Robot (J.-D. 

Yim & Shaw, 2009), is then reproduced in full at the end of the chapter as shown in the 

Proceedings of CHI ‘09 Extended Abstracts on Human Factors in Computing Systems.  

 

In manuscript 2 (J.-D. Yim, 2008), the early phase of the study developing CALLY’s 

intelligence is described with focuses on the robot’s reasoning processes and the behavioral 

instructions. An initial effort examining vision-based object recognition models – human 

face detection and hand tracking algorithms more specifically – is also summarized in the 

paper.  

 

With kind permission from the publisher, Manuscript 3 (J.-D. Yim, Chun, Jung, & 

Shaw, 2010) presents more comprehensive research outcomes that we have published in 

the Proceedings of The Second IEEE International Conference on Social Computing 

(SocialCom2010). The contributions from the manuscript are research frameworks, 

hardware structure, software architecture, telecommunication protocols, implementation 

details of gesture animation interfaces (i.e., the direct manipulation and computer vision 

input), and a brief comparison of the two techniques. 

 

Manuscript 4 revisits a published academic article, Design Considerations of Expressive 

Bidirectional Telepresence Robots (J.-D. Yim & Shaw, 2011), from the Proceedings of 

CHI ’11 Extended Abstracts on Human Factors in Computing Systems (2011), to provide 

our updated insights on design approaches to telepresence robots. 
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Chapter 2.  

From Ideas to Research 

Before social mediator robots, the big – somewhat too much ambitious – idea I initially 

had was to give characters to as many products as I could. Exploratory questions at that 

time were for examples: What if a TV is anthropomorphized? Would it be able to help a 

kid watch a TV from a proper viewing distance? Would it be able to stop me if I watch TV 

for a long time? Instead of making me unable to watch TV (e.g., turning off the TV), would 

there be a nicer way that anthropomorphism could change my behaviors? What about a 

refrigerator with a face and voice? What about a dancing speaker? Then I decided to focus 

on personal information devices and started with imagining applications of robot phones. 

The concepts of social mediator robots were first introduced in six-page hand-drawn 

sketches that proposed cell-phone robots with motor abilities. The drawings depicted how 

interactive RUIs could add lifelike characteristics to mobile computing devices and how 

those features could enrich collaborative interactions in real world scenarios. A couple of 

research proposals (C. D. Shaw & Yim, 2008; J.-D. Yim & Shaw, 2009) and a technical 

report (J.-D. Yim, 2008) written by the author described some of the initial ideas and future 

directions, which became the beginning of the thesis project. Some other idea sketches 

have not been officially published or discussed outside the project team due to potential 

patent issues and needs of deeper ground studies for the technical feasibilities. 

In this chapter, concept designs of RUI systems are described along with the original 

idea sketches. The initial research roadmaps are then summarized from both published and 

unpublished manuscripts. A design study proposal is reproduced in full at the end of the 

chapter as published in the Proceedings of CHI ‘09 Extended Abstracts on Human Factors 

in Computing Systems.  

2.1 Initial Idea Sketches of Robot Phones 

The initial idea sketches depicted various aspects of the suggested cell-phone robot system. 

The first sketch, for example, described a programmable robot-phone configuration where 



 

 13 

a phone device would become the head of a robot (Figure 2.1). The phone head rendered 

facial expressions on its display screen and controlled the robot body. The robot body had 

arms and wheels. In result, the suggested system looked like a human shape. The structure 

of phone-mounted robot remained the same across all ideas.  

 

 

Figure 2.1: Basic configuration of a programmable cell-phone robot system 
 

The basic configuration transformed into an animal-like robot appearance in the second 

sketch (Figure 2.2). The system accordingly mimicked zoomorphic movements. One thing 

to note here was the behavioral logic that reflected the application context. The robot 

performed animal behaviors to indicate the state changes of the phone, e.g.; barked on 

incoming call; whined on low battery; moved around on alarm rings; and fell asleep at idle 

state. 
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Figure 2.2: Behaviors of a zoomorphic robot phone 

 

 

Figure 2.3: Robotic phones as story teller and performer 
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The following idea (Figure 2.3) imagined one step further, where the system performed 

responding to extra contents other than basic cell-phone events. In such scenarios, the robot 

told stories to children, sang songs, and danced. Even more, a fleet of robots could perform 

a play together. 

 

 

Figure 2.4: Robot gestures that indicate incoming calls 
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The sketch 4 and 5 explained how a robot would embed expressiveness and give someone 

else’s identities on its physical body. In sketch 4 (Figure 2.4), the phone recognized the 

caller’s information to give different behavioral instructions to the robot, so that the robot 

call indicator differentiated mom’s call to friends’. In the same context, a caller could add 

extra information when she/he dialed, e.g., to notify the urgency of the call. Sketch 5 

(Figure 2.5) assumed a video-call situation, where the two parties of a remote conversation 

exchanged live gestural messages with each other. For example, if a user held and shook 

her robot phone, the friend at the other end of the line could see his robot shaking the same 

way. 

 

 

Figure 2.5: Messaging through physical input and output 

 

Another idea sketch described a RUI application scenario suitable for an in-vehicle 

environment, where two remote human users interactively collaborated on way finding 

tasks through robotic devices empowered with GPS, sensors, and video cameras.1 

                                                
1 The original sketch is not attached as the application scenario is not strongly related to telecommunication. 
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2.2 Summary of Proposals 

Several research proposals have been submitted and a few were published throughout the 

study. The documents commonly presented 1) introductions to the research that explored 

the roles of non-verbal anthropomorphic features, such as facial expressions and RUIs, in 

human computer interaction, 2) some of the initial ideas and application scenarios of robot 

cell-phones, and 3) early prototypes of the proposed system.  

According to a couple of unpublished proposals (C. D. Shaw & Yim, 2008, 2009), the 

goals of the research were defined as: 1) ground research on customization and 

personalization, on physical movements and information, on near-future communication 

scenarios, and on programming methods for robot animation; 2) technology research on 

wireless personal area network (PAN; e.g., Bluetooth, WIFI P2P1, Zigbee, etc.), on sensors 

and actuators, on vision-based user interfaces, and on audio technologies (e.g., microphone 

input, text-to-speech, etc.); 3) research platform development including phone-robot 

communication protocols, robot motion editor, and proof-of-concept prototypes built on 

native mobile phone services (e.g., on SMS, mobile IM, voice call, video call, and etc.). 

The Manuscript 1 in Appendix presents a published research proposal, Designing 

CALLY, a Cell-phone Robot (J.-D. Yim & Shaw, 2009), with the references re-indexed. 

 

 

                                                
1 Now called Wi-Fi Direct. 
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Chapter 3.  

Related Literature 

My work on robot phones is in-between HCI and HRI, and focuses on social interactions 

that involve robotic user interfaces. The system design is based on a HCI perspective that 

regards a robot phone as a personal computing device with motoric modalities attached. 

From the HRI view, the robot phones are an instrument for exploring the human-robot and 

human-human interactions in social collaboration tasks.  

This chapter reviews related literature in four subchapters. Section 3.1 introduces HRI 

theories and taxonomies to clarify the definitions and characteristics of social robots in the 

context of this research. Summarizing previous studies, a range of expressive robot features 

are found, and the term RUI is redefined. Section 3.2 reviews HCI/HRI studies focusing 

on multi-modal user interfaces, telecommunication systems, and personalization. Section 

3.3 describes high-level UI techniques to show how existing methods potentially help users 

create customized robot animations. Lastly, Section 3.4 provides a selected list of most 

relevant work, looks into each communication systems, and categorizes them to understand 

the tradeoffs of each user interface paradigm. To address the time gap between 2011 and 

2017, this chapter includes updated reviews of related work in the HCI/HRI research and 

technology industry. 

3.1 Human Robot Interaction of Social Robots 

HRI research is to study the interactions between humans and robots. Classifying HRI is 

difficult because robot applications have versatile characteristics that have evolved from 

different research fields such as robotics, social science, and artificial intelligence. In order 

to define the scope and taxonomies of HRI, researchers accept theories from preceding 

disciplines. Yanco and Drury provide HRI classification criteria by adopting HCI and 
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CSCW taxonomies (Yanco & Drury, 2002, 2004) and categorize HRI as a subset of the 

field of HCI. Scholtz distinguishes HRI from HCI because of the dynamic nature of robots, 

human-robot collaborations, and interaction environments (Scholtz, 2003). But, Scholtz is 

still based on an HCI model to detail the human user’s roles in HRI.  

According to above mentioned studies, HRI is similar to HCI, and there are commonly 

accepted criteria for HRI classification such as autonomy level, composition of actors, 

space, and task types. Autonomy level is the quality of robot’s intelligence; composition 

of actors is the combinations of human actors and robots; space is the environment that the 

interactions occur; and task types are the kinds of interactions that a robot is supposed to 

perform. Among these criteria, the most relevant to my work is the task types. Steinfeld et 

al. explain that the tasks of robots or human-robot collaborative systems are navigation, 

perception, management, manipulation, and social collaboration (Steinfeld et al., 2006). 

The robot phones presented in this thesis are categorized as social robots that support 

human-robot and human-human interactions in social collaboration tasks. 

3.1.1 Social Robots or Socially Interactive Robots 

Fong (2003) proposes a clear guideline for classification of social robots. By his definition, 

socially interactive (or sociable) robots are: 1) distinguishable from collective robots, 2) 

responsible for peer-to-peer human-robot interaction, and 3) capable of exhibiting human-

like social characteristics. Here the human-like social characteristics are the abilities to 

express/perceive emotions; to communicate with high-level dialogue; to learn/recognize 

models of other agents; to establish/maintain social relationships; to utilize natural cues 

(e.g., gaze, gestures, etc.); to exhibit distinctive personality and character; and/or to learn 

social competencies.  

Fong also argues that, while the design space of socially interactive robots varies, the 

robots are classified by the design perspective of biologically inspired vs. functionally 

designed. This is an interesting point of view, considering that conventional HRI theories 

implicitly regard social robots as similar to socially intelligent robots such as Kismet (C 

Breazeal, 2003b), having full- or semi-autonomous behaviors and learning abilities. 

Interactive robots with less (or reactive) autonomy are now discussed in the domain of HRI 

from the perspective of functionally designed social robots. Our robots are functionally 
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designed systems. They interact with users and other systems based on pre-programmed 

routines which perform the human-like social characteristics except autonomous learning 

abilities. 

3.1.2 Design Space of Socially Interactive Robots 

Social robots are meant to interact with human. The characteristics of robots are dynamic 

and often characterized by experiments. Powers et al. compare their Nursebot to a screen-

based agent addressing lifelikeness, physical distance, sense of presence and size, then 

report that the users would feel closer social impact to the robot but would perform worse 

for information related tasks (Powers et al., 2007). Other empirical studies show a social 

robot’s influence on human user’s decision-making (Shinozawa et al., 2005), on human-

to-human relations (Sakamoto & Ono, 2006), and on physical task performance (Rani, Liu, 

& Sarkar, 2006). An ethnographic study using Roomba vacuum cleaner reports that even 

a very simple and functional robotic product not only affects its product ecology but also 

changes the user’s social and emotional attributions to the product (Forlizzi, 2007). 

As robots have dynamic characteristics, they should be developed, compared, and tested 

differently based on their target environments and usages. At the same time, there should 

be common design attributes that one may need to consider in robot creation. Huttenrauch 

and Eklundh (2004) argue that robot attributes, such as form, modality, space, task, and 

user, likely influence HRI. Bartneck and Forlizzi (2004) suggest five properties of social 

robots such as form, modality, social norms, autonomy, and interactivity. Both studies 

regard form and modality as important robot design attributes. One of the reasons to take 

those two properties into account is that they are strongly related to robot’s lifelikeness. 

Dautenhahn states that, as recent robots tend to be lifelike, the level of similarity needs to 

meet user’s expectations to lifelikeness, in terms of appearance, behaviors and possibly 

many other factors (Dautenhahn, 2002).  

According to the Merriam-Webster English Dictionary, lifelike (or life-like) is an 

adjective that means “accurately representing or imitating real life.” The term lifelike is 

sometimes opposite of machine-like. While lifelikeness is commonly used in many HCI 

and HRI publications, no literature from my bibliography explicitly defines the term. I 
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understand lifelikeness as a sense of an artificial object or creature that is perceived by 

human users as like a living organism.  

Lifelikeness can be recognized in various forms. Hemmert et al. showed that machine-

like shape could be easily perceived as lifelike when movements were involved (Hemmert 

et al., 2013). Li et al. created a zoomorphic robot using a teddy bear (J. Li et al., 2009). The 

Kismet robot was in an anthropomorphic form (Breazeal, 2003b). Bartneck & Okada’s 

systems had facial features that were rather symbolic (Bartneck & Okada, 2001). Lifelike 

appearance and movement are also found in forms of commercial products. The purpose 

of the products varies from music and entertainment (Miuro, 2006; Sony Rolly, 2007), to 

communication between vehicle drivers (Thanks Tail by Hachiya, 1996), and therapeutic 

treatment (Paro, 2001). 

Human-likeness in phone devices have received little attention as of 2010. There was 

an example of a mobile phone in an anthropomorphic figure (Toshiba, 2008), but it was a 

toy accessory without a motoric functionality equipped in the product.  

My work attempts to give human-like appearance and behaviors to personal information 

devices, and to explore how to utilize the features in robot phone applications. With more 

recent literature from 2011 to 2017, one may find RoBoHoN to be the closest to my work 

(Sharp's RoBoHoN by Tomotaka Takahashi, 2016). And there have been similar robot 

phone products introduced in the market (Romo, 2011; Helios, 2012; RoboMe, 2013; Kubi, 

2014; PadBot T1, 2016). I briefly listed up those products here to give a head-up and will 

provide a comprehensive discussion about them in Chapter 7. 

3.1.3 Robot Expressionism for Socially Interactive Robots 

This research focuses on Robotic User Interface (RUI) in order to address non-verbal and 

expressive robot features. Bartneck & Okada (2001) defines RUI as the robot being the 

interface to another system1, which, however, does not fully encompass the scope of this 

research. RUI in this paper is defined as:  

 

                                                
1 The term, RUI, is also found as the acronym of Robot User Interface long before Bartneck and Okada in 

[Leifer L (1992) RUI: factoring the robot user interface. RESNA 92 - Proceedings. 580-583] 
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Robotic User Interface (RUI): a physically embodied interface having bidirectional 

(i.e. both input and output) modalities that enables a user to communicate to the robot 

or to other systems via the robot.  

 

According to this definition, the term RUI in this research covers a range of human-like 

communication means such as facial expressions, body postures, orientation, and gestures. 

Color and sound (voice or audio effect) are not genuine robot features because they are 

commonly used by many other computer systems. Vibrating haptic interface is not a RUI 

because its movement is too subtle to be visually observed. 

A human-like form, including both appearance and motoric behaviors, tends to cause a 

more empathic feeling (Riek et al., 2009), and even an iconic feature would still have a 

considerable amount of emotional impact to human users (Young et al., 2007). Previous 

research explored various aspects of RUI paradigms including facial expressions. Bartneck 

and Okada showed the implementations of a couple of robots with abstract facial features 

including an eye, eye brow, and mouth (Bartneck & Okada, 2001). Blow et al. presented 

motorized robot facial expressions that were biologically-inspired and minimal, but still 

somewhat realistic (Blow et al., 2006). Breazeal described a system of talking robot head 

that supported a full cycle human-robot interaction by understanding and expressing human 

emotions (Breazeal, 2003). Robot’s body movements also have been explored as a means 

of expressions. Michalowski et al. showed how rhythmic movements helped children with 

autism engaged in interactions (Michalowski et al., 2007). Hoffman and Ju suggested a 

design approach creating social robots with movements in mind to support human-robot 

interactions (Hoffman & Ju, 2014). Anthropomorphic forms were utilized to demonstrate 

communicative cues and gestures in robot-mediated interpersonal communication. Ogawa 

and Watanabe presented a voice-driven robot expression model that involved human-like 

movements of robot head, facial features, upper body, and arms (Ogawa & Watanabe, 

2000). My work extends these ideas to utilize robotic movements to build interactive RUI 

systems that help a user communicate to a robot or to a remote human partner via the robot.  

I expect that the findings from my work may provide insights for development of other 

social robots such as social robot mediators and personal assistant robots. Telepresence 

robots traditionally had the “Skype with wheels” design (Texai, RP-7i, Tilr, QB, and Vgo 
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as reviewed by Markoff, 2010) which rendered a live video of a person on a display screen 

mounted on a mobile robot base. Recent systems can change the height (Double by Double 

Robotics, 2013; Matsuda et al., 2017; Rae et al., 2013), move their head (Gonzalez-Jimenez 

et al., 2012; Origibot by Origin Robotics, 2015), and are equipped with motorized arms 

(Tanaka et al., 2014).1 Personal- or home-assistant robots introduced by startup companies 

in the mid 2010s are in abstract and partial anthropomorphic forms (Jibo, 2014; Buddy, 

2015; Tapia, 2016; Moorebot, 2016; ElliQ, 2017; Kuri, 2017). They display facial 

expressions, make eye contact, move their heads, perform upper body movements, and 

communicate to users with natural language understanding and voice synthesis.  

In Chapter 4 and Chapter 7, I will provide a closer review of the development of related 

robot systems focusing on the emergence of telepresence robots, and smartphone- or tablet-

based systems. By reviewing the reflections on early generations of the systems, Chapter 

4 will also present the concept of Bidirectional Communication Intermediary robots that 

this study proposes.  

3.2 Robotic User Interface for Interactive Telecommunication 

This section reviews HCI/HRI studies on the user interfaces of computer-/robot-mediated 

communication. As this robot phone project focuses on RUIs, the review starts with an 

introduction to previous research on non-verbal interpersonal communication systems. The 

second subsection looks at the RUI controlling methods presented in the literature. Then 

the section closes with a brief discussion on how RUIs possibly contribute personalization.  

3.2.1 Non-verbal Interpersonal Communication Over Distance 

Computer-mediated communication tools have been introduced with many services, for 

examples, SMS (Short Message Service), email, IM (instant messaging), video call, blogs, 

and social networking applications (King & Forlizzi, 2007; Lottridge, Masson, & Mackay, 

2009). While people mostly rely on verbal expressions to communicate semantic content, 

there have been non-verbal communication means, such as emoticons, emojis, and haptic 

vibrations, which were quite actively used or are in use. One of the more recent examples 

                                                
1 More detailed review on telepresence systems is provided in Chapter 4. 
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of non-verbal communication tools is Apple’s animation messages that deliver touchscreen 

taps, sketches, and heartbeats (Apple Inc., 2016).  

People use communication tools to exchange both informative contents and emotional 

feelings to each other. According to Tsetserukou et al. (2010), 20% of sentences in a text-

based human conversation carry emotional expressions including joyful (68.8%), surprise, 

sadness, and interest feelings. Non-verbal tools may support similar functions. Li et al.’s 

study supports this idea from a RUI view: even a simple robot gesture are able to deliver 

emotional and semantic content, but situational context and facial expressions had much 

stronger impact (Li et al., 2009). Ogawa and Watanabe’s work developing an embodied 

communication system tackles similar issues (Ogawa & Watanabe, 2000). Their system, 

InterRobot, is a bidirectional mediating system that consists of a set of half human scale 

robots capable of motorized facial expressions and torso/arms gestures. My work of social 

robot mediator is along those lines: it regards verbal conversation as the primary means of 

interpersonal communication and uses physically embodied anthropomorphic movements 

to support the interactions. 

A number of other approaches have been attempted in academia to build interpersonal 

telecommunication assistants that enhance emotional relationships between remote users 

e.g., couples in a long-distance relationship (King & Forlizzi, 2007; Lottridge et al., 2009; 

Mueller et al., 2005; Werner et al., 2008). HCI and HRI researchers and designers have 

suggested expressive and tangible means of interpersonal communication including icons 

(Rivera et al., 1996), abstract graphics with animation (Fagerberg, Ståhl, & Höök, 2003, 

2004), phonic signals (Shirazi et al., 2009), tactile vibrations (Werner et al., 2008), force 

feedback (Brave et al., 1998; Mueller et al., 2005), and RUI features (Sekiguchi et al., 

2001) in zoomorphic (J. Li et al., 2009; Marti, 2005; Marti & Schmandt, 2005; Nabaztag, 

2006), anthropomorphic (Sakamoto et al., 2007), or symbolic (J.-H. Lee & Nam, 2006; J. 

Park, Park, & Nam, 2014; Y.-W. Park, Park, & Nam, 2015) forms. Studies have revealed 

that people are more engaged with a conversational process when they create messages 

with an interactive user interface (Sundström et al., 2005) and talked to a humanoid robot 

(Sakamoto et al., 2007).  

Section 3.4 will continue this review on the paradigms of non-verbal human-human 

communication interfaces and provide more details of selected interface systems. 



 

 25 

3.2.2 Robot Control in Socially Interactive Systems 

Robot teleoperation provides a technical basis for interface systems that control remote 

RUIs. It has been extensively studied for applications such as space exploration, undersea 

exploration, and bomb disposal. Podnar et al. presented a telesupervisor workstation that 

consisted of vision/robot status monitoring displays and a set of controllers including a 

keyboard, mouse, and joysticks (Podnar et al., 2006). Goza et al. introduced a teleoperation 

system for an “arms on wheels” humanoid robot astronaut (Goza et al., 2004). Their system 

used a HMD (Head Mounted Display) for vision monitoring, 3D tracking sensors for arms 

control, optical gloves for hand/fingers operation, and foot switches for robot mobility 

control. Use of phones and tablet computers has been widely studied for remote robot 

control tasks since the late 2000s, mostly after 2010 (Gutierrez & Craighead, 2009; Chen 

et al., 2011; Panizzi & Vitulli, 2012; Lu et al., 2013; Parga et al., 2013; Oros & Krichmar, 

2013; Sarmento et al., 2015).  

Teleoperation paradigms are useful also for applications where a robot occupies a social 

role. A group of researchers in Japan frequently used Wizard-of-OZ methods to experiment 

the social aspects of robots, and examined how teleoperation is equipped for practical use 

of social robots (Sakamoto et al., 2007; Glas et al., 2008; Okuno et al., 2009). The pilot 

user interfaces of avatar-like telepresence robots once inherited the desktop workstation 

style design from teleoperation systems (O. Kwon et al., 2010; Kristoffersson et al., 2013) 

and now are compatible with touchscreen enabled handheld devices (Romo by Romotive, 

2011; Double by Double Robotics, 2013; Beam Pro by Suitable Technologies, 2015) and 

motion tracking techniques (Nagendran, Steed, Kelly, & Pan, 2015; Tanaka et al., 2014).  

Previous HCI and HRI studies have shown multimodal interface styles such as direct 

manipulation with/without kinetic memory (Frei et al., 2000; Raffle et al., 2004; Weller et 

al., 2008), audio-driven methods (Ogawa & Watanabe, 2000), and vision-based control (R. 

Li et al., 2007) to support computer-/robot-mediated communication scenarios. The goals 

and requirements of robot control may be different between social intermediaries and space 

exploration robots. Ogawa et al. (2000) and Li et al. (2007) pointed that quick response 

and adequate accuracy to the user’s input are sometimes more important than precise 

estimation for avatar-like communication systems. 
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Section 3.3 provide a broader review of user interface techniques for animating human 

figures. Chapter 4 introduces the details of recently created telepresence robots. In Chapter 

7, I will provide more comprehensive analysis of smartphone-based miniature telepresence 

robots. 

3.2.3 Personalization 

The term personalization is defined as a process that changes the functionality, interface, 

information content, or distinctiveness of a system to increase its personal relevance to an 

individual (Blom, 2000). Personalization has two aspects. On one hand, work-related 

personalization is elicited to enable access to information content, to accommodate work 

goals, and/or to accommodate individual differences. On the other hand, socially motivated 

personalization is initiated to elicit emotional responses and/or to express the identity of 

the user (Blom, 2000; Oulasvirta & Blom, 2008). 

Personalization, also often described as customization, is initiated by either a system or 

a user, or sometimes both (Blom, 2000). An agent system deals with information to help 

work related personalization and lets the user confirm the change. A user may customize a 

work environment, use stickers, or change ringtones for different contact groups in his/her 

cell phone. Such activities not only give a product an identity and sense of lifelikeness, but 

also make a user feel an attachment to a product (Sung et al., 2009) or to a robot (Groom 

et al., 2009). Thus personalization activities may build long-term intimacy between the 

user and the product (Sung et al., 2009). 

A RUI, if it is well designed, would be able to provide users with great opportunities for 

personalization. However, RUI has been less discussed than look-and-feel, functionalities, 

and screen-based pet applications (Tamagotchi, 1996) in the context of personalization in 

industry or in recent research. More discussions on personalization of social robots will be 

provided in Section 7.2.2. 

3.3 High-level Techniques for Animating Human Figures 

Three high-level animation techniques for human figures are described in this section. The 

three categories are: 1) GUI based techniques, 2) direct manipulation, and 3) motion 

capture system. Each technique is based on lower-level concepts of character animation 
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such as key-framing and hierarchical human models, but built on different interaction 

techniques and user interface modalities (Figure 3.1).  

 

Figure 3.1: Animation techniques for articulated human figures 

  

3.3.1 GUI based Animation Techniques 

Since Ivan Sutherland’s Sketchpad in 1963, GUI has been a powerful tool of man-machine 

communication, particularly for CAD (Computer Aided Design) systems (Parent, 2008).1 

A GUI can provide high-level animation techniques for human figures on a 2D screen by 

                                                
1  The rest of Section 3.3.1 depends on the same reference “Computer Animation: Algorithms and 

Techniques” by Rick Parent (2008). 
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visualizing conceptual components such as time, transitions, relationships, and virtual 

human models.  

Time is an essential parameter of animation, as the change of any other parameters of 

an object over time can potentially make animated effects. Traditional timeline based tools 

display key-frames and in-betweens as controllable visual elements. Human animators 

manipulate key-frames, and the computer tools are responsible for generating interpolated 

frames between the keys. 

In many cases of using rigid skeleton models, links only constraint the distances 

between joints, and a timeline is often assigned to display the change of a joint angle in a 

curve graph. When the animator defines joint angles in key-frames, the computer 

automatically generates multiple time-angle curves for each channel. Then each frame 

constructs an intermediate pose by combining links and joints information calculated for 

the time code. This method building a skeletal pose from primitive joint parameters is 

called forward kinematics. In key-framing based (also called pose-to-pose) animation, a 

modification can be made by editing key-frames or in-between frames, and by altering 

interpolation algorithms such as linear, polynomial or spline interpolation method. 

Language based methods are also useful for creating human figure animations. Such 

computer languages help the user create an animation by describing geometric properties 

and transformation parameters. But it is usually not easy for non-technicians to freely use 

the programming scripts without supplementing graphical indicators of object-oriented 

elements and data flows. To address the problems, some systems depict the conceptual 

objects, operations, and relationships in programmable node-link diagrams. 

Another advantage of GUI animation techniques is visual representations of virtual 

human models. Some GUI based character animation tools show character’s geometrical 

attributes in a human shape and allow the user to control numerical values in graphically 

intuitive ways. Using those tools, a human animator can quickly recognize a character’s 

pose in a graphical view and change joint angles by mouse-dragging the visual indicators 

of an object. Such a user interface is also advantageous for manipulating hierarchical 

skeleton models; the user can set inherited constraints between body parts and modify all 

geometric attributes of related elements by simply relocating the end-effector. This type of 

interface is based on a computational process called inverse kinematics, that automatically 
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determines multiple joint angles from end-effector positions and hierarchical constraints. 

Inverse kinematics is a popular process of direct manipulation in many interface systems 

either for virtual or robotic human figures. 

3.3.2 Direct Manipulation Techniques 

Direct manipulation is a technique that is widely used both in computer animation and 

robotics. In the field of character animation, Badler (1993) described 3D direct animation 

as follows:   

 

“3D direct manipulation is a technique for controlling positions and orientations of 

geometric objects in a 3D environment in a non-numerical, visual way. It uses the 

visual structure as a handle on a geometric object. Direct manipulation techniques 

derive their input from pointing devices and provide a good correspondence between 

the movement of the physical device and the resulting movement of the object that the 

device controls.” 

 

A very simple example of direct manipulation is already introduced in the GUI based 

techniques section. In the example, the user can select a 2D character’s hand, and move the 

mouse to make the character raise the hand. In a virtual 3D environment that is constructed 

in a computer screen, however, some direct manipulation tasks may not be easy because of 

the limitations of two-dimensional display and mouse positioning system. For example, 

rotating a 3D virtual human model is much more difficult along with Z- or X*Z-axis than 

along with X- or Y-axis. Moreover, large screen space and two-dimensional input methods 

are not affordable for some stand-alone systems, e.g. a physical embodied agent system 

built on a mobile phone. 

Literature address the potentials of physically interactive input devices for controlling 

articulated structural objects. Some research projects use physical anthropomorphic (or 

zoomorphic) figures as a controller of virtual puppet models (Weller et al., 2008). Others 

demonstrate the usefulness of tangible human figures for robot animation (Sekiguchi et al., 

2001). Direct manipulation is applicable for a wide range of robot interfaces that require 

different accuracy levels; for instance, the robot system of Calinon et al. (Calinon & 
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Billard, 2007a, 2007b) uses the interface for precise adjustment of robot postures, whereas 

Curlybot (Frei et al., 2000) and Topobo (Raffle et al., 2004) record relatively rough 

physical movements using direct manipulation methods. User’s demonstration of a desired 

motion can be performed by cases either once (e.g. for non-serious tasks) or multiple times 

(e.g. for accurate controls) using different kinematics mechanisms. 

One of the advantages of direct manipulation paradigms is that it is intuitive. A good 

direct manipulation system gives the user right affordances to handle the input devices to 

control the target object to the desired direction. However, an obvious limitation exists in 

physical direct manipulation: a human animator has two hands only. In other words, it is 

not easy to create a full body character animation at once using direct manipulation.1 

3.3.3 Motion Capture Systems 

Motion capture enables the animator to record live movements of objects and to map the 

information onto virtual models. As it records real-world motions, the synthesized result is 

physically correct, i.e. realistic. The recording system uses attachable sensors or markers, 

so is compatible to talents having different scales or structures. 

A recording system is built on either electromagnetic or optical tracking instrument. 

Electromagnetic tracking uses sensors that transmit 3D positioning information to the host 

system. Magnetic sensors are accurate and do not usually have dead points, so can show 

the result in real-time.  

Optical tracking uses optical markers which usually reflect infrared light to space. The 

movements of the marker points are then recorded by multiple infrared-sensitive cameras 

equipped at different positions in the room. As each of the recorded videos only shows 2D 

movements viewed from its camera position, three-dimensional positions of each marker 

should be reconstructed in a computer. So, camera calibration is required to calculate 

accurate camera positioning information before the system is used. An advantage of an 

optical system is that it usually has a larger coverage than a magnetic system. As optical 

markers sometimes disappear in some video recordings, more cameras are theoretically 

                                                
1 Some character animation tools may provide mechanisms that automatically generate full body 

animations from a seed movement of a part of a figure using inverse kinematics and predefined body 
behavior models. 
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better. However, reconstructing positions using many cameras requires a long processing 

time. Once positioning information is reconstructed, markers are identified and applied to 

a skeleton model. 

3.3.4 Other Extra Methods 

As Figure 3.1 shows, some methods are a blend of two high-level technique categories. 

Multi-touch screen interface is based on 2D GUI input/output system, but the interaction 

style is similar to tangible direct manipulation. Vision-based methods are in between direct 

manipulation and motion capture systems. 

3.4 Comparisons of Tangible Telecommunication Interface 

From the tangible animation techniques reviewed in the literature, this section compares 

selected examples that are designed to help interpersonal communications over distance. 

As seen in Table 3.1, some of the prototypes are explicitly controlled by the message 

sender, whereas others read information automatically, or are implicitly operated, from the 

remote user environment. Some prototypes support both explicit and implicit controlling 

methods. The explicit control group has two sub-categories: direct and indirect modes. The 

direct mode provides very specific input-output mappings, so that the message sender can 

precisely anticipate the output of the remote device while creating the message. Differently 

in the indirect mode, a system translates the input signals into another form of modality or 

metaphoric output, so the user cannot exactly design the desired output. Following sub-

sections describes reviewed techniques in detail. 

Table 3.1: Tangible telecommunication interface in explicit and implicit control modes  

Control mode Prototypes 

Explicit 
Direct 

PSyBench and InTouch (Brave et al., 1998), musical messaging (Shirazi et al., 
2009), RobotPHONE (Takahashi et al., 2010; J. Li et al., 2009; Sekiguchi et 
al., 2001) 

Indirect eMoto (Fagerberg et al., 2004), Hug Over a Distance (Mueller et al., 2005) 

Implicit United-Pulse (Werner et al., 2008), iFeel_IM! (Tsetserukou & Neviarouskaya, 
2010), InterRobot (Ogawa & Watanabe, 2000) 

Explicit and implicit LumiTouch (Chang, Resner, Koerner, Wang, & Ishii, 2001), MeBot 
(Adalgeirsson & Breazeal, 2010) 
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3.4.1 Explicit Control Interface 

3.4.1.1 Explicit-Direct Group 

PSyBench is a shared physical workspace across distance. It consists of two chess boards 

that are connected to each other. A chess board has a 2-axis positioning mechanism under 

the surface which can move electromagnetic objects on the board. An array of membrane 

switches senses the positions of the chessmen objects in a ten-by-eight grid surface and 

transmits the data to the other board.  

InTouch presents a concept of a tangible telephone by using two connected roller 

devices. The prototypes allow the users to exchange haptic feedbacks with their hands on 

the rollers. Since a pair of the devices are synchronized each other, the user can precisely 

recognize the other party’s interaction. InTouch has a potential as a means of tangible 

telecommunication, but has an apparent limitation; the lack of a link between a physical 

movement and an intended message.  

In the musical messaging, a sender creates and sends a short melody using a web-based 

composer tool, and a receiver recognizes it on his/her phone device. A message can contain 

32 notes, each of which can be either of a C major diatonic note or a crotchet rest. On the 

receiver side, when mobile phone application detects an incoming SMS, it interprets the 

text message into a melody. The difference between input and output modalities is obvious, 

but the system is classified in the Explicit-Direct group because a graphical notation of 

music score is commonly accepted as an accurate representation of musical melody. 

However, composing a beautiful melody demands highly intellectual/artistic practice, and 

adding contextual meaning in music is even more difficult. 

RobotPHONE is a Robotic User Interface system for interpersonal communication. The 

first prototype system consists of two snake-shaped robots that synchronize their motor 

compositions. Each snake robot has six degrees of freedom and is controlled by a 

microprocessor running a symmetric bilateral control method. The second prototype is in 

a pair of teddy bears that also minimize the difference of the postures between two robots. 

A concept of a physical avatar system is cleared illustrated with the prototypes: each teddy 

bear not only acts as an avatar of the user who is in front of it, but also represents the user 

at remote side. 
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3.4.1.2 Explicit-Indirect Group 

eMoto enables a user to add a background animation behind a text message. The input 

device collects the user’s emotional state using an accelerometer and a pressure sensor. 

The user’s movement (e.g. quick or slow) measures arousal, and the pressure does valence 

(e.g. a high pressure represents a more pleasure). Then the input data is indirectly 

interpreted to retrieve corresponding output image from a two-dimensional graphical map.  

Motivated by an ethnographic study on “haptic” and “unobtrusive” for intimate remote 

communication, Hug Over a Distance is suggested as a pair of air-inflatable vests that 

create a sensation resembling a hug. The actual prototype of the design idea consists of two 

devices: sender (a touch sensitive PDA in a furry koala toy) and receiver (a vest with a 

PDA controlling a portable air pump), so that a rubbing behavior on the sender’s PDA 

screen triggers a hug simulation in the receiver’s side. 

3.4.2 Implicit Control Interface 

Heartbeat stands for life and vitality, indicates someone’s feelings, and most importantly 

is regarded as a symbol of the close connection of couples. United-Pulse is a prototype 

which measures and transmits the partner’s heartbeat through a finger ring. Possible future 

scenarios of it involve a cycle of implicit telecommunication by means of notification, 

exchange of data, and permanent connection. 

iFeel_IM! interprets Second Life chatting text into haptic outputs, so that two remote 

users can send and receive emotional signals. The receiver device contains various types 

of haptic components including vibration motors, rotary motors, a flat speaker, a heating 

pad and a fan. While the text input is explicitly made by users, the system is categorized as 

an implicit control interface. It generates automatic haptic outputs that are not cognitively 

designed by the sender but only displayed on the recipient’s side. 

InterRobot focuses on robot interfaces as the physical media of communication. The 

developed system helps teleconference by pseudo-synchronizing facial expressions and 

body movements to human conversation. A speech driven gesture model provides smooth 

social norms to both the human speaker and the listener. The underlying idea of the speech 

driven model is similar to the implicit text based model applied to iFeel_IM!. However, 
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the interaction of InterRobot is remarkable novel with regard that it synthesizes the virtual 

listener’s feedback to the speaker and that it imitates more realistic human conversations. 

3.4.3 Explicit + Implicit Control Interface 

LumiTouch is a pair of interactive picture frames that allow geographically separated 

couples to exchange their sentimental feelings. Once a picture frame receives inputs from 

user A, the other frame displays lighting signals to user B. LumiTouch has two types of 

input methods: passive and active. In passive (i.e. implicit) mode, the sender’s device 

detects the user’s presence using an infrared sensor, and triggers the receiver’s device to 

emit an ambient glow. In active (i.e. explicit) mode, the sender squeezes the picture frame 

so that the embedded touch sensors transmit a combination of sensor readings to the 

receiver’s side. 

A physically embodied miniature telepresence robot, MeBot, also supports both explicit 

and implicit control modes. The robot’s neck has three degrees of freedom (head-pan, head-

tilt, and neck-forward) and automatically mimics the user’s head movements. The front 

surface of the robot head displays the user’s face. Arm gestures are controlled by a pick-

and-move styled direct manipulation technique. 

3.4.4 Considerations for Explicit and Implicit Interface 

Encoding and decoding mechanisms introduced in the Explicit-Direct control group are 

very simple. As a controlling mechanism gets complicated to Explicit-Indirect or Implicit 

mode, it becomes a burden for human users to translate the abstract representations into 

exact human language or emotion states. In other words, a challenge of such interface is 

the development of reliable links between the tangible output and intended meanings 

(Figure 3.2). PSyBench has less problem in that manner because the context of the 

communication through it is very well defined; a chess game. But exchanging information 

or sharing emotions through abstract media would not be usually easy unless contextual 

knowledge and interaction metaphors are commonly established between the users. An 

experiment using RobotPHONE shows that humanoid gestures, which are intrinsically a 

metaphoric form of human movements, can communicate emotional and semantic content 

but are not strong enough without contextual information (J. Li et al., 2009). 
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Figure 3.2: Interaction linkage from a sender to a recipient in tangibly mediated 
communication; a link with a question mark can easily break if appropriate metaphors or 

clear conversion models are not provided. 
 

By using the Explicit-Indirect interface paradigms that are presented in two prototypes, 

eMoto and Hug over a Distance, users can intentionally activate or somehow change the 

output, but are not allowed to accurately design it. Besides the gap between machinery 

output and human conceptions, the semantic linkages between input and output modalities 

should be addressed in order to guarantee the feasibilities of the techniques in real-world 

situations. In particular, it is extremely hard to establish a commonly acceptable framework 

that relates subjective measurements such as emotion, gestural inputs (e.g. hand motion, 

pressure, rubbing), and new output modalities (e.g. graphical elements, feeling of hug). 

Implicit interaction methods do not require user’s intention. Some of them are based on 

biometric inputs, whereas others read the user’s habitual communication behaviors. The 

challenges of implicit interaction techniques are two folds. First, the linkage of biometric 

signals to human communication is vague. There is no clear evidence on whether or not 

the signals can exactly re-synthesize the speaker’s intentions and mental states. Also, it is 

not obvious whether transferring imitated haptic feedbacks can make a person precisely 

recognize the counterparty’s feelings. Second, believable communication models are 

strongly required. Most real-time human communication paradigms (e.g. from face-to-face 
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talk to text-based chatting) primarily rely on linguistic and habitual expressions that are 

exchanged via audio-visual channels. Preconscious or biologically automatic responses are 

also involved in the conversations but not necessarily shared through secondary channels, 

i.e. using haptic/tactile stimuli. In some situations, which involve love (e.g. between 

partners or caring infants) or emergency, the secondary channels may be more important 

in building intimate ties than the primary communication channels. However, it is not easy 

to define the quality of realistic tangible output modalities that avoid the Uncanny Valley 

(Mori, 1970).
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Chapter 4.  

Toward Bidirectional Telepresence 

Robots 

The communication robots proposed in this research demonstrate an avatar system that is 

designed on the basis of mobile phone usage scenarios. This chapter presents a conceptual 

framework of the avatar system and shows how the system employs RUIs to support the 

use scenarios. In order to define the design space of our robots, the chapter starts with an 

introduction to a paradigm of telepresence robots and describes the concept of bidirectional 

telepresence robots that this research suggests. The conceptual framework leads technical 

requirements of communication loops of a bidirectional intermediary system.  

4.1 HRI Paradigms for Mobile Phone based Systems 

Breazeal suggests a classification of the field of HRI as four interaction paradigms; tool, 

cyborg extension, avatar, and sociable partner (C. Breazeal, 2004). In the first paradigm, 

the human user views the robot as a tool for specific tasks. The second paradigm is regarded 

as a physical extension of the user’s body. In the third paradigm, the user throws his/her 

personality into the robot to communicate other users through it. The last paradigm depicts 

the robot that utilizes artificial intelligence to play an individual personality of its own. 

Inspired by Breazeal’s paradigms, we introduce three types of interactions that our system 

is possibly involved in. Since this research seeks for insights for developing interactive 

robotic intermediates, we first classify the characteristics of mobile phones depending on 

how a phone device interacts with the user. The second paradigm on cyborg extensions 

from the Breazeal’s categorization is dismissed in our framework because it is irrelevant 

to our telecommunication research, and the fourth paradigm is slightly modified to reflect 
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the usage of mobile phones. The categories that we take into account are tools, avatars, 

and smart agents. 

4.1.1 User - Device Interaction 

The simplest relationship between a cell phone and the user is found when we see the phone 

device as a static tool that is not connected to a network (Figure 4.1, top). A mobile device 

in this case is in charge of simple offline tasks, such as managing a phone book or files in 

local storage. Functioning well without disturbing the user is the first requirement of the 

tool. A very basic example of this case is a phone as an alarm clock. The user would want 

to easily set up an alarm entry and expect the device to remain dormant until it makes noise 

on time.  

 

Figure 4.1: Three types of interaction with a cell phone; one-on-one human-computer 
interaction (top); interpersonal communication in a traditional mobile phone network 

(middle); interactions between a user and a service in a multi-user networking 
environment (bottom). 

 

service 
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4.1.2 User - Device - (Remote Device) - Remote User Interaction 

When a user is connected to a remote party, a cell phone becomes an avatar (Figure 4.1, 

middle). The phone device is possessed by the owner, although it represents the counter 

party. Other one-on-one telecommunication services, such as paging, messaging and video 

call, can also be placed in this category depending on how a device renders information. In 

fact, via a video call, we can see that a mobile phone visually turns into an embodiment 

that shows a live portrait of the remote person. From user’s perspective, it may seem that 

there are only three important entities involved in this interaction – the user, user’s phone 

and the counter person – while there are actually four including the other user’s phone 

device. The primary distinction of an avatar from a tool is not about the artifact but the 

manner of use. A tool is operated by a local human user, whereas an avatar is controlled 

by a remote human interaction partner. 

4.1.3 User - (Device) - Service or Multiuser Interaction 

In a networked environment, at least in the near future, a phone or a mobile application 

becomes an intelligent agent that handles back-end data to bring selective information to 

the human user (Figure 4.1, bottom). The smart agent would pervasively communicate with 

multiple services and users. Location-based services draw geographical data on a map with 

other useful information from different databases that are filtered by the user’s interest. An 

instant messenger links to group networks in order to help users stay connected online. 

When social networking services broadcast live news to people around the world, the client 

device should intelligently collect valuable information from multiple sources. 

4.2 Target Research Area 

The two main technologies I combined in this research are mobile phones and robotics. 

Regarding mobile phone technology, we particularly focused on the first two paradigms, 

tools and avatars, because we were more interested in exploring the application ideas of 

robotic user interfaces rather than pervasively intelligent agent systems. As a HRI research, 

my work looked into robotic social interfaces which were a subclass of socially interactive 

robots (C Breazeal, 2003b). This type of robot was responsible for peer-to-peer human-

robot interactions and capable of exhibiting anthropomorphic social cues. Of many 
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modalities possibly equipped to realize the robot’s social cues, the study explored gestural 

expressions. Artificial intelligence was not in the main scope of this research, since the 

topic was more related to other subclasses of social robotics on socially receptive robots 

(e.g. with machine learning ability) and sociable systems (e.g. with proactive intelligence). 

In summary, this work studied on anthropomorphic robotic user interfaces and avatar 

applications that could project the user’s social and remote presence. Telepresence and 

smartphone-based robotics were the appropriate research fields that I best contributed by 

discussing bidirectional social mediating systems. 

4.2.1 Mobile Robotic Telepresence 

Telepresence was an emerging market for everyday robotics during the late 2000s. Several 

companies had announced or were already selling remote presence systems using mobile 

robots such as Texai, RP-7i, Tilr, QB, and Vgo (Markoff, 2010). In most cases, the robots 

had the “Skype on wheels” form factors which were controllable from afar and capable of 

transmitting audio-visuals to the operator, in the same way that an unmanned vehicle was 

used in remote exploration tasks.  

 

Figure 4.2: Telepresence robots: Texai by Willow Garage (left), RP-6 by InTouch 
(center), and QA by Anybots (right) 
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Desai et al. provided a set of guidelines for designing telepresence robots from a series 

of studies with QB and VGo (Desai et al., 2011). Their study highlighted the importance 

of the qualities and the user control of video/audio channels that a telepresence system 

should support. As for operator user interface, they identified the necessities of a platform 

independent UI, sensor data reliability, and map integration for navigation tasks. In terms 

of robot’s physical features, they suggested the use of multiple cameras, motorized height 

change, and head movement. Supporting autonomous or semi-autonomous navigation was 

an important consideration for a telepresence robot system. 

An updated literature review showed that the intended application areas of mobile robot 

telepresence are research, office use, elderly care, healthcare, and education (Kristoffersson 

et al., 2013; Oh-Hun Kwon et al., 2010; Tanaka et al., 2014). Adding to the mobility of the 

robot base, telepresence robots were equipped with new motorized abilities, for examples, 

to adjust the height of the robot (Double by Double Robotics, 2013; Matsuda et al., 2017; 

Rae et al., 2013), to pan/tilt the head unit (Gonzalez-Jimenez et al., 2012), to control laser 

pointers (TeleMe by MantaroBot, 2012; QB shown in Tsui et al., 2011), and to move robot 

arms (Tanaka et al., 2014; OrigiBot by Origin Robotics, 2015). According to the research 

robot’s motorized body parts influenced the qualities of social telecommunication as well 

as remote collaboration. Matsuda et al. showed from a user study that matching the eye or 

face position would create a good impression of one’s partner and enhance the engagement 

between the partner and operator (Matsuda et al., 2017). Tanaka et al. found a similar effect 

in a language education setting, in that, when a teacher played the operator role, giving a 

child the control of a robot arm would promote the communication (Tanaka et al., 2014). 

In another study, Rae et al. reported that, when a telepresence robot was shorter than the 

local human interaction partner and the operator was in a leadership role, the local would 

find the operator to be less persuasive (Rae et al., 2013). Their study hence suggested to 

use shorter robots in collaborative remote tasks and to reserve taller systems for use by 

company executives in negotiations or by specialists such as doctors.  

4.2.2 Handheld Devices for Telepresence Robots 

Since the release of Apple’s iPad and Android PCs (2010), tablet computers became an 

alternative solution to build the video conferencing head of a telepresence robot (Double, 
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2013; TeleMe, 2012). A tablet computer was an appropriate design for the “Skype” part of 

a telepresence robot with the about-human-face-sized color video display, microphone, and 

live stream video cameras. Wi-Fi network support of the devices made video conference 

simple, and Bluetooth could be configured to communicate the mobile robot base. The 

pilot’s – or teleoperator’s – workstation also became handy with tablet computers using 

robot remote control interfaces augmented on touchscreen displays. 

 

Figure 4.3: Tabletop telepresence robots: Romo by Romotive (2011, left), RoboMe by 
WowWee (2013, center), and Kubi by Revolve Robotics (2014, right) 

 

The iOS and Android development environments encouraged researchers, educators, 

and hobbyists to make smartphone based robots (Gutierrez & Craighead, 2009; Chen et al., 

2011; Panizzi & Vitulli, 2012; Oros & Krichmar, 2013; cellbots.com, 2011). Tabletop 

miniature telepresence robots often appeared in crowd funding sites (Romo, 2011; Helios, 

2012; Kubi, 2014; PadBot T1, 2016) and tech gadget shops (RoboMe, 2013). Most of them 

were designed as “Skype on wheels or caterpillar tracks” in a small scale or “talking head 

on a table” with tablet PCs, and some of them enabled virtual character’s facial animations 

on the phone. Those tabletop robots functionally focused on remote robot control and video 

conferencing, rather than personal assistant application. 

For the smartphone-based miniature telepresence robot, I will provide a comprehensive 

review and discussions in Chapter 7. 

Photo:  
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Photo:  
RoboMe by WowWee 

Photo:  
Kubi by Rovolve Robotics 
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4.2.3 Reflections on Early Telepresence Robot Systems 

The video conferencing style telepresence robot design had advantages in serving people’s 

social communication. It was meant to deliver the remote operator’s identity to the local 

users, and a live streaming face images with voice call was a critical element of an avatar-

like telepresence system. Use of face rendering on a display screen was also beneficial in 

terms of commercialization – when a robot needed to resemble the operator’s facial 

features and expressions, a live streaming video would be much more cost effective than 

physically crafted masks. The abstract and semi-anthropomorphic look-and-feels of the 

robots would be useful to minimize local user’s expectations on robot functionality and 

intelligence while not sacrificing the remote operator’s presence. 

Known issues of existing telepresence robot systems as of 20101 were the expense, 

autonomous navigation, and mobility in the real world. The issues I found interesting to 

discuss in the study were different from the known challenges. First, the robots mostly 

relied on verbal and facial cues when they mediated communications. Robotic body 

animations, especially motorized arm gestures were not actively in use in telepresence 

robots, even though the physically embodied movements could be functionally useful and 

become important social cues in interpersonal communication. Second, there had been a 

small number of applications and use case scenarios introduced with the robots. While 

previous studies focused on real-time telepresence scenarios, delayed (or asynchronous) 

communication features could be desirable in some circumstances. Last but not least, robot 

interfaces were inconsistent for the users in different roles. The robot operator was able to 

virtually exist at two different locations by controlling her puppet and to allow remote 

persons to feel her presence throughout the robot avatar. However, since the puppeteer’s 

controller unit was built on a desktop workstation environment, there was less chance for 

the other users to reflect their human affects back to the operator.  

4.3 Bidirectional Social Intermediary Robot 

One of the main contributions of this work was the conceptual framework of bidirectional 

social intermediary robots with two-way interface modalities. As of 2010, social tele-

                                                
1 Most of our robot design and development work had been done between 2007 and 2010. 
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presence robots were based on unidirectional controlling structures that had been adopted 

from conventional teleoperation systems such as space exploration and underwater 

operation robots (Figure 4.4 (top)). While the unidirectional controlling technique would 

work well in some telepresence conditions, e.g., a doctor’s round, CEO’s meeting, or 

disabled person’s going-out, I rather set a futuristic context in that a pair of small – ideally 

pocket sized – robot phones would mediate interpersonal communications over distance.  

 

Figure 4.4: A comparison of interactions between teleoperation (top) and bidirectional 
telepresence (bottom) 

 
More specifically, I assumed that an ordinary user in a bidirectional telepresence situation 

would interact with the co-located robot to control the other robot in a remote place, and 

vice-versa, so the two telepresence robots should be identical or similar in terms of the 

interaction scheme as seen in [Figure 4.4 (bottom)]. 

4.3.1 Toward bidirectional communication robot interface 

There could be two analytical approaches to implement the interactions of bidirectional 

communication intermediaries. On one hand, one could understand the situation as a 

conversational system between human users, and then use the insights to develop the 

requirements for the co-located human-phone interaction. This would require a user study 
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on need-finding, usability testing, and more. On the other hand, one could first analyze a 

technological system for supporting local human-machine interactions, and extend the 

model to complete a full communication model. I chose to take the latter, a bottom-up 

approach, where I would first build a local robot phone system, add network routines, apply 

robotic user interfaces, and create proof-of-concept applications.  

To create a bidirectional robot intermediary system, I identified a requirement of three 

communication loops for realizing a robot phone structure. 

4.3.2 Three communication loops  

A mobile phone robot was defined as a system that integrates three communication loops 

as shown in [Figure 4.5]. Each communication loop was a group of relevant functions that 

supported the interfaces between a phone and a motor system, between mobile phones, and 

between a robot phone and the local human interaction partner. A software engineering 

requirment behind the structure was to maintain each component independently and to 

exchange messages between the components asynchronously by using a separate process 

to handle each loop. The Decoupled Simulation Model of the MR Toolkit described a 

similar approach to tackle the necessity of separate loops to manage tasks with different 

temporal response-time requirements (C. Shaw et al., 1993). 

First, the system that had to deal with the interface between a phone and a motor system. 

Considering the technologies available in the market as of the late 2000s and the fact that 

this work was aiming to illustrate near future applications and interaction styles, I decided 

to develop a system by combining existing mobile phone devices and robot kits, instead of 

building new robot mechanisms from scratch. This bottom level interface was implemented 

by realizing communication protocols between two co-located devices. 

Second, remote systems had to communicate to each other over mobile phone networks. 

A mobile phone became the main computing component and a physical design element of 

our system for projecting a remote human presence in a symbolic and anthropomorphic 

shape. In ideal cases, it would not matter if the commander was a human user, another 

device or an autonomous service. To implement this communication loop, I considered 

existing mobile phone network standards and services such as Telephony, SMS, Wi-Fi 

Instant Messaging, or GPS. 
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The third communication loop was the user interface of a robot system. One of the 

focuses of the study was to explore how easily a computing machine would work with a 

human user by using its physical attributes. The proposed robot phone system became an 

animated creature that partly inherits human shapes and gestures. To explore the trade-offs 

of robotic user interface techniques, full cycle robot animation creation and expression 

tasks had to be implemented. 

 

Figure 4.5: Three communication loops in our mobile robot system 
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Chapter 5.  

System Development 

This chapter describes a design of robot phone development platform that was built based 

on the requirements identified in the previous chapter. The developed system presented 

new features to address the limitations of other telepresence robot projects. One of the key 

features was the development of bidirectional telepresence system, in which a robot 

became the one and only interface medium that serviced both input and output human-

computer interface modalities. Thus, the platform was designed to support the creation of 

physically embodied communication mediators that satisfied the three interface loops in its 

hardware and software structure.  

The following sections explain the technical details of hardware components and 

software design. Descriptions include how the developed system integrated the features 

from various tools to meet the bidirectional telepresence requirements. 

5.1 Hardware Overview 

The two major hardware components of the prototyping system were the smart phones and 

a robot assembly kit. In the integration of the system, the robot design was inspired by a 

human body and the commanding structure. Each robot in the prototype system was built 

with the main computing device, i.e. a programmable smart phone, which communicated 

with sub-computing units in the motor system. Mounted on a robot body, the phone device 

shaped the robot’s head and took control over the motor system as like the robot’s brain. 

For example, once the motor system received commands from the phone, the robot 

performed physical movements such as spatial mobility and/or body gestures.  

5.1.1 Mobile Phone Head – the Robot Brain 

Three Nokia mobile phone models were used for prototype development. The earliest was 

the Nokia 6021, which figured the robot head of the first version of CALLY. The phone’s 
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programmable software feature was not utilized at the time, so that the robot brain – or the 

intelligence – was completely simulated in a PC. 

5.1.1.1 Nokia N82 

The Nokia N82 device replaced Nokia 6021 since the second generation of CALLY. The 

N82 model demonstrated most applications of CALLO robots too. Throughout the project, 

there were a number of hardware and software features of the phone found beneficial for 

robot development. The main benefits of using N82 were:  

 

• support for various wireless networking technologies such as 2G/3G, WLAN IEEE 

802.11 b/g, Bluetooth 2.0, and infra-red; 

• the sensing modules, especially the front facing camera for robot vision; and  

• the software development environment and programming interfaces that allowed 

access to above features, particularly the open APIs that helped applications freely 

utilize 2G/3G telephony and SMS communication functionalities 

 

Figure 5.1: Nokia N82 device for robot's head 
 

General specifications of the N82 phone were: 

• Technology: 2G/3G compatible smart phone 

Image:  
Nokia N82 (front) 

Image:  
Nokia 
N82 
(side) 

Image  
Nokia N82 (back) 
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• Operating System: Symbian S60 3rd Edition 

• Processor: Dual ARM 11 332 MHz 

• Memory: 128 MB 

• Dimensions: 122 × 50.2 × 17.3 mm (L × W × H) 

• Weight: 114 g 

• Display: 2.4 inches TFT color LCD screen in 240 × 320 pixels resolution  

• Primary Camera: video images 480p at 30 fps 

• Front Camera: video images 352 × 288 pixels at 30 fps  

• Other sensors: GPS, microphone, accelerometer 

 

5.1.1.2 Nokia N8 

The last prototype of CALLO came out with the Nokia N8 device playing as the robot head 

and the main controller. With the Nokia N8, CALLO was able to accept touchscreen inputs 

and to speak by using a synthesized voice.1  

 

The Nokia N8 phone featured: 

• Technology: 2G/3G compatible smart phone 

• Operating System: Symbian^3 (debuted with the N8) 

• Processor: ARM 11 680 MHz 

• Memory: 256 MB RAM 

• Dimensions: 113.5 × 59 × 12.9 mm (L × W × H) 

• Weight: 135 g 

• Display: touch-enabled 3.5 inches AMOLED screen in 640 × 360 resolution 

• Primary Camera: video images 720p at 30 fps, 12.1-megapixel camera sensor 

• Front Camera: video images 720p with the SymDVR upgrade 

• HDMI mini C connector 

                                                
1 The Symbian^3 operating systems introduced a new text-to-speech engine that significantly outperformed 

the engine(s) in the predecessor Nokia phones. Since the N8 device, the quality of the synthesized voice 
became not too much awkward to be equipped for robot application. 
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• WLAN IEEE 802.11 b/g/n, Bluetooth 3.0, FM radio receiver/transmitter, and 

basic data connectivity features  

 

Figure 5.2: Nokia N8 device for robot's head 

 

5.1.2 Motor System – the Robot Body 

The robot body was developed using the Bioloid robotic kit (Robotis Inc., 2005). The robot 

kit consisted of a mainboard with an ATmega128 microcontroller (or the CM-5 unit in the 

Bioloid’s term, Figure 5.3), multiple servo motor modules (or AX-12+ modules, Figure 

5.4), sensor modules (or AX-S1 modules), connector cables, and various joint assemblies 

(Figure 5.5). The CM-5 controller unit was programmable to store a series of motor 

movements as a preset, to respond callback routines, and to monitor/control servo motors. 

Each motor unit had a built-in ATmega8 processor to communicate with the main CM-5 

controller. The joint parts connected other components using nuts and bolts (See examples 

in Figure 5.6). 

 

Image:  
Nokia N8 (front) 

Image:  
Nokia N8 
(side) 

Image  
Nokia N8 (back) 
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Figure 5.3: CM-5 main controller box and the mainboard 

 

 
Figure 5.4: AX-12 servo motors (AX-12+ has the same physical dimensions) 

Photo:  
CM-5 main controller 

Image:  
AX-12 servo motors 



 

 52 

  

 

Figure 5.5: Joint assemblies with CM-5, AX-12 motors, AX-S1 modules, connectors, and 
other accessories in the Bioloid robot kit 

 

 

Figure 5.6: Example assemblies of AX-12 and joint parts 

Photo:  
Bioloid robot kit (from the user manual) 

Image:  
Example assemblies of AX-12 and joint parts 
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5.1.2.1 AX-12+ Servo Actuator 

The basic motor element of the prototype robots was the AX-12+ servo actuator. The 

actuator unit was configurable to operate either in servo mode or in continuous turn mode. 

CALLY had four wheels turning continuously, and all other motors of the robots were set 

to servo control mode. The servo mode allowed 10-bit resolution for 300° rotating positions. 

Physical specifications of the AX-12+ unit were as follows: 

 

• Dimensions: 40 × 32 × 50 mm (L × W × H)  

• Weight: 53.5g  

• Running Degree: 0° ~ 300° or Endless Turn 

• Resolution: 0.29°  

• Voltage: 9 ~ 12V (Recommended Voltage 11.1V) 

• Stall Torque: 1.5N.m (at 12.0V, 1.5A) 

• No load speed: 59rpm (at 12V) 

• Running Temperature: -5℃ ~ +70℃ 

• Link (Physical): TTL Level Multi Drop (daisy chain type Connector) 

• ID: 254 IDs (0~253) 

• Communication Speed: 7343bps ~ 1 Mbps 

• Material: Engineering Plastic 

  

5.1.2.2 Wiring CM-5 and AX-12+ Servos 

Each AX-12 actuator had two wiring ports with three-pin configuration for each (Figure 

5.7). Either or both of the connectors could be used to establish connections to CM-5 or 

other actuators (Figure 5.8 and Figure 5.9). This connection method enabled multiple AX-

12+ servo modules to be controlled and monitored by a CM-5 box through a single RS485 

control bus. 
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Figure 5.7: AX-12+ connector 
 

 

Figure 5.8: Wiring from a controller to servo motors 
 

 

Figure 5.9: Wiring example; this still maintains a single control bus 

Image:  
AX-12+pin connector 

Image:  
CM-5 controller and servo motors 

Image:  
CM-5 controller and servo motors 
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5.1.2.3 Communication Protocol between CM-5 and AX-12+ 

An asynchronous serial communication with {8 bit, 1 stop bit, no parity} enabled the main 

CM-5 controller to send/receive instruction/status packets to/from AX-12+ units (Figure 

5.10). By using the packet protocol, CM-5 read and wrote the EEPROM and RAM 

addresses of AX-12+ servo modules. Each address represents the location of a motor status 

or operation.  

 

Figure 5.10: Half duplex multi-drop serial network between the controller and actuators 
 

It was not possible to transmit both instruction packet (downstream) and a status packet 

(upstream) at the same time, since the wiring of the serial bus shared a single data line for 

both signals. This half-duplex connection also required each data packet to carry a module 

ID to implement a multi-drop serial network. The data length of a packet varied depending 

on the type of the signal, but approximately 50,000 signal packets per second could be 

exchanged over the bus at 1 Mbps communication speed.   

5.1.3 Bluetooth Module – the Spinal Cord 

As a mean to implement the device level interface between the robot head and the motor 

system, we equipped the ACODE-300 Bluetooth embedded module (Figure 5.11) to be 

attached on the CM-5 mainboard. Other wiring (e.g., mini-USB, 3.5 mm stereo audio) or 

wireless (e.g., Zigbee) connections also had been considered as alternatives. Bluetooth was 

the optimal solution, as smartphone products started supporting Bluetooth-based WPAN 

(wireless personal area network) which was more convenient than wired connections, and 

Zigbee became far from smart-phone standard. 

Main	
Controller 

ID=0 ID=1 ID=N 

Instruction	Packet	(ID=N) 

Status	Packet	(ID=N) 
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Figure 5.11: ACODE-300/FB155BC Bluetooth module and the pin configuration 

 
The ACODE-300 module included an antenna in it and implemented Bluetooth V2.0 

specifications with SPP (Serial Port Profile), so for a smart phone to communicate with 

CM-5 wirelessly, as if they were connected via a RS-232 cable. The specifications of the 

Bluetooth module were as follows:  

 

• Input Power: 3.3 VDC +/-0.2 

• Dimensions: 20 × 18 × 5 mm (L × W × H)  

• Frequency Range: 2.4 GHz ISM Band 

• Data Rate: 2,400 – 230400 bps 

• Antenna Type: Chip Antenna 

• Output Interface: UART (TTL Level) 

• Sensitivity: -83 dBm 

• Transmit Power: +2 dBm 

• Current Consumption: 43 mA  

 

5.1.3.1 Placement of ACODE-300 on CM-5 

The Zigbee connector socket on the CM-5’s mainboard was hacked to wire an ACODE-

300 Bluetooth module. As no run-time configuration or flow control was needed on the 

module, only four connector pins – pin 1 (GND), pin 2 (VCC), pin 7 (TXD), and pin 8 

Image: 
ACODE-300/FB155BC Bluetooth module and pin configuration 
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(RXD) – were wired to the board. With this setting, the module automatically started or 

stopped operation upon the CM-5 board was powered on or off. 

 

Figure 5.12: Wiring ACODE-300 and CM-5 
 

5.1.3.2 Bluetooth configuration 

The Bluetooth module was configured in single-link server mode (or slave mode), in which 

the chip would run a wait routine until another active client (or a master client; a smart 

phone in our case) requested a connection. The server module hid from arbitrary clients, 

so that a Bluetooth compatible phone device was able to request a connection only when 

the MAC address and the password key of the server were known.  

5.2 Software Structure 

CALLY and CALLO demonstrated the technical development of robot interfaces that had 

been proposed based on the concepts of Bidirectional Telepresence Robots. To support the 

Zigbee socket 
on CM-5 

GND 
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RXD 

TXD 
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robot application development, the software framework required to implement following 

features and functionalities: 

 

• Data structure for robot animation 

• Three interface loops of bidirectional telepresence robots 

o Device level interface between a phone and a motor system 

o Service interface handling communications between phones 

o User interface between a user and a robot 

 

Through the next subsections, we describe the software building blocks that realized the 

core functionalities identified above. 

 

Figure 5.13: Key software building blocks of CALLY/CALLO prototype system 
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5.2.1 Data Structure for Robot Animation 

One of the main features that were commonly shared across many software modules in our 

robot systems was the robot animation data structure. The data structure consisted of four 

sub-components that contained information on a motor, a robot posture, a robot motion, 

and a list of animations (Figure 5.14). We defined the data structure in the Robot Animator 

module. The Robot Animator helped other interface modules manage robot gestures by 

hierarchically abstracting the motor system.  

 

Figure 5.14: Robot Animator data structure 
 

A Motor abstraction, representing a moving part of a robot, basically had three numeric 

members mapped to the motor index, the motor angle, and the speed. More properties were 

included to handle optional attributes of a servo motor, for examples, acceleration, the 

range of movement, temperature, torque, and so forth.  

A Pose object consisted of multiple Motor components and had peripheral attributes in 

order to show a posture of a robot. The peripheral members included the index of the pose 

within a motion and the delay time for the intervals between adjacent poses.  

Motor #1 Motor #2 … 

Pose #1 Pose #2 Pose #M … 

Motor #N 

Motion #1 Motion #2 … Motion #L 

Anim #1 Anim #2 … Anim #K 
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A Motion was a series of multiple poses that constructed a complete cycle of a moving 

gesture of a robot. Each Motion had a repeat count, an index, and the next motion’s index, 

so that a combination of motions generated a more complicated animation.  

The top-level component, called the Animation Manager, handled a collection of robot 

motions. It had 23 default animation presets and enabled the system to deal with motion 

playbacks and recordings. 

5.2.2 Device Level Interface: connecting phone to motor system 

The Device Level Interface (DLI) realized motor handling functionalities by connecting 

smart phone applications and the CM-5’s motor controller program. On the application 

side, the DLI provided a device driver to encapsulate the underlying communication 

complexities in a set of programming methods. On the motor system side, the counter part 

of the device driver was designed as a rule-based instruction program on the Atmega128 

microprocessor. The firmware program interpreted DLI commands to control the motors 

and transmitted motor status signals back to DLI channel. Serial communication protocols 

were designed to specify the interface between the application-side and the firmware-side 

DLI programs. 

5.2.2.1 DLI implementation on the application side 

The DLI building block or the device driver on the phone’s operating system provided 

abstractions for acquisition and handling of motor system information. The module enabled 

applications to discover available motor systems, to establish connections, to read/write 

motor profiles, to send command signals, and to terminate connections. It also supported 

callbacks to notify the client applications of motor positions and sensor value changes. 

Even though there were varying connectivity options across platforms, the software 

abstraction maintained a uniform interface to allow applications to communicate with the 

motor system by hiding the underlying details of the socket communication. For example, 

our RS-232, USB, Zigbee, and Bluetooth DLI implementations shared the same read/write 

interface across different connectivity options.1 Each implementation also took additional 

                                                
1 A PC application can choose a connection device among RS-232, USB, Zigbee, and Bluetooth. A phone 

application can select serial over USB or Bluetooth. In 
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configuration parameters to establish the connection; a Bluetooth connection procedure, 

for example, required the Bluetooth MAC address of the ACODE-300 module and the PIN 

code that were pre-assigned to the target module.  

5.2.2.2 DLI implementation on the firmware side 

The CM-5’s Atmega128 microcontroller routines on the motor system were programmed 

in C language or by using the Behavior Control Programmer, a graphical programming 

tool that came with the Bioloid robot kit (Figure 5.15, left). Early versions of CALLY were 

programmed by using C, and the rest of the robot applications used the graphical interface 

to implement DLI routines.  

 

Figure 5.15: Behavior Control Programmer (left) and the pseudo process of the DLI 
firmware routine (right) 

 

The microcontroller program was designed to loop over a serial port reader routine, 

where one command packet was processed per each cycle (Figure 5.15, right). Depending 

on the “mode” command packets from phone application, the microcontroller branched to 

three different sub-routines; Motor Control mode, Animation Control mode, and Animation 

Record mode.  

Motor Control mode 

The Motor Control mode enabled the phone application to directly set rotation values of 

each motor units. A command packet in this mode consisted of a motor address and a target 

// Pseudo code of DLI firmware 
 
Read incoming command packet; 
    GoTo Change control mode; 
    GoTo Branch control instruction; 
    Repeat; 
 
Change control mode (cmd) 
    If cmd is control mode switch 
        Set control mode 
    Return; 
 
Branch control instruction (cmd) 
    Switch (control mode) 
        0: Control motor (cmd); Break;  
        1: Control animation (cmd); Break; 
        2: Record animation; Break; Break; 
    Return; 
 
Control motor (cmd) 
    Process command and return; 
 
Control animation (cmd)  
    Process command and return; 
 
Record animation 
    Process command and return; 
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angle, so that the directed motor unit moved the robot’s joint. In order to play a robot 

animation in this mode, the phone application sent continuous motor control signals over 

time.  

Animation Control mode 

The Animation Control mode enabled the phone application to play or stop pre-defined 

robot movements by simply specifying the IDs of the animations. The motion sequence of 

a robot animation was to be pre-recorded and stored in the CM-5’s non-volatile memory 

area.  

Animation Record mode 

In the Animation Record mode, the CM-5 continuously read the motor position angles and 

sent them to the phone application. The phone application then received the motor IDs and 

position values to record the robot animation. In this mode, the phone application was 

responsible to store motion sequences in the phone’s memory area.  

5.2.2.3 Serial communication over Bluetooth 

The ACODE-300 Bluetooth module on the CM-5 controller was configured to run SPP 

(Serial Port Profile) mode by default. After iterations of experiments, we found several 

restrictions that the CM-5 serial bus required for the external interface. Followings were 

the major issue that our DLI components dealt with: 

 

• The data transfer speed had to be 57,600 bps. The robot kit SDK supported no other 

options.  

• A single command packet was in six bytes including a packet header (16 bits) and 

two 8-bits data codes (Figure 5.16).1 

• The input buffer of the CM-5’s serial port only allowed up to two command packets 

to be received at a time. 

 

                                                
1 The data value sent to CM-5 is the sum of two bytes. Thus 512 combination values are available instead 

of 65,536. 
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Figure 5.16: Communication packet from phone to CM-5 
 

In result, the implemented DLI was forced to use a serial port communication setting of 

{57,600, 8, none, 1}. Each command element including parameters was packed in a 16-

bits numeric format instead of in a full text based protocol. Also, the data exchange rate 

was managed under 25 Hz with contingent control.1 

5.2.3 Service Interface: connecting robots 

The Service Interface (SI) provides mechanisms for applications in multiple phone devices 

to communicate one another. Using SI, multiple robots exchanged their facial expressions 

and body movements either in synchronous or asynchronous manner. SI also enabled one 

device to trigger robot expressions at other ends of a network. Realization of the interface 

required new protocol design for robot expression data to be transmitted over a wireless 

communication channel. We used the Symbian C++ and the Java IME to implement SI 

functionalities for Wi-Fi, Bluetooth, SMS, or Telephony channels. There were also some 

desktop computer applications we built using Visual C++ and Visual Basic languages to 

run Wi-Fi and Bluetooth messaging servers for testing or supporting purposes.   

The robot gesture messaging protocols were meant to be generic so to be independent 

of hardware configuration. The messaging format consisted of a header and a body as 

shown in Table 5.1. The very first marker of the header was the Start of Gesture Message 

indicator for which we arbitrarily used “##”. It was followed by a text emoticon with a 2-

byte checksum which determined a facial expression to be displayed on the remote device. 

The header length and the protocol version came next in one byte each. The next four bytes 

                                                
1 The maximum control bandwidth and latency were unknown. In experiments, a 50-Hz update rate looked 

achievable. In practice, we limited the system to use 25 Hz data rate to handle 6 AX-12+ motors. 

0xFF 0x55 Data_L ~Data_L Data_H ~Data_H 

Header (2 bytes) Low packet (2 bytes) High packet (2 bytes) 

Low data NOT (Low data) 

High data NOT (High data) 
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were reserved for future use – to link multiple messages as an animation data may consist 

of one or more motions. The last two-bytes stated the number of motors of the robot system 

and the number of poses included in the motion. The message body, which was a Motion 

data object, consisted of multiple Poses. A Pose, again, was a series of motor information 

plus the period of time for the pose to stay. Some exceptional formats such as emoticon-

only messages were allowed for ease of use. For example, a text message with one of the 

default emoticons such as “:D”, “=P”, “:$”  was able to trigger the corresponding gesture 

animation with a facial expression. 

 

Table 5.1: Messaging protocol for expressive communication robots  

Name Structure and Description 

Header 

Start of message “##” 

Emoticon ** 2-4 bytes 

Checksum Numeric 
2 bytes 

Header length 

Numeric 
1 byte each 

Protocol version 

Number of motions 

Index of current motion 

Index of next motion 

Number of motors 

Number of poses 

Body 

Pose #1 

Time span 
Numeric 
1 byte each 

Reserved 

Motor #1 Moving speed 
Goal position 

Motor #2 
Same as Motor 
#1 … 

Motor #N 
Pose #2 

Same as Pose 
#1 … 

Pose #N 
** A text message including only an emoticon can also trigger a pre-defined robot 
animation with a facial expression. 
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5.2.3.1 TCP/IP interface 

The TCP/IP interface was designed to work over Wi-Fi or Bluetooth connections. There 

were two configurations implemented for TCP/IP interface; one with a dedicated server 

application and the other without a server. In the first configuration, the server application 

running in a PC receives packet signals from client robot applications and redirects the 

signals to target robots. The second configuration enables a robot to be a server, so that 

robots directly establish connections between them. Based on the second approach which 

did not require the target device ID in every message, we defined a continuous messaging 

format for real-time gesture sharing robots.     

 

Figure 5.17: Continuous gesture messaging format for synchronous gesture sharing  

 

5.2.3.2 SMS interface 

The SMS interface was implemented to make robots communicate to each other by simply 

specifying the target robot’s phone number without knowing the network address. The 

number of poses in a message was limited in the SMS interface due to the fact that SMS 

only allowed a certain data length per message. A 140 bytes SMS message, for example, 

conveyed 15 poses for a CALLO robot of which motor system has 6 DOF. 

Hello, world! 

User message 

Header Body 
##=)XXXXX Pose #1 More poses 

Gesture message  
(generated using the Robot Animator) 

Hello, world! ##=) More poses 
Body New emoticon Body 

… 

## 
End of message 
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Figure 5.18: Discrete gesture messaging format for SMS applications  

 

5.2.3.3 Telephony interface 

The Telephony interface enabled a robot to respond typical phone-call signals. A robot 

application with the interface ran as a background process in the phone OS, and, upon an 

incoming call detection, it retrieved the caller’s phone number and phonebook information 

to activate the robot’s facial and body expressions. 

5.2.4 Robotic User Interface: communication between user and robot-phone 
system 

CALLY and CALLO employed several input/output user interface modalities to support 

interactive human-machine communication. As for output interfaces, with which a robot 

rendered information to the user, our system utilized three common user interface channels. 

The first output channel was the vision, in that a phone’s display screen drew text, iconic 

facial expressions, and other GUI elements. The second was the audition, in that a robot 

application played sound sources or artificial human voices using Text-To-Speech (TTS) 

synthesis. The third but foremost was the tactition, in that a robot’s motor system played 

human-like body movements. As for input modalities, the robots were equipped with both 

simple and complex interface channels. Simple channels included keyboards, 2D pointing 

devices, and touchscreens. For example, a robot was able to understand user inputs via the 

phone’s button pad and touchscreen. Since these simple input methods with given screen 

size were not suitable for creating or editing robot gestures, we additionally examined two 

more complex Natural-User-Interface (NUI) modalities to control the robots. The first NUI 

we experiment was a direct manipulation, or Grab-and-Move, technique which enabled the 

Hello, world! 

User text message 
(variable length) 

Header Body 
##=)XXXXX Pose #1 More poses 

Gesture message  
(variable length; encoded by SMS interface module) 
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operator to hold robot parts (e.g., arms and legs) and to move them to desired directions.1 

The second complex input modality was a computer vision based interface that read real-

time video images from an embedded camera.  

5.2.4.1 Facial expressions 

The robot’s GUI library provided 23 iconic face images that represented common human 

emotions. The library managed a key-value pair list to map emoticons to image files. The 

list of keys was created based on popular emoticons that were frequently used in SMS text 

messaging and in the MSN online messenger. Each image file contained a non-animating 

320*240-pixel size bitmap image to render the matching emoticon. The design of images 

had black-colored background with no face outlines, so that the screen bezel or the whole 

phone device was naturally recognized as a robot face or head when a facial expression 

was displayed on the phone screen. The face images were designed to look pixelated in 

order to hold the similar look-and-feels with the robot body which consisted of simple 

geometric shapes and a limited number of degrees of freedom. Appendix A shows the full 

list of emoticons and robot face images available in the GUI library. 

5.2.4.2 Text-To-Speech 

The Text-To-Speech (TTS) module enabled a robot application to convert text contents to 

audible artificial human voice. The module was built on top of Symbian’s HQ TTS engine. 

We decided to use a male voice, as CALLO was considered as a boy. The module includes 

key-value pairs of emoticons and phonetic values, so that every registered emoticon was 

interpreted to an interjection word. The full list of emoticons and the interjection words are 

in Appendix A. 

5.2.4.3 Robot animations 

The Robot Animator module took care of two types of robot motions: pre-defined robot 

animations and real-time motions.  

                                                
1 Details are in the cumulated paper, Development of Communication Model for Social Robots based on 

Mobile Service (Manuscript 3), and online video at http://www.youtube.com/watch?v=KCkm2LGrULY 
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Firstly, to manage the pre-defined robot gestures, the Animator module inherited the 

GUI library’s key-value pair model, so that an emoticon was interpreted into a pre-recorded 

robot animation sequence. The animation sequences were stored in the CM-5 motor 

controller and available to run when the Device Level Interface (DLI) was set Animation 

Control Mode.  

Secondly, to run the real-time robot motions, the Animator module did not require any 

robot gestures to be pre-recorded in the motor controller. Instead, the module turned the 

DLI into Motor Control Mode and enabled the client application to send command packets 

to individual motors, so that the motor system played continuous robot motions while the 

application dynamically generating robot animations. 

5.2.4.4 Direct manipulation (or Grab-and-Move) 

The Grab-and-Move style interface provided a unique input modality in which a user was 

allowed to directly manipulate robot parts and to create arbitrary robot animations. To 

realize such an interface, the robot system continuously read motor status and recognized 

a robot pose every moment while a user moved a robot’s joint parts. The posture data were 

recorded either continuously in every 50 milliseconds or at a certain time point that a user 

selected. The Animator module then collected the postures with time stamps to build a 

robot gesture animation.  

5.2.4.5 Computer vision based manipulation 

In computer vision based interface, a streaming video from a camera controlled the robot’s 

hands. Once a streaming image was captured, the Vision module analyzed the bitmap 

image and distinguished the user’s hands and face regions from the background. Then it 

determined the user’s hand locations within the image. The extracted hand coordinates 

were fed into the Animator module to shape a robot posture according to the user’s hand 

gesture. As the phone hardware at the time did not provide enough computing power for 

the Vision module, the implementation was ported to a Windows desktop environment to 

guarantee the performance of gesture recognition for real-time robot control. The image 

capturing device was either a phone camera or a separate webcam that was closely located 
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with the robot. We described the full details of vision engine processes in Manuscript 3. 

Feature-based human face detection technique was summarized in Manuscript 2. 
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Chapter 6.  

Robot Applications 

The previous chapter presented the system design of a communication robot platform. The 

hardware integrated programmable phones, motor actuators, and connector modules. It 

enabled various configurations for different robot appearance designs, telecommunication 

supports, and user interface modalities. The software components realized robot animation 

data structure and interface loops. The Robot Animator abstracted the motor system to 

control motors, robot poses, and robot motions. It helped other interface modules manage 

robot movements. The Device Level Interface (DLI) took care of communication between 

a brain unit and a motor system. DLI implemented hardware monitoring and controlling 

methods for each individual motor. DLI also enabled a brain unit to transmit IDs of robot 

movements to a robot body so that the firmware of the motor system could take control of 

playing robot animation sequences. The Service Interface (SI) provided mechanisms for 

multiple brain units to communicate to each other. SI implemented robot communication 

protocols on top of wireless channels such as Wi-Fi, Bluetooth, SMS, and Telephony. The 

User Interface supported interactive human-robot communication. It enabled a robot to 

read user inputs via various channels including a touchscreen, motors, and a video camera. 

The User Interface displayed robot faces on the phone screen, produced artificial human 

voice using Text-To-Speech (TTS), and demonstrated body gestures using robot’s motor 

system. 

This chapter presents example configurations and robot applications that are built on 

top of the robot prototyping platform developed in Chapter 5. 

6.1 Robot Design 

The robot phones, CALLY and CALLO, were mid-fidelity design prototypes augmenting 

physical robotic abilities to mobile phones. The first implementation, CALLY, was a robot 

in seven inches tall and built with a motor system in 10 degrees of freedom (DOF) – two 

for each arm, nod-and-pan at the torso, and four independently movable motors (Figure 
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6.1). The second-generation robot, CALLO, was nine inches tall, stood on legs, and had 6 

DOF motor system – one for each limb, pan-and-tilt for the head. CALLO was designed in 

a more humanoid looking than the previous generation, since it was found from the first 

prototype that human-shaped robot features were more notable than robot’s mobility for 

the given research topic on socially expressive robots. A pair of CALLO robots were built 

in order to experiment the communication features between devices (Figure 6.2). 

 

Figure 6.1: CALLY, the first generation prototype robot 
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Figure 6.2: CALLO, the second generation prototype robot 

 

CALLO was meant to perform robot expressions instead of walk-and-grab operations, 

so its motor system was constructed to make the robot gestures most notable from the front 

view (Figure 6.3). The head was able to tilt left and right, the arms to rotate up and down, 

and the legs to move sideways. The upper body rotation added movements in the horizontal 

dimension. The battery pack with the CM-5 controller was mounted on the back of the 

robot. The Bluetooth module was attached on the battery pack and wired via a breadboard. 

The robot had wide feet to support sideway movements and to help balance when standing 

with a single leg. 
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Figure 6.3: CALLO robot body construction 

 

CALLY and CALLO inherited the advantages of the existing telepresence systems. One 

of the features that were adopted from earlier systems was the use of flat panel display 

screen. By rendering a human face with static or live video-conferencing images on a phone 

display, the robots delivered remote person’s identity or emotional status. As suggested in 

the literature, the robot’s look-and-feels were designed in abstract and anthropomorphic 

forms to avoid the Uncanny Valley.1 

                                                
1 See Appendix 2 for the full list of pre-defined robot face images and TTS expressions. 
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6.2 Example Configurations 

Figure 6.4 shows an example configuration of a motor controller application that employs 

a graphical user interface, a robot animator, and a pair of device level interface. When 

interfacing the user, the brain unit reads the list of available motors from the robot animator 

and shows the information on the display screen. The user selects a motor and specifies the 

target position and moving speed. Then the application sends motor control commands to 

the robot body via DLI modules. The firmware of the motor system receives the command 

packet. Finally, the firmware recognizes the motor hardware and makes it rotate to the 

target position as specified by the user. 

 

Figure 6.4: Example configuration of a motor controller application 
 

In the next three subsections, we will review a few more robot configurations. The 

example configurations would have the basic hardware components – a robot body and a 

brain unit – but will consist of different software components depending on the desired 

functionalities. 

6.2.1 Robot Gesture Controller 

The Robot Gesture Controller application helps the user run robot movements. The user 

uses the brain unit to browse the list of pre-recorded robot gestures and selects an animation 

to make the robot move. The Robot Animator module provides information about available 

animations through the user interface. When the user chooses the desired animation, the 
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Robot Animator sends gesture controlling signals to the motor system. Two configurations 

can implement this functionality as seen in Figure 6.5 and Figure 6.6. 

Figure 6.5 shows a configuration in which the brain unit has the complete control over 

every motor movement. When running an animation sequence, the Robot Animator sends 

motor controlling signals at exact time codes. On the firmware side, the DLI runs in Motor 

Control mode. DLI in this mode simply interprets incoming motor command packets and 

operates actuators as specified by the brain unit’s Robot Animator. Note that the only 

difference between Figure 6.4 and Figure 6.5 is the user interface. The Robot Animator 

handles individual motors as well as poses and animations too. 

 

Figure 6.5: A robot gesture controller in which the brain unit runs individual motors to 
play robot animations 

 

Figure 6.6: A robot gesture controller in which the brain unit transmits IDs of robot 
movements to the robot body to play robot animations 
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Figure 6.6 is another configuration that illustrates a robot gesture controller application. 

In this case, both the brain unit and the motor system include a Robot Animator. To run a 

robot motion, the brain unit application transmits the animation ID to the robot body. Then 

the Robot Animator in the robot’s firmware runs the animation sequence by controlling 

each motor’s angles and rotating speeds at desired time. This configuration is beneficial 

when the application in the brain unit needs to be computationally light weighted. 

6.2.2 Animation Recorder with Direct Manipulation 

The purpose of this configuration is to demonstrate how the robot application detects motor 

status and records the data as a robot animation sequence. As seen in Figure 6.7, this system 

requires to recognize user’s direct manipulation input via the motor system. When the user 

grabs and moves motors, the firmware continuously reads the motor positions. The DLI 

module is in Animation Recording mode, so that the brain unit gets notified the motor 

status changes from the robot body. The Robot Animator in the brain unit stores the motor 

rotation angles along with the time code. 

 

Figure 6.7: A configuration to read the user’s direct manipulation input and to record 
robot animations 

 

6.2.3 Remote Robot Operation 
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pre-recorded animations. The application uses a Service Interface (SI) to transmit the 

animation ID to the target robot system. The brain unit in the target system also runs a 

Service Interface to receive the command packet. Then the Robot Animator in the target 

system interprets the packet into an animation sequence and controls the motor system to 

realize the specified robot movements. 

 

Figure 6.8: A networked robot controller configuration in which the remote brain unit 
sends IDs of robot animations through Service Interface 

 

6.3 Communication Robots 

The following sections present robot applications that have been built to demonstrate 
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6.3.1 Robot Call Indicator 

A telecommunication system may need to inform the user of the request of connection. In 

telephone, a traditional notification method has been ringing. Mobile phones can use 

vibration tactile response and on-screen graphic symbols to notify incoming calls. Recent 

devices are capable of showing more caller information such as the phone number, name, 

location, and photo. Some call indicators are customizable, so that the users can recognize 

the caller identities from different ringtones and vibration patterns.  

 

Figure 6.9: Examples of CALLO’s call indicator actions; “lover’s dance” (a), “happy 
friends” (b), and “feeling lazy when called from work” (c). Video available at 

https://www.youtube.com/watch?v=uEPLJPRARY8 

(a) 

(b) 

(c) 
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The CALLO Call Indicator application proposed robot expressions to be a new form of 

incoming call notification. In this scenario, CALLO displayed different facial expressions 

and robot gesture animations according to call information. The recipient was allowed to 

create and to register robot expressions. Assuming that the call recipient might think 

differently about callers or contact groups, the robot expressions could also be set to 

represent the recipient’s impressions to the call. For examples, as seen in the first video 

sequences of Figure 6.9, CALLO danced expressing happiness when a loved one called 

(Figure 6.9, (a)); or showed a big smile and waved its hands when a friend called (Figure 

6.9, (b)); or started feeling lazy when a co-worker called (Figure 6.9, (c)). For another 

example, the robot showed an expression of curiosity, if the incoming call was from an 

unknown number. 

 

Figure 6.10: A configuration for CALLO Incoming Call Indicator 
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In the Call Indicator application, the Telephony Service Interface (TSI) triggered the 

robot’s facial and gestural expressions by directing the Robot Animator and Device Level 

Interface modules (Figure 6.10). The phone application in the brain unit ran as a 

background process, which enabled the TSI to monitor the telephony signals behind the 

scenes without any user intervention. Once an incoming call was detected, the CALLO 

application hid the native phone receiver UIs from the foreground and rendered the robot 

face interface on the display screen. TSI module then recognized the caller’s phone number 

and retrieved the contact information from the phonebook. Depending on the phonebook 

information, the robot played different ring tones, facial expressions, and robot gestures. 

The selected robot expression repeated until the call notification is terminated, which was 

determined when the user (receiver) picked up, dropped, or missed the call. With an end-

of-notification signal, the robot quickly opened arms and went back the idle standing 

posture.  

6.3.2 Asynchronous Gesture Messaging 

Short Message Service (SMS) is a text messaging service that is commonly available for 

mobile devices. It uses standardized communication protocols, where a text message can 

contain a limited number of characters. The maximum size of an individual message can 

vary depending on locale settings, but typically it is one of 160 7-bit, 140 8-bit, and 70 16-

bit characters. Due to the length constraint, and for speedy texting, people have developed 

new combinations of symbols and abbreviations for text messaging. The number 8, for 

example, replaces the “ate” sound, and shortens words such as gr8, h8, or st8. Emoticons 

are another example. :) is smile, :’-( means “I’m crying,” and :-| stands for “hmmm” to 

name a few. 

CALLO demonstrated how a communication robot enhanced messaging scenarios with 

robot expressionism. The first and the simplest application developed in this domain was 

a robot that translated emoticons to robot animations. For example, a SMS text message 

“going out with Andrew tonight? :O” was displayed with a “surprise” expression in 

CALLO, whereas a message “=D coming here with Bob tonight?” was interpreted to a big 

smiley face and happy gesture. CALLO recognizes 23 pre-defined emoticons, each was 

coupled with a face image and a moving robot gesture (Figure 6.11). 
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Figure 6.11: Examples of emoticon-based gesture messaging; “What’s up, Callo? =)” 
(left), “:O Call me, URGENT!” (center), and “We broke up.. :’(” (right). Video available 

at https://www.youtube.com/watch?v=KCkm2LGrULY 

 

A more sophisticated gesture messaging application would involve gesture recording 

features, targeting a scenario in that the user wants to create messages with customized 

robot animation sequences. So the second generation CALLO application implemented a 

robotic user interface to enable the message sender to edit the sequence of robot postures 

by moving the robot’s joint parts. At the other end of the communication, the message 

receiver was able to see his/her robot performing the robot expressions as closely as they 

were recorded by the message sender (Figure 6.12). 

 

Figure 6.12: User generated gesture messaging; the message sender creates robot 
movements (left) and test-plays the recording (center), the receiver robot performs the 

robot animation once the message arrives (right). Video available at 
https://www.youtube.com/watch?v=KCkm2LGrULY 

 

The Direct Manipulation User Interface was one of the most important components for 

CALLO’s gesture messaging applications. Creating a robot gesture animation has not been 

an easy task in a GUI-only system, since robot movements were characterized by many 
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factors, such as join locations, motor rotation angles, movement speeds and more, which 

were hard to simulate without actual demonstrations. A small display screen, i.e., a mobile 

phone screen, could make animation editing tasks even more difficult. CALLO’s Direct 

Manipulation interface provided users with a physical means to overcome the limitations 

of GUIs. The user of the robot was able to create a gesture message by performing 

following procedures; 1) to set an emoticon, 2) to shape a posture by moving robot pieces, 

3) to record current pose, 4) to add more pose by repeating two previous tasks, 5) to edit 

the generated text, and 6) to send the text message. Once the user decided to send a recorded 

message, the SMS Service Interface module encoded the sequence of animation as defined 

in the robot communication protocol and loaded the message in the SMS output queue. In 

the recipient’s side, the Service Interface recognized whether an incoming message was a 

typical text message or a robot gesture message. For a gesture message, the Service 

Interface disabled the phone’s default SMS handler and brought the Robot Animator to 

perform the desired robot face expression and gesture animation (Figure 6.13). 

 

Figure 6.13: A networked robot controller configuration in which the remote brain unit 
sends IDs of robot animations through Service Interface 
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Figure 6.14: The third generation CALLO with SMS readout UI. The robot performs 
gesture animation once a message is received (left); reads out the message with emoticon 
replaced with sound word (center); and opens native SMS app upon user choice (right). 

Video available at https://www.youtube.com/watch?v=VuU_HB4_Uck 
 

The third generation of CALLO messaging application made use of Text-To-Speech 

(TTS) functionality to converts text into a computer generated spoken voice output. In the 

working prototype demonstration (Figure 6.14), the recipient’s CALLO device performed 

robot expressions exactly as the second generation did, except the newer system rendered 

GUI interface, which helped read out the text message loud upon user’s choice. CALLO’s 

TTS module also took care of sound word conversion, in that emoticons were interpreted 

into onomatopoeia. So, :) became “Haha”, for example. 

6.3.3 Synchronous Gesture Sharing 

Instant messaging and video conferencing are relatively recent developments of mobile 

communication methods. They often keep longer and more continuous conversations by 

exchanging text messages or live streaming videos. Such real-time service concepts can be 

enhanced in robot mediated communication scenarios. For example, when typical video 

call users share their facial images to each other through cameras and screens, robots can 

also convey additional physical motor movements using their body.  

To support real-time communications, CALLO employed a computer vision based user 

interface in robot control.1 Using the vision engine, the user was able to control the robot 

                                                
1 Video available at https://www.youtube.com/watch?v=_h05f6nWmo8 

Any good news 
yet? Huh? 
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animations by moving their hands. It helped the operator share robot animations without 

spending too much attention on creating or “designing” gesture messages.  

The computer vision interface module had access to video camera and extracted the 

user’s hands and face positions from video stream to generate robot animations. The data 

connection was TCP/IP over Wi-Fi, and the Service Interface transmitted robot animations 

in continuous data format. The vision engine in one device only controlled the other robot’s 

motor system, so that each end of the connection became both input (gesture recognition) 

and output (animation play) modalities. 

 

 

Figure 6.15: A networked robot controller configuration in which the remote brain unit 
sends IDs of robot animations through Service Interface 
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Chapter 7.  

Discussion 

This chapter describes the lessons I found on robotic user interface design and technical 

development, as well as follow-ups on system improvement. This discussion will closely 

review related work and compare them to my work to discuss the strengths and weaknesses 

of my work. I will also attempt to relate my lessons to existing systems to reflect future 

directions of the product groups. 

7.1 Bidirectional Robot Intermediary 

The bidirectional robot intermediaries that I prototyped in 2009 were different from other 

mobile robotic telepresence systems in the market at that time. While my prototypes were 

arm-enabled robots built on mobile phones in a tabletop scale, a common theme of other 

robots, such as Texai, RP-7i, Tilr, QB, and Vgo, was a combination of camera and display 

screen mounted on a movable robotic base in human scale (Markoff, 2010) (Also see 

Figure 4.2 in Section 4.2.1). The most notable difference was the use of robots: our robots 

were designed to become both input and output user interfaces, whereas others usually 

required dedicated robot controlling interfaces to be set up in a PC environment in order to 

support the operator.1 Thus, the human users in our system became operators and local 

robot users at the same time, while the users in other systems had to select either of the two 

roles.  

Previous academic research on telepresence robots also has focused on unidirectional 

interfaces. Nagendran et al. found that two-way symmetric telepresence via robotic avatars 

has had very little focus, and cited one of my work as an only example (Nagendran et al., 

2015). A possible explanation for it would be that the situational settings of bidirectional 

                                                
1 The operator user interfaces of telepresence robots are shown in following videos:  

- Texai: https://goo.gl/9HLJZL (at 00:01:30)  
- RP-7i: https://youtu.be/OcWx4uHg76w?t=41s 
- QB: https://youtu.be/Kv2fO9BI28c?t=53s 
- Vgo: https://youtu.be/_7JMVEcqieo?t=38s 
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communication robots are still a little far from reality. In order to describe the two-way 

robot telepresence in a believable scenario, we may need a utopian assumption that at some 

point of time in the future we all will live with personal robots as we now use smartphones. 

Nevertheless, I was not alone in imagining physical interfaces to support bidirectional 

interpersonal communication. Below, I compare the previous research that shared similar 

two-way communication settings with my work. Then I will discuss the technical aspects 

of bidirectional intermediary robots by relating my work to closest research. 

7.1.1 Physical Interfaces for Bidirectional Interpersonal Communication 

Past HCI research that had inspired my work the most were a series of studies on tangible 

interactions from MIT MediaLab. Brave et al. (1998) presented PsyBench which connected 

two human users over distance using Synchronized Distributed Physical Objects (SDPOs). 

Each user of the system had a table with SDPOs and move the objects to replicate the same 

movements on the other’s table. The study used chess game as a test scenario to evaluate 

PsyBench, and claimed that even simple movements of SDPOs were able to evoke strong 

feelings of the physical presence of remote collaborators. I adopted the idea of SDPOs into 

a robot mediated communication setting, in that synchronized anthropomorphic motorized 

gestures could support a human presence in interpersonal communication over distance.  

Other works from the group (Frei et al., 2000; Raffle et al., 2004) presented interactive 

educational toys using direct manipulation and kinetic memory techniques. They did not 

address communication issues but motivated robot gesture messaging applications in our 

system. Raffle et al. reported that their system encouraged children to actively iterate 

design of motions when building playful creatures. I expect that the same would hold in 

our robot system when users create animated gesture messages with direct manipulation. 

Raffle et al. also found that some robot animation tasks led sudden and frustrating motions, 

which gave students the “fear of broken parts.” I observed a similar side effect in our robot 

demonstration sessions. The high torque of servo actuator components gave the audience 

an impression that manipulation of robot parts might break the robot joint.  

Ogawa and Watanabe took a very similar approach to mine in their work developing an 

embodied communication system, InterRobot (Ogawa & Watanabe, 2000). InterRobot was 

a bidirectional mediating system that consisted of a set of half human scale robots capable 
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of motorized facial expressions and torso/arms gestures. Their speech driven model was 

comparable to our vision based robot control interface. Both my and their systems regarded 

verbal conversation as a primary means of real-time interpersonal telecommunication and 

used physically embodied anthropomorphic movements to support the interactions. From 

a questionnaire result, Ogawa and Watanabe confirmed that voice with the robot was more 

effective in smooth interaction than voice-only and voice with robot picture cases. 

There were a couple of features that I made differently in CALLO comparing to 

InterRobot. First, my system had a direct mapping from operator’s hands to robot arms, 

whereas InterRobot synthesized robot expressions from voice signals. The voice driven 

method is categorized as an Implicit control interface, which automatically generates 

messages without asking user’s conscious inputs (See Section 3.4.2). As pointed out in 

Section 3.4.4, Implicit interfaces may not be adequate to create intended messages, for 

example, a voice driven system without natural language understanding, which is the case 

of InterRobot, potentially can generate the same robot gesture to two different audio inputs: 

“Yes” and “No”. An Explicit-Direct interface, that CALLO employed, enables users to 

design the intended robot animations (See Section 3.4.1.1). Second, my robot used a video 

stream of a human face on its screen display, while InterRobot had a physically constructed 

robot face. So, in InterRobot, human voice was the only channel to share the user’s identity 

during a conversation. My design suggests a less expensive and more effective way of 

projecting one’s identity and facial expressions onto a robot. As also mentioned in Section 

4.2.3, this explains why the use of live face images on a display screen has been a popular 

design solution in telepresence robots (Markoff, 2010; Romo, 2011; TeleMe, 2012; Double, 

2013; Kubi, 2014; OrigiBot, 2015; Beam Pro, 2015).  

Nagendran et al. presented a symmetric telepresence using humanoid robots (Nagendran 

et al., 2015). The concept of symmetric telepresence robots was virtually same to what I 

proposed by bidirectional robot intermediary. Their system consisted of two identical arm-

enabled, human-size speaker phone robots surrogating two remote users in a conversation 

to each other.  

For an experiment, their system was situated in a tic-tac-toe game, in that participants 

were asked to collaborate with a remote person to find solutions of a given set of puzzles. 

The tic-tac-toe puzzle questions were displayed on a large screen in front of a participant 
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and a surrogate standing side by side. According to the experiment result, robot’s pointing 

gestures were preferred to voice for communicating spatial positions.  

Their experiment was particularly interesting to me because it revealed the needs of 

some of the features that my robot design suggested. The first of the needs was the use of 

robot face for augmenting human presence. A design difference of CALLY and CALLO 

to Nagendran et al.’s was the robot face. Their robot had a static hardware mask, which, 

they found, might confuse telepresence. A participant in their experiment said that he was 

able to feel the remote person’s presence but he lost it when looking at the robot’s face. 

This again supports the usefulness of sharing a live human face image on a telepresence 

robot. The second of the needs was the use of robot gesture for communicating social cues. 

From the experiment, it was also observed that the participants made non-pointing actions 

such as smiling at the robotic surrogate, waving good-bye, nodding, and shrugging, even 

though their system did not convey any of those expressions to a remote robot. Those are 

what a robot mediator would be able to utilize to support interpersonal communication. 

Our system did not demonstrate all of the above-mentioned human actions but suggested 

to use facial and gestural social cues in robot-mediated communication. 

Comparing to Ogawa & Watanabe’s and Nagendran et al.’s work, my robots had clear 

limitations in robot design. First, my robots were built with a few motors. Even though arm 

gestures were a primary interest of my work, CALLO had 1-DOF arms only. To support 

more natural body/arm gesture movements, the robot design should be improved. Second, 

the mobile phones I used had very limited hardware/computing performances. The display 

screen was very small and in a low resolution. The front-facing camera did not capture 

high-resolution images. The CPU processing power was also low. The head units could 

have been replaced with more recent smartphones. 

7.1.2 Technical Framework for Bidirectional Robot Intermediary 

A bidirectional telepresence robot in my research was created by completing three interface 

loops: Device Level Interface (DLI), Service Interface (SI), and Robotic User Interface 

(RUI). In Chapter 5, and 6, I demonstrated that the developed system was flexible enough 

to create various proofs-of-concept of bidirectional telepresence robots by implementing 

the three components. The DLI took care of motor handling functionalities in a robot-phone 
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system. The SI enabled applications to communicate from a phone device to another. The 

RUI supported interactions between a user and a robot-phone system. 

The three interface loops were useful to differentiate bidirectional robot intermediaries 

from computer mediated communication and robot teleoperation models. A conventional 

computer-based or mobile phone communication would not require a DLI implementation 

for robot manipulation. In robot teleoperation and unidirectional robot telepresence, a SI 

would implement robot controlling mechanisms to support one-way communication from 

an operator unit to a robot, and a RUI output modality would not necessarily exist on the 

operator side (See Section 4.3, Figure 4.4).  

The symmetric telepresence robot framework presented by Nagendran et al. described 

an almost identical structure to support a bidirectional robot-mediated collaborative task 

(Nagendran et al., 2015). More details of a unified framework for generic avatar control, 

named AMITIES, were provided in other publications from the group (Nagendran et al., 

2013, 2014). While not specifically organized as DLI, SI, and RUI, their system addressed 

similar technical aspects to enable virtual/physical avatar control, server-client network 

models, and human-in-the-loop interactions. 

My framework described a lower level device driver interface because I considered the 

cases in that one creates robots from a set of primitive motor components. Their system 

used existing humanoid robots. The SI in my work implemented mobile phone specific 

protocols for Telephony and SMS integration, whereas their system took multi-user, multi-

avatar communications, and audio-video streaming protocols into consideration with their 

network components. 

The data structure I presented in my work did not cover the possibility of two or more 

communication robots being not exactly identical in terms of their motor system design. 

One can imagine robot-mediated communication scenarios with different types of avatars, 

for example, a human-shaped robot communicating a zoomorphic robot, a six DOF system 

talking to a twelve DOF system, and so forth. Nagendran et al.’s work described a motion 

conversion routine to map a virtual avatar’s body gestures to those of a physical surrogate. 

 Adding to the software framework, one of the aspects that made my work unique was 

the use of a mobile phone as the main computing unit of a robot. This research was one of 

the earliest attempts to explore the idea, and provided CALLY and CALLO as an evidence. 
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Another step forward was the concept of utilizing personal data and existing mobile phone 

communication scenarios. The applications in Chapter 6 illustrated how a mobile phone, 

as a personal information device, was able to support robot developments for simulating 

personalized experiences with private contents, such as phonebook data and messages. 

7.1.3 Implications from Bidirectional Robot Intermediary Development 

7.1.3.1 Using the framework for robot development 

Our development system provided a flexible framework for exploring various application 

ideas of communication robots. One would be able to use our framework or to newly create 

a similar system to explore different configurations of hardware, communication scenarios, 

and robotic user interface techniques. As our final system (Section 5.2) suggested, modular 

design for software building blocks and interface-based structure will be able to support 

easy integration of functionalities throughout system development. 

People build inexpensive telepresence platforms (Do et al., 2013; Lazewatsky & Smart, 

2011; Oros & Krichmar, 2013). Research that cited my work have built their own system, 

for examples, robot remote control (Chen et al., 2011), robot partners (Kubota et al., 2011; 

Sakata et al, 2013), robotic interfaces (Saadatian et al., 2015), and two-way communication 

robots (Nagendran et al., 2015), to name a few. The higher-level, application specific 

functions are left to the researchers, but as presented in Chapter 6, our framework is able 

to provide low-level DLI, SI, and RUI mechanisms to support the implementations of 

above-mentioned scenarios.  

The AMITIES project provided a unified avatar control framework for education and 

training systems (Nagendran et al., 2013, 2014) and extended the idea to symmetric tele-

presence robots for collaborative tasks (Nagendran et al., 2015). My work aimed to support 

research, development, and design activities for exploring the design spaces of social robot 

mediators and physically expressive robotic products. 

7.1.3.2 Developing phone-based systems  

This work suggests a number of ways of using a mobile phone in robot development, i.e., 

basically all the DLI, SI, and RUI functionalities, more specifically: phone as a robot brain, 
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face images on display, human face/hands tracking with front-facing camera, motor control 

through Bluetooth, robot communication protocols, personalize applications, and more. 

Most of my development work had been done between 2007 and 2010 when smartphones 

were still in their infancy.1 But, now in 2017, smartphones are equipped with even more 

advanced features.2 Thus, one would be able to extend my ideas and robot development 

framework for a new research, development, or design work on a phone-based system. 

There is a growing literature on smartphone-based systems. For example, 16 citations 

of my work (out of 26 in total)3 were about smartphones. The topics of the 16 articles were 

motoric expressions (10), messaging (5), robot development (4), agent or conversation 

system (3), and remote robot control (2). This is interpreted as that there are at least three 

types of smartphone-based applications that my research can potentially be extended to: 

(physically expressive) robotic products, messengers, and robots/vehicles. Most of the 

ideas in the literature were relevant to my development framework, and there were 10 

working prototypes built either on iPhone or Android platform. This can be a weak 

evidence that my framework may also work with recent smartphones. 

There have been other smartphone-based products – so-called miniature telepresence 

robots – in the market that were close to CALLY and CALLO prototypes, e.g.: (Romo, 

2011; Helios, 2012; PadBot T1, 2016). I will discuss those examples later in Section 7.2.1. 

7.1.3.3 Displaying identity and facial expressions 

The designs of CALLY and CALLO placed a mobile phone on a motor system to shape 

the robot’s head. Other robot development may consider this approach too, so that the 

display screen of a personal information device renders a robot face, live video images of 

a human face, or other GUI elements. 

                                                
1 Our system employed Nokia’s Symbian devices, because they had more hardware sensors (e.g., front-facing 

camera) and superior SDK functionalities (e.g., openness to SMS and Telephony) in 2007. The first iPhone 
with a front-facing camera (iPhone 4) was released in 2010.  

2 including faster processors, larger display, touchscreen, easy application development environment, and 
so forth 

3 As of June 2017, total number of academic articles citing my work is 26 including 2 patents. 13 out of 26 
were about robots. The full list of citations is in Appendix C. 
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In Section 7.1.1, I referred to a user study that indicated the need of showing a human 

face to carry on the liveness in a bidirectional robot-mediated communication  (Nagendran 

et al., 2015). The method projecting a live human face on a display screen had advantages 

over using a physically crafted robot mask: it was an inexpensive and effective way of 

presenting one’s identity and facial expressions. Hence, as video conferencing and robotic 

telepresence systems already do (Markoff, 2010; Romo, 2011; TeleMe, 2012; Double, 2013; 

Kubi, 2014; OrigiBot, 2015; Beam Pro, 2015), one would be able to consider this design 

solution at the first place to help a person teleport for remote communication.  

For the same reasons, one can take advantage of a display screen to embed a robot’s 

personality – at least as a mean to represent the internal states of a product – on a physical 

artifact. My system demonstrated a set of static images of facial expressions, but one could 

also augment animations. Differently from a telepresence case, though, a robot face may 

not necessarily be a full realistic look. A designer would be able to create robot facial 

expressions with different strategies. For example, one can draw a set of expressions in an 

abstract theme, with eyes or a mouth only. Section 7.2.2 will continue this discussion for 

personal/home assistant systems. 

So far, the significance of this finding is not clear. More studies on physically embodied 

video conferencing, avatar/agent design, and robot face design principles will help build 

up knowledge in HCI and HRI fields. 

7.1.3.4 Using robotic movements 

One of the suggestions that my robot designs implied was a social use of robot gestures for 

tools, avatars, and potentially agent systems. My work used “gestures” or “expressions” to 

refer to robot movements since it took anthropomorphism into account. But, others may 

understand this notion in a boarder view as to robot motions, motoric movements, or spatial 

movements. 

The bidirectional communication systems in Section 7.1.1 presented two different uses 

of physical movements. The first category was a functional use for communicating spatial 

information. Brave et al. used spatial movements to help users recognize the locations of 

chess pieces (Brave et al., 1998). Nagendran et al. showed how robot gestures supported 

pointing activities (Nagendran et al., 2015). The other case was a social use for expressing 
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non-verbal social cues. In (Ogawa & Watanabe, 2000), the primary role of robot gestures 

was to support natural human-to-human telecommunication along with voice and facial 

expressions. My work also focused on this usage, but it considered tools paradigm as well 

as avatar applications. 

A review of the academic literature that cited my work revealed a growing interest on 

the animated motions of social robots and robotic products. A majority of the articles (18 

out of 26) introduced artifacts with expressive motoric movements. The research topics 

were social robots (9)1, personal information devices (8), and products with moving parts 

(1).  

All prototypes in the social robot literature group had one or two arm(s), whereas the 

systems in the personal device group explored more diverse forms of moving part: bending 

and/or twisting phone body (3), ears and/or tail (4), and eyes with mouth (1). So, there were 

more anthropomorphic movements (9) considered in the research than zoomorphic (4) and 

other lifelike (3) features. 

The most popular application space of the literature was communication over distance, 

such as telepresence (8) and robot gesture messaging (4). But some aimed to improve local 

human-product interactions (6). 

This indicates the potentials of motoric movements to be expressive means of tools and/ 

or avatar applications. Section 7.2 will show further examples of the case (Section 7.2.1) 

and extend the discussion for smart agent applications (Section 7.2.2).  

7.1.3.5 Creating messages  

A messaging system will have to provide the user with the right tools to use the application. 

Our system presented a number of robot messaging scenarios. It enabled users to select 

emoticons to trigger pre-recorded robot gestures, to customize messages by using direct 

manipulation, and to share live gestures with a vision-based robot animation technique.  

Each messaging technique had advantages and limitations. Emoticons are quick and 

easy but would not allow the user to edit robot gestures. Direct manipulation interface 

enables customized robot animations but would require too much attention to be used in a 

                                                
1 This includes one patent. 
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real-time conversation. The vision-based method can be used with a video call but may not 

generate precise robot motions.  

One would be able to extend these understandings to create new messaging tools or to 

improve existing applications. For example, adding to emojis that require an emoji palette 

(as emoticons do in our system; See Figure 6.11), one may be able to build an input system 

that dynamically generates iconic messages (like direct manipulation does in our example; 

See Figure 6.12). This may introduce a way to create an unlimited number of combinations 

of emoji-like expressions. 

7.2 From Tools, Avatars To Agents 

In Section 4.1.1, I suggested the three types of interactions – with tools, avatars, and agents 

– in mobile phone based systems. The paradigms I proposed seven years ago may still be 

useful to describe the roles of other systems. For examples, a drone camera is categorized 

as a tool, Romo was a tool and an avatar (Romotive, 2011), and Alexa and the Echo devices 

are an agent, which can become an avatar too1 (Amazon, 2017). A similar categorization 

was introduced in a recent HRI literature: “even before real time HRI occurs, the user might 

have already categorized the expected-to-be-there robot by following unintentionally a 

robotic version of the HCI Paradigms; robot categorized as a tool, robot categorized as a 

medium -or avatar, robot categorized as a partner” (Vlachos & Schärfe, 2014).  

This does not mean that a robot has to play just one role. And at the same time, a robot 

does not necessarily need to do everything. But one thing obvious to me is that, in order to 

survive in the real-world, a robot should be able to perform given tasks in a reasonably 

good way; otherwise, it will be replaced by something else – other robots or products. This 

is why application discovery is important. In an application scenario, we describe tasks and 

possible solutions, and see how believable or realistic the situation would be.  

Here I provide a comprehensive discussion of my work by comparing my robots to other 

products that have been introduced in the market since 2011. Based on the three interaction 

paradigms, I will categorize those products into two groups: smartphone-based robots and 

person/home assistant agents. Then I will explain how my findings contribute application 

                                                
1 At the time of writing the thesis revisions, Amazon announced Echo Show, a newer version of echo device 

that supports video conferencing. 
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discovery and user interface designs for the products. The framework and application ideas 

that I included in the thesis had been imagined earlier than 2010, but even now they may 

be able to inspire robot developers to find future opportunities of recently created systems. 

7.2.1 Miniature Avatar Robot Phones 

My project did not take the direction to a commercial market, but a number of startup 

companies have introduced miniature telepresence robots in crowd funding sites since 2011 

(Romo, 2011; Helios, 2012; PadBot T1, 2016).1 The robots were designed as “Skype on 

wheels or caterpillar tracks” in a small scale and able to replace the Skype display with 

virtual character’s facial animation. A major toy manufacturer, WowWee, also produced a 

similar robot with poseable arms (RoboMe, 2013). RoboMe’s arms were able to read the 

shoulder angles when manipulated by the user but did not have a motoric ability. So, the 

four products had the same motoric modalities: head tilt and navigational mobility. Unlike 

my work, the usages of robotic arm gestures were left unexplored in the above-mentioned 

products. The applications of the four robots replicated one another with slight functional 

differences. For example, Romo supported remote robot control, video conferencing, and 

pre-programmed toy expressions reacting to user’s touch inputs.2 RoboMe added infra-red 

and shoulder-angle sensors to be able to respond to other types of user inputs.3 Romo and 

PadBot T1 worked as a smartphone charging dock.4 As no intelligent agent features were 

involved, I would categorize the four robots in the same group with CALLY and CALLO, 

i.e., tools and avatars.  

Some of the startup projects on miniature robots were successful, or at least funded, but 

early ones discontinued the business in a few years. I interpret it as a predictable tendency 

of a new group of product. Norman stated that people tend to pay less attention to familiar 

things, whether it's a possession or even a spouse (Norman, 2004). People would forget a 

product if it has clear limitations over its functions or if its functions are not particularly 

                                                
1 The startup projects have been introduced since 2011, one year after Apple Inc. introduced the first iPhone 

(iPhone 4) having a front-facing camera. The first iPad device that came with a front-facing camera was 
iPad 2, released in 2011. 

2 https://www.kickstarter.com/projects/peterseid/romo-the-smartphone-robot-for-everyone 
3 https://www.youtube.com/watch?v=Dbz3asriZhs 
4 https://www.kickstarter.com/projects/215335484/padbot-t1-a-micro-virtual-independent-telepresence 
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useful in a given situation. Below, I discuss the issues on limitations and functions of the 

phone-based miniature robots. The first subsection will explain the limitations and future 

directions of the miniature robot phones. The second subsection will focus on application 

discovery and suggest how robotic user interfaces enhance the interactions of this tools and 

avatar group products. 

7.2.1.1 Limitations and Future Directions 

One clear limitation of this group of product, including my prototype robots, was the 

form factor. Those robots were neither pocket-size nor a little human size. If they are not 

toys and if they are situated in some unusual use cases, for example, the user wants to see 

what is wrong under a vehicle, the robots are meant to be on a table or within a small area 

on the home floor. Romo showed some autonomous navigation ability, but it would not be 

a believable scenario that an ordinary user mounts a phone on a robot base and says “follow 

me” when s/he moves from a room to another. A smartphone already has handheld mobility 

which is convenient enough. For now, the products in this group are mobile phone docking 

stations moving around on a table. I had imagined that my prototypes would develop to a 

small artificial creature that we can carry in a pocket or in a handbag, that also does a phone 

when needed. Achieving the pocket-size design would require at least two things: a smaller, 

more delicate motor system and a smaller, higher capacity battery.  

In terms of scale, there was a different group of product such as Kubi (Revolve Robotics, 

2014). It had two types of stationary robot base to support tabletop and floor-standing tele-

presence, which did not give an affordance of handheld or carry-in-a-briefcase mobility. 

Kubi looked to be a better-defined product focusing on more specific use cases for office 

and presentation environments.  

7.2.1.2 Discovering Applications and RUIs 

I believe that the application scenarios were underexplored for the miniature robots.1 

For example, Romo was capable of displaying face animations on the phone screen but did 

not relate them to applications. Below, I suggest three application discovery techniques for 

                                                
1 Here and below, by miniature robots I refer to Romo, Helios, PadBot T1, and RoboMe. 
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the miniature robot phones. The ideas sketches, prototypes, and tool-avatar paradigms from 

my work may help discover some use cases that the phone-based robots become also useful 

for.1 One may extend the suggested approaches to explore the application spaces of other 

robotic user interface systems. 

The first approach is to apply lifelike and expressive robot features for existing phone 

functions and notifications. As one of my sketches showed (See Figure 2.2 in Section 2.1), 

a lifelike metaphor can be employed to indicate the internal state changes of the phone, 

e.g., on an incoming call, on low battery, on charging cable plugged in, on battery charged 

full, on alarm rings, at sleep mode start, and there will be more. My robots demonstrated 

some of the examples with the robot call indicator (Section 6.3.1) and gesture messaging 

(Section 6.3.2) applications. RoboMe also touched one of the possibilities by enabling 

users to program robot expressions for low battery state detection, but I do not know if the 

robot did it in a particularly useful way. In other words, a robot software program should 

be tightly integrated with the phone operating system and run as a background process to 

properly perform a notification, which my robots did. The examples here are not to invent 

new needs. One may augment synthesized expressions to address known needs and to 

explore alternative solutions. This replicates one of the cases of using emotive expressions 

that Picard mentioned (Picard, 1995): “When a disk is put in the Macintosh and its disk-

face smiles, users may share its momentary pleasure.” 

Secondly, one can make the miniature robot phones more useful by needs finding. Romo 

and Padbot T1 were able to work as a portable battery charger.2 Would the systems be able 

to remind the user to bring the robot base or a charging cable when s/he leaves home? Yes. 

A developer would be able to create a new notification by combining other events, e.g., the 

phone is detached from the dock, Bluetooth is disconnected, Wi-Fi is disconnected, the 

phone battery is low, and etc. The on-screen character face animations of Romo and 

RoboMe would be a good way of reminder even when the robot base is not attached. How 

about locating a phone when the user does not remember where s/he put it last night? A 

robot base could have a “find your head” button to make the phone scream or to activate a 

                                                
1 I am not bringing the discussion to the agent paradigm yet, considering the level of artificial intelligence 

and SDK capabilities that the example robots have presented. 
2 Though the form factors of the products are still a little too big to carry in a briefcase. 
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beeping sound responding to the BLE (Bluetooth Low Energy) radio signals. Maybe the 

robot base can use its mobility to move toward the phone device based on some localization 

mechanisms. It looked like the Romo project had the ambition to encourage third party 

developers to implement such applications using open-source Romo SDKs, but the 

business has not reached the point. Needs finding is not an easy task but certainly necessary 

to maximize the usefulness of phone-based miniature robots. 

The last approach for generating use case scenarios is to connect a device with contents. 

Michalowski et al. showed how a robot interacted with children using music and rhythmic 

robot movements (Michalowski et al., 2007). Hoffman and Ju created a prototype speaker 

that generated musical gestures of head and foot responding to audio input (Hoffman & Ju, 

2014). One might be able to build an interactive storyteller application on a robot phone 

that could read e-books to children or play a character of a fairy tale story. One of my idea 

sketches suggested this type of entertainment applications (See Figure 2.3 in Section 2.1). 

A content in the context of interpersonal communication is a message. The scenario in 

Figure 2.5 in Section 2.1 described how robotic physicality would suggest a new kind of 

messaging application. CALLO demonstrated what a robot gesture messaging will be like 

when it is implemented (Section 6.3.2). An introduction of a new service and device may 

lead a development of new messaging techniques. Text-based services such as Email, SMS, 

and instant messengers motivated the rise of emoticons and emojis. Apple Watch redefined 

messaging for wearable devices: it enables a user to create a graphical animation message 

from one’s heart beat readings, touchscreen taps, and arbitrary drawings (Apple Inc., 2016). 

In the same way, robots may introduce alternative messaging techniques. 

To summarize, it is important to discover believable scenarios when we invent a new 

group of products, no matter whether it is pocket-size or tabletop robots. That was why my 

work was for application discovery. Other than the miniature telepresence systems that I 

compared in this subsection, there was RoBoHoN which is actually a robot itself that works 

as a phone at the same time (Sharp's RoBoHoN by Tomotaka Takahashi, 2016). Although 

not as small as a smartphone, the robot was meant to be portable in a dedicated wearable 

pouch.1 If it had its face rendered on a screen, RoBoHoN could have been very similar to 

                                                
1 As of July 2017, not much information about RoBoHoN has been made available for further discussion. 



 

 99 

what I had imagined with CALLY and CALLO. The main differences of RoBoHoN to our 

systems was its physically crafted face and natural voice interface. So, its design implied a 

smart agent instead of avatar. 

7.2.2 Personal or Home Assistant Systems 

The third interaction paradigm of mobile phone based systems that I proposed in Section 

4.1.3 was smart agents. I described the role: “In a networked environment, at least in the 

near future, a phone or a mobile application becomes an intelligent agent that handles back-

end data to bring selective information to the human user (Figure 4.1, bottom). The smart 

agent would pervasively communicate with multiple services and users.” Since, the agent 

paradigm has not been studied in this work, because artificial intelligence and autonomous 

robots were not my research topics. Last seven years have changed many things. And now 

we see real examples of agent applications in the market. 

Before I proceed with this discussion, let me first provide an updated view of the agent 

paradigm. In the original writing (See Figure 4.1)1, the paradigm depicted the interactions 

between a user and a service in a multi-user networking environment. Now I would take 

back the notion of multi-user and redefine the case as the interactions between a user and 

a service in a networked environment. The concept of multi-user connection should be 

replaced with machine-learned knowledge derived from cloud computing, which became 

a common component of a large-scale information service.  

In the following paragraphs, I will review a group of products that are smart agents. The 

smart agent paradigm was not a primary focus of my work in 2010, but now I see that the 

findings on robotic user interface may suggest future designs of intelligent agent systems 

for anthropomorphism, personalization, and robot identity. 

7.2.2.1 On-screen Agents: Siri, Cortana, Google Now 

Yanco and Drury viewed HRI as a subset of the field of HCI (Yanco & Drury, 2002, 

2004). My stance is close to their perspective in the way that a robot phone is regarded as 

a personal computing device with motoric functionalities attached. With the same analogy, 

                                                
1 The same figure appeared also in Manuscript 3, that was published in 2010. 
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I see a physically embodied agent as an extension of on-screen assistants such as Siri 

(Apple, 2010), Google Now (Google, 2012), and Cortana (Microsoft, 2014). So, I start the 

discussion of smart agents by briefly reviewing the on-screen agents before proceeding to 

physically embodied systems. 

Apple’s Siri became an integral part of iPhones since October 2011. It would be easily 

regarded as the first successful agent system in the market. Its virtual existence has been 

helping the users search the web, set reminders, send messages, and more. It takes voice 

queries using a natural language understanding and shows results with a synthesized voice 

and on the display screen. A criticism could be that it is not much more than a voice user 

interface of a search engine and of a small group of iPhone apps. But other services and 

products have been following the path of using the natural language as an important user 

interface. Google Now (2012) and Microsoft’s Cortana (2014) are in the same group of 

virtual assistant.  

Adding to voice interface, above-mentioned systems used on-screen graphics elements 

to communicate with the user. Comparing to CALLO’s facial expressions, the faces – or 

the graphical representations – of the three agent systems were even more symbolic and 

non-anthropomorphic. They employed geometric shape animations to help voice interface. 

While not many stories behind their designs were published, it was known that the Cortana 

development team had explored a variety of concepts to create the system’s graphical face, 

ranging from using colors on notifications to simple geometric shapes to a full-blown 

human-like avatar (Ash, 2015). The evaluation details have not been revealed, but I would 

agree with the design decisions of utilizing non-anthropomorphic expressions. Given that 

the main functions are search interface, an ideal strategy of the assistants would be to map 

a set of expressions to the quality of search result, e.g., smile for good and crying for bad 

quality. But it is a difficult task for the systems to recognize the perceived quality and to 

predict the user satisfaction for the search result. The disagreement between the computed 

quality and user’s perceived quality may ruin the user’s experience and the trust to the 

machine. There could be at least two techniques to avoid this problem. First, one may use 

abstract non-anthropomorphic expressions that are not directly interpreted into human 

emotions. Second, one may make the expressions more distinctive per system’s internal 

states, for examples: idle, waiting for input, waiting for result, and search complete, than 
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for the quality of the search result. I believe that the designers of the agent interfaces have 

well considered above-mentioned design aspects when creating the products. 

7.2.2.2 Physical Embodiment of Alexa 

Alexa with Echo is Amazon’s version of Siri (Amazon, 2014). Siri, Google Now, and 

Cortana all have been adopting Alexa’s strategy to come into home environments. The 

emerging product group is distinguished from virtual assistant systems in a number of 

aspects. Here I give three examples, but there will be more. First, agent systems now have 

physical existence. Alexa came with Echo speakers, and others started producing smart 

speakers for their AIs. Second, the new agents also live at home and are meant to serve 

multiple users, i.e., family members, to support various human tasks. Third, agents are a 

central interface that connects users to other networked devices such as lightings, cameras, 

thermostats, vacuum cleaners, and so forth. The smart agent paradigm that I proposed did 

not predict all those changes and will not be able to describe what they really mean. Despite 

that the agent paradigm was not a primary focus of my work, I will attempt to discuss in 

the following paragraphs what the above-mentioned would suggest for future development 

of the product group. The physicality aspect will be related to robot expressionism, and the 

discussions about the other two will be more of future work that I suggest. 

First, agent systems have physical existence. For example, the Echo device in 2014 was 

in a tabletop speaker appearance with natural voice as the main user interface.1 The light 

ring on top of the body added a human element by displaying the machine’s internal states. 

The light ring indicator worked in a similar way to a virtual agent’s graphical animations 

discussed earlier in the section.2 The speaker top design was incompatible to communicate 

complex information, e.g., it would be inefficient to read out a long list of search result. 

The Echo Show, a newer version of echo device which was announced in 2017 while I was 

revising this thesis, included a LCD screen to overcome the limitation. Echo Show also 

added a camera to support video-conferencing. 

                                                
1 https://www.youtube.com/watch?v=lokN6d1GaK4 
2 https://www.amazon.com/gp/help/customer/display.html?nodeId=201601790 



 

 102 

My approach first took anthropomorphism into account, and then designed physically 

embodied avatars and the user interfaces. In Alexa, an opposite development path may 

occur. Voice interface already had a strong human metaphor, Alexa added physicality to 

the interface, and now people may want to find more and more human elements from the 

product. CALLY and CALLO suggest the use of motoric gestures with facial expressions 

and synthesized voice to add the human elements to products. I am not the only one who 

imagined expressive robotic products. Norman envisioned (Norman, 2004): “Robots that 

serve human needs… should probably look like living creatures, if only to tap into our 

visceral system, … Thus, an animal or a childlike shape together with appropriate body 

actions, facial expressions, and sounds will be most effective if the robot is to interact 

successfully with people.” In fact, I already see the evidences of such development. Yumi 

was one of the efforts to embed Alexa in an anthropomorphic robot (Omate, 2016). A 

number of startup companies in the mid-2010s have introduced personal- or home-assistant 

robots in abstract and partial anthropomorphic forms (Jibo, 2014; Buddy, 2015; Tapia, 

2016; Moorebot, 2016; Kuri, 2017). The new robotic agent group imitates facial – mostly 

eye – expressions, makes eye contact with the user, and moves their head. Jibo also 

simulates upper body movements, and Buddy comes with robot arm accessories. 

Second, smart agents now live at home. It means that they are supposed to interact with 

multiple users, i.e., family members. This suggests a need of personalization, which is also 

often described as customization. One of the motivations of personalization is to enable 

different access to information content per user (Blom, 2000). An agent will have access 

to lots of private information on all its main users. And it will have to understand the 

context of a conversation based on personal information. For a multi-user agent system, 

what makes personalization possible is the machine’s ability to recognize the counterpart 

of an interaction. For example, “Call Jennifer” should place a call to a different number 

depending on the person who is making the voice command. Other than using personal 

password numbers or fingerprints, a home assistant will need to recognize the owners via 

more natural, contactless biometric authentication methods such as face, iris, or speaker 

recognition techniques.  

Living at home for an agent may also imply that it serves many purposes. In the previous 

section, I described the importance of application discovery. The same would apply here. 
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For this reason, I believe, Amazon opened Alexa SDKs to third-party contributors to find 

and to implement Alexa Skills that enable users to create a more personalized experience 

(Amazon, 2017).  

Third, assistant systems are becoming a hub or a central interface connecting users to 

other networked devices. People will find that this chief servant is what they speak to most 

frequently among other things. Some will also feel an attachment to this thing over time, 

in the same way that people built a bond to their phone for the memories that it reminded 

of (Ventä et al., 2008). This special thing will get a name. Even vacuum-cleaning robots 

did in a six-month long term user study (Sung et al., 2009). The current wake words for 

activating assistants, such as “Hey, Siri”, “Okay, Google”, “Hey, Cortana”, and “Alexa”, 

will be replaced with other word or a name that is special to a user or family. This is also a 

type of personalization that gives a thing identity, that makes an agent something more like 

a pet or a family member. 

With an assumption that an agent is given its own identity plus physicality, there could 

be an opportunity for designing robot’s appearances and behaviors. While a typical design 

practice delivers product look-and-feels in a finalized form, a robot face – if it is rendered 

on a display screen or if it is a hardware mask capable of deformation – may be designed 

to develop differently over time by the interactions with users, using dynamic factors such 

as frequently used functions, environment, user’s appearance, user’s conversational style, 

and other preferences. The behavioral patterns that a robot plays to respond to users may 

also be dynamically built by training over the period of robot’s life span.  

It is also a possibility that a chief servant agent is no longer recognized as a specific 

physical form, as we see in science fiction movies.1 An artificial intelligent agent can exist 

virtually anywhere at home as a voice interface and serve the users by operating virtually 

any devices. Maybe this is what Amazon is dreaming of with Echo Dot, a small microphone 

plus speaker device. The two possibilities of an agent system with and without physical 

existence may look contradictory. But it seems things are moving to both directions. Both 

may happen together or one after another.  

                                                
1 Jarvis in the science fiction movie, Iron Man, is an example. 
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7.3 Designing Robotic Products 

This thesis presented an approach giving social communicative abilities to mobile phones. 

The result products became physically embodied characters, in other words, robots. The 

process was an unexpected development of thoughts from product design focusing on 

tangible user interface to robot design for creating social actors. It seemed that, at least in 

our system, robot design involved unique product design considerations to address robot’s 

dynamic characteristics, such as lifelike metaphors, motoric movements, communication 

abilities, and behavior styles. This may imply that, for a designer with traditional industrial 

design background like myself, there would be new challenges to give special attention to 

in robot – or robotic product – design.  

HRI research commonly stated that form and modality are important design attributes 

of robots. Additionally, Huttenrauch and Eklundh (2004) argued that there are more, such 

as task, user, and space, influencing HRI, and Bartneck and Forlizzi (2004) suggested other 

properties of social robots, such as social norms, autonomy, and interactivity. My list takes 

morphology, modality, interactivity, and robot’s role into account. Space and autonomy 

are important elements that distinguish a robot from an everyday product but not relevant 

in this work, because interaction to environment (e.g., navigational mobility) and proactive 

intelligence were not a focus of my research. Task and user are not included because they 

are already common considerations in product design. I relate morphology and robot’s role 

to form and social norms respectively. 

Below, I will discuss the four design attributes that one should consider for creation of 

social robots or socially interactive robotic characters. 

7.3.1 Morphology 

The first consideration centers on the lifelikeness that a robot or robotic product naturally 

inherits in its appearance and behaviors. Bartneck and Forlizzi (2004) regarded shape, 

materials, and behavioral qualities as form. Morphology is the metaphor embedded in the 

form. As seen in the reviewed examples in Section 3.1.3, a robot appearance can be 

biomorphic, zoomorphic, anthropomorphic, or in between. Even an abstract, machine-like 

appearance can be easily perceived as lifelike when movements are involved (Hemmert et 

al., 2013). Thus, robot design should consider morphology to anticipate the lifelikeness 
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that the design activities result in. The effects of resulting life-likeness may affect human 

perception and, thus, human responses in an interaction. 

It is not uncommon that a social robot is designed to present human-likeness in order to 

meet the requirements of robot-human communication abilities. In my research, one of the 

key functions of CALLY and CALLO was to perform facial and gestural expressions to 

support interpersonal communication. But the postures and gestures of the robots were 

limited in an abstract form due to the number of motors, joint orientations, and rotation 

angles (Figure 6.9, Figure 6.10).  

One might question: would a physically embodied system in an abstract form with less 

perception abilities and less autonomy on its own internal emotive state, like CALLO, still 

be able to play a social role? The minimum criteria for a robot to be social may be an open 

question (Fong, 2003). However, there have been many evidences that even a simple 

appearance and programmed behaviors of an artificial creature can influence human 

perception and response. For example, Libins reported that a robot in a lifelike appearance 

tends to be perceived as a friendly companion, that interacting with such a robot can trigger 

positive behaviors and emotions from human counterparts, and that people are able to 

communicate with an artificial creature at a human level regardless of physical impairment 

and cognitive status (Libin & Libin, 2004). For other examples, experiments proved that 

people show a negative response after watching a video of an animal-like toy robot being 

violently treated (Rosenthal-von der Pütten et al., 2014), and it was presented that children 

are able to interact with an abstract dancing robot through rhythmic movements 

(Michalowski et al., 2007). It seems that the physical existence of a lifelike creature already 

has observable effects in human-robot interactions by altering the human actor’s perception 

and behaviors, even when no highly intelligent autonomy is involved. 

It is also important for designers to understand the negative aspects of lifelike metaphors 

in robots. The uncanny valley is a typical example of a side effect in anthropomorphized 

robots. In design of our robots, the abstract appearance was to avoid this problem. The 

robot face images were not realistic human faces, for example.  

The morphology in a robot appearance is also important since it works as constraints of 

robot movements and behaviors. In our case, the quality of gestural expressiveness was 

inherited from the shape of the robots, which was limited by the mechanical characteristics 
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of motors. The robot behaviors were meant to be human-like, because the user expectations 

to robot behaviors were likely to be set by the appearance. An extreme example of shape-

behavior mismatch could be a human-like robot always barking like a dog to communicate 

with the user. 

In summary, a designer would need to consider both positive and negative influences of 

robot’s lifelikeness to human-robot interactions. I presented practical examples of abstract 

anthropomorphic social robots using mobile phone form factors (e.g., display screen) and 

a low-DOF miniature motor system. This design theme is widely observable from other 

smartphone-based robots (Kubota et al., 2011; Romo, 2011; Sakata et al., 2013; RoboMe, 

2013; Ohkubo et al., 2016) and personal/home agent systems (Jibo, 2014; BUDDY, 2015; 

TAPIA, 2016; Moorebot, 2016) that were introduced in recent years after my work. 

7.3.2 Modality 

A modality in HCI (or HRI) is a communication channel between a human and a computer 

(or robot). A robot with physical presence differentiates itself from a traditional computer 

not only in appearance but also in its physical user interface modalities, i.e., the motoric 

movement.  

A primary lesson that I learned in this work was the importance of animated movements. 

Motions seemed to be an essential robot design element that can give liveness to physically 

embodied systems. In remote communication, liveness means connectedness. Brave et al. 

claimed that even simple movements of chess pieces were able to evoke strong feelings of 

physical presence of remote persons (Brave et al., 1998). If one supposes their system 

without moving objects, it would become a normal chess board: there would be no 

connectedness, no physical presence of remote else. The same holds in other tele-robot 

examples. The humanoid robots from (Ogawa & Watanabe, 2000) and (Nagendran et al., 

2015) would be human-shaped speaker phones if they do not perform the robot motions. 

CALLO without gestures may carry some connectedness using its display screen, but the 

quality would be not much more than that of a video call. Lifeness seems to be another type 

of liveness that movements can augment in robots. Imagine that CALLO stays still for 

incoming calls and text messages. The robot would be regarded as a boring phone docking 
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station that does not come alive. From above, I imply twofold meanings by liveness: 

connectedness and lifeness.  

For communication robots and robotic products, liveness is an important quality. Robot 

motions play a significant role maintaining liveness. Hence, motoric movements are a key 

design consideration for developing such robots and products. A fundamental difference 

of a robot to a computer may be the motoric movements instead of the appearance. 

As reviewed in Section 7.1.3.4, there is a growing literature on the animated motions of 

social robots and robotic products. A robot design would need to explore diverse forms of 

movement such as bending, twisting, nodding, (arm) waving, shrugging, and so forth. In 

Section 7.2, I provide potential applications of motoric movements for tools/avatar robots 

(Section 7.2.1) and for smart agent systems (Section 7.2.2). As Hoffman and Ju suggested, 

a robot designer may be able to find robot motion design methods by adopting other tools 

such as character animation software programs (Hoffman & Ju, 2014). They described a 

design approach creating robots with movements in mind. I generally agree with them. But 

I reasoned from an anthropomorphic robot view for tools/avatars/agent systems. 

7.3.3 Interactivity 

Designing a synthetic character requires considerations on robot’s communication abilities. 

There are three kinds of human interaction skills that a robot should support to be a perfect 

social actor: perception to understand inputs, autonomy to plan the response, and exhibition 

to perform the planned actions. But the qualities of each component may vary depending 

on the tasks of the resulting system. 

Crawford defined interactivity as a cyclic process in which two actors alternatively 

listen, think, and speak (C. Crawford, 2002). He argued that the quality of the interaction 

depends on the quality of each of the subtasks (listening, thinking, and speaking). Other 

researchers as well claimed the importance of three computational components of handling 

social cues, specifically emotive or affective state, in the context of Affective Computing 

(Picard, 1995) and social robots (Breazeal, 2004). Thus, a synthetic character would need 

to be able to understand, to plan, and to express social cues to be a perfect social actor.  

My work first introduced a similar threefold model for an intelligent robotic tool with 

affective features (See Manuscript 2 in Appendix), then the main focus was since shifted 
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to robot’s expressive skills. So, CALLO presented the concepts of physically expressive 

communication devices by augmenting anthropomorphic gestures. But with development 

of the research, I found that a system with computer-to-human interface modalities required 

a design of user interface techniques for human-to-computer communication as well. One 

who attempts to create a new expressive user interface method may also need to take the 

corresponding input system into consideration. 

Picard regarded computers that can express but cannot perceive affect as a category of 

affective computing (Picard, 1995). I have further explored the idea with expressive robotic 

interfaces. One should be able to create a physically embodied social actor by focusing on 

robot’s anthropomorphic expressions, but a minimum level of perception and planning 

routines will be still needed to support the closed interactivity loop between human and the 

synthesized character.  

7.3.4 Robot’s Role 

Robot’s role becomes a parameter of other properties of a social robot. It helps define a 

robot’s goals, tasks, functions, form, modalities, interactions, autonomy, and many other 

factors through a design process. So, it is important for a designer to closely look into the 

dynamic nature of robot’s role and to understand how it affects the interaction styles and 

the perceived personality of a robot. 

As a social interface, or avatar, a robot is a duplicated physical body of a human at a 

remote place. Responsibilities of an avatar are to portray the operator’s presence to other 

person(s), and to expand the operator’s sensing abilities to a remote site. In the other hand, 

as a sociable partner, or intelligent agent, a robot is more of an artificial being that works 

independently or with people as a team member. An agent robot should be aware of the 

environment and be able to behave proactively to help users, so the intelligence of it is 

meant to be highly sophisticated (Yim & Shaw, 2011).  

Robot’s role also affects robot’s interaction styles, especially the way it behaves to 

human.  For example, let’s assume that CALLO is situated to read out a text message to the 

user, like in Figure 6.14. An avatar style behavior is to surrogate the message sender, so it 

would render the sender’s face on its phone display, simulate the person’s voice, and say 

i.e., “Hey, my friend.” By contrast, a secretary style is to maintain the robot’s personality 
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in its interaction, so it would use the robot’s face, synthesized voice, and say i.e., “You’ve 

got a message from Jason Bourne: Hey, my friend.”  

An interesting observation in CALLO’s HRI scenarios was that situations of robot 

mediated communication made the robot shift its roles and interaction styles dynamically. 

Imagine a complete process of a robot video call from the recipient’s view. CALLO would 

be responsible for taking an incoming call, giving notifications to users, and projecting the 

caller’s presence on it once the call starts. Even though CALLO is designed to be an avatar, 

the robot should deal with situations i.e., privacy concerns during the second task of the 

process, so a proper interaction style for the task could be agent-like, for examples, to semi-

anonymize the caller with signals that the master user only understands and to send a call 

back response to the caller in case of recipient’s unavailability. 
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Chapter 8.  

Conclusion 

This thesis presented a series of efforts studying on an interactive social robot platform that 

mediates human communications by bringing robotic user interfaces (RUIs) to mobile 

phone use environment. This chapter concludes the thesis by summarizing the research 

problems I addressed throughout the study and describes the objectives I focused to form 

research contributions. The contributions are to inform future studies on RUIs for social 

robots and mediator systems by sharing my technology design insights. Limitations and 

future work are explained following the contributions.  

8.1 Research Problems 

This dissertation aimed to answer the research question: How can we create a technical 

framework for designing physically embodied interpersonal communication systems?  

The three sub-questions introduced in Chapter 1 has revealed a way to address the main 

question by illustrating a detailed knowledge on a technology-push design approach to 

expressive RUIs of a bidirectional telepresence system. Here are the sub research questions 

to remind. The objectives corresponding to each question elaborate the contributions of the 

research in the following section. 

RQ 1: How does anthropomorphism enrich the user interactions of personal information 

devices? 

RQ 2: What are the technical requirements of creating robot-mediated communication 

systems based on mobile phone platforms? 

RQ 3: How can we build an architecture to support the creation of bidirectional social 

intermediary interfaces?  

RQ 4: How can we apply the findings of physically embodied anthropomorphic interfaces 

to enhance the user experiences in human-avatar and human-agent interactions? 
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8.2 Research Contributions 

The main contribution of the study is to provide insights on a technology-driven design 

approach toward expressive robotic user interfaces of bidirectional social mediators. The 

objectives derived from the previously mentioned research questions describe the research 

contributions in detail. 

8.2.1 Robot as an Expressive Social Mediator 

Objective 1: Describe the changes that anthropomorphic robot features may bring to the 

design of personal devices, application scenarios, and user interactions. 

The big idea behind this research was “what if every digital product had an interactive 

character?” Mobile phones were one of the cases and helped me further explore the idea. 

The concept scenario sketches in the second chapter presented that a combination of a 

communication device and motor modality naturally shaped lifelike characters. I narrowed 

down the focus to human-likeness and showed the potentials of anthropomorphic robot 

gestures to be an extra communication channel in computer-human interaction and social 

interpersonal communication.  

The third chapter provided a thorough review of state of the art paradigms on social 

robotics and multi-modal user interface techniques for computer mediated communication. 

According to the literature review, social robotics were emerging topics of human robot 

interaction (HRI) studies to which this research would best contribute by providing the 

insights on designs of social interface robots, the interface, and scenarios. Based on the 

related work, the chapter also precisely defined the term, Robotic User Interface (RUI) as 

a physically embodied interface having bidirectional modalities that enables a user to 

communicate to the robot or to other systems via the robot. A survey of previous studies 

on HCI and HRI compared examples of expressive modalities along with examinations on 

user interaction techniques for anthropomorphic RUIs.  

From the ideas, sketches, and prototypes, I introduced a new kind of robotic characters 

with physically embodied, human-like expressive abilities. Anthropomorphism would give 
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the feeling of liveness to personal products. The design changes would be observable in 

the appearance, movements, and interaction styles of an artifact. An anthropomorphic form 

– appearance and movements – could transform a machine into an artificial creature. Thus, 

a machine component could be perceived as the creature’s body part or facial feature, and 

the motoric movements could be recognized as gestures. The interaction between a product 

and a human user could become more like a conversation than an operation. In Chapter 7, 

I discussed how those products can influence human perception and behaviors, and, thus 

change the ways they communicate with human and support interpersonal communication. 

8.2.2 Paradigms and System Requirements 

Objective 2: Formulate the requirements of a prototyping platform for robot mediated. 

In the fourth chapter, I proposed paradigms of mobile phone based systems. Among the 

three paradigms, this research focused on tools and avatar applications. While the third 

paradigm, smart agent, was not a special interest, I found that the notion of smart agents 

was still useful to describe some of recently introduced agent systems and assistant robots.  

I also identified the concept of bidirectional social mediators as a design space of RUIs 

for interpersonal communication. Such a robot was different from other computer mediated 

or teleoperated systems in terms of its device requirements and user interactions. As every 

device in bidirectional communication was the user interface itself, the user interactions 

were dependent on RUIs more than traditional GUI techniques. Bidirectional systems have 

received little attention for years, but there were researchers who imagined the same future 

scenarios of telepresence robots. 

The concept of bidirectional telepresence robot provided insights on the three interface 

loops that were required to create the communication system: Device Lever Interface (DLI), 

Service Interface (SI), and Robotic User Interface (RUI). Based on the requirements, I 

designed a full interaction prototype platform to build CALLY and CALLO.  

With a growing interest in smartphone-based robot development, I confirmed that my 

design theme of using a phone as a robot face (and brain) has been wide spread in academia 

and startup industry. The three communication loops were critical component of the system 

architecture and technical implementation. 
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8.2.3 Development of Bidirectional Communication Robots 

Objective 3: Describe the implementation details of the developed system. 

The fifth chapter provided detailed descriptions of technical implementations of the 

developed social interface robots in two parts. First, for hardware integration a human body 

construction was used as an analogy of a robot design, in which a mobile phone became 

the robot’s head/face/brain, a motor system with microcontrollers shaped the robot body, 

and a near-field wireless network module worked as like the spinal cord connecting the 

brain and the body. Selection of the components met the requirements of the three interface 

loops. Second, the software design presented details of data structure, network protocols, 

robot expressions, and user interface techniques for robot animation. The data structure 

hierarchically abstracted the motor system to help other software modules manage robot 

gestures. The DLI modules implemented a serial communication protocol to connect the 

computing units of the robot’s brain and body. The SI components provided mechanisms 

for applications in multiple phone devices to communicate one another, so that remote 

human users could exchange desired facial and gestural expressions either in synchronous 

or asynchronous manner. The RUI modules took care of the interface between a robot and 

the user by implementing robot expressions (such as robot gestures, facial expressions on 

a 2D LCD screen, and artificial voice) and robot animation techniques (such as direct 

manipulation method, computer vision-based face tracking, and vision-based hand location 

detection). 

The technical accomplishments of the study were also described in detail by reproducing 

the Manuscript 2 and 3, where the integration of CALLO’s communication protocols and 

RUIs well supported the initial application scenarios and the frame of the bidirectional 

telepresence robots. 

By reviewing citations, I was able to provide evidences that my framework will 

potentially be able to help other system developments and idea explorations. 
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8.2.4 Considerations on Social Interface Robot Design 

Objective 4: Describe how the developed prototyping system supports the creation of 

proofs-of-concept of expressive bidirectional telepresence robots, and establish a list of 

considerations to inform robotic user interface design for communication. 

This dissertation described a technology-driven design approach toward RUIs of social 

mediator system. The sixth chapter presented realizations of robot applications based on 

the initial idea sketches generated earlier in the research. The developed prototype system 

demonstrated three categories of communication robot scenarios: robot call indicator, 

asynchronous gesture messaging, and synchronous gesture sharing. The component-based 

software structure of the prototype system encouraged robot design improvements by 

supporting quick and easy integrations of new functionalities throughout the study. 

The seventh chapter discussed the research insights to provide a series of considerations 

on social interface robot design. From a technology perspective, our development platform 

for physically expressive mediators seemed a unique framework. From the robot system 

development experience, I was able to provide suggestions for other systems that require 

bidirectionality, robot-phone integration, expressive RUIs, robot motions, and messenger 

interfaces. In comparison to recent avatar/agent systems, I described application discovery 

techniques and future design spaces of such products. The design considerations for robot 

development explained how robot design is potentially different from industrial design 

activities. 

8.3 Limitations and Future Work 

8.3.1 The Robot Prototypes 

This dissertation described a robot design process that demonstrated HRI techniques and 

applications using mid-fidelity working prototypes. I categorize the robot prototypes as 

mid-fidelity because they had limitations in examining real size robots. In fact, what I had 

really wanted to make was not a mobile phone docking station moving around on a table; 

it was a smaller artificial creature that we can carry in a pocket or in a handbag, that also 

does a phone when needed. Achieving the original design would require at least two things: 

a smaller, more delicate motor system and a smaller, higher capacity battery; which were 
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not the research interest of this work. Dimensions of a robot is a key design element that 

impacts on many other factors: proportions, proxemics, interaction modalities, mobility, 

autonomy, the frequency of use, to name a few. This suggests more studies on robot design 

with real-size form factor mock-ups and a survey of available motor actuators. 

The robot prototypes that I created were constructed with a limited number of moving 

parts, which was clearly a weakness of this work. Considering that human-like gestures 

were of special interest in the thesis, it could have been better to develop multiple robot 

configurations with different degrees-of-freedom. Enhancements could have been made on 

the robot’s neck, arms, and upper body. Possible variations of neck (or torso) movement 

were nodding (or bending), panning, and tilting. Arm motions could be explored more with 

shoulder, elbow, and wrist movements. With such a sophisticated motor ability, a future 

work should be able to investigate the roles of robotic gestures relating to robot’s tasks, for 

example, to compare front and side shoulder turns for spatially informative human-robot 

collaborations or socially interactive (or emotive) communications. 

Software-wise, the robot animation data structure suggests further improvements. The 

developed system assumed that all robot mediators had identical motor constructions, but 

in reality, a robot-mediated communication system may need to support scenarios with 

different types of avatars, such as a low DOF system controlling a higher DOF robots, and 

vice versa. To implement this robust robot control interface, one would be able to utilize 

skeletal motion conversion models that are well established in the character animation film 

industry. 

8.3.2 Robot Messaging Protocol 

The developed computer vision based interface captured up to 20 poses in a second, 

whereas the discrete data format for SMS messaging was only capable of containing less 

than 10 poses considering the number of motors in the robot system. Half a second was not 

sufficient to express a meaningful robot animation. For practical use of the vision based 

interface in SMS messaging, new techniques would be needed to convey as many robot 

movements in a message.  

The Douglas-Peucker method is a data compression algorithm that reduces the number 

of points to represent a long continuous animation data (Douglas & Peucker, 1973). The 
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purpose of the algorithm is, for a given series of continuous line segments, to find fewer 

data points that can represent a similar curve shape. As seen in Figure 8.1, the method 

works by recursively eliminating non-feature points. Given a curve composed with N line 

segments (or N+1 data points), the routine sets a line from point P0 to Pn and divides the 

curve by finding the farthest point Pm from the line. Then the selected point becomes the 

last and the first point of divided segment lines P0-Pm and Pm-Pn. Each segmented line runs 

a recursive routine until the distance of the furthest point to the line segment is less than ε. 

In our data, the maximum number of points that should represent the resulting segments 

is very small, say from 6 to 8, because of the length limit of a text message. So, a modified 

Douglas-Peucker method can be used to specify the target number of selected feature points 

instead of using ε. This algorithm compares the distances of selected points from each line 

segment, say Pl from P0-Pm and Pj from Pm-Pn, and pick the point with farther distance. The 

feature point selection routine continues repeating until the number of selected points 

reaches the target number. 

 

Figure 8.1: Original robot arm movement data recorded by a human operator (N=65, 
top); and compressed data (N=6, bottom) 
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The proposed algorithm may eliminate quickly repeating or shaking robot motions even 

though they are generated on purpose. A new optimization method or data format would 

be designed to store small repeating movements. Also, for a motor system with multiple 

moving parts, data compression should work over multi-dimensions. While the current 

discrete data format keeps every dimension at the same time points, a new design would 

make each motor movement have its own time series. Another possible solution is to 

aggregate a group of messages to form a single complete robot animation. 

8.3.3 Computer Vision Based Interface  

The computer vision based method developed in the study showed its usefulness as well 

as limitations. While future work would address the limitations, I discuss following ideas 

in this section, because the considerations would contribute system improvement without 

affecting research outlines or developed system structure. 

Wide Angle Camera: In the design of CALLO video-call application, the phone device 

projected a human face in full on its screen. The vision engine for gesture animation, 

however, was designed to capture hand positions as well as face location. In prototype 

demonstration, I used two cameras. The phone’s front facing camera was dedicated for 

video call, and an extra camera device captured the user’s full upper body to operate robot 

expressions. In an ideal solution, one camera would be able to capture images in a wider 

angle, so that the motor controller interface runs the vision processing over the whole image, 

then rotates and crops the facial region to stream to video call. 

Skeletal Tracking: The vision engine recognized the face and hands positions. The 

number of controllable motors thus was 3 at maximum. Considering that our algorithm did 

not detect the rotations of user’s head, the actual number of control points were 2 for hand 

positions. We mapped the vertical coordinates of the detect hand positions to robot arm 

movements. An ideal implementation would require grasping the angle of the hand around 

the shoulder. For a more sophisticated motor system with higher degrees of freedom, 

skeletal tracking would be desirable robot animation. 
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8.3.4 Higher Level Interface Techniques  

There is a room for future work to explore implicit animation techniques. Some examples 

in literature review were rule-based models using biofeedback sensors or speech voice 

patterns. A future work is suggested to look into machine learning based techniques that 

statistically represent the operator’s intentions and mental states. 

There were a couple of modalities in our system that one could enhance with machine 

learning techniques. The first is facial appearance. This would be to identify the operator’s 

emotional states from facial expressions and head movements instead of reading hand 

locations or a skeletal structure. Training this model would require tens of thousands of 

well-labelled reference images in each emotion categories. The trained classifier then will 

translate human figures found in real-time streaming images to robot expressions. Another 

modality is the spoken language. Speech recognition would also be based on training in 

order to build a model that understands a natural language.  

A training based model will have to solve two challenges. First, the perception model 

should recognize user inputs with coverage (e.g., to detect enough number of emotion 

categories) and accuracy (e.g., to classify inputs and to measure the intensities of inputs 

with confidence). For example, CALLO system would require a model to understand more 

than 20 emotion categories. Second, the translation model should transform the perceived 

emotions to relevant robot expressions. In other words, a synthesized gesture animation 

should be able to carry the exact – or at least similar – feelings to its original intention. In 

addition, as people use a great deal of variability in showing emotions, a robot would also 

need to be able to rephrase the outputs in multiple alternative ways. 

8.3.5 Non-technical Aspects of Robots 

The approach of this work to HRI was based on a robot view. The focus was the creation 

of a system realizing robot’s morphology, gestural modality, and interaction techniques, 

rather than human experiments for measuring perceived impacts of robot design. The 

human view would be another way to examine HRI. User-centered HCI design methods 

would be still valid to design and to evaluate HRI.  

There were many aspects of my design that could have resulted in clearer contributions 

to HRI and HCI by conducting empirical studies. User studies would enable future research 



 

 119 

to support arguments about the social acceptability of robots, the utility of robot features, 

and the usability of robotic user interfaces. Example questions would be: Do physical 

motions attract extra attention comparing to sound or on-screen notifications? Which 

design elements of a robot do provoke strong feelings of anthropomorphism? Is direct 

manipulation of robot figure compatible with video call? It could have been great if I were 

able to answer those questions with empirical study results. 

A better planned study could have proposed a new design method for robot development. 

The bodystorming workshop presented in the Manuscript #1 and #4 is the example. In the 

pilot participatory design session, the participants improvised the roles of human actors 

and robot partners for imaginary situations involving human-robot interactions. I observed 

that the low-fidelity robot paper masks encouraged the participants to be engaged in the 

role plays, to detail the scenarios, to describe possible robot behaviors, and to figure out 

the hidden advantages and limitations of robots for given situations. The improvisation 

method also seemed useful for identifying human expectations toward artificial social 

actors; for example, participants did not try to press or to touch a button on a robot, but just 

spoke to it, say, “Robot, make a call to Greg.” or “I’m busy. Ignore the call.” Looking back 

at the participatory design session held in 2008, the finding about the need of natural 

language interface was significant considering the first appearance of Apple’s Siri in 2010 

and the widespread usage of voice interfaces in home/personal assistant systems in 2017. 

The most relevant existing design technique to the bodystorming workshop would be the 

theatrical robot method.1 

In Section 7.2.2.2, I suggested a couple of ideas for future directions of smart agent 

systems. The first was personalization. As intelligent robot agents would work in multi-

user environments, and as they would have more access to private information on its users, 

personalization will become an important issue. A potential design space would be a robot 

that recognizes the owners via contactless biometric authentication methods such as face, 

iris, or speaker recognition techniques. The second was robot individualization. As robots 

become a part of our life, people may regard them as a pet, a chief servant, or a family 

                                                
1  B. Robins, K. Dautenhahn, J. Dubowski (2004) Investigating Autistic Children's Attitudes Towards 

Strangers with the Theatrical Robot - A New Experimental Paradigm in Human-Robot Interaction Studies, 
Proc. IEEE RO-MAN 2004, 13th IEEE International Workshop on Robot and Human Interactive 
Communication September 20-22, 2004 Kurashiki, Okayama Japan, IEEE Press, pp. 557-562. 
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member. People may give a robot a name. People may want a robot to learn social skills 

from them. Some people may even want a robot to resemble their appearances over time. 

While not deeply examined in this work, robot personalization and personification would 

be interesting future work that researchers can further investigate with agent applications. 

8.4 Final Words 

From ideas to thesis, this work studied on robotic user interface and socially interactive 

robot-mediated communication. Along with research, design, and system development, I 

introduced the concept of Bidirectional Telepresence Robots, a robot prototyping platform, 

and proof-of-concept applications, and formulated technology design considerations to 

guide future telepresence robot developments and RUI designs. This project, also known 

as CALLY and CALLO, was published in academic conferences on HCI and HRI, and 

gave unique media exposure opportunities on many on-/off-line media including TV news, 

newspapers, magazines, product promotions, blogs, and more. This work was one of the 

earliest take exploring robot-shaped phones or phone-like robots. I hope that this work 

contributes future studies in comprehending further academic knowledge and inspire the 

industry new markets for design of robotic products – or robots as products – with artificial 

personality. 
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Appendix A.  
 
Robot faces, emoticons, text-to-speech sound values 

 

Image	#	 Robot	Face	 Emoticon	 Meaning	 TTS	Sound	Value	

1	

	

:)	 Smiley	 	

2	

	

=)	 Smiley	 	

3	

	

=D	 Laughing	 	

4	

	

;)	 Wink	 	

5	

	

:O	 Surprise	 	

6	

	

:(	 Frown	 	

7	

	

;(	 Frown	 	

8	

	

:’(	 Crying	 	

9	

	

:|	 Straight	face	 	

10	

	

|-)	 No	expression	 	

11	

	

|=)	 Embarrassed	 	
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12	

	

:$	 Embarrassed	 	

13	

	

:S	 Uneasy	 	

14	

	

:@	 Angry	 	

15	

	

=P	 Playful	 	

16	

	

;/	 Skeptical	 	

17	

	

;*	 Kiss	 	

18	

	

*-*	 Shy	 	

19	

	

-.-	 Indecision	 	

20	

	

T-T	 Tears	 	

21	

	

zZ	 Sleeping	 	

22	

	

++	 Tell	me	more	 	

23	

	

^.^	 Joyful	 	
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Appendix B.  
 
Project Activity Logs 

	 	

*	M:	Project	milestone	
D:	Design,	development	
C:	Industry	collaboration		

P:	Publication,	article,	video	release	
F:	Media	appearance	(featured)	

O:	Other	activities	

Time	 Type*	 Activity	

2007	 Feb.	 D	 Idea	sketches	created.	

	 Sep.	 D	 Motor	system	selected.	

	 Nov.	 M	 Project	started.	

2008	 Mar.	 D	 The	first	robot	CALLY	created	with	Nokia	6021.	

	 	 D	 Application	implemented:	
CALLY	-	Annoying	Alarm	Clock		
CALLY	-	Face-tracking	

	 Apr.	 C	 Project	won	Nokia	University	Relations	program.	

	 	 P	 Intelligent	Behaviors	of	Affective	Mobile-phone	Robot	(Manuscript	#2),	IAT	813:	
Artificial	Intelligence	at	the	School	of	Interactive	Arts	and	Technology,	Simon	Fraser	
University	

	 Oct.	 D	 Nokia	N82	replaced	Nokia	6021.	

2009	 Feb.	 O	 CALLY	demoed	at	SIAT	Open	House	2009	at	SFU	Surrey		

	 Mar.	 D	 The	second	robot	CALLO	created	with	Nokia	N82.	

	 	 D	 Telephony	application	implemented:	
CALLO	-	Incoming	Calls	

	 	 P	 CALLY:	The	Cell-phone	Robot	with	Affective	Expressions,	Late	breaking	poster	in	HRI'09,	
La	Jolla,	CA,	Mar.	11-13,	2009,	IEEE/ACM	

	 Apr.	 P	 Designing	CALLY,	a	Cell-phone	Robot	(Manuscript	#1),	Proceedings	of	CHI'09	Conference	
on	Human	Factors	in	Computing	Systems,	Design	Practice,	Boston,	MA,	Apr.	4-9,	2009,	
ACM	

	 	 F	 Project	featured	on	Technology	Review	
The	Stranger	Side	of	CHI	2009	–	CALLY	the	Cell-Phone	Bot	
https://www.technologyreview.com/s/413001/the-stranger-side-of-chi-2009/	

	 	 F	 Project	featured	on	http://www.siat.sfu.ca/	

	 May.	 P	 Videos	released:	
CALLY	-	Annoying	Alarm	Clock	(https://www.youtube.com/watch?v=M1XkSsR1rAY)	
CALLY	-	Face-tracking	(https://www.youtube.com/watch?v=InFklkfRqb0)	
CALLO	-	Incoming	Calls	(https://www.youtube.com/watch?v=uEPLJPRARY8)	

	 Jun.	 D	 Bluetooth	interface	added	in	DLI	structure.	

	 Aug.	 D	 SMS	and	Direct	Manipulation	application	implemented:	
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CALLO	-	Gesture	Messaging	

	 	 F	 Radio	interview	aired	on	CJSF	90.1FM.	

	 Dec.	 D	 Vision	based	user	interface	implemented:	
CALLO	-	Hand-tracking	

2010	 Jan.	 P	 Video	released:		
CALLO	-	Hand-tracking	(https://www.youtube.com/watch?v=_h05f6nWmo8)	

	 Feb.	 C	 Project	won	Robotis	sponsorship.	

	 Mar.	 O	 CALLO	demoed	at	SIAT	Open	House	2009	at	SFU	Surrey	

	 	 C	 Nokia’s	TV	and	Internet	Advertisements	filmed	in	Prague,	Czech.	

	 Apr.	 P	 Video	released:	
CALLO	-	Gesture	Messaging	(https://www.youtube.com/watch?v=KCkm2LGrULY)	

	 May.	 F	 Project	featured	on	Recombu.com:	
CALLO:	Nokia	N82-controlled	robot	would	be	the	best	mobile	dock	ever	
https://recombu.com/mobile/article/callo-nokia-n82-controlled-robot-would-be-the-
best-mobile-dock-ever_M11682.html	

	 	 F	 Discovery	Channel’s	Daily	Planet	(TV)	

	 	 F	 The	Vancouver	Sun	(Newspaper)	

	 	 F	 Global	TV	News	Hour	BC	(TV)	
https://www.youtube.com/watch?v=EuhCy1zckBo	

	 	 F	 CNET	Crave	
Dancing	cell	phones	get	social	and	go	pffft	
https://www.cnet.com/news/dancing-cell-phones-get-social-and-go-pffft/	

	 	 F	 Project	featured	on	more	on-/off-line	media	(selected	list):	
Edmonton	Journal,	Global	TV	Calgary,	Montreal	Gazette,	Ottawa	Citizen,	Regina,	Leader-
Post,	Saskatoon	Star	Phoenix,	Victoria	Times	Colonist,	Atlanta	Channel	11,	Alive	News,	
Dallas	Morning	News				
Mumbai	Mirror	(India),	Suara	Media	(Indonesia),	ZepuZepz	(Indonesia),	OkeZone	
(Indonesia),	Botropolis,	DVice,	Freebytes.EU,	Newsfactor,	Plastic	Pals,	Slippery	Brick,	
Symbian	Freak,	TNerd.com,	Today	Reviews,	UberGizmo				
ACM	Technews,	BC	Alarm	Company,	BC	T-Net,		Blogotariat,	Canada.com,	CellBytes,	
CPUTer,	Current,	Daily	Radar,	Doctorate	Degree,	Dose,	Electronics	in	Canada,	eMOIZ,	
Gadget	Guide	and	Review,	Gizmo	Whiz,	Infoniac,	IPMart	Forum,	JarCrib,	LC	Cellphone,	
Mobile	Messaging2,	Mobile	Review,	NewLaunches,	NewsODrome,	NexGadget,	PhysOrg,	
SourceWS,	TechNet	Hungary,	Technews.AM,	TechStartups.com,	TMCNet,	Tech	Cutting	
Edge,	The	Tech	Journal,	Textually,	Trendhunter,	VodPod,	Wikio	(UK),	Zikkir,	
ZiZot.com							

	 Aug.	 P	 Development	of	Communication	Model	for	Social	Robots	based	on	Mobile	Service	
(Manuscript	#3),	The	second	IEEE	International	Conference	on	Social	Computing	
(SocialCom2010),	Minneapolis,	MN,	Aug.	20-22,	2010	

	 	 O	 Nokia	Research	Invited	Talk	at	Palo	Alto,	CA	

	 	 C	 Nokia	TV	advertisements	first	aired.	
It’s	not	technology,	it’s	what	you	do	with	it.	

	 Sep.	 F	 Project	featured	on	Nokia	N8	online	promotion.	

	 	 F	 Nokia	Official	Blog	Wall	of	Fame	
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Meet	CALLO,	the	Nokia	N82	robot	

	 Oct.	 D	 Nokia	N8	replaced	Nokia	N82	

	 Dec.	 D	 Text-To-Speech	application	implemented	

2011	 Jan.	 M	 Thesis	Milestone:		
Ph.D.	Comprehensive	Exam	passed.	

	 	 P	 Demo	Hour	-	Cally	and	Callo:	The	Robot	Cell	Phone	
ACM	interactions,	Vol.18	(1),	January	+	February	2011	

	 	 P	 Video	released:	
CALLO	-	Text-To-Speech	Message	Reader	on	Nokia	N8	brain!	
(https://www.youtube.com/watch?v=VuU_HB4_Uck)	

	 May.	 P	 Design	Considerations	of	Expressive	Bidirectional	Telepresence	Robots	(Manuscript	#4),	
Extended	Abstracts	of	CHI'11	Conference	on	Human	Factors	in	Computing	Systems,	
Vancouver,	BC,	May.	7-12,	2011,	ACM	

	 	 M	 Thesis	Milestone:	
Ph.D.	Proposal	completed.	
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Designing CALLY, a Cell-phone Robot 
Ji-Dong Yim (jdyim@sfu.ca) and Chris D. Shaw (shaw@sfu.ca) 

Simon Fraser University 

250-13450 102 Ave. 

Surrey, BC, Canada V3T 0A3 

Abstract 

This proposal describes the early phase of our design process developing a robot cell-phone 

named CALLY, with which we are exploring the roles of facial and gestural expressions 

of robotic products in human computer interaction. We introduce non-verbal 

anthropomorphic affect features as media for building emotional intimacy between a user 

and a product. Also, two social robot application ideas generated from brainstorming and 

initial participatory design workshop are presented with their usage scenarios and 

implementations. We learned from the pilot test that the prototyping and bodystorming 

ideation technique enabled participants to more actively take part in generating new ideas 

when designing robotic products. 

Keywords 

Robotic product, mobile phone, facial and gestural expressions, affect features, 

bodystorming 

ACM Classification Keywords 

D.5.2 [Information interfaces and presentation (e.g., HCI)]: User Interface 

Introduction 

What if an alarm clock not only rings but also moves around and hides from the owner? 

What if a car navigation system leads its owner to the destination by pointing directions 

with its gestures when he/she is driving? What if a telephone enriches conversation by 

physically mimicking the remote user’s expressions?  
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Besides verbal language, people use many kinds of interaction media such as tone of 

voice, facial expressions and gestures. In human-machine interaction, however, there is 

more limited means of communication. Researchers have suggested a variety of physical 

computing devices providing more intuitive modalities to enrich HCI, and it is now 

common for real world product designers to consider new sensors and haptic components 

when they design convergent information artifacts. But, in terms of output media, not many 

products support dynamic feedback beyond 2D displays, speakers and vibrating motors. 

This lack of modality may not cause usability problems directly; instead, it brings dry 

conversations between a user and his/her possessions, and it is hard to establish an 

emotional sympathy from that kind of boring relationship. For example, while lots of on-

screen/hardware skins and toy applications have been designed to be customized in mobile 

devices, most of them do not seem so successful at building long-term intimacy since they 

only stay inside or on the thin surface of existing products. 

 

Figure 1. An idea sketch of a cell-phone with robotic body 
 

To address this issue, we focused on non-verbal and anthropomorphic affect features 

like facial expressions and physical behaviors that a social robotic product could employ. 

Our approach is based on interaction design methods which are accomplished with a broad 
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range of interdisciplinary studies relating human perception, artificial behaviors, emotional 

communication, participatory ideation techniques, prototyping and so forth. In this report, 

however, we describe a couple of robot application scenarios from our brainstorming 

sessions based on the cell-phone usage context, implementations of the robot prototype 

named CALLY, and initial findings from a pilot participatory design workshop to generate 

further design ideas. 

Related Work 

The Softbank Mobile Corp. and Toshiba launched an interesting mobile phone having legs 

and arms (Toshiba, 2008). It looks very similar to an application of our project, but of 

which limbs are just static decorations. A car accessory, the Thanks Tail, showed a way in 

which an everyday product can convey emotional expression, but lacks autonomous 

response (Hachiya, 1996). Examples of more sophisticated robotic applications can be seen 

in pet robots such as AIBO and Paro. It now seems the development strategy is shifting in 

the market; recent robotic products such as Rolly (Sony, 2007), Miuro (Aucouturier, Ogai, 

& Ikegami, 2008) and Nabaztag (Nabaztag, 2006) are focused on music, entertainment and 

networked multi-user environments. This new generation of products has simple 

perception abilities and abstract- or non-mobility. And, more importantly, they are based 

on the existing products rather than created as a whole new robot agent. 

Designing CALLY  

One of the target platforms we considered in our brainstorming sessions among developers 

is mobile phones. As a cell-phone has more computing power and supports more complex 

tasks, it has become more familiar device in our life. A conventional cell-phone user may 

use his/her device mainly to make telephone calls as well as to check information like time, 

date, missed calls and battery status. Cell-phones are also commonly used to wake the user 

with an alarm sound, exchange text messages, take pictures and listen to music.  

We set about the design process as developing several cell-phone usage scenarios in 

which robot behaviors can enrich user-product interactions. The first target context we 

picked was an alarm ringing situation, because it has a balanced complexity in perceptional 

abilities, intrinsic gestural instructions, a motor system and intelligent responses. The 
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second scenario was based on a multi-user situation. We imagine a teleconference or 

mobile-network where two or more people are connected via cell-phone robots. Each 

participant can send an instant emotion cue to control the facial expressions and gestures 

of others’ agents [figure 2]. 

 

Figure 2. Conveying physical motions over the phone in a multi-user situation 
 

 

Figure 3. Implementation architecture of the proposed cell-phone robot application 
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Prototyping CALLY 

The proposed cell-phone robot consist of two parts; hardware and software application 

[Figure 3]. They can create a network and communicate each other via a wireless network.  

The robot body was designed based on the minimum requirements of mobility and 

gesture variations in the given alarm scenarios. It was implemented by using a robot toolkit, 

Bioloid Expert Kit (Robotis Inc., 2005). It has four wheels, two arms, a cell-phone dock 

and a battery/controller pack [Figure 4]. The cell-phone dock is located in the upper body 

right in front of the battery pack, so the cell-phone acts like a robot head and displays facial 

expressions on its LCD.  

Software written in C++ and Java manages the robot’s behaviors, perception, reasoning 

and networking abilities. The behavior instructions include primitive movements (e.g. ‘turn 

right/left’) and task sets (e.g. ‘search for the owner’). The perception module captures video 

inputs, recognizes human features and triggers robot behaviors. Those behaviors and 

perception capabilities can be supplemented computationally by a server PC. There are 

three different wireless connections employed in the prototype; Bluetooth for 

communicating between cell-phone and the robot, the Wi-fi for multiple cell-phones, and 

a customized wireless protocol for PC-robot communication. The Wi-fi networking has a 

typical server-client structure that enables us to simulate the multi-user conferencing 

scenario. 

 

  Figure 4. The first prototype of CALLY 
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Participatory design workshop 

Four participants joined in a pilot workshop. They were asked to generate further 

application ideas of the cell-phone robot after seeing a demonstration of the first CALLY 

prototype. A pair of cell-phone masks were given to help the participants share their ideas 

with bodystorming [figure 5]. 

 

  Figure 5. Participatory design workshop; two participants are acting cell-phone robots in 
a tele-conferencing situation 

 

We observed that participants readily understood the CALLY prototype and its contexts 

of use. As it was demonstrated, the participants could easily set about imagining suitable 

situations for this new product. Participants also received as many friendly impressions 

from its gestures as they got from its robotic shape. 

The paper masks, even though they were very rough, not only made the workshop more 

enjoyable but also helped people more actively perform the workshop. The participants 

explained possible robot behaviors by mimicking its gestures and, from that, could figure 

out hidden advantages and limitations of the product by themselves. While the design 

session lasted twice as long as its schedule, all participants kept on interested in the 

workshop. 
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Conclusion 

We introduced the early results of our on-going project exploring affect features of social 

robotic products. We learned from the pilot participatory design workshop that CALLY 

has emotionally affective gestures and enables the participants to easily understand the 

product and its environment. The bodystorming technique was also useful for generating 

new ideas. While a set of very rough paper prototypes was used, it helped discussions by 

providing people with new and enjoyable experiences. 
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ABSTRACT 
In this paper, we propose a robot cell-phone with which we can 
explore the roles of getural languages in the human computer 
interaction. It is designed and built to interact with users in cell-
phone usage context, and the main process of its intelligence and 
behavioral expressions consist of perception, reasoning and 
response system. For the perceptional ability, a Haar-like feature 
detection technique is utilized with computer vision. The reasoning 
part of the system is not strongly focused on due to the static 
environmental context selected in the scope of this paper. Instead, 
the motor system is physically implemented so that it can present a 
single cycle of perception-response circle.  

Categories and Subject Descriptors 
D.5.2 [Information interfaces and presentation (e.g., HCI)]: 
User Interface 

General Terms 
Design, Human Factors 

Keywords 
Robot, mobile phone, gestural expression, interaction design 

1. INTRODUCTION 
What if a cell-phone not only rings and displays an incoming phone 
number but also moves around finding the owner? What if it leads 
its owner to the destination with its gesture when he/she is driving? 
How can mobile phone’s body motions strengthen the intimacy 
between the device and its user? How can we personify a mobile 
phone by employing physical movements to provide users with 
remote presences of others? In this project, we explore the ways 
giving mobility to a mobile phone and providing it an ability with 
which the device can physically expresses information and 
emotions. As we start this project, a cycle of perception, reasoning 
and response will be implemented by applying a machine learning 
technique. 

 

 
Figure 1. A design of a cell-phone with robot body 

 

2. BACKGROUND 
People communicate through tones of voice, facial expressions and 
gestures. In human-machine interaction, however, there is a lack of 
means for communication besides two dimensional input devices, 
sound and screen displays. Even worse in a cell-phone, we control 
it with a limited number of buttons and get responses via phonic 
signals and letters/icons on a small screen. Beyond supplementary 
media like vibration and voice recognition, cell-phones do not allow 
enriched communication. This lack causes usability problems and 
prevents a user from establishing friendly feelings toward his/her 
possession. While lots of on-screen/ hardware skins and toy 
applications have been designed to be customized in mobile devices, 
they failed at establishing intimacy because they only stay inside or 
on the thin surface of a product.  

To address this problem, we focused on physical behaviors that a 
mobile phone can employ. Those behaviors can be designed based 
on cell-phone usage scenarios derived from user-centered and 
contextual design studies. The ground research will particularly 
investigate the elements strongly engaged to user-mobile phone 
interaction (e.g. information, emotion and personalization) and 
several case studies will follow. In this stage, working prototypes 
will be developed as a part of the project result to implement and to 
evaluate our scenarios. The followings are possible applications 
described in a couple of specific situations. 

[Figure 2] shows an example application of possible scenarios in a 
car. A user driving a car shares his/her view with a friend in a remote 
place. The friend helps navigate by using gestures of the driver’s 
cell phone, by verbally explaining the direction as well. Hand-
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direction, eye-direction or eye-contact can be combined to form a 
stronger informative gesture. The example in [Figure 3] is rather 
emotional. The robot bodies can provide richer and more intimate 
expressions over the phone by conveying physical motions from a 
user to anther.  

 
Figure 2. Gesture helping point to a direction 

 

 
Figure 3. Conveying physical motions over the phone 

 

3. RESEARCH SCOPE IN THIS PAPER 
The main purpose of our study is to explore the meaningfulness and 
roles of getural languages between a human user and mobile 
computing devices. The main approach is based on the user 
centered design which might be accompanied with a broad range of 
interdisciplinary studies relating human perceptions, artificial 
behaviors, information design, emotional communication and so 
forth. In this paper, however, we particularly focus on the 
implementations of cell-phone robot’s intelligent behaviors. While 
the full scale of this research should include a solid user study and 
reasonable scenario building phase at the beginning, we will design 

and build a robot intelligence based on one certain context among 
several possible scenarios we generated from our small group 
brainstorming. The ontology of the artifact will be represented as a 
concept map describing the interactions between a robot and the 
environment, where the cyclic process of intelligent thinking and 
behavioral expressions consist of robot’s perception, reasoning and 
response. The perceptional ability will be trained by using a Haar-
like object detection technique with computer vision. We will not 
examine a sophisticated reasoning system because the reasoning 
part might be quite simple due to the static environmental context 
selected in the scope of this paper. For the motor system of a robot, 
instead, several simulation techniques will be explored so that a 
variety of insights can be found by stages as the robotic responses 
are iteratively implemented from low- to high-fidelity prototypes. 

4. RELATED WORK 
4.1 Artifacts in real world and product design 
With growing interests in tangible user interface (TUI), HCI 
researchers have been suggesting a variety of physical computing 
devices providing more intuitive modalities to enrich the human 
computer interaction. It is now common for the real world product 
designers as well to consider new sensors and haptic components 
when they design convergent information artifacts. For example, 
the Wii gaming console released by Nintendo is one of the biggest 
hits in the industry, which enables users to communicate with video 
games by using spatial inputs (Nintendo, 2006). In terms of output 
mediums, however, not many products support dynamic feedbacks 
beyond on 2D displays, speakers and vibrating motors. The 
Softbank Mobile Corp. and Toshiba recently launched an 
interesting mobile phone having legs and arms (Toshiba, 2008). It 
looks very similar to the application of our project, but of which 
limbs are just static decorations. A car accessory, the Thanks Tail, 
showed a way in which an everyday product can convey emotional 
expression, but still has a lack of autonomous response (Hachiya, 
1996). 

 
Figure 4. Pseudo robot cell-phone by Softbank and Toshiba 
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4.2 Affective characters and robots 
Yoon demonstrated a software model for virtual characters that are 
perceived as sympathetic and empathetic to humans (Yoon, 2000). 
Her characters were designed to build their characteristics with their 
own desires that are motivated by a virtual emotion system. But the 
behaviors were limited in a computer screen so not directly 
applicable to the real world human computer interaction. Kismet is 
a social robot having strong communication abilities with which it 
can learn how to perceive and express human like social cues 
(Breazeal, 2000). It uses vision and sound sensors to collect 
environmental data and expresses itself by verbal and motor 
systems. The approach is very similar to ours except we are rather 
addressing emotional gestures than facial expressions. 

4.3 Computer vision and training 
There have been a lot of researches introducing computer vision 
technology as a sensory medium of artifacts. One easy-to-use tool 
for designers is MIDAS VideoTracker (J. Yim, Park, & Nam, 2007). 
It provides a simple syntax and user interface in Adobe Flash 
environment, so that users can easily detect and track objects from 
live video. But the weakness of the toolkit is in the pattern 
recognition; it is still hard to build a shape or pattern based detection 
with it. ARToolkit supports a strong computer vision algorithm to 
implement 3D augmented reality applications (Kato & Billinghurst, 
1999), but is not very employable in the real world because it needs 
square-shaped 2D markers. The Attention Meter, presented by Lee, 
MIT, measures simple facial expressions such as smiling, mouth 
opening, head-shaking and nodding (C.-H. Lee, Wetzel, & Selker, 
2006). It does not contain a training functionality to tune up the 
accuracy. 

As a self-learning approach, Rowley presented a neural network 
model which improves a vision based face detection system 
(Rowley, Baluja, & Kanade, 1996), where a pair of positive and 
negative training sets is used. The machine learning method for 
facial expression recognition has also attracted much attention in 
recent years (Xiao, Ma, & Khorasani, 2006). The true/false or 
multiple sorts of human facial expression images have been useful 
in those researches as well. Among them, there are two main 
streams in terms of image processing; some researches use pixel 
based approaches (Kobayashi, Ogawa, Kato, & Yamamoto, 2004) 
and others do component based analysis (Datcu & Rothkrantz, 
2007). From the view point of robotics, some studies applied the 
machine learning algorithms to other sensory fields. Breazeal 
introduced an auditory sensor set for speech recognition in his 
Kismet project (Cynthia Breazeal, 2000), and Kobayashi et al used 
a series of light sensors to detect the sense of human touch 
(Kobayashi et al., 2004). 

5. TARGET SCENARIO 
As a cell-phone has more computing power and supports more 
complex tasks, it has become more familiar device in our life. A 
conventional cell-phone user may use his/her device mainly in 
telephone call and also often look at it to check some information 
like time, date, missed calls and battery status. Now it is common 
with a cell-phone that a user wakes from sleep with alarm sound, 
exchanges text messages, takes pictures and listens to the music.  

Based on the descriptions of those real world situations, we initially 
developed several cell-phone usage scenarios in which robot 
behaviors can fertilize the user-product interactions. One simplest 

example would be a phone-ringing situation at home where a cell-
phone robot searches for and spots its user. But the AI in this case 
more focuses on object recognition and path finding algorithms 
rather than robotic gesture management in the affective human-
computer interaction. On the other hand, the morning call or alarm 
ring situation, which we picked as the target context, has a balanced 
complexity, so the application includes perceptional abilities, 
intrinsic gestural instructions, a motor system and intelligent 
responses.  

The selected alarm ring scenario is declared as below; 

A cell-phone cradled in a robot body alarms in the morning 
when its owner is sleeping. The alarm sound gets louder up to 
a certain level. If the owner is still sleeping, the robot body 
starts moving in order to make annoyingness. It continuously 
increases the annoyingness level. For example, it seeks for and 
approaches the owner to wake him/her up by physical stimuli. 
Those behaviors are dynamically changed by detecting user’s 
input. The robot keeps tracking the owner’s face when he/she 
moves in its video frame. It takes turn to attack (approach) if it 
is safe from the user (if the user is in sleep) and to run away if 
it detects aggressive gestures from the user. In the mean time, 
the robot reflects emotional facial expressions and gestures to 
express its feelings like happy, sad, surprised or idle. 

6. IMPLEMENTATION 
The proposed cell-phone robot consist of two parts; hardware and 
software application [Figure 5]. The hardware is implemented with 
a microcontroller, motors, joint mechanics and a battery. The 
microcontroller contains basic movement sets such as ‘move 
forward/backward’, ‘turn the upper body’, ‘raise hands’ and so forth. 
It communicates with a software application embedded in a cell-
phone that commands basic instructions, detects the human face and 
actions, and generates dynamic responses to user inputs. 

 
Figure 5. Implementation architecture of the proposed cell-

phone robot application 
In the prototype developed in this project, however, a couple of 
features were modified or obsolete from the initial design because 
the software part was implemented to operate in a PC, not in a cell-
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phone, due to a time-technology constraint in the project. In order 
to operate the application in a remote computer, a pair of wireless 
radio-frequency transceivers were added between a PC and a robot, 
the facial expressions were not implemented, and the computer 
vision functions were retrenched to depend on a USB webcam 
instead of a cell-phone embedded camera. The perception module 
was simplified with a face recognition functions. One very 
important part, the reasoning procedures, was represented in a 
traditional coding method, a series of a bunch of ‘if’ statements, as 
it was not deeply considered at the first stage of development. The 
PC application was written in the Microsoft Visual C++ 2003 
environment with the Bioloid SDK (for robot behaviors) and the 
OpenCV (for the perception module) libraries. 

6.1 Hardware 
The robot body was designed based on the minimum requirements 
of mobility and gesture variations in the given alarm ring scenario 
context. The hardware was implemented by using a robot toolkit, 
Bioloid Expert Kit (Robotis Inc., 2005). It has four wheels, two 
arms, a cell-phone joint and a battery/controller pack [Figure 6]. 
The wheels, of which rotations are separately controlled, provide 
the robot with mobility enabling the body to move forward, 
backward, right- or left-turn. Each of the arms has two degrees of 
freedom; up-and-down and grab-and-release. The upper body can 
rotate +/-150 degrees. The cell-phone joint is located in the upper 
body right in front of the battery pack, so the cell-phone acts like a 
robot head and displays facial expressions on its LCD. The 
microcontroller, Atmega-128, which stores the gesture set and 
actuates motors, is placed inside the battery pack. 

 
Figure 6. A working prototyping of cell-phone robot 

6.2 Behavior instructions 
The behavior instructions include a primitive movement set, a task 
list, and a sequence of the task flow. The primitive movement means 
the very small and low level elements of the robot gesture such as 
‘move forward/backward’, ‘turn right/left’, ‘raise a hand’, ‘bend an 
arm’, ‘bow the head’, and ‘turn around the upper body’. Some of 
these functions have extra information like turning speed and goal 
angle, so each part of the robot can be actuated in detail, e.g., with 
‘raise the left hand slowly to 45 degrees’ and ‘chop quickly’. Those 
procedures are defined and stored in the micro-controller of a robot 
so that they are automatically loaded during booting period and 
instantly executed by a higher level command. Higher level tasks 
are listed in a PC software program, and each of which consists of 

primitive movements and percepts. For example, the task ‘search 
for the owner’ is accomplished with ‘repeat’, ‘turn right in a certain 
angle’ and ‘detect a face’. There are two kinds of tasks defined in 
the program, one of which is sequential procedures and the other is 
event procedures. The sequential tasks are organized into a task 
flow along with the annoyingness level and event procedures are 
selectively triggered by user inputs. [Table 1] shows those tasks pre-
defined in the behavior instruction. 

Table 1. Predefined tasks of an alarm ring robot 

 Level Task Description 

idle state 0 sleep - 

sequential 
procedures 

1 alarm ring (level=1) 

2 alarm ring (2) 

3 dance 
ring (3) 
repeat 

swing body (slow) 

4 dance 

ring (4) 
repeat  

swing body (fast) 
hands up / down (fast) 

5 search 
ring (5)  
repeat 

rotate ( ) 

6 approach ring (6)  
move forward ( ) 

7 attack 

ring (7)  
repeat 

raise a hand (slow) 
chop down (fast) 

event 
procedures 

- surprised raise hands (fast) 

- run away move backward (fast) 

- resist 

repeat 
shake body (fast) 
hands up / down (fast) 
move back / forth ( ) 

- guard 

raise r-hand (up-front) 
raise l-hand (front) 
bend arms (fast) 
torque ( ) 

 

6.3 Problem solving 
In the reasoning procedures, the initial state is defined as ‘the human 
owner and the robot agent are both sleeping (or in idle state)’. When 
alarm is triggered by a timer, the agent starts a quest pursuing its 
goals. The primary goal of it is obviously to wake up its owner and 
the second is to survive. ‘To survive’ can also be interpreted as ‘to 
keep ringing as long as it can’ or ‘to save its cell-phone unit’ in a 
cell-phone application. To achieve those goals, the robot should be 
aware of the environment at every moment and decide what task is 
appropriate in the circumstances. But it is often not easy to choose 
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a task from the list because the agent has two types of incompatible 
behavioral strategies. As shown in [Table 1], the sequential 
procedures are rather offensive actions than event procedures. That 
is an agent should take a risk when it selects ‘approach’ behavior 
instead of ‘run away’. In this case, the heuristic functions mainly 
depend on the perception module which keeps watching over the 
owner’s actions. If there is no movement detected from the user, the 
agent regards the situation as like the user is sleeping; so, it will 
follow the positive actions; the pre-scheduled task sequence. 
Otherwise, if the user approaches too fast or raises his hand quickly, 
it will immediately jump into a certain task among event procedures, 
because the situation is regarded as dangerous.  

Figure 7. Overview of tasks, events and rules 

6.4 Perception module 
The perception module was designed to capture video inputs from 
a camera, to recognize human features, to extract gestures and to 
trigger event procedures in the robot’s behavior instructions. Built 
with a frontal face recognition training set based on the Haar’s 
neural networked object detection algorithm from the Intel Open 
Computer Vision (OpenCV) library (Intel Corporation, 1999), it 
continuously retrieves the positions and sizes of all faces in a video 
streaming image. A nested vector object, storing the (x, y, z) 
positions and velocities of the first detected face, enables the 
module to analyze the recent trends of a user’s movement. The z-
axis coordinates were simply calculated by manipulating the 
dimensions of a face. Those positioning values are interpreted into 
user states or actions such as ‘sleeping’, ‘moving’, ‘avoiding’, 
‘approaching’, ‘intending an attack’ or so forth.  

Some higher level computer vision methods including the facial 
expression and hand gesture recognition algorithms were also 
considered during the implementation. It was found that, in theory, 
they are easily applicable to this project with the exactly same 
machine training and testing processes. But, in practice, the image 
based neural network training method demands a huge computing 
performance and time, so the training results had a half successful 
accuracies. Further improvements of the perception module and 

solid research about the neural network based computer vision 
training algorithm will be discussed in the following sections. 

7. DISCUSSION AND FUTURE WORK 
In this paper, we suggested a robotic agent with which the roles of 
artificial getural languages can be explored between a human user 
and cell-phone. One detailed and several rough usage scenarios of 
it were also introduced to describe how the cell-phone robot can be 
allowed in the real world situations. The prototype, which we 
developed with a physical motor system, behavioral instructions, 
reasoning procedure and computer vision, showed a hardware and 
software integrated structure of robot applications. 

While the target scenario was relatively simple, there were a lot 
more sophisticated perception abilities and complex reasoning 
procedures demanded. In the perception module we presented, in 
addition to the facial expression and hand gesture recognition 
features, improvements on a multi-user face detection algorithm 
were needed. Employing extra sensors like a wireless webcam or 
distance/sound detectors would be a consideration in order for the 
perception module to better understand the environment. Even 
though we could somehow represent the robot’s percepts, auto 
responses and pre-defined instructions by using a traditional 
programming language, the reasoning procedures still has a room 
for future developments. We learned that the reasoning part would 
be hardly manageable if we try to add a couple of more scenarios in 
the current code base. 

In the next step of this research, in which we are planning to 
establish a similar intelligence into a mobile device having a vision 
capability, some of limitations on mobility issues will be solved. 
Some java-based reasoning engines will be considered as well for a 
handful state space representation in a robot application. A set of 
emotion procedures would also be our future work. That is a part of 
reasoning system allowing a robot to have unique characteristics 
and enabling it to generate different responses with a same goal. 

8. CONSIDERATIONS  
The object detection is one of the most popular research areas in 
computer vision, and the face recognition, among them, has been 
especially spotted for recent years. One reason of that is human face 
has its own shape features, so if an algorithm is very efficient in face 
recognition that means we can consider it in a different object 
detection application. At the first time when this term project was 
designed, I planned to modify a neural network (NN) based 
machine training algorithm into a hand detection in order to apply 
it to the perception module described in this paper, although I rarely 
knew about this field (actually Billy’s presentation was the first 
moment that I understood anything about the concepts of NN 
algorithms). As mentioned earlier, the hand detection part was half 
successful due to some technical and time constraints like 
computing power, lack of practical resources, and insufficient 
accuracy rate of my test code. While the hand gesture recognition 
was not employed in the final prototype, I spent as much time on it 
as on all the other parts of this project, so I would like to introduce 
in this section what I could acquire. 

The face detection is along with two main streams, one of which is 
skin-color based (pixel based) approach and the other is feature 
based (vector based). The NN method tested in this project was a 
feature based one, which is called Haar-like feature detection and 
frequently used with the OpenCV library. In the training period, it 
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generates a large number of different sizes of sub-windows of a test 
image and continuously compares them to a series of simple 
black/white patterns (it is called ‘Haar-like features’). In the mean 
time, it keeps dividing the samples into tree-shaped classifier groups 
and finally calculates the optimal classifier. What happens during 
this phase is almost the same to what the ANOVA or regression 
analysis method do in a general statistical analysis, except it has an 
intelligent heuristic function to raise the efficiency. Similarly, in 
running time, the application tests the Haar-like pattern matching 
functions, but faster by using presets built at training time.  

The Haar-like feature set can be selectively used depending on the 
visual characteristics of the target object. Small number of patterns 
may reduce the computing load, but it requires a lot of work to select 
a right pattern set because it should be manually done in many times 
of actual experiments. Fortunately, some useful patterns for face 
detection have already been picked up by anonymous researchers 
and programmers in the OpenCV library.  

 

 

 

 

 

 

 

 

 

 
Figure 8. Examples of Haar-like features (up) and a example 

of matching method (down) (Cho, 2001) 
The training, testing and evaluation process of the method was also 
proposed a long time ago so a user can train an image and get the 
training result file in XML format, as long enough positive and 
negative images are prepared; the ‘positive (or negative)’ means 
‘containing (or not containing) a target image’. Several useful and 
pre-tested training results for Haar-like features are introduced here: 
http://alereimondo.no-ip.org/OpenCV/34 

The hand image training never ended, however, in my test, so the 
training result was not complete (a user can set the number of stages 
to be repeated in the learning phase, but probably due to any image-
related errors or any performance issue, it frequently stops. In my 
case, the maximum stage was 7, whereas what the system 
recommended was 14). While training time varies up to testing 
conditions, it took around three hours in my test until the training 
stops at 7th stage. [Figure 9] shows a hand detection application 
running on an incomplete training result I got. It seems partly 
working but is not accurate; it even captures same object in multiple 

times because the virtual sub-windows can not recognize them as 
one. 

   
Figure 9. Hand detection with an incomplete training result 

Once the hand detection is complete, gesture (hand movement) 
recognition will follow. It will require different types of learning 
algorithm, but will use much smaller dimensional data and less 
computing resource; it would rather be similar to the hand writing 
recognition. 
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Abstract—This paper describes an interactive social agent 
platform which examines anthropomorphic robot features in the 
mobile phone usage context. Our system is smart phone based 
robot agent that operates on a mobile network and co-located ad-
hoc networks. It helps remote users communicate interactively 
with each other through the robotic interface which utilizes facial 
expressions and body gestures. In this paper, we introduce the 
mobile environment as a service platform for social robots, and 
discuss design considerations for such a communication system. 
Then we illustrate the development of our system followed by its 
network protocols built on existing mobile services such as 
Telephony and Short Messaging Service (SMS). Usage scenarios 
and working prototypes of the implemented system are also 
presented. We are hopeful that our research will open a new 
discussion on socially interactive robot platforms, and thus, that 
such efforts will enrich the telecommunication and personal robot 
services in the near future. 

Keywords-Mobile phone, network packet design, social robot, 
telecommunication, anthropomorphic expressions 

I.  Introduction 
People use many kinds of interaction media such as tone of 

voice, facial expressions and gestures, whereas computer 
systems are limited to visual display and synthetic audio when 
they communicate to human users. Nevertheless, a mobile phone 
is an interesting platform for researchers and designers as it has 
a variety of features that are valuable in developing and 
evaluating new HCI technologies. To cite a parallel example, 
when a new speech recognition engine is enabled on a phone, 
one can test it in real settings and collect a lot of data, because 
people may use it very often, anywhere, any time. One would 
expect a long-term experiment to be easily available with a cell 
phone, because it is usually owned for time ranging from months 
to years. Personalization or customization issues can also be 
investigated, since users add accessories and use different ring-
tones for each contact group. It might be a good choice even for 
evaluating aesthetics, since people carry the phone in a pocket 
or in a purse - more of a fashion item than a laptop in the 
backpack. 

In order to explore new expressive modalities for handheld 
computers, we investigate Robotic User Interface (RUI) as an 
alternative interaction medium. Our prototypes, CALLY and 

CALLO, are functionally designed robots (Fong, 2003) that are 
built on a mobile phone technology (Figure 1). The robotic 
interface is physically combined with the phone device, and 
controlled by the phone applications. The robot’s 
anthropomorphic features, thus, add more means of social 
abilities to the phone device in conjunction with mobile network 
services. In this paper, we first look into current mobile phone 
use paradigms to explore HCI issues for our robotic social media 
system, and present how those concerns are considered during 
implementation. A full cycle of gesture-based communication 
model is illustrated with the software system architecture, 
applications and detailed user interface issue. 

II. Related Work 
Adding to traditional use of telephones, recent mobile 

phones are enhanced with a variety of new communication 
services, such as SMS, email, IM (instant messaging), blogs, 
video call and social networking applications (Ankolekar et al., 
2009; King & Forlizzi, 2007; Licoppe & Morel, 2009). HCI 
researchers and designers have explored other expressive and 
more tangible means of interaction including phonic signals 
(Shirazi et al., 2009), tactile vibration (Lotan & Croft, 2007; 
Werner et al., 2008) and force feedback (Brave & Dahley, 1997; 
Mueller et al., 2005).  

A few systems have used actuators or life-like robot 
expressions in mobile phone use contexts. The Apple iPhone is 
able to be a remote control or teleoperation console for a 

Figure 1. Developed prototypes; CALLY (left); and CALLO (right). 
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navigation robot (Gutierrez & Craighead, 2009). Some 
prototype systems, for example, Ambient Life (Hemmert, 2008), 
proposed a mobile phone that displays device status in life-like 
signals, like breath and pulse. Life-like appearance and 
movements have been long discussed in the fields of computer 
agent and Human-Robot Interaction (HRI) (Mori, 1970), in 
terms of social mediators having virtual presence and non-verbal 
conversational cues (Michalowski et al., 2007; Ogawa & 
Watanabe, 2000; Sakamoto et al., 2007). 

Once a mobile phone is equipped with a robotic body, the 
system should provide an easy interface for robot animation, 
usable by experts and non-experts alike. However, standard GUI 
techniques for computer animation do not port well to handheld 
displays, and motion tracking equipment similar to that used in 
the video game industry is clearly overkill. Thus, the robot cell 
phone needs a new input system that is also tangibly interactive 
and lightly equipped, such as direct manipulation with/without 
kinetic memory (Frei et al., 2000; Raffle et al., 2004; Sekiguchi 
et al., 2001), audio-driven (Michalowski et al., 2007), or vision-
based (R. Li et al., 2007) methods. Ogawa et al. and Li et al. 
pointed out an interesting and valuable aspect of such tracking 
systems; for avatar-based communication, quick response and 
adequate accuracy to the user’s gesture are more important than 
precise estimation (R. Li et al., 2007; Ogawa & Watanabe, 
2000).  

Yet, as far as we know, no social robot platform has detailed 
a full interaction cycle of expressive gesture RUIs that augment 
anthropomorphism with existing mobile phone native networks 
such as Telephony, SMS, and video telephony services. 

III. Social Agent Platform on Mobile Service 
Our social robot system is “functionally designed” on the 

basis of mobile phone use context rather than “biologically 
inspired” (Fong, 2003). Thus, in order to find design 
considerations for our bi-directional communication model, the 
current mobile phone environment must be examined. In this 
section, we describe our framework for combining a mobile 
device and its related services with a mobile robot to develop a 
physically interactive social agent platform.  

A. Interactions in Mobile Service  
There are many types of interactions and social entities 

involved in using mobile telecommunications service. As our 
research team seeks design considerations for developing social 
intermediates in the mobile phone use context, first we classify 
characteristics of mobile phones based on how a cell phone 
works with a user in the existing mobile services. Inspired by 
Breazeal’s human-robot interaction paradigms (C. Breazeal, 
2004), we suggest three categories; tools, avatars, and smart 
agents. 

The simplest relationship between a cell phone and a user is 
found when we see a phone as a static tool that is not connected 
to a network. A mobile device in this case is in charge of simple 
tasks, such as managing a phone book or playing multimedia 
files in local storage. Functioning well without disturbing the 
user are the first requirements of such a product. A very basic 
example of this case is of a phone as an alarm clock. 

When a user is connected to a remote party, a cell phone 
becomes an avatar (Figure 2, middle). A phone device is 
possessed by the owner, although it represents the counter party. 
Other one-on-one telecommunication services, such as paging, 
messaging and video call, can be placed in this category. In fact, 
via a video call, we can see more clearly that a mobile phone 
turns into an avatar that shows a live portrait of a remote person. 
Interestingly, from a user’s view, it seems as if only three 
important entities are involved in this interaction – the user, 
user’s phone and the counter person – while there are actually 
four including the other’s phone device. That allows us first to 
consider the issues of co-located peer-to-peer interaction 
between the user and his/her phone. 

 
Figure 2. Three types of interaction with a cell phone; one-on-one relationship 
between a user and a device (top); one-on-one interaction between users in a 
traditional mobile phone network (middle); interactions between a user and a 

service in a multi-user networking environment (bottom). 

In a networked environment, at least in the near future, a 
phone or a mobile application becomes an intelligent agent that 
handles back-end data to bring selective information to the 
human user. Car navigation systems use GPS to help way 
finding. Location-based services draw geographically useful 
information on a map. An instant messenger links to group 
networks in order to help users stay connected on-line. Social 
networking services broadcast live news to people around the 
world. 

B. Mobile Device as a Robot Platform 
A mobile phone provides robot researchers with a variety of 

features for developing and evaluating new robot capabilities. 
Besides a wide range of characteristics of its usage context, the 
technological capabilities of mobile devices are becoming more 
feasible for robot research. Many phone devices have a camera, 
a far distance microphone, a loud speaker, and a touch screen 
display, which can allow a robot to communicate with a human 
user. Embedded sensors such as the accelerometer, the Infra Red 
light detector, and the GPS module enable a robot to perceive its 
environment. Tele-operation comes available by using wireless 
networks like Bluetooth and Wi-Fi. On the top of these technical 
components, a smart phone device has computing power and 
open-development environments on which researchers can 
develop robot intelligence. A robot application can control 
parameters of test attributes by using mobile phone’s 
Application Programming Interface (API) and can access device 
resources such as hardware features, file system and user data 
(e.g. contact list). Many cell phone manufacturers provide 
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developers with operating systems and APIs, but openness and 
use policy vary. 

C. Communication Loops of Mobile Phone Robot 
We define a mobile phone robot as a system that integrates 

three communication loops as shown in [Figure 3]. First, we see 
it as a technological system that deals with the interface between 
a phone and a motor system. Considering the technologies 
currently available in the market and the fact that we are aiming 
to illustrate the future applications and interaction styles, we 
developed our system by combining existing phones and robot 
kits rather than building a new robot mechanism from scratch. 
This bottom level interface is accomplished by realizing 
communication protocols between two co-located devices.  

 
Figure 3. Three communication loops in our mobile robot system 

The second communication loop is the user interface of the 
system. We are interested in how easily a computing machine 
learns gestures and talks to a human user by using its physical 
attributes. We think of our robot system as an animated creature 
that partly inherits human shapes and gestures. To explore the 
tradeoffs of the robotic user interface, we implemented a full 
cycle of a teach-and-learn task where a user creates gestural 
expressions by directly manipulating the postures of the robot.  

Third, the system communicates to other systems over 
mobile phone networks. It is a mobile phone in a symbolic and 
anthropomorphic shape which surrogates a remote party, no 
matter if the commander is a human user, another device or an 
autonomous service. To illustrate the last communication loop, 
we considered existing mobile phone networks and services 
such as Telephony, SMS, Wi-Fi Instant Messaging, or GPS. 

IV. Overview Of System Development 
We have developed a mobile phone based social robot 

platform which consists of two main parts; a cell-phone head and 
a robot body. First, a cell-phone device in our system shapes the 
robot’s head and acts as robot’s brain as well. Mounted on the 
robot body, it displays symbolic facial expressions, actuates the 
robot’s motor system, reads the environment by utilizing 
sensors, accesses user’s personal data in the phone file system, 
and communicates to other devices or services. Second, the 
robot part deals with control commands from/to the phone to 

give the system physical abilities such as spatial mobility and/or 
body gestures. 

A. Head – the Robot Brain 
The main software is built on a Nokia N82 phone. N82 is a 

2G and 3G compatible smart phone which runs on the Symbian 
S60 3rd Edition Operating System. We display robot’s facial 
expressions on its 2.4 inches TFT color LCD in 240 × 320 pixels. 
The front camera is used for face detection at 30fps in 352 × 288 
pixels. Mobile phone native SMS and wireless LAN 802.11 b/g 
help the robot receive commands from a remote operator. In 
order to control the robot body from the phone device, a serial 
port over Bluetooth v2.0 is used. A Dual ARM 11 332 MHz 
processor runs the OS with 128 MB RAM. Several features such 
as a GPS module, a microphone and stereo speakers are not used 
under the current robot system but may be considered for future 
use.  

The latest versions of phone applications, which are the robot 
AI in other words, were built on the Symbian C++ environments. 
We utilized various kinds of Symbian C++ APIs from the S60 
platform SDKs that handles Telephony, Messaging (e.g. SMS 
and IM), Networking (e.g. Bluetooth and Wi-Fi), File and User 
Data, Graphics and Multimedia, Symbian native User Interface, 
and so forth. An open source program titled FreeCaller (Perek, 
2008) was also used for a part of our project to prototype 
Telephony functionalities (Figure 4). The selection of the device 
and the software platform was found to be suitable for our social 
robot project, because it enabled us to integrate the full 
capabilities of the phone device and native mobile phone 
services into our system. Many of other mobile phone platforms, 
as far as we knew at the time, do not provide developers with 
easy access to paid services such as incoming /outgoing calls or 
SMS, due to potential abuse cases. Symbian, of course, requires 
a very strict process for running those high-risk applications; 
each compilation has to be registered on-line before it is installed 
onto a single phone device. 

 
Figure 4. Examples of CALLO’s call indicator actions; “lover’s dance” (left), 
“happy friends” (center), and “feeling lazy when called from work” (right). 

The phone application handles telephony routines and controls the robot body. 

Early prototypes on CALLY were quickly developed on the 
Java™ Mobile Edition 2 (J2ME) to show the robot’s look-and-
feel and general ideas of possible future applications. Since 
phone native services are not allowed with J2ME, the main 
software was developed on a PC that communicated with the 
phone via TCP/IP. Our current applications in CALLO, built on 
Symbian C++, now talk directly to the Symbian OS and access 
to mobile phone services. 
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B. Robot Body 
The robot body is implemented using the Bioloid robotic kit 

(Robotis Inc., 2005). The kit consists of an ATmega128 
microcontroller board, multiple servo motor modules, sensor 
modules and various types of joint assemblies. The 
microcontroller is programmable to contain a series of preset 
gestures and simple triggering logic. The program includes 
customized sets of the robot components and is built to transmit 
primitive motor values from the robot to our phone application, 
and vice versa. The bidirectional data communication between 
the robot and the phone is realized by replacing the built-in 
Zigbee module with an extra Bluetooth embedded module in the 
controller board. Once the wireless module is mounted and 
powered on the board, it links to the designated RF host in the 
phone and virtually creates a serial port over Bluetooth v2.0.  

V. Overview Of Software Structure 
The communication model of our mobile phone based robot 

system consists of three levels of software as shown in [Figure 
5]. The bottom level of the structure supports hardware interface 
built on device specific functions such as motor system 
commands, serial port protocol, Bluetooth RF driver, and timer 
control for data transfer routines. This base level structure is 
described in the first subsection. On top of the device level, the 
middle level software manages the data structure of robot 
motions and the routines for both recording customized 
animations and playback. The user interface modules are also at 
this level as they are a middleware that helps data sharing among 
different communication routines at each level; at the lower level 
between a phone and a robot, at the middle level between a user 
and a phone, and at the higher level between a phone and a 
mobile network service. The following subsections describe 
those middle level software structures. The highest level 
structure deals with messaging protocols that enable our system 
to support various types of social robot services using the mobile 
network. In the last subsection, we briefly introduce how the 
messaging model can be integrated into current mobile phone 
native services and other wireless networks that are available 
with recent smart phones. 

A. Device Level Interface 
Our system was developed to integrate and to run on two 

different hardware platforms; a robot and a cell phone. The 

bottom level structure of the software, thus, manages the 
interface between the two devices so that higher level software 
on the phone can easily drive the motor system of the robot.  

To allow the communication, we first modified the robot 
control board by adding an ACODE-300 Bluetooth embedded 
chip which is configured in single-link server mode (or slave 
mode) (Firmtech co. Ltd., 2007). It runs a wait routine until 
another active client (or a master client) requests a connection. 
The server module hides itself from arbitrary clients, so that a 
Bluetooth compatible cell phone device can request a connection 
only when it knows the address and the password key of the 
server.  

Once the Bluetooth connection is established, it works as like 
a RS-232C serial port. The serial communication protocol is 
strongly dependent on robot controllers, so a kind of device 
driver should be developed for each controller board. For 
example, the data transfer speed in our system is set 57,600bps 
because the Bioloid robot kit allows no other options. There are 
a couple of other restrictions the robot kit has, such as; a single 
command packet must be two bytes; and the input buffer only 
allows up to two command packets to be received at a time. So 
the current robot driver in our system is forced to pack each 
command and parameters in a 16bits instead of using a text 
based protocol. Also, to avoid the second limitation, the data 
communication is managed in a timely manner with contingent 
control.  

The main routine on the microcontroller of the robot is rather 
simple. It interprets commands from the phone to set up a mode 
or to control motors, and sends responds or motor readings to the 
phone. 

B. Data Structure for Robot Animation 
One of the main structures in the middle level software is the 

animation management module for robot gestures. The 
animation module consists of four components containing 
information on a motor, a robot pose, a robot motion, and a list 
of animations. They are hierarchically abstract to robot motions. 
A Motor component, representing a moving part of a robot, 
basically has three numeric members mapped to the motor 
index, the motor angle and the speed. More members can be 
included to handle optional attributes of a motor such as 
acceleration, the range of movement, temperature, torque, or so 
forth.  

A Pose object consists of multiple Motor components and 
has peripheral attributes in order to show a posture of a robot. 
The peripheral members include the index of the pose in a 
motion and the delay time that determines how long the pose 
stays still.  

A Motion is a series of multiple poses that construct a 
complete cycle of a moving gesture of a robot. Each Motion has 
a repeat count, an index, and the next motion’s index, so that a 
combination of motions generates a more complicated 
animation.  

The top level component, called the Animation module, is a 
collection of robot motions. It has 23 default animation sets and 
enables the system to manage motion playback and recording. 
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Figure 5. Software Structure of our mobile phone robot system 
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C. User Interface Customizing Robot Animations 
Our system integrates robotic movements with a mobile 

phone in order to provide an intuitive way that helps a user 
interact with other users and services. Gesture playback is one 
way that transfers phone information to a user. The other half is 
gesture animation recording. However, most phone devices have 
only limited screen area to support an easy GUI for gesture 
recording. Our system employs a Grab-and-Move style 
interface, so that a user can directly manipulate each part of the 
robot and generate his/her own robot gestures. When the system 
runs in the recording mode, it continuously reads motor status to 
construct a robot pose at the moment while a user moves a 
robot’s limbs. The posture data can be recorded either 
continuously in every 50 milliseconds (say, continuous mode) or 
at a certain time point that a user selects (discrete mode). The 
Animation module then collects the postures to build a robot’s 
gesture animation. The selection between the two recording 
modes, continuous and discrete, is made depending on the 
application context. For example, discrete motion data would be 
preferable to be sent via SMS, whereas continuous one would be 
better for local applications (e.g. customizing incoming call 
gestures) or with a faster wireless messaging service (e.g. using 
an instant messaging typed communication). Those recording 
modes are described more in the next section with application 
examples.  

D. Gesture Messaging Protocol 
Motion data is encoded into a text string to be sent to other 

devices. We standardized a gesture messaging format so that it 
fits well with existing text based communication services such 
as SMS or Instant Messaging (IM). This enables a developer to 
build a new system independent of hardware configuration. If 
one needs to implement a PC application or to use a new robot 
system that communicates with existing robot platforms, for 
example, only one or two lower level data structures need to be 
written. 

A gesture message consists of a header and a body as shown 
in [Table 1]. The very first marker of the header is the Start of 
Gesture Message indicator for which we arbitrarily use “##”. It 
is followed by a text emoticon with a 2-byte checksum that 
determines a facial expression to be displayed. The header length 
and the protocol version come next at one byte each. The next 
four bytes are reserved to link multiple messages as an animation 
data may consist of one or more motions. The last two-bytes 
state the number of motors of the robot system and the number 
of poses included in the motion. The message body, which is a 
Motion data object, consists of multiple Poses. A Pose, again, is 
a series of motor information plus the period of time the pose 
stays. Some exceptional formats such as emoticon-only 
messages are allowed for ease of use. For example, a text 
message with one of the default emoticons triggers the 
corresponding gesture animation with a facial expression. The 
preset of the expressions includes common emoticons such as 
“:D”, “=P”, “:$”, and so forth. 

VI. Applications and Messaging Interface 
The phone software takes care of robot motions and 

messaging protocols that enable our system to support various 
types of social robot services using the mobile network. As a 

simple example, CALLO, our second prototype, can intercept 
incoming calls or recognize emoticons from a SMS message, 
then activates a robot animation with a corresponding facial 
expression displayed. As another example, motion data is 
encoded into a text string to be sent to other devices, so that a 
user can share his/her customized robot gestures with other users 
over SMS or Wi-Fi. However, it is a very painful process for a 
user to create a gesture message using a conventional SMS editor 
or IM dialog. In the following sections, two robot animation 
methods of CALLO are presented with difference application 
scenarios. 

A. Sending Robot Gestures over SMS 
Our robot animation protocol, which is basically a serialized 

collection of numbers, is transferred to control a remote system 
over standard short text messaging service. 

The first and the simplest SMS application we developed 
with CALLO was the one that responds to a text message 
containing a known emoticon. For example, a text message 
“going out with Chris tonight? :O” comes with a “surprise” 
expression, whereas a message “=D coming here with Chris 
tonight?” shows big smiley face and gesture. CALLO currently 
has 23 expressions pre-defined, each consists of a simple text 
emoticon, a face image, and a moving robot gesture. 

A more sophisticated gesture messaging example between 
two or more CALLO devices would involve recording tasks, as 

TABLE I. MESSAGING PROTOCOL FOR EXPRESSIVE ROBOT PLATFORMS 
OVER MOBILE PHONE SERVICE 

 
Name Structure and Description 

Header 

Start of message “##” 

Emoticon ** 
e.g. 
“:-/”, “=P” 
2-4 bytes 

Checksum Numeric 
2 bytes 

Header length 

Numeric 
1 byte each 

Protocol version 
Number of motions 
Index of current motion 
Index of next motion 
Number of motors 
Number of poses 

Body 

Pose #1 

Time span 
Numeric 
1 byte each 

Reserved 

Motor #1 Moving speed 
Goal position 

Motor #2 
Same as 
Motor #1 … 

Motor #N 
Pose #2 

Same as 
Pose #1 … 

Pose #N 
** A text message including only an emoticon can also trigger a pre-
defined robot animation with a facial expression. 
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some people prefer to use customized animations in PC-based 
instant messages. A messaging application in our system helps a 
user generate a text message that is interpretable to a facial 
expression and a gesture animation, so that the user can easily 
send it using the standard SMS user interface of the phone. 
[Figure 6 (top)] shows an example of this type of text message. 
We used “##”as a delimiter to locate the header of the message.  

A standard short text message has a length limit either of 160 
7-bits or 70 2-bytes characters which only allows 8 poses to be 
included in a message considering that the motor system of 
CALLO has 6 degrees of freedom. The gesture messaging 
application allows the discrete animation format to be used over 
SMS. As shown in [Figure 6 (bottom)], a user can create an 
animation sequence in a small chunk of text string by following 
procedures; 1) to set an emoticon, 2) to shape a posture by 
moving robot pieces, 3) to record current pose, 4) to add more 
pose by repeating two previous tasks, 5) to edit the generated 
text, and 6) to send the text message. 

 
Figure 6. An example of gesture message; an ‘X’ indicates a 2-bytes Unicode 
letter as our system uses 140bytes SMS standard (top); a screen capture of the 
animation editor where each line represents a pose (left); and the text message 
generated from the gesture data. The letters are usually not readable. The first 

characters of the message, “Hello, world!”, was added using the phone’s 
native text messaging application (right). 

B. Synchronizing Gestures in IM 
The continuous motion data format is preferable in terms of 

user interface when the message length is not an issue, for 
examples, in an instant messaging, in a multi-user chat, or in an 
application that stores the data in a local memory (e.g. creating 
a gesture as an incoming call indicator). The animation data 
format is similar to the discrete one’s except the message header 
does not specify the length of gesture data (Figure 7). CALLO’s 
instant messaging application demonstrates the use of 
continuous data format and the easiness of its user interface. 
Here is how a user manipulates his/her robot to synchronize the 
movement to the counterparty’s; 1) to request a permission to 
control the remote device and to set each robot in recording and 

playback mode if the request is guaranteed, 2) to send a message 
header with an emoticon, 3) to move his/her robot, and 4) to send 
emoticons to change facial expressions. 

C. User’s Feedback for Direct Manipulation Interface 
We conducted a pilot user study to find potential benefits and 

limitations of the developed message interface of CALLO. We 
were also interested in how exactly people can generate robot 
animations as they want. Six participants in age from 23 to 31 
were recruited for the test. The subject group consisted of 3 male 
and 3 female graduate students who had no experience in robot 
study or in playing with robot applications.  

The study consisted of three stages and a questionnaire 
session. First, in order to decide the maximum speed of motor 
manipulation, participants were asked to move a robot arm as 
fast as they can, from the bottom to top (180 degrees up), and in 
opposite direction (180 degrees down), five times each. In the 
second phase, they were asked to create four robot gestures 
expressing four different emotional states namely; happy, sad, 
surprised, and angry. Two-arm movements, one degree of 
freedom each, were recorded for each expression. Then the 
participants were asked to re-produce each gesture in five times.  

Participants moved a motor at speed of 144.57 degrees per 
second in average. Minimum and maximum were 92.40 degs/s 
and 212.52 degs/s respectively. There were no difference found 
for each user, but the speeds of moving up and down were 
significantly different (M=137.65, SD=25.00 when moving up, 
M=151.48, SD=32.16 for moving down, t(29)=3.16, p=.004)). 
In the questionnaire, the participant reported that they found a 
better grip when they moved the robot arm to down direction. 
We collected a series of {time, motor position} datasets from 
each task of the second and the third stages. The data sets from 
the third tasks were then compared to the original records from 
the second stage. Fréchet distance (Alt & Godau, 1995) and user 
ratings were used as a test metric, yet we didn’t find any 
statistically significant result due to the small number of sample 
size. 

In the questionnaire, participants reported that the robot 
interface provided an exciting new experience and that the 
animation method is intuitive. Motor sound was revealed 
another good feedback for expressions. Most limitations were 

Hello, world!  ##=)XXXXX   Pose #1          More poses 

User message 
Gesture message  
(generated using the robot animator) 

Header Body 

Hello, world!  ##=)XXXXX   Pose #1          More poses 

User message 
Gesture message  
(generated using the robot animator) 

Header Body 

More poses           ##=)                         More Poses 
Body New emoticon Body 

… 

## 
End of Message 

Figure 7. Creating a gesture message in the continuous format for Instant 
Messaging applications 
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found from the motor system. The servo motor we used has a 
relatively heavy resistant torque loaded even when no signal is 
on, so participants felt afraid to break the robot. Some subjects 
could not find a good grip during earlier trials and sometimes 
had their thumbs caught in the robot parts. As the degrees of 
freedom of CALLO’s motor system were felt limited to fully 
describe emotions, participants desired facial expressions too 
(we didn’t provide the robot’s facial expressions during the test). 
The pilot study result suggested improvements for the robot’s 
gesture animation interface that may be accomplished by either 
better, at least more easily movable, motors or other 
manipulation methods, for example, a vision-based method in 
the following subsection. 

D. Vision Based Gesture Animation 
The second robot animation technique uses a fast computer 

vision engine that extracts user’s hands and face positions. When 
a streaming video is captured from the front camera of the phone, 
the animation module first runs a Gaussian mixture of skin color 
to distinguish hands and face regions from background. We used 
two classification models, for skin and non-skin colors, which 
are composed of 16 Gaussian kernels (N=16) respectively based 
on Bayesian rule as seen in the following formula. Parameters of 
mean, covariance matrix, and weight values are additionally 
used as suggested in (Jones & Rehg, 2002) to improve the 
detection rate. 

 

where, x = RGB color vector of an input pixel, T = threshold 
from prior probabilities, P(skin), P(non skin), and the costs of 
false positive and false negative, Cn and Cs. 

 

The strictness level of skin color classifier is dependent on 
the costs, so if Cn increases and Cs 

decreases, skin classifier 
determines whether an input pixel is skin color or not more 
critically. We reduced the computational time by transforming 
the input images into 40×30 resolutions, since we aim for a quick 
and adequate detection result, not a precise estimation as pointed 
in (R. Li et al., 2007; Ogawa & Watanabe, 2000).  

 
Figure 8. Hands and face regions before face detection is applied; correct result 

(top); false result (bottom). 

Then the system runs two routines, K-means clustering and 
face-detection, to locate face and hand regions from the 
extracted skin color data. Once three groups of skin areas are 
classified through K-means algorithm (Figure 8), the face 
detection routine (Viola & Jones, 2004) determines the face 
region and two others as hands.  

After the localization process, the gesture module shapes a 
robot posture according to the coordinates of the user’s face and 
hands. The computer vision based animation method is fast and 
easy, yet, so far, not applicable for SMS or other applications 
that use the discrete gesture messaging format. 

VII.   Conclusion And Future Work 
We presented an interactive social robot platform that could 

help users communicate with each other or to autonomous 
services via mobile phone networks. The developed system, 
CALLY and CALLO, successfully integrates anthropomorphic 
facial and body expressions to mobile phones. As an example, 
the gesture messaging application is implemented based on the 
paradigm of cell phone as a social avatar. The prototype shows 
how our system fits into current telecommunication services 
such as Telephony, SMS and instant messaging. From the 
gesture messaging system, it is suggested that a tangibly 
expressive avatar system also requires new robot animation 
methods to overcome the lack of the input modalities of small 
devices. Two gesture customization methods were thus realized 
by adopting direct manipulation and computer vision based 
techniques. The direct manipulation method was applicable for 
both continuous and discrete messaging formats. The vision 
based method provided a quick and easy interface but was 
limited to continuous gesture messaging protocols. 

A future work will include an improved messaging protocol. 
Data compression allows a longer and smoother robot animation 
within the length limit of a SMS message. Data conversion 
between the continuous and the discrete messaging formats is 
another room for improvement in terms of user interface, as it 
would enable a user to record a complicated gesture without 
selecting key-frames, then to send the animation data through a 
short message. 

The vision based robot animation module we introduced in 
this paper shows a fast and robust performance in the PC 
environment. Currently it receives real time steaming images 
from a mobile phone camera via Bluetooth and extracts hand 
positions. We are adopting the implementation to a Symbian 
device and hope to include the result in the conference. 

Future applications of CALLY and CALLO will examine 
personalization issues of robotic products and technologies such 
as GPS, facial animation, and text-to-speech. Updates will be 
posted at our project blog, http://cally.iat.sfu.ca/. 
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Abstract 

Telepresence is an emerging market for everyday robotics, while limitations still exist for 

such robots to be widely used for ordinary people’s social communication. In this paper, 

we present our iterative design approach toward an interactive bidirectional robot 

intermediaries along with application ideas and design considerations. This study also 

surveys recent efforts in HCI and HRI that augment multimodal interfaces for computer 

mediated communication. We conclude by discussing the key lessons we found useful from 

the system design. The findings for bidirectional telepresence robot interfaces are of: 

synchronicity, robot’s role, intelligence, personalization, and personality construction 

method. 
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Introduction 

Considering that the personal computer industry once had successful market ancestors (e.g. 

devices targeted for games and digital printing), it is believed that one or more killer 

application areas of social robots will be discovered long before the technology advances 

enough to allow autonomous personal robots around us. Telepresence is an emerging 

market for everyday robotics. Several companies recently have announced or are already 

selling a new generation of remote presence systems using mobile robots such as Texai, 

RP-7i, Tilr, QB, and Vgo (Markoff, 2010). In most cases, the robots are controllable from 

afar and capable of transmitting audio-visuals to the operator, in the same way that an 

unmanned vehicle is used in remote exploration tasks. 

For socially interactive robots, especially ones used for bidirectional avatar systems that 

enable users to telecommunicate to each other, there is a significant difference in the 

controlling system from tele-operation systems. While the robot interface is the main 

input/output channels for all users in an avatar-like system configuration, the supervisor of 

a tele-operation system still has to control the robot through traditional GUIs. A robot 

system for interpersonal telecommunication must provide a robot-based UI that enables the 

co-located user to create/edit robot animations, while simultaneously representing the 

remote user’s virtual presence.  

A couple of questions arise. In what situation does an interaction technique work well? 

Which interface modalities are the best for certain applications and what are the alternatives? 

Our research addresses modality issues of computer mediated communication service. We 

aim to examine interactive interfaces in the context of tele-presence artifacts, to explore a 

new design space of such products, to suggest implementations of such robot systems with 

possible application areas on inexpensive platforms, and to discuss the implications for 

user interactions. 

In this paper, we present our design approaches toward interactive bidirectional 

telepresence robots, CALLY and CALLO, along with design implications on 

characteristics of different kinds of applications. This study also surveys recent efforts in 

HCI and HRI that augment multimodal interfaces for computer mediated 

telecommunication. We only provide a brief introduction of the robot’s technological 

aspects in this paper, as we have already described the details of our system specifications, 
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software structure, messaging protocols and robot animation techniques in previous work 

(J.-D. Yim et al., 2010). 

 

Figure 1. CALLY (left; the first generation prototype) and  
CALLO (right; the second prototype). 

 

Related Work 

We see a robot as an interactive tool instead of an artificial intelligent organism. The scope 

study in this paper thus covers functionally designed social robots (Fong, 2003) of which 

appearance and body movement add value to interpersonal communication, but does not 

include highly autonomous mobile robots that recognize social cues, make decisions, and 

learn social skills from human users.  

New modalities for Telecommunication  

Recent computer-mediated communication tools are augmented with a variety of new 

services, such as SMS, email, IM (instant messaging), blogs, video call and social 

networking applications (King & Forlizzi, 2007; Lottridge et al., 2009). Expressive 

interaction modalities have not been actively discussed in the field of agent systems. 

Instead, a number of approaches have been attempted to build interpersonal 

telecommunication assistants that enhance emotional relationships between remote users, 

e.g. couples in a long-distance relationship (Mueller et al., 2005).  
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HCI researchers and designers have suggested expressive and more tangible means of 

interpersonal communication including emotional icons (Rivera et al., 1996), abstract 

graphics with animation (Fagerberg et al., 2003), phonic signals (Shirazi et al., 2009), 

tactile vibrations (Werner et al., 2008), force feedback (Brave et al., 1998), and RUI 

features (Sekiguchi et al., 2001) in zoomorphic or anthropomorphic forms. People are more 

engaged with a conversational process when they create messages with an interactive user 

interface (Sundström et al., 2005) and talk to a humanoid robot (Sakamoto & Ono, 2006). 

Li et al. argue that even a simple robot gesture is able to communicate emotional and 

semantic content, but knowledge of situational context and facial expressions have much 

more impact (J. Li et al., 2009). 

Robot Animation Techniques 

Tele-operation provides a technical basis for interface systems that control remote robots. 

It has been extensively studied where an unmanned vehicle or a robot plays serious roles 

for example in a military context and for space exploration (Podnar et al., 2006). Recent 

applications show that a wider range of computing devices can now run a robot agent from 

afar (Gutierrez & Craighead, 2009; Podnar et al., 2006; Squire et al., 2006).  

Motion tracking techniques, which have a longer history in the film and gaming 

industries, suggest a convenient interface for robot animations. Timeline based animation 

techniques support easy editing methods (Breemen, 2004). But some robot platforms do 

not afford such tracking equipments or large displays (Gutierrez & Craighead, 2009). 

Researchers in HCI and HRI have shown multimodal interface styles such as direct 

manipulation with/without kinetic memory (Frei et al., 2000; Raffle et al., 2004), audio-

driven methods (Ogawa & Watanabe, 2000), vision-based control (R. Li et al., 2007), and 

the Program by Demonstration (Billard, 2004) with mathematical models as possible 

methods for incremental refinement (Calinon & Billard, 2007a; Gribovskaya & Billard, 

2008). Ogawa et al. (Ogawa & Watanabe, 2000) and Li et al. (R. Li et al., 2007) pointed 

out an interesting and valuable aspect of robust tracking systems: “quick response and 

adequate accuracy to the user’s gesture are sometimes more important than precise 

estimation for avatar-like communication systems.” 
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Toward Bidirectional Telepresence Robots 

Currently available telepresence robots have both strengths and limitations for ordinary 

person’s social communication. They are meant to deliver the remote operator’s identity to 

the local users, and are often equipped with a video-conferencing display to render a human 

face. The abstract and anthropomorphic look-and-feel of such robots has advantages in 

representing the operator and minimizes the Uncanny Valley problem in part by reducing 

the local user’s expectations to the robot’s intelligence. The design is also beneficial in 

terms of commercialization – when a robot needs to resemble the operator’s facial features 

and expressions, live streaming video will be superior to physically crafted masks. They 

cost less and are more.  

Limitations still exist besides the expense, artificial intelligence and wheel-based 

mobility for telepresence robots to be widely used. First, there have been only a small 

number of applications and use scenarios introduced with the robots. While many of the 

robots are focused on real-time telepresence scenarios, delayed (or asynchronous) 

telecommunication may be more desirable in some circumstances. Second, the robots 

mostly depend on verbal and facial cues when they communicate. Body gestures, 

especially arm movements are functionally useful and also an important norm for human 

communication, but not available in existing telepresence robots. Last, the robot interface 

is inconsistent for the users in different roles. The operator can virtually exist at two 

different locations by controlling her puppet and allow remote persons to feel her virtual 

presence throughout the robot avatar. However, as the puppeteer’s control unit still consists 

of conventional GUIs, there is less chance for the remote users to reflect their human affects 

back to the operator. This type of one-way telepresence fits certain conditions, such as a 

doctor’s round, CEO’s meeting, or disabled person’s going-out, rather than for everyday 

situations like ordinary people’s social telecommunication.  

Our robots are designed to address these limitations. As we aim to explore more of 

believable application scenarios of telepresence robots, our robot prototypes inherit the 

major advantage of the current system, which is flexible use of flat panel display screens. 

Our robots are equipped with non-verbal and expressive means of social communication, 

i.e. anthropomorphic features and body gestures (Figure 1). Regarding the robot interface, 

we examine two-way interface modalities. We assume that a user would interact with the 
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co-located robot to control the other robot in a remote place, and vice-versa, hence the two 

telepresence robots should be identical in terms of the interaction scheme as seen in [Figure. 

2 (bottom)]. 

 

Figure 2. A comparison of interactions between tele-operation (top) and bidirectional 
telepresence (bottom) 

 

Designing Robots and the Interface 

The robot phones, CALLY and CALLO, are prototypes developed in our research. They 

are designed to use robotic social abilities to add anthropomorphic value to 

telecommunication services. Each robot consists of a cell phone head and a robot body. 

The cell phone device shapes the robot’s face and acts as the robot’s brain. When the robot 

part receives commands from the phone, it allows the system physical abilities such as 

spatial mobility and body gestures. This robot configuration is especially beneficial for 

testing realistic scenarios, as it enables the system to be tested on real world 

telecommunication networks (e.g. during telephony talk) and to be involved with detailed 

user interactions (e.g. on phone ringing, a user may pick up, wait, or hang up).  

In the following subsections, we introduce our iterative design process along with robot 

applications we developed at each design phase. 
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PHASE 1. Ideation and low-fi prototypes 

Our approaches in the first phase were mostly oriented traditional user-centered design 

methods. Application ideas were generated through brainstorming and detailed by drawing 

idea sketches. The first prototype, CALLY, was not fully programmed in mobile phones 

but partly controlled by a PC. The prototype enabled us to examine basic form factors, 

mobility limitations and robot expressions. However, the primitive robot only allowed us 

to implement a few number of static functionalities such as facial expressions and simple 

pre-programmed behaviors in an alarm clock situation. 

 

Figure 3. One of the paper masks we used for participatory design session. 

 

In spite of the robot’s limited functionality, it is confirmed that low-fi prototypes 

facilitate design collaborations as a participatory design tool. A participatory design 

method using paper masks was useful for us to describe users’ expectations toward the 

system for each given use context; for example, participants did not press or touch a button 

on the robot, but just talked to it, say, “Robot, make a call to Greg.” or “I’m busy. Ignore 

the call.” (J.-D. Yim & Shaw, 2009)  
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PHASE 2. Simple robots that connect people 

One of the lessons we learnt from the previous design exercise was the importance of non-

verbal social cues that a robot could possibly utilize by using face expressions and body 

gestures. So the second generation robot, CALLO, had fewer motors, but equipped with 

more body gestures. The major improvement of the system was the software structure; 

CALLO independently runs on its mobile phone brain and became capable of handling 

telephony services. In the application scenario, the robot was responsible for indicating 

incoming calls and the caller’s identity by executing different facial/body expressions 

according to the user’s address book information. 

 

Figure 4. CALLO’s call indicator actions; “lover’s dance” (left), and “feeling lazy when 
called from work” (right). The phone application handles telephony routines and controls 

the robot body. 
  

PHASE 3. Giving control to users - robot animation interface and gesture messaging 

CALLO’s call indicator scenario evoked a question: how would one program the robot’s 

gesture animation when setting up the phone book? Considering that people assign 

different ring-tones for special friends and that some of skillful users make customized fun 

animations for instant messaging, the question was regarded as interesting. However, many 

traditional animation techniques were not available for cell phone robots, because they 

often require larger display screens, pointing devices, or tracking equipments. 

As a solution for the user to create customized robot gestures, a tangible animation 

technique – direct manipulation method – was employed in the system. Programming by 
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direct manipulation provided an intuitive interface; the user was able to record robot 

animations simply by grabbing and moving robot limbs. The interface technique was also 

advantageous in messaging application scenarios (Figure 5). 

 

Figure 5. Sending a robot gesture over SMS; a user can design the robot’s gesture 
animation 

 

PHASE 4. Interface for Real-time Telecommunication 

Direct manipulation is an easy-to-learn and robust interface for robot animation tasks. In a 

synchronous telepresence scenario in which two CALLO robots mediate two remote users 

through video-call, the interface helped the robots exchange gestural expressions each 

other [Figure 6]. However, there were significant limitations pointed out by our research 

team and by the pilot test participants. First, the usability of this sort of interface is mostly 

determined by the motor system. Some of the pilot subjects reported that they found it hard 

to move the robot arms and sometimes had their thumb caught in the robot parts. Another 

problem of direct manipulation method we found more serious is that the interface does 

not support the human mind handling natural body movements. In other words, a user 

would not use the interface to control the remote avatar when they are engaged in a video-

“design” of  
robot gesture 
 + test 
 + edit 
 + re-design 

SMS or any 
delayed 
comm. service 
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call, because people do not attentively make gestures when they talk. It is turned out that a 

direct manipulation interface would work the best for delayed telecommunication scenarios 

such as SMS, email, and IM, where the users are allowed to “design” the robot gestures to 

send as they hit the Enter (or Send) key. 

 

Figure 6. CALLO’s video-call; the girl at the other end of the network is controlling the 
robot 

 

 

 

Figure 7. Creating an animation using a live streaming video; the phone’s front camera 
does the work (left); detecting hand regions (right); false result may occur without face 

detection routine (right-bottom) 
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PHASE 5.Computer Vision-based Manipulation 

In order to address the problems of direct manipulation method, the second animation 

technique utilized a fast computer vision engine that extracts user’s hand and face positions 

[Figure 7]. The vision engine runs a Gaussian mixture of skin color to distinguish hands 

and face regions, by using two classification models, for skin and non-skin colors, which 

are composed of 16 Gaussian kernels respectively based on a Bayesian rule. The vision 

detector classifies three skin color regions and localizes two hand positions by a face-

detection routine.  

In this case, the animator controls two motors simultaneously. While it has not 

statistically been tested yet, vision-based method is expected to be more effective in 

synchronous communication mode than the direct manipulation method. 

Design Implications 

In this section, we discuss the implications from our design process and robot 

implementations. The discussion topics can possibly guide future telepresence application 

ideas or robot’s interface design processes.  

Synchronicity of Communication 

Synchronicity is a comparison axis that helps us examine the types of existing 

communication systems along with conversation patterns from synchronous to 

asynchronous levels (Karahalios, 2000). Face-to-face conversation is a form of 

synchronous communication which involves all the parties present at the same time, where 

a letter is a traditional form of asynchronous communication which does not involve the 

participants at the same place or time. Conference talk and word of mouth are in-between 

forms with multiple parties in delayed times or difference spaces. The communication 

patterns have evolved through digital age to electronically mediated forms including 

telephony, video-conferencing, SMS, IM, Twitter, and so forth. 

As we briefly discussed in the earlier section, synchronicity determines whether or not 

an interface modality is feasible for a computer-mediated system, because the cognitive 

effort required for gesture animation depends on communication patterns. A user can 

design the content of a message in most asynchronous and text-based communication 
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systems. However, in a synchronous mode, such as face-to-face or telephone talk, the user 

will heavily rely on habitual mind to quickly respond to the conversation. It is obvious that 

each of the two human minds is dominantly involved with each interaction process. IM 

applications take advantages of both communication systems, with which the sender can 

hold and edit a message until she hits the Enter key while all the participants of the talk 

know that they are communicating via a real time system. 

CALLO demonstrated both communication models using SMS and video-call. Its 

gesture animation interfaces worked differently for synchronous, asynchronous or semi-

synchronous applications. It is believed that many more RUI modalities will be discussed 

with synchronicity. Also, we believe that many of traditional communication patterns, such 

as word of mouth or pre-recorded conference talks, have not been actively explored in the 

domain of HRI. 

Robot’s role 

Personal assistant (or secretary) robots deal with information to help the master user, to 

work independently sometimes, or to interact with other people who want to communicate 

to the robot’s owner. For instance, squirrel robots in (Marti & Schmandt, 2005) takes 

incoming calls when its master is busy, then the robot automatically retrieves caller 

information, gives options to users, waits for user input, collects audio signals to recognize 

the master’s availability, and decides a proper behavior such as a subtle indication 

movement, a silent decline, an audio output, a voice mail mode back to the caller, a user 

choice, etc. If the system advances enough to decide “proper” behaviors, the artificial 

secretary will be beneficial because it will enable user to release some social burdens in 

exchange for a bit of personal information. 

Avatar (or surrogate, puppet) robots, on the other hand, are a duplicated physical body 

of the user at a remote place. Responsibilities of avatar robots are to portray the remote 

operator’s presence to a person (or people) co-located with it, and to give the operator as 

much information as it can collect from the remote site. This type of system helps 

communication by giving more abilities to the user. For example, the operator can virtually 

exist at two different locations by controlling her puppet; allow remote persons to feel 
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his/her virtual presence throughout the robot avatar; and expand his/her sensing abilities to 

a place a far.  

Intelligence 

A social robot can be implemented upon varying complexity of intelligence depending on 

the robot’s role, functionality, behaviors, interaction scenarios and many other aspects. 

Human-robot interaction is sometimes more specifically described by the characteristics of 

robots that are of social interface, socially receptive, sociable, socially intelligent, or others 

(Fong, 2003).  

Personal assistant robots are meant to have a sophisticated artificial intelligence. The 

robot’s functionality – e.g. awareness of the master’s availability, generation of suggestions, 

and decision making of a proper behavior – can be highly complicated, and should be 

carefully designed. The avatar robots demands relatively lower level of intelligence to 

properly work. Although the telepresence robots are still expensive, the technology is near-

commercialization. There are possibilities for the avatar robots to be equipped with higher 

level technologies, e.g. avoiding cliffs, learning languages.  

Personalization 

The term personalization is defined as a process that changes the functionality, interface, 

information content, or distinctiveness of a system to increase its personal relevance to an 

individual (Blom, 2000). Personalization, also often described as customization, is initiated 

by either a system or a user, or sometime both. An agent system deals with information to 

help work related personalization and lets the user confirm the change. A user may 

customize a work environment, use stickers, or change ring-tones for different contact 

groups in his/her cell phone. Such activities not only give a product an identity and sense 

of life-likeness, but also make a user feel attachment to a product (Sung et al., 2009) and 

to a robot (Groom et al., 2009). Thus the personalization activities may build long-term 

intimacy between the product and the user. 

A RUI, if it is well designed, can provide the users with great opportunities of 

personalization. However, it has not been much discussed as a means of personalization, 

while screen-based pet applications, different looks-and-feels, and functionalities have 
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been long used in the domain. It is also worthwhile discussing personalization issues along 

with personality traits to address privacy concerns. 

The typical design of telepresence robot – a wheel-actuated moving base combined with 

a display screen – has common advantages in co-located human-robot interaction. It helps 

navigation, and its look-and-feel minimizes the Uncanny Valley problem (Mori, 1970). 

When the robots need to resemble the operator’s facial features and expressions, live 

streaming video can quickly help. It is easy to give the operator’s personality to avatar 

robots – the robots are designed for that use. For the secretary robots, however, 

personalization provokes many challenging questions (e.g. whose personality should a 

robot resemble? and in which ways can a robot build personality?).  Although the 

technology is not enough to ask the questions for the time being, those questions can 

potentially become very serious design problems which involve user’s preference, 

concerns about privacy, situations awareness, and so forth.  

Conclusion 

In this paper, we introduced the design approaches we took into consideration to create 

CALLY and CALLO robots. Based on the assumptions about bidirectionally interactive 

telepresence robots, a design space of HRI has been explored and discussed. We 

summarized our findings as design implications, each of which asks further research 

questions in the development of telepresence robot interfaces. More information about 

CALLY and CALLO are available at our project archives, http://cally.iat.sfu.ca/. 
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