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Throughout life, we learn the rules of social behavior by observing others, by
exposure to diverse social contexts, and, in some cases, through targeted intervention.
More than learning the rules and expectations on how to behave, social regulation
involves the dynamic, real-time coordination of one’s internal states and outward
behaviors to meet those expectations. Regulation becomes challenging when internal
states conflict with external demands, such as in moments of heightened emotion,
sensory overload, or social ambiguity. In certain contexts (such as isolation during a
global pandemic) or for some individuals (such as those with autism), social regulation
can be difficult to achieve and even harder to sustain.

This dissertation positions robots as tools to support the learning of social regu-
lation. Robots are embodied platforms and thus offer unique potential for enabling
on-demand, physically co-present interactions. Although the field of robotics has
traditionally focused on reliability and precision of motion to achieve physical task
assistance, a growing body of literature demonstrates that humans often perceive and
respond to robots as social entities. Building on this insight, we explored how robots
can provide social value and assistance.

To develop such socially assistive robots, we had to overcome significant tech-
nical challenges and rethink the prevailing norms in the field. True social learning
unfolds over time and requires exposure to novel real-world situations that test the
relevance and adaptability of learned strategies. However, much of what we know
about human-robot interaction has emerged from experimental studies in controlled
laboratory or clinical environments over short timescales and typically focused on
interactions between a single robot and a neurotypical adult. For robots to effec-
tively support social regulation learning, they must operate reliably in unstructured,
everyday environments; sustain long-term, repeated engagement with users of vari-
ous cognitive profiles and social needs; adapt to evolving user behavior and progress;
and respond in ways that are not only effective, but also socially appropriate and
safe. Every component of this requires overcoming significant computational and
non-computational challenges.

Across five core studies presented in this dissertation, we describe our design, de-



velopment, and deployment of robots that achieve this. While establishing feasibility
is a necessary first step in ensuring that a robot operates safely, consistently, and ac-
ceptably, our work also examines whether these robots yield meaningful therapeutic
outcomes. All experiments were conducted outside of laboratory settings, involved
interactions spanning several days to a full month, and took place under challeng-
ing real-world conditions, including deployments in participants’ homes during the
COVID-19 lockdown. Each study was carefully designed to meet the needs of a
highly specialized and protected user population. Collectively, these studies demon-
strate the value of robots for encouraging a wide range of regulation skills, including
attention sharing, turn-taking, conversational reciprocity, resiliency to interruptions,
deep breathing, and emotional de-escalation.

This dissertation presents the first robots developed specifically for adults with
autism. It includes one of the only robotic studies to demonstrate continuous learning
progression linked to clinical measures of therapeutic efficacy. In addition, it includes
the first use of foundation models to deliver unscripted and improvised therapy. It
also presents the first robot to address behavioral de-escalation in public spaces while
remaining agnostic to users’ age or diagnostic profile.



Building Intelligent Robots for Social
Regulation Therapy

A Dissertation
Presented to the Faculty of the Graduate School

Of
Yale University

In Candidacy for the Degree of
Doctor of Philosophy

By
Rebecca Ramnauth

Dissertation Director: Brian Scassellati

August 2025



Copyright © 2025 by Rebecca Ramnauth
All rights reserved.



For Regina—it is God’s mystery in you that started this.

iii



Acknowledgments

First and foremost, I thank my advisor, Brian Scassellati. Scaz has the unique gift

of championing ideas that might be considered too ambitious, too eccentric, and too

controversial anywhere else. More than that, he helps manifest those ideas in the

most fun and creative ways. He has fundamentally shaped the kinds of questions I

now ask and the way I go about �nding the answers. I thank him for his guidance,

mentorship, and belief in me from the very start.

I also thank the other members of my committee. Frederick Shic has generously

shared his clinical insight and broader wisdom over the years, always encouraging me

to think more expansively about the reach and impact of my work. Marynel Vázquez

and Tesca Fitzgerald have modeled what it means to bring sincere joy to mentorship,

a quality I hope to carry forward.

I thank the many groups and individuals with whom I have had the honor of col-

laborating. I am particularly indebted to Draºen Br²£i¢ and Nicole Salomons for their

valuable feedback and support throughout these years. I also thank my colleagues at

the Yale Social Robotics Lab, Interactive Machines Group, Brain Function Lab (Joy

Hirsch), Child Study Center (Fred Volkmar and Pam Ventola), and Human Nature

Lab (Nicholas Christakis), along with the many students and team members in these

groups. It was a pleasure to learn alongside you all.

I thank the institutions beyond Yale that have meaningfully shaped my research

journey, including the New York City Department of Education Public Schools and

DIIT, the OECD (AI), the National Academies of Sciences, and the Ford Founda-

tion community. Their engagement has been both motivating and instrumental in

expanding the scope of this research. I also gratefully acknowledge fellowship support

from the National Science Foundation (NSF) and the National Academies of Sciences,

Engineering, and Medicine (NASEM).

I especially thank the many individuals and families who have participated in my

research projects. I thank you for your time, your trust, and your generosity. You

are at the heart of the studies presented here and I am grateful for the opportunity

iv



to learn from you.

To my parents and sisters, thank you for everything. Mom and Dad, you provided

me with sanctuary in every sense of the word; I have a sense of �home� and what it

means to be loved. I know how rare that is and I do not take it for granted.

v



Contents

List of Abbreviations xv

List of Figures xxi

1 Introduction 1

1.1 Potential of Robotics for Social Regulation . . . . . . . . . . . . . . . 2

1.2 Why This Work is Challenging . . . . . . . . . . . . . . . . . . . . . 4

1.3 Dissertation Structure & Contributions . . . . . . . . . . . . . . . . . 7

2 Toward Sustained Social Interaction: A Review of Trends, Gaps,

and Challenges in Long-Term HRI 13

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 What is Long-Term HRI? . . . . . . . . . . . . . . . . . . . . 17

2.2.2 Bene�ts of Long-Term HRI Research . . . . . . . . . . . . . . 19

2.2.3 Challenges of Long-Term HRI Research . . . . . . . . . . . . . 21

2.2.4 Prior Long-Term HRI Reviews . . . . . . . . . . . . . . . . . . 23

2.3 Review Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.4.1 Temporal Qualities . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4.2 Application Domains, Participants, and Locations . . . . . . . 33

2.4.3 Study and Robot Qualities . . . . . . . . . . . . . . . . . . . . 42

2.4.4 Result Types and Measures . . . . . . . . . . . . . . . . . . . 48

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.5.1 Opportunity: Designing for Teenage Participants . . . . . . . 55

2.5.2 Opportunity: Exploring Workplace Integration . . . . . . . . . 57

2.5.3 Opportunity: Standardizing Long-Term Study Metrics . . . . 58

2.5.4 Recommendation: Determining Core Study Features . . . . . 60

vi



2.5.5 Recommendation: Sustaining Engagement With Novel Behav-

iors & Personalization . . . . . . . . . . . . . . . . . . . . . . 61

2.5.6 Recommendation: Reporting the Full Data & Context . . . . 63

2.5.7 Review Limitations . . . . . . . . . . . . . . . . . . . . . . . . 64

2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3 Robots for Autism Therapy 66

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.2 Field Growth and Trends . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.2.1 Contextual Shifts A�ecting the Research Landscape . . . . . . 71

3.2.2 Publication Venues and Disciplinary Domains . . . . . . . . . 75

3.3 Intervention Design & Goals . . . . . . . . . . . . . . . . . . . . . . . 78

3.3.1 Clinical Foundations of Autism Therapy . . . . . . . . . . . . 78

3.3.2 Targeted Behaviors for Robot Therapy . . . . . . . . . . . . . 79

3.3.3 Structure of Robot Therapy . . . . . . . . . . . . . . . . . . . 87

3.4 Design of Robot Form & Function . . . . . . . . . . . . . . . . . . . . 95

3.4.1 Form: How Should the Robot Look? . . . . . . . . . . . . . . 96

3.4.2 Function: How Should the Robot Behave? . . . . . . . . . . . 100

3.5 Evaluation of Robot Therapy . . . . . . . . . . . . . . . . . . . . . . 105

3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3.6.1 A Spectrum of Sociability . . . . . . . . . . . . . . . . . . . . 111

3.6.2 Robots as Scienti�c Instruments . . . . . . . . . . . . . . . . . 112

3.6.3 Autism as a Research Lens . . . . . . . . . . . . . . . . . . . . 112

3.6.4 Designing SARs Across the Autism Lifespan . . . . . . . . . . 113

3.6.5 Moving Beyond Functional Homogeneity . . . . . . . . . . . . 115

3.6.6 What Makes Robots E�ective Therapeutic Partners . . . . . . 116

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4 Challenges Deploying Robots During a Pandemic: An E�ort to

Fight Social Isolation Among Children 121

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.2.1 Social Isolation in Children . . . . . . . . . . . . . . . . . . . 124

4.2.2 Telepresence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.3 Developing a Robot Telepresence System to Fight Social Isolation . . 126

4.3.1 Problem Scope . . . . . . . . . . . . . . . . . . . . . . . . . . 126

vii



4.3.2 System Design Goals . . . . . . . . . . . . . . . . . . . . . . . 126

4.3.3 Our Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.3.4 Implementation Details . . . . . . . . . . . . . . . . . . . . . . 128

4.3.5 System Deployment . . . . . . . . . . . . . . . . . . . . . . . . 134

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.4.1 User Demographics . . . . . . . . . . . . . . . . . . . . . . . . 136

4.4.2 System Adoption and Usage Patterns . . . . . . . . . . . . . . 136

4.4.3 User Satisfaction . . . . . . . . . . . . . . . . . . . . . . . . . 139

4.4.4 Summary of Findings . . . . . . . . . . . . . . . . . . . . . . . 140

4.5 Barriers and Challenges . . . . . . . . . . . . . . . . . . . . . . . . . 140

4.5.1 A Global Pandemic . . . . . . . . . . . . . . . . . . . . . . . . 140

4.5.2 Choice of Robot Platform . . . . . . . . . . . . . . . . . . . . 141

4.5.3 Price Gouging and Seller Approval . . . . . . . . . . . . . . . 142

4.5.4 User Privacy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.5.5 Institutional Review Board Approval . . . . . . . . . . . . . . 143

4.5.6 Institutional Friction . . . . . . . . . . . . . . . . . . . . . . . 143

4.6 Opportunities and Recommendations . . . . . . . . . . . . . . . . . . 144

4.6.1 Procedural Changes . . . . . . . . . . . . . . . . . . . . . . . . 144

4.6.2 Market Opportunities . . . . . . . . . . . . . . . . . . . . . . 144

4.6.3 Readiness Initiative . . . . . . . . . . . . . . . . . . . . . . . . 145

4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5 Gaze Behavior During a Long-Term, In-Home, Social Robot In-

tervention for Children with ASD 148

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.2.1 Participant Information . . . . . . . . . . . . . . . . . . . . . 152

5.2.2 Robot-Assisted Intervention System . . . . . . . . . . . . . . . 153

5.2.3 Gaze Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.2.4 Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.3.1 Overall Gaze Behavior of the Child . . . . . . . . . . . . . . . 160

5.3.2 Overall Gaze Behavior of the Caregiver . . . . . . . . . . . . . 165

5.3.3 Joint Attention Based on Mutual Gaze . . . . . . . . . . . . . 167

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5.4.1 Improvements in Gaze Behavior . . . . . . . . . . . . . . . . . 169

viii



5.4.2 Timing & Variability of Skill Improvements . . . . . . . . . . 170

5.4.3 Predictive Power of Diagnostic Measures . . . . . . . . . . . . 171

5.4.4 Implications & Limitations . . . . . . . . . . . . . . . . . . . . 171

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6 A Social Robot for Improving Interruptions Tolerance and Em-

ployability in Adults with ASD 173

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

6.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

6.2.1 Job Skills Training for Adults with ASD . . . . . . . . . . . . 176

6.2.2 Interruptions Training . . . . . . . . . . . . . . . . . . . . . . 176

6.2.3 Social Robotics for ASD Skills Training . . . . . . . . . . . . . 177

6.3 Design Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

6.4 System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

6.4.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

6.4.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.5 Survey Evaluations of the Prototype . . . . . . . . . . . . . . . . . . 184

6.5.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

6.5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

6.6 In-Home Deployments and Evaluation . . . . . . . . . . . . . . . . . 188

6.6.1 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.6.2 Participant Information . . . . . . . . . . . . . . . . . . . . . 190

6.6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

6.6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

7 A Grounded Observer Framework for Establishing Guardrails for

Foundation Models in Socially Sensitive Domains 196

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

7.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

7.2.1 Prompt Engineering . . . . . . . . . . . . . . . . . . . . . . . 199

7.2.2 Constrained Reinforcement Learning . . . . . . . . . . . . . . 200

7.2.3 Transparent Matrix Overlays . . . . . . . . . . . . . . . . . . 200

7.2.4 State and Action Space Abstraction . . . . . . . . . . . . . . . 201

7.3 The Grounded Observer Framework . . . . . . . . . . . . . . . . . . . 201

7.3.1 Overview of the Framework . . . . . . . . . . . . . . . . . . . 202

ix



7.3.2 Action Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . 203

7.3.3 Feedback Directives . . . . . . . . . . . . . . . . . . . . . . . . 204

7.3.4 Examples of Overlay Types . . . . . . . . . . . . . . . . . . . 205

7.4 Technical Demonstration: Developing Agents Capable of Small Talk . 206

7.4.1 Current Challenges in LLM Small Talk . . . . . . . . . . . . . 207

7.4.2 Observer-Enabled Small Talk . . . . . . . . . . . . . . . . . . 213

7.4.3 Chatbot Interactions . . . . . . . . . . . . . . . . . . . . . . . 216

7.4.4 Robot Interactions . . . . . . . . . . . . . . . . . . . . . . . . 217

7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

7.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

8 A Robot-Assisted Approach to Small Talk Training for Adults

with ASD 222

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

8.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

8.2.1 Structure and Value of Small Talk . . . . . . . . . . . . . . . . 226

8.2.2 Current Approaches to Small Talk Training . . . . . . . . . . 226

8.2.3 Robot-Assisted Social Skills Training for ASD . . . . . . . . . 227

8.3 Survey on the Need for Small Talk Training . . . . . . . . . . . . . . 228

8.3.1 Small Talk Skills & ASD . . . . . . . . . . . . . . . . . . . . . 228

8.3.2 Methods & Challenges to Improvement . . . . . . . . . . . . . 230

8.4 Formative Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

8.5 Design Goals for Robot-Assisted Training . . . . . . . . . . . . . . . . 233

8.5.1 System Design Objectives . . . . . . . . . . . . . . . . . . . . 233

8.5.2 Training Design Objectives . . . . . . . . . . . . . . . . . . . . 233

8.6 System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

8.6.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

8.6.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

8.7 In-Home Deployments . . . . . . . . . . . . . . . . . . . . . . . . . . 238

8.7.1 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . 238

8.7.2 Participant Information . . . . . . . . . . . . . . . . . . . . . 240

8.7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

8.7.4 Post-Study Interviews . . . . . . . . . . . . . . . . . . . . . . 244

8.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

8.8.1 Ethical Considerations . . . . . . . . . . . . . . . . . . . . . . 247

8.8.2 Study Limitations & Directions for Future Work . . . . . . . . 247

x



8.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

9 From Fidgeting to Focused: Developing Robot-Enhanced Social-

Emotional Therapy for School De-Escalation Rooms 251

9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

9.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

9.2.1 The Role of a De-escalation Space . . . . . . . . . . . . . . . . 254

9.2.2 Cognitive Barriers to Self- or Assisted Regulation . . . . . . . 255

9.2.3 Potential Role of Social Robots . . . . . . . . . . . . . . . . . 256

9.3 Co-Design of the Robot . . . . . . . . . . . . . . . . . . . . . . . . . 256

9.4 System Components . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

9.4.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

9.4.2 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258

9.4.3 Interaction Design . . . . . . . . . . . . . . . . . . . . . . . . 261

9.5 Deployment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

9.5.1 Data Collection . . . . . . . . . . . . . . . . . . . . . . . . . . 263

9.5.2 Participant Information . . . . . . . . . . . . . . . . . . . . . 264

9.5.3 Results: Visit, Interaction, and Cooldown Durations . . . . . . 264

9.5.4 Results: Documented Visit Goals and Activities . . . . . . . . 265

9.5.5 Results: Educator and Sta� Evaluations . . . . . . . . . . . . 267

9.5.6 Case Studies: Example Uses & Shortcomings . . . . . . . . . . 268

9.5.7 System Performance . . . . . . . . . . . . . . . . . . . . . . . 268

9.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

9.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

10 Discussion and Future Directions 272

10.1 Central Themes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

10.1.1 Long Term Interactions . . . . . . . . . . . . . . . . . . . . . . 273

10.1.2 In Dynamic, Real-World Environments . . . . . . . . . . . . . 274

10.1.3 Fully Autonomous Robot Operation . . . . . . . . . . . . . . . 275

10.1.4 Novel Behavioral Targets for Therapy . . . . . . . . . . . . . . 276

10.1.5 Understudied Users in Unique Contexts . . . . . . . . . . . . . 276

10.2 Directions for Future Research . . . . . . . . . . . . . . . . . . . . . . 278

10.2.1 When Robots Should Break the Rules . . . . . . . . . . . . . 278

10.2.2 Rethinking the Intelligence Robots Need to Deliver Therapy . 283

10.2.3 Novel Users, Spaces, and Skills . . . . . . . . . . . . . . . . . 285

xi



10.2.4 Ethical Considerations . . . . . . . . . . . . . . . . . . . . . . 286

Appendix A: Long-Term HRI Review Corpus and Summary Table 368

Appendix B: Robots for Autism Therapy Review Corpus and Sum-

mary Table 372

xii



List of Abbreviations

All terms are presented in their expanded form as they �rst appear in each chapter.

This reference guide is provided to facilitate easy lookup of relevant terms through-

out the document. The Introduction (Chapter 1) and Conclusion (Chapter 10) are

excluded, as no new abbreviations are introduced in those sections.

Expanded Form Appears In

HRI Human Robot Interaction Ch. 2, 3, 4

SAR Socially Assistive Robot(ic)s Ch. 2, 3, 4, 8, 9

SIA Socially Interactive Agent Ch. 2

Clinical and Diagnostic Terms

ABA Applied Behavior Analysis Ch. 2, 3, 8

ADI-R Autism Diagnostic Interview�Revised Ch. 3, 5

ADOS Autism Diagnostic Observation Schedule Ch. 2, 3, 5

ADHD Attention De�cit Hyperactivity Disorder Ch. 8, 9

AQ Autism Quotient Ch. 6, 8

ASD Autism Spectrum Disorder Ch. 2, 3, 5, 6, 8, 9

CARS Childhood Autism Rating Scale Ch. 3

CBD Cognitive Behavioral Therapy Ch. 3

CBE Clinical Best Estimate Ch. 5

CDD Childhood Disintegrative Disorder Ch. 3

DAS Di�erential Ability Scales Ch. 5

DSM Diagnostic and Statistical Manual of Mental

Disorders

Ch. 3, 5

GCA General Conceptual Ability Ch. 5

ID Intellectual Disability Ch. 8, 9

IQ Intelligence Quotient Ch. 5

OCD Obsessive-Compulsive Disorder Ch. 8

ODD Oppositional De�ant Disorder Ch. 9

xiii



PDD-NOS Pervasive Developmental Disorder�Not Otherwise

Speci�ed

Ch. 3

SCQ Social Communication Questionnaire Ch. 3

SRS Social Responsiveness Scale Ch. 2, 3

Systems and Technologies

API Application Programming Interface Ch. 3�9

BERT Bidirectional Encoder Representations from

Transformers

Ch. 7, 9

GPT Generative Pretrained Transformer Ch. 7, 8

gRPC Google Remote Procedure Call Ch. 4

IFTTT �If This, Then That� Ch. 7

ISTAR Interruption Skill Training and Assessment Robot Ch. 6

LLM Large Language Model Ch. 7, 8, 9

NLTK Natural Language Toolkit Ch. 7, 9

NAT Network Address Translation Ch. 4

RESET Robot-Enhanced Social-Emotional Therapy Ch. 9

(C)RL (Constrained) Reinforcement Learning Ch. 7

ROS Robot Operating System Ch. 5�9

RTC Real-Time Communication Ch. 4

SSL Secure Sockets Layer Ch. 4

TMO Transparent Matrix Overlays Ch. 7

TURN Traversal Using Relays around NAT Ch. 4

UI/UX User Interface/Experience Ch. 4

VADER Valence Aware Dictionary and sEntiment Reasoner Ch. 7

Study Design and Context

COVID(-19) Coronavirus Disease (2019) Ch. 4, 6, 8

CRASAR Center for Robot-Assisted Search Ch. 4

DDL Digital Dream Labs Ch. 4

DOE Department of Education (United States) Ch. 9

IEP Individualized Education Program Ch. 9

ICT Integrated Co-Teaching Ch. 9

IRB Institutional Review Board Ch. 4�9

K� N Kindergarten to Grade N Ch. 9

xiv



NSF National Science Foundation (United States) Ch. 3

RCT Randomized Controlled Trial Ch. 3

WHO World Health Organization Ch. 2, 4

Measures

AUC Area Under the ROC Curve Ch. 5

DAU Daily Active Users Ch. 4

DoF Degrees of Freedom Ch. 3

FWS Flow Work Scale Ch. 6

HSD Honestly Signi�cant Di�erence Ch. 5

ICC Intraclass Correlation Coe�cient Ch. 7, 8, 9

LTE Long-Term Engagement Ch. 2

MAU Monthly Active Users Ch. 4

NARS Negative Attitudes toward Robots Scale Ch. 2

NPV Negative Predictive Value Ch. 5

PPV Positive Predictive Value Ch. 5

RoSAS Robotic Social Attributes Scale Ch. 2, 6

ROC Receiver Operating Characteristic Ch. 5

WAU Weekly Active Users Ch. 4

xv



List of Figures

Toward Sustained Social Interaction: A Review of Trends, Gaps, and Chal-

lenges in Long-Term HRI

2.1 Illustrative Cases of Long-Term Robot Deployment Across Do-

mains. Four long-term robotic interaction studies from our corpus, illus-

trating the diversity of application domains and interaction characteristics

analyzed in this review: (a) a study on the persistence of �rst impressions

with a Furhat robot [1], (b) a Robovie robot engaging children in a class-

room setting [2], (c) a robot delivering social skills training to children with

Autism Spectrum Disorder [3], and (d) a robot designed to motivate physical

exercise among older adults [4]. . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Annual Distribution of Reviewed Studies. The �gure above shows the

number of studies meeting our review criteria by year. The bar for 2023

re�ects partial data collected between January and April, in contrast to the

complete annual data available for previous years. . . . . . . . . . . . . . . 30

2.3 Comparison of Study Length and Frequency between 2003�2012

and 2013�2023 . The distribution of the studies based on study length is

shown in (a). For studies that were sessions-based rather than free use of the

robot system, distributions of the studies based on the number of sessions

(b) and session length in minutes (c) are shown. Lastly, the distribution of

studies based on total study length in hours as reported or estimated by the

reported number of sessions and session length is shown in (d). We compare

the distributions across two decades to examine emerging trends in light of

the rapid growth in long-term HRI research. . . . . . . . . . . . . . . . . . 32

2.4 Distribution of Study Qualities . These charts overview of the key at-

tributes in long-term HRI studies conducted over the past two decades. The

distribution is presented across four main dimensions: study domains (a),

study locations (b), participant age groups (c), and countries where the stud-

ies were conducted (d). It is important to note that the largest category,

�Other,� in (d) encompasses 20 countries, each contributing less than 2% to

our current dataset. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

xvi



2.5 Distribution of Application Domains . The chart illustrates changes in

the distribution of studies across application domains over time, grouped in

�ve-year intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.6 Participant Age Distributions Across Domains . This chart illustrates

how participant age groups are distributed across domains. Study domains

often re�ect the population of interest, and vice versa. . . . . . . . . . . . . 39

2.7 Study Locations Across Domains . The distribution of study location

by domain is illustrated. The location of a study typically aligns with the

study's domain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.8 Robot Platforms . Illustrated is the distribution of robots employed in

long-term human-robot interaction studies. The largest category, �Other,�

encompasses 34 platforms that were each represented only once in our dataset. 42

2.9 Robot Operation and Interaction Types . The charts display the distri-

butions of robot operation (a) and study interaction dynamic (b) represented

in our corpus, organized by decade. . . . . . . . . . . . . . . . . . . . . . . 46

2.10 Distribution of Session-Based Studies by Sessions & Sample Size .

Four primary categories emerge: studies with< 10 sessions and< 20 par-

ticipants ( Group I, lower left, purple), studies with � 10 sessions and< 20

participants ( Group II , lower right, green), studies with < 10 sessions and�

20 participants (Group III , upper left, blue), and studies with � 10 sessions

and � 20 participants (Group IV , upper right red). Four studies [5�8] were

considered outliers and are excluded from this plot for clarity. . . . . . . . 60

Robots for Autism Therapy

3.1 Annual Publication Count by Venue Domain . This �gure shows the

number of published studies per year categorized by broad venue domain:

technical (blue), clinical (red), and other or interdisciplinary (purple). The

overall trend re�ects substantial growth over the past two decades, with

the most signi�cant expansion occurring in the last decade. We note that

the paper corpus was collected in December 2024. As a result, publication

counts for 2024 may not fully re�ect that year's conference proceedings or

late-year journal publications. . . . . . . . . . . . . . . . . . . . . . . . . . 70

Challenges Deploying Robots During a Pandemic: An Effort to Fight Social

Isolation Among Children

xvii



4.1 Remote Social Play with VectorConnect. A child (right) engages in

remote physical play using our system, which enables real-time control of

and communication through a Vector robot located in their peer's environ-

ment (left). The system facilitates physically playful and socially interactive

experiences across geographic distance. . . . . . . . . . . . . . . . . . . . . 122

4.2 VectorConnect Mobile Application Interface. The screenshots above

illustrate the user interface �ow of our system's mobile application, including

(A) the welcome screen with service and data collection policies; (B) home

screen for connecting to a robot or joining a call; (C) setup form for secure

gRPC connection; (D) local robot control interface; (E) call setup options;

(F) generated call ID for new sessions; (G) joining a call using the shared

call ID; (H) live video call interface between users; and (I) remote control

interface enabled after local user approval. . . . . . . . . . . . . . . . . . . 130

4.3 System Usability Testing with Children. In this pilot session, children

explored the system's ease of use through suggested and self-directed play

scenarios. As shown from left to right, they built obstacle courses using

household objects, greeted remote peers via robot �stbumps, played hide-

and-seek by hiding the robot, and engaged in a game of tic-tac-toe through

remote teleoperation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.4 Child-Facing Satisfaction Survey Integrated into VectorConnect.

The Smileyometer-style survey (left) was shown to users with a 10% prob-

ability following each video call. An example response distribution from

participants is shown on the right. . . . . . . . . . . . . . . . . . . . . . . 135

4.5 User Retention During Data Collection Period . A DAU/MAU ratio

of 6.6% indicates that, on average, a user engaged with the application on 2

days per month. Notably, these engagement levels remained consistent from

late August to September 2020, suggesting sustained interest beyond initial

novelty and across the child-focused user base. . . . . . . . . . . . . . . . . 139

Gaze Behavior During a Long-Term, In-Home, Social Robot Intervention for

Children with ASD

5.1 Modeling Gaze . The robot's context-contingent gaze guides the child's

attention between the screen and caregiver, promoting increased interaction.

When the child looks at the robot (A), it �rst redirects the child's attention

to the game content on the screen (B), then to the caregiver (C). We expect

the child will follow the robot's gaze cues (D), thereby increasing both the

frequency and duration of interaction with their caregiver. . . . . . . . . . 153

xviii



5.2 System Hardware . The system includes several components to coordinate

the robot's behavior, content, and data collection during the intervention

sessions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5.3 Gaze Extraction . We extract the several features such as gaze coordinates

and facial landmarks to determine the gaze orientation of the child and their

caregiver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.4 Target Detection . Attentional targets are estimated by the intersection

of one's visual cone and static object locations. . . . . . . . . . . . . . . . . 156

5.5 Challenges to Accurate Gaze Detection . In-home environments are

inherently unstructured, cluttered, and dynamic, posing several challenges

for reliable gaze estimation. These include: (top left) partial occlusions of

the child's face; (top right) the presence of toys, siblings, and other family

members; (bottom left) non-human faces such as dolls or pets; and (bottom

right) frequent motion, especially from the children themselves. . . . . . . . 158

5.6 Children's Average Gaze Duration & Frequency Per Week. The

change in children's average gaze duration (on the left) and gaze instances

(on the right) with each attentional target per intervention week are shown.

The intervention led to signi�cant increases in both the amount and distri-

bution of children's gaze directed toward their caregivers, as compared to

other targets within and outside the intervention setting. We also observe

notable week-by-week variation, with clearer improvements in gaze behavior

emerging after the second week. . . . . . . . . . . . . . . . . . . . . . . . . 162

5.7 Caregivers' Average Gaze Duration & Frequency Per Week. This

�gure illustrates weekly changes in caregivers' average gaze duration (left)

and gaze frequency (right) toward various attentional targets during the

intervention period. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5.8 Change by Week . Average gaze duration and frequency for adult care-

givers (a) and children (c) are shown. Circle diameters indicate average

duration (in seconds) toward each other and robot (r ), while line lengths in-

dicate frequency. This summarizes the bar chart representations for children

and caregivers, shown in Figures 5.6 and 5.7, respectively. . . . . . . . . . . 167

A Social Robot for Improving Interruptions Tolerance and Employability in

Adults with ASD

xix



6.1 Robot-Assisted Interruptions Training in the Home . The Interrup-

tions Skills Training and Assessment Robot (ISTAR) is designed to help

adults with ASD practice handling interruptions in their home, therefore

providing workplace-relevant skills training in an intuitive and organic way.

The collage on the left illustrates typical interactions between the system

and an adult with ASD in four home deployments. The rightmost image

shows the system in a user's home. . . . . . . . . . . . . . . . . . . . . . . . 174

6.2 ISTAR Interruptions Sequence . A session involves the following: (A)

the participant is occupied with a primary task while the robot is performing

idling behavior; (B) the robot interrupts the user by asking them a work-

related question; (C) the user responds to the robot's interruption; (D) the

robot thanks the user for their response; �nally, (E) the user resumes their

original task. We de�ne two primary metrics in Section 6.3 to measure

resiliency to an interruption: interruption lag and resumption lag. . . . . . 181

6.3 ISTAR Hardware . The system has a battery, compact computer, and mo-

bile hotspot that are contained in a hard plastic case. An external camera

and microphone are mounted on a mast above the robot's head. We later in-

clude a numeric keypad based on reports of common workplace interruptions

experienced by adults with ASD in Section 6.5. . . . . . . . . . . . . . . . 184

A Grounded Observer Framework for Establishing Guardrails for Founda-

tion Models in Socially Sensitive Domains

7.1 The grounded observer monitors a base model's behavior to ensure responses

adhere to overlay constraints. . . . . . . . . . . . . . . . . . . . . . . . . . . 203

7.2 Human-Likeness of LLMs. This graph illustrates the extent of human

likeness displayed by three LLMs, scored from 0 (no di�erence between hu-

man and model responses) to 4 (highest absolute di�erence). Each score

re�ects the similarity of the model's small talk to that of the participants. . 210

7.3 Human-Likeness of Observer v. Base Responses. The similarity of

the models' small talk to that of the participants during text-based, chat-

bot interactions. Scores range from 0 (no di�erence) to 4 (highest absolute

di�erence). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

7.4 System Components. This diagram outlines the architecture and pro-

cesses that generate robot behaviors for autonomous small talk. The observer-

enabled robot engaged in naturalistic, small talk with users during novel,

face-to-face interactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

xx



7.5 Observer v. Base in Online Assessments. Participant ratings of the

human-likeness, naturalness, responsiveness, and casualness of robot behav-

iors show that our system consistently outperformed the base model across

all dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

A Robot-Assisted Approach to Small Talk Training for Adults with ASD

8.1 Training Sequence : A training session unfolds in distinct stages: (A)

The robot �wakes up� to signal the start of the session, (B) encouraging

users to initiate with a greeting. Users practice small talk skills, including

(C) discussing non-speci�c topics, (D) maintaining balanced dialogues, and

appropriate transitions (E). Users complete several conversations, with the

robot giving micro-level feedback after each conversation (B-F). At the end

of session, the robot gives the user macro-level, overall feedback (F). Outside

of the speci�ed training window, the robot performs an idling behavior (G). 235

8.2 In-Home Deployments . The collage on the left shows in-home interac-

tions with adults with ASD from the system's point-of-view. On the right

is the system placed in a user's living room after the contactless delivery. . 239

From Fidgeting to Focused: Developing Robot-Enhanced Social-Emotional

Therapy for School De-Escalation Rooms

9.1 Robot Interactions in Schools . Students organically interacted with the

RESET robot in their school's de-escalation room, engaging in activities such

as guided deep-breathing exercises, small talk, and collaborative storytelling. 253

9.2 Room Integration . Examples of spaces currently in DOE public schools.

The �rst image shows a closet space that was eventually converted into the

de-escalation space shown in the second image. Items such as beanbags,

tents, and plush animals are integrated into the school's library (third), or

in a classroom corner (fourth). . . . . . . . . . . . . . . . . . . . . . . . . . 255

9.3 Interaction Timeline . The session unfolds in stages, starting with small

talk and progressing through sequenced activities, including guided breath-

ing exercises, storytelling, exploratory tasks to promote situational aware-

ness, a co-creative drawing task, and concluding with a re�ection on the

interaction before transitioning students back to their classroom. . . . . . 259

9.4 Deployment Outcomes . RESET led to shorter visits, faster cooldown and

transitions back to class. The time needed for robot-assisted de-escalation

decreased each week. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

xxi



Chapter 1

Introduction

In moments of distress or dysfunction, regulation often begins not with explana-

tion, but with simple behaviors: a pause before interrupting, a moment of sus-

tained eye contact, a deep breath, a quick scan around the room. Humans em-

ploy these behaviors, sometimes without conscious awareness, to achieve emotional

equilibrium, reinforce social norms and expectations, or maintain connection [9]. As

micro-interventions, these behaviors preserve our social coherence, reinforce our psy-

chological autonomy and resilience, and uphold our overall well-being [10].

Sustained regulation, however, relies on strategies that arelearned over time�

either implicitly, through repeated exposure to diverse social situations [11], or explic-

itly, through therapeutic instruction, structured support, or re�ective practice [12,13].

When these mechanisms for learning are disrupted or lacking, regulation becomes dif-

�cult to achieve and harder still to maintain. For instance, a child who consistently

observes others managing frustration e�ectively during peer con�icts may gradually

internalize those strategies and apply them in similar situations. In contrast, a child

who lacks this exposure, receives little explicit coaching, or has a neurodevelopmental

condition that complicates learning, may struggle to develop comparable regulation

strategies on their own.

We further observe this in diverse contexts and populations, for example, a young

child struggling to navigate peer pressure and emotional volatility without mature

coping tools [14]; an adult with autism who adapts to the cognitive demands of

nuanced social interpretation in real time [15]; a senior with progressive dementia

facing disorientation and identity loss [16]; and a caregiver operating under chronic

stress with limited time for emotional recovery [17]. In each case, the capacity to

stay regulated �rst depends on learning reliable strategies and then on being able to

access and e�ectively deploy them when needed.
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1.1 Potential of Robotics for Social Regulation

Robots hold signi�cant potential as tools for supporting human social and cogni-

tive growth by improving access to on-demand, personalized, socially situated, and

physically co-present interventions [18]. Where the �eld of robotics has traditionally

focused on the reliability and precision of motion to achieve functional task assis-

tance, socially assistive robotics (SAR) has explored how robots can providesocial

value and assistance to people [19]. For example, SAR research has shown increased

engagement, improved attention regulation, and more appropriate social behavior

such as joint attention and spontaneous imitation when robots are part of the inter-

action [20,21].

The signi�cant advances in understanding social interactions between humans and

robots have predominantly emerged from experimental studies in controlled labora-

tory or clinical environments, typically over short timescales and focused on dyadic

interactions between a single human�most often a neurotypical adult�and a sin-

gle robot (as reviewed in [22]). Although such controlled studies allow researchers

to isolate speci�c interaction parameters, these approaches fail to capture the com-

plexity, sustainability, and contextual relevance of long-term use in the real world.

In extended interactions, users are habituated to novelty, expectations evolve, and

the utility of a system is increasingly judged by its ability to provide meaningful,

contextually appropriate support. Meeting these evolving expectations places new

technical and interactional demands on SARs. These systems must be resilient to

environmental variability, operate reliably in dynamic real-world settings, interpret

and respond to human social signals, function autonomously without the supervision

of the researcher, and sustain relevant support for individuals over time.

These mirror the conditions necessary for sustained regulation. True social learn-

ing does not unfold within a single 30-minute to an hour-long study session; instead,

it develops over days to months, through exposure to novel, real-world situations

that test the ongoing relevance and adaptability of learned strategies. It occurs be-

yond designated �therapy time,� without constant supervision or reinforcement, and

accommodates diverse cognitive pro�les as well as evolving user behaviors and needs.

This dissertation presents the design, development, and deployment of SAR sys-

tems that support sustained social regulation. While much of the literature focuses on

emotional regulation�the processes by which individuals modulate their emotional

states to meet situational demands�this work adopts the term social regulation to

emphasize the dynamic, interpersonal nature of regulation within social interactions.
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In essence, it is thesocial learning of emotion regulation. We build upon recognized

de�nitions of emotional regulation (e.g. [12,23]), but highlight regulation as a socially

situated and interactionally contingent process. Learning to regulate involves, for ex-

ample, developing skills for managing frustration when interrupted during a focused

task; negotiating attention and turn-taking during cooperative activities; appropri-

ately initiating or inhibiting actions toward others when emotionally overwhelmed;

and adapting behavior to appropriately respond to the dynamic cues of others and

the surrounding environment.

To delineate the goals of our work, we distinguish these related concepts as follows:

Emotion Regulation (General) . This is the broad ability to monitor, evalu-

ate, and modify one's emotional reactions across contexts [12,23]. It may occur

in solitude (e.g., calming oneself during private stress) or in nonsocial situations

(e.g., managing frustration while solving a math problem). At its core, it is an

intrapersonal process.

Emotion Regulation in Social Situations . This is the regulation of emo-

tions speci�cally in the presence of others. While still focused on internal

management (e.g., not crying during an argument, not showing visible anger

in a meeting), the strategies are constrained by social context and expecta-

tions [12,14,24].

Social Learning of Emotion Regulation Skills (Social Regulation) .

More than regulating in social contexts, this refers to how regulation skills are

acquired and re�ned through social interaction. It involves observation, model-

ing, feedback, and practice within reciprocal exchanges, where success depends

not only on internal balance but also on social appropriateness, coordination,

and relationship maintenance. We provide opportunities for the social learning

of emotional regulation skills by building and deployingsocial robots.

These distinctions are critical to this dissertation, as they emphasize that regula-

tion skills are learned and sustained through interaction (e.g., turn-taking, reciprocity,

responsiveness). They also clarify that our SAR studies are not merely aimed at teach-

ing private coping strategies, but at fostering socially embedded skillsets. Finally,

these de�nitions highlight how our contributions diverge from much of the psychol-

ogy literature on emotion regulation, which has predominantly examined emotional

regulation as an intrapersonal process in solitary laboratory tasks (e.g., reappraisal

during picture viewing; [12,25�28]). By contrast, the present work frames regulation
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as a socially situated, interactionally contingent skill that is learned and practiced

within dynamic exchanges.

The studies compiled in this dissertation begin by examining the architectural and

interactional design of robots that function with the necessary intelligence to operate

autonomously, in dynamic, unstructured environments, alongside humans of diverse

cognitive pro�les and social needs. Then, we implement these design choices to create

extended (spanning weeks or months), �in the wild� (e.g., in homes, or public schools)

robot-directed interventions that support learning regulation strategies (e.g., build-

ing resilience to interruptions, mitigating social isolation during a global pandemic

lockdown, or managing emotional de-escalation in a public setting) for understud-

ied user populations (e.g., adults with autism, persons with multiple co-occurring

neurodevelopmental conditions, young children receiving specialized education).

1.2 Why This Work is Challenging

Developing these robots entails a range of computational and noncomputational chal-

lenges. In the following, we list a few areas where both types of challenge converge.

1. Heterogeneity of User Pro�les. Humans di�er widely in their develop-

mental trajectories, interaction styles, personalities, preferences, and cognitive

functioning�especially within highly heterogeneous populations such as indi-

viduals with autism. This variability presents both a design and modeling chal-

lenge: robots must operate �exibly without relying on uniform behavioral base-

lines or one-size-�ts-all interaction patterns. Our approach to this is re�ected

in iterative, co-design methodologies, through which we collaborate directly

with specialized populations to understand their needs and inform design ob-

jectives (e.g., [29�31]). In practice, we developed systems that operate without

requiring individualized pre-training, instead adapting though behavior trees or

symbolic overlays that adjust to observed user behavior in real-time (e.g., [32]),

robust default strategies to function reasonably across a wide range of behaviors

(e.g., [32�34]), and guardrails that constrain generative outputs to ensure safety

and appropriateness in novel, unanticipated scenarios (e.g., [32,33]).

2. Implicit Nature of Regulation Skills. Many social regulation behaviors

(e.g., eye contact, turn-taking) are learned implicitly and vary contextually.

Because these behaviors are not governed by �xed rules and are rarely taught

through explicit instruction, they are not easily scripted or pre-programmed.
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Systems that rely on rigid rule-based approaches can produce interactions that

are brittle, unnatural, or short-lived. To address this, our robots must �rst

be capable of simulating or modeling the target behavior, either to convey its

appropriate expression or to e�ectively prompt it in users (e.g., [29, 30, 35]).

They must also recognize when user behaviors align with desired outcomes in

real time (e.g., [30,31]), and crucially, infer when and how to respond, reinforce,

or give feedback to support continued learning and engagement (e.g., [30,31,35]).

3. Invisible Internal States . Social regulation depends on internal emotional

and cognitive states (e.g., frustration, anxiety, attention) that are not directly

observable. Inference must occur through noisy proxies like gaze, latency, speech

patterns, or physiological data�each with limited reliability and especially frag-

ile under real-world or individual user variation. While extensive research has

focused on developing reliable o�-the-shelf models for automated user behavior

detection, we frequently encountered limitations when applying these models

to our speci�c user populations and deployment contexts. For example, gaze

estimation models trained on neurotypical adults often failed to generalize to

children with autism, whose gaze behavior may be atypical (e.g., [35]). In-

home detection systems struggled with false positives due to human-like faces

on televisions, toys, or images (e.g., [29,30]). Similarly, speech transcription be-

came unreliable when the robot must distinguish between user-directed speech

and ambient dialogue from other people or media sources (e.g., [34]). In the

absence of reliable o�-the-shelf perception models, our systems involve hybrid

approaches that combine lightweight heuristics, contextual rules, and adaptive

thresholds tailored to the deployment environment (e.g., [29�31]). Rather than

always assuming high-con�dence detection, we designed interactions to accom-

modate inevitable ambiguity�enabling the robot to use probabilistic reasoning

or strategic deferral to deliver relevant responses even when input signals are

noisy, incomplete, or misleading.

4. Temporal Dynamics of Learning . Social regulation unfolds gradually over

weeks or months through repeated exposure, not during brief, single-session

interventions. This extended timescale makes it di�cult to isolate causal ef-

fects, assess short-term progress, or capture moment-to-moment learning in-

�ections. Accounting for slow and nonlinear learning trajectories contrasts the

brief, highly structured sessions typical of most robotic interventions. As we

reviewed in Chapter 2, the �eld remains focused on proof-of-concept studies
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and feasibility pilots, which tend to prioritize novelty, mere exposure e�ects, or

initial engagement. In order to support the kind of long-term learning required

for meaningful gains in social regulation, robots must sustain user engagement

over time, move beyond scripted, reactive behaviors toward more proactive and

generative interactions, and detect gradual patterns of change in situ. By de-

ploying systems to operate for multiple days or weeks at a time, we create a

rich testbed for exploring methods to detect user progress in situ and sustain

long-term use (e.g., [29�31,35,36]).

5. Social Risk and Sensitivity . Intervening in emotional or interpersonal chal-

lenges is socially high-risk. A robot that o�ers feedback too early, misreads

intent, appears overly prescriptive, or oversteps personal boundaries risks un-

dermining users' trust, exacerbating stress, or causing lasting harm. Deter-

mining whenand how to respond�not just what to say�requires �ne-grained,

real-time modeling of turn-taking, user readiness, and attention. To address

this, robots must be able to infer latent social cues and strategically adjust or

delay their interventions until the context is appropriate. Discerningappro-

priatenessis the core challenge: it is rarely a discrete output, and more often

an emergent property shaped by sensitivity to timing, social norms, expecta-

tions, intent, and the ongoing calibration of trust. Our e�orts to formalize what

constitutes socially appropriate behaviors�to ultimately enable robots to act

autonomously within those bounds�have resulted in several theoretical and

applied frameworks (e.g., [32�34]).

While much attention in SAR design is devoted to onboarding and engage-

ment, the o�boarding process (how a robot exits the user's life after the in-

tervention ends) is equally important. To holistically address the social risks

that shape interaction and system design, we must recognize that relationships

formed with robots, particularly those embedded in users' homes over extended

periods, can carry signi�cant emotional weight. In our work, we treat the entire

deployment pipeline�including the introduction of the robot, its physical setup,

in-situ troubleshooting or maintenance, exit strategies, and o�boarding�as a

series of essential design considerations (e.g., [29�31]).

6. Evaluation of Therapeutic Outcomes . Regulation is a slow and contextu-

ally embedded process, and few standardized measures exist for autonomous,

unsupervised learning in social domains. All of the work presented in this

dissertation features deployments outside controlled laboratory or clinical en-
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vironments, occurring instead in users' everyday spaces, where interactions are

minimally constrained and designed to be highly adaptable and personalized.

As a result, de�ning a reasonable control condition�against which to evaluate

both the impact of the robot-assisted intervention and baseline behavior in its

absence�is often di�cult or infeasible.

In addition to these experimental constraints, measuring long-term transfer,

generalization, and internalization of skills remains a challenge�both conceptu-

ally and methodologically. When systems are deployed for extended, repeated

interactions, they can generate hundreds of hours of interaction data (as shown

in several of our studies, [29�31, 35]), making manual analysis labor-intensive,

error-prone, or altogether impractical. To address these limitations, we explore

methods to detect behavioral change through lightweight or passive observation,

focusing on real-time processing from the system's point of view.

In summary, for robots to e�ectively support social regulation learning they must

operate reliably in unstructured, everyday environments; sustain long-term, repeated

engagement with users of various cognitive pro�les and social needs; adapt to evolving

user behavior and progress; and respond in ways that are not only e�ective, but

also socially appropriate and safe. While establishing feasibility�ensuring a system

operates safely, consistently, and acceptably�is a necessary �rst step, our work must

further assess whether these systems yield meaningful therapeutic outcomes.

1.3 Dissertation Structure & Contributions

The central aim of this dissertation is:

How can we design robotic interventions that support social regulation

learning, and what interactional, technical, and contextual factors enable

their e�ective deployment?

We begin by critically examining how the �eld has approached extended human-

robot interactions (Chapter 2 ). In this review of 120 studies, we operationalize

how the �eld currently de�nes �long-term� engagement and how user outcomes are

measured. This chapter highlights opportunities to expand the design scope of SAR

systems, improve their readiness for real-world deployment, and improve methodolog-

ical consistency across studies. These �ndings inform and motivate the evaluation

strategies adopted in this dissertation.
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We then conduct a large-scale review of over 300 studies involving the use of

robots in interventions for Autism Spectrum Disorder (ASD)�not only because ASD

has been a popular focus of SAR research, but also because it presents a uniquely

rich testbed for studying the mechanisms of productive social learning (Chapter

3). Core diagnostic features of autism�such as challenges in social communication,

emotional regulation, and adaptive behavior�align closely with the areas where SARs

are hypothesized to provide therapeutic bene�t. As such, the ASD literature o�ers

critical insights into the potential and limitations of SAR-based interventions. In our

review, we identify foundational trends, common design assumptions, proposed robot-

led pedagogies for teaching valued social skills, and key research gaps that inform the

broader aims of this dissertation.

Chapters 4�9 present a series of human-subject experiments, each contributing

to the design, development, and deployment of a robot-based intervention. These

studies aim to evaluate both the feasibility of system operation and its therapeu-

tic impact. All experiments were conducted under challenging conditions, including

during the COVID-19 pandemic lockdown, and were designed to meet the needs of

a highly specialized and protected user population. Moreover, these studies demon-

strate the value of SARs for encouraging a wide range of regulation skills, including

attention sharing, turn-taking, conversational reciprocity, interruption tolerance, deep

breathing, and de-escalation. They also underscore the importance of architectural

�exibility, real-time adaptability, and socially aware design constraints for enabling

long-term, autonomous operation with vulnerable users in real-world environments.

The experiments presented here include the �rst SARs developed for adults with ASD

for in-home therapy, one of the few SAR studies to demonstrate continuous learn-

ing progression tied to clinical measures of therapeutic e�cacy, and the �rst SAR to

address behavioral de-escalation in a public space while remaining agnostic to users'

age and diagnostic pro�le.

The �rst experiment ( Chapter 4 ) describes the development of a robot to mit-

igate social isolation among children during the COVID-19 pandemic. While social

distancing and quarantine mandates were essential for public health, they intensi-

�ed feelings of loneliness�an issue already recognized as a growing societal concern.

Because children at this developmental stage acquire critical, life-long social skills

through physical play, we created a system that allowed one child to remotely control

and communicate through a robot located in a peer's home, allowing them to engage

in physical play while being geographically separated. With over 2,000 unique users

in three months, this study o�ered valuable insights into how robots can be deployed

8



in unstructured, home-based environments to e�ectively support social connection.

While Chapter 4 examines how robots can support broad social and emotional

needs,Chapter 5 shifts the focus to how robots can support speci�c developmental

outcomes. This chapter examines the impact of a month-long, in-home, robot-assisted

intervention aimed at improving gaze behavior in children with ASD. Appropriate

gaze behavior is a foundational component of early social development, a prerequisite

for more complex social skills, and a core diagnostic feature of ASD. The intervention,

conducted by Scassellati et al. in 2018 [3], was a landmark study that demonstrated

both the feasibility and the promise of robot-assisted interventions for ASD. Not only

did it validate that such in-home systems could be deployed successfully, but it also

provided evidence of meaningful developmental gains�most notably, improvements

in joint attention. However, at the time, the gold standard for evaluating these out-

comes was clinician-administered assessments conducted at home once at the start

and once more at the end of the intervention. Although this approach yielded promis-

ing results, it left several critical questions unanswered: When did these behavioral

changes emerge during the intervention? Were they gradual or abrupt? Consistent

between participants or highly individualized?

Understanding the timing of behavioral change has important implications for

the future of autonomous therapeutic systems. If we can identifywhen behavioral

improvements occur, it may be possible to develop systems capable of autonomously

detecting those in�ection points�recognizing, in real time, when they e�ectively

support users. To achieve that goal, we needed to revisit the computational methods

for automatically extracting and interpreting behavioral change. In this chapter, we

address these open questions: Was the SAR-based therapy e�ective? Did it lead to

measurable behavioral improvements? Can behavioral change be automatically and

accurately detected from interaction data? When exactly did these changes emerge?

More broadly, what do these patterns reveal about ASD and the design of robot-based

interventions for such a uniquely heterogeneous population?

Still, despite decades of progress in ASD research, the vast majority of studies

and clinical programs have focused almost exclusively on children. Although social,

emotional, and functional challenges are well documented to persist and in some cases

intensify, in adulthood, relatively few studies have addressed how to supportadults

with ASD. Chapter 6 explores how SARs can support employment and workplace

readiness for adults with ASD. We developed a robot-led intervention that simulated

common workplace encounters, promoting role play and naturalistic social practice

while integrating into participants' daily home routines. During the course of a week,
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the users engaged in managing unexpected social demands and developed strategies

for cognitive and attentional regulation. Behavioral data and participant feedback

revealed increased resilience to interruptions, positive perceptions of the robot's use-

fulness for supporting employment goals, and preliminary evidence of skill generaliza-

tion. This study represents the �rst in-home SAR intervention speci�cally designed

for adults with ASD.

As individuals with ASD transition into adulthood, the social demands they face

become more complex, ambiguous, less easily scripted, and less forgiving of atypi-

cal behavior. This escalation in social complexity imposes greater demands on the

social intelligence and adaptive capabilities of SARs intended to model or sca�old

appropriate behaviors. Several of our intermediate studies (e.g., [33,34]) explore how

robots can discern when to initiate interaction by assessing social appropriateness�

not merely detecting if a human user is present, but assessing whether it is con-

textually suitable and productive to engage. These considerations are critical for

the success of later interventions, where timing, context, and user readiness shape

engagement quality and outcomes.1

As our work with robot-assisted interventions for adults with ASD progresses,

we turn to conversational skills�particularly small talk�as a critical yet undersup-

ported domain tied to real-world outcomes. From dating to job interviews, making

new friends or simply chatting with the cashier at checkout, small talk plays a key

role in social integration and opportunity access, yet remains especially challenging

for individuals with ASD. To address this, we explore the integration of large language

models (LLMs) into SARs to support natural unscripted conversation. However, de-

ploying an LLM-driven system for long-term, autonomous, unsupervised operation

with vulnerable users in their homes requires robust safety mechanisms to ensure ap-

propriate behavior. Chapter 7 introduces a framework for implementing behavioral

guarantees in SARs relying on foundation models, establishing safeguards that in-

form the development of autonomous interventions in later chapters. Chapter 7 also

demonstrates the practical application of this framework to enable robots to engage

in naturalistic small talk. We position small talk as a compelling frontier that reveals

both the promise and complexity of deploying SARs driven by foundation models in

socially sensitive contexts. Finally,Chapter 8 presents the design, development, and

deployment of a SAR-based small talk training program for adults with ASD. Com-

1While several formative studies contributed to the development of the systems and insights
presented in this dissertation, not all are included as dedicated chapters. These supporting studies
are cited where they were applied or relevant to preserve a clear narrative arc and focus on the most
consequential deployments.
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pared to our previous deployments, this study introduces novel interventional design

considerations, including a shift beyond rote skill rehearsal toward delivering useful,

personalized feedback�an especially nuanced challenge, as social-skills feedback is

often deeply personal and closely tied to identity.

In Chapter 9 , we demonstrate our guardrail mechanism in a new application

area: enabling safe and e�ective SAR intervention to support students experiencing

heightened emotional states, sensory overload, or di�culties with self-regulation in

traditional classroom settings. While many schools have introduced de-escalation

or sensory rooms to support these needs, their e�ectiveness is often limited by the

wide range of student pro�les and constrained sta� availability. To address this, we

developed a SAR to improve students' self-regulation skills within a school's existing

de-escalation space. This chapter details the co-design process, iterative development,

and �nal system architecture. Following a fully autonomous, month-long deployment

in an elementary school, we evaluated the robot's usability and impact. Findings

indicate that the system integrated seamlessly into the school routine, improved de-

escalation e�ciency, facilitated smoother transitions back to learning environments,

and produced sustained positive e�ects months beyond the deployment period.

In Chapter 10 , we conclude the dissertation with a summary of the work pre-

sented. We discuss key contributions and broader implications, along with directions

for future research. In all, the core contributions of this dissertation are as follows.

1. A cross-domain analysis of SAR studies demonstrating extended inter-

actions with SARs, operationalizing de�nitions of �long-term� deployment and

user outcome measures.

2. A comprehensive review of more than 300 studies on robot-assisted in-

terventions for individuals with ASD, identifying foundational trends, design as-

sumptions, and research gaps in the �eld. We conclude this review by proposing

a consolidated hypothesis and a theoretical foundation for why robots

may be uniquely e�ective tools for therapy, based on empirical �ndings and

psychological frameworks.

3. Design, development, and deployment of multiple SAR systems target-

ing social regulation skills (e.g., attention sharing, turn-taking, conversational

reciprocity, interruption tolerance, deep breathing, and emotional de-escalation)

across diverse populations (e.g., adults with ASD, individuals with multiple

co-occurring neurodevelopmental conditions, elementary-aged children in spe-
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cialized education programs) and settings (e.g., in-home deployments during

pandemic lockdown periods and public school setting).

4. The �rst SAR systems designed speci�cally for adults with ASD ,

addressing an underrepresented population and targeting skill areas that are

largely overlooked in both SAR development and clinical intervention research.

5. Introduction of a safety and behavioral guardrail framework for SARs

using foundation models , enabling ethical, unsupervised deployment in so-

cially sensitive contexts.

6. Empirical evidence of SAR impact beyond mere novelty and presence

e�ects , including sustained engagement, skill generalization, and successful

integration into users' everyday routines and environments.
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Chapter 2

Toward Sustained Social Interaction: A Review of

Trends, Gaps, and Challenges in Long-Term HRI

Over the past two decades, the �eld of robotics has experienced substantial growth,

marked by a notable increase in long-term human-robot interaction (HRI) studies.

To enable a broad inclusion of the relevant literature, we de�ne �long-term� as studies

in which a robot interacts with the same user over at least three sessions spanning

a minimum of three consecutive days. As a result of adopting this inclusive de�ni-

tion, this chapter synthesizes 120 long-term HRI studies conducted over the past two

decades. These studies span seven key domains, including education, entertainment,

and physical and mental health, o�ering a comprehensive view of the �eld's evolution

and scope. From this corpus, we extract key patterns and divergences in study design,

participant demographics, interaction dynamics, and evaluation methods, providing

a structured overview of the current landscape of long-term HRI.1

This review reveals emerging trends, underlying design assumptions, proposed

robot interaction strategies, and critical research gaps. Together, these insights in-

form the goals of this dissertation in its three core dimensions: thedesignof robots

for social interaction, their technical development, and the contextual factors that

enable their successfuldeployment. The growing emphasis on long-term real-world

deployments observed in this review underscores the importance of designing robots

capable of sustaining meaningful engagement over extended periods of interaction.

Observed pedagogical patterns, particularly in educational and therapeutic settings,

o�er concrete models of how robots can sca�old learning, support social regulation,

and adapt to user needs over time. At the same time, persistent gaps�such as the

limited inclusion of adolescents and the relative scarcity of studies in school and

1This chapter is adapted from our published work: Matheus, K., Ramnauth, R. , Scassellati,
B., & Salomons, N. (2025). Long-Term Interactions with Social Robots: Trends, Insights, and
Recommendations.ACM Transactions on Human-Robot Interaction, 14 (3), 1-42. [22]. We include
additional context, commentary, and analysis to support its integration into this dissertation.
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workplace contexts�highlight the need for more inclusive and context-aware inter-

ventions. This dissertation responds to these gaps by advancing robots tailored for

underrepresented populations and settings, while proposing new methods to support

sustained, socially meaningful interaction. In doing so, it builds on and extends the

trajectory of long-term HRI research.

2.1 Introduction

During the past two decades, the �eld of social robotics has undergone remarkable

growth, accompanied by a surge in studies that examine long-term human-robot in-

teractions that unfold over multiple days, weeks, or even months. Asocial robot

possesses features and capabilities that enable it to interact with humans in ways

that resemble social interactions between people [19]. Such robots can exhibit behav-

iors such as recognizing and expressing emotions [37], understanding and generating

natural language [38], adapting to di�erent social contexts [39], and even demonstrat-

ing a degree of empathy [40]. For many, the goal of social robotic study is to support

a future where robots are not only present in individual laboratory sessions, but are

integrated longitudinally into daily lives.

By our accounts, the number of HRI research papers examining the longitudinal

use of social robots has tripled from before 2013 to 2023 (Section 2.4). Bajones et

al. [41] have highlighted this transformation by noting that whereas the �burning

question in HRI studies� was once �how many participants do I need?�, it is now

�how long should my study run for?� Such a shift re�ects the �eld's progression

beyond initial experimentation in social robotics and toward a deeper understanding

of how robots can be e�ectively deployed in real-world applications. In a future

where robots are integrated into our homes, schools, o�ces, and medical facilities,

it becomes increasingly essential to research the dynamics of long-term interactions

spanning days, weeks, months, and even years.

From a research perspective, the study of repeated human-robot interactions o�ers

several distinct advantages over single-session studies. First, many forms of human-

robot interaction require longitudinal engagement to achieve meaningful impact�

particularly in applications such as tutoring, training, or therapy, where robots are

intended to support skill development or behavioral change. Second, as in human-

human relationships, the dynamics of human-robot relationships evolve over time.

The key bene�ts of long-term study are understanding how to foster healthy and

resilient HRI relationships, how to personalize interactions with individual users, and
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