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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. FEach 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.
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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 atearned 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.



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 provisecial
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 regulationthe processes by which individuals modulate their emotional
states to meet situational demands this work adopts the term social regulationto
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 specically 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]).

. 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.

. 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]).

. 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]).

. 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.



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 learningClapter
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 benet. 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



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 identifwhen 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 suppatiults
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,



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.

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. FinallyChapter 8 presents the design, development, and
deployment of a SAR-based small talk training program for adults with ASD. Com-

Iwhile 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 specically 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.

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: tha#esignof robots
for social interaction, their technical development and the contextual factors that
enable their successfulleployment 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. Aocial 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
guestion in HRI studies was once how many participants do | 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 benets 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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