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Abstract
Over the past several decades, robots have gradually infiltrated our daily lives, evolving from tools to social companions. With more robots and artificial intelligence agents becoming capable of engaging in social and emotional interactions, investigating the dynamics behind these relationships is becoming increasingly relevant. Despite increasing interests, little research has conducted systematic research to unpack their underlying mechanisms. Utilizing the PRISMA framework, this review systematically examined attachment within Human-Robot Interaction (HRI) from 30 studies, by synthesizing research on human-robot emotional bonds from the last 15 years. This review highlights the need of integrating traditional psychological attachment theories to deepen our comprehension of these relationships. It also identifies gaps in current methodologies and suggests directions for future research, emphasizing the importance of grounding these studies in established psychological frameworks to better understand and facilitate these evolving human-robot relationships.
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Introduction
         In today’s technological landscape, robots and AI systems are becoming not only more advanced but also more common in our daily lives, transforming our interactions with these technologies. Robots are no longer confined to industrial or functional roles but now also serve as at-home assistants, social companions, and facilitators in educational and therapeutic settings. As relationships between humans and robots become more complex and intimate, it is important to have a deeper understanding of the dynamics underlying these relationships. Attachment is a core aspect of understanding human-human relationships; however, it is also becoming an increasingly relevant topic to study within the context of human-robot relationships. Understanding attachment in Human-Robot Interaction (HRI) offers insights into the psychological, social, and ethical implications of these technologies. By investigating how attachment manifests in HRI, designers and developers can be better informed about the development of future robotic systems. While developing a new theory specific to HRI is beyond the scope of this review, the present study draws on well-established psychological models, such as Bowlby and Ainsworth’s attachment theory (Bowlby, 1969; Ainsworth, 1970), to examine the existing dynamics and guide future research. The subsequent sections of this review paper will explore the foundations of attachment theory across different relationships, synthesize findings from 30 studies on human-robot emotional bonds, identify key factors influencing attachment formation, and evaluate the methodologies used to measure emotional attachments in HRI. Furthermore, the current paper will highlight gaps in current research and propose a methodology for assessing human-robot attachment, grounded in established psychological frameworks and theory. 
Related Work
Human-Human Attachment in Development
Attachment has been extensively studied in human relationships with the foundational framework proposed by John Bowlby and Mary Ainsworth in the mid-20th century. Attachment theory was initially created to explain caregiver-child relationships, emphasizing the caregiver’s role in providing security for a child’s emotional and social development (Bowlby, 1969). Bowlby hypothesized that infants have a need to form strong bonds with their primary caregivers, typically mother or father figures, and these bonds serve as a “secure base” allowing the child to safely explore new environments and regulate their emotions. Bowlby proposed that the quality of these early attachments influences an individual’s “internal working models”, or mental representations, which shape how people approach and interact with others throughout their lives. 
Attachment as described by Bowlby in the context of his theory has been defined as the deep and enduring emotional bond that connects one person to another across time and space (Bowlby, 1969; Ainsworth, 1982). Ainsworth (1970) expanded Bowlby’s theory and identified four key behaviors that exemplify attachment to an attachment figure: 1) viewing the attachment figure as a secure base, a source of support that allows for new explorations; 2) using the attachment figure as a safe haven, which includes seeking emotional support and comfort when feeling threatened by the environment; 3) seeking and maintaining proximity, which included closeness to the attachment figure; and 4) experiencing distress upon separation. 
Human-Human Attachment in Adulthood
Building upon Bowlby and Ainsworth’s framework, researchers like Hazan and Shaver (1994) posited that attachment figures change over the course of development, with various individuals being able to fulfill people’s attachment needs. For example, siblings can provide companionship and emotional support, especially in instances where there are no strong, secure caregiving relationships. Peer relationships also become increasingly important during childhood and adolescence, as they are highly involved in shaping social skills, provide guidance for a sense of self and identity, as well as developing self-esteem (Weiss, 1982). As individuals move into adulthood, romantic partners often morph into being primary attachment figures, fulfilling emotional needs and providing a sense of security and belonging (Simpson & Rholes, 2010).
In early childhood, the attachment process is largely one-sided, with the adult caregiver providing care without expecting it in return. As people grow into adulthood, however, attachment relationships tend to become mutual and reciprocal, with both parties giving and receiving support (Hazan and Shaver, 1994; Ainsworth, 1978). 
Human-Pet Attachment
Recent research has also found evidence that pets are able to serve as people’s attachment figures and mirror bonds found in human-human relationships. Research by Kurdek (2008, 2009) indicated that pets, particularly cats and dogs, provide their owners with a sense of companionship and emotional stability that reflect aspects of human-human attachment dynamics. Pets fulfill roles not only as companions but also as family members, actively participating in daily routines and contributing to their owners’ social lives. Research has also shown that individuals with very strong attachments to their pets perceive their pets as their primary attachment figure, reporting all four attachment behaviors over and above other human relationships (Meehan et al., 2017).
In human-pet relationships, caregiving is somewhat unidirectional but involves more emotional reciprocity than the relationships in early human development. Owners provide for their pets’ basic needs, such as food, shelter, healthcare, but also engage with them emotionally by playing, cuddling, and communicating. Pets respond to this care by offering companionship, loyalty, and affection, contributing to their owners’ emotional well-being (Friedmann, 2013; Bao & Schreer, 2016).
Human-Object Attachment
Attachment is also not limited to living beings. Attachment to inanimate objects such as toys or cars can significantly impact emotional well-being (Bell & Spikins, 2018). Unlike the dynamic relationship observed with pets, human-object attachment typically involves inanimate objects that hold significant sentimental value (Wan & Chen, 2021). Meaningful objects are often associated with important life events or personal achievements (Dozier & Ayers, 2021). According to Belk (1988), objects can become repositories of personal history or emotional investments, acting as symbols of identity or continuity in one’s life.
Caregiving in the context of human-object attachment is not about meeting the object’s needs but is more about maintaining or preserving the object due to its sentimental value. Individuals might care for objects by keeping them safe, maintaining them in good condition, or placing them in prominent locations to reminisce about personal histories or significant life events. The object itself does not reciprocate care but may serve as a symbol of emotional investment (Belk, 1988).
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Figure 1. Degrees of reciprocity of attachment in different relationships
Human-Robot Attachment
While not as rigorously defined as in other areas, research into human-robot attachment shares characteristics with attachments formed between humans, pets, and even inanimate objects. Robots equipped with advanced AI can simulate social behaviors similar to those of humans or pets, thus providing companionship, entertainment, and emotional support. This capability allows humans to perceive robots not just as tools but as companions or even pseudo-family members (Robertson, 2007).
Caregiving in human-robot relationships introduces a unique dynamic. Humans may maintain robots physically (through charging, updating software, or repairing) and engage with them emotionally as though they were capable of reciprocation. Robots programmed to respond to human emotions with empathetic-like behaviors can play a caregiving role. However, it is important to note the distinctiveness of human-robot attachment. Unlike humans or pets, robots do not possess emotions or consciousness, yet they provide interactive social experiences that inanimate objects cannot offer. Therefore, while sharing similarities with other forms, human-robot attachment needs to be more clearly defined. Figure 1 illustrates the varying degrees of reciprocity in attachment across different relationships, including human-human, human-pet, human-object, and human-robot interactions. The arrows in the figure depict the direction and potential reciprocity of attachment behaviors in each type of relationship.
Recent efforts aim to develop a theoretical framework for understanding human-robot attachment (Rabb et al., 2022). However, there is a significant research gap in this field as little empirical research has been conducted to understand the depth and nuances of human-robot emotional bonds. Current studies often lack robust, longitudinal data that would allow for a comprehensive understanding of how these attachments develop. 
Research Questions and Review Objectives
This review aims to clarify the nature of attachment in human-robot interactions by synthesizing current literature and exploring how emotional attachments are developed. By examining various study types, from observational research in home environments to controlled experiments in laboratories, the present paper addresses key research questions and aims to contribute to a deeper understanding of attachment in human-robot relationships: 
RQ1. How are emotional attachments in HRI studied and measured?
Objective1: Evaluate the methodologies used to measure emotional attachments and relationship dynamics in HRI, comparing subjective and objective approaches across different studies.
RQ2. What factors influence attachment formation and strong emotional bonds in HRI?
Objective2: Examine the factors that contribute to the development of emotional attachments between humans and robots.
RQ3. What are the current trends and gaps in research on attachment in HRI?
Objective3: Identify prevalent research trends in the study of attachment in HRI and pinpoint areas where current research is lacking, proposing avenues for future investigation.
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Figure 2. PRISMA flowchart of the screening process.

Methods
Search Process
This systematic literature review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to synthesize the current literature on human-robot attachment over a 15-year period from 2009 to 2024. This timeframe was chosen due to the significant increase in the availability of robots as daily life assistants or companions (Bemelmans et al., 2012; Mataric & Scassellati, 2016; Henschel et al., 2021). Additionally, this period has witnessed a growing body of research that specifically examines the social and emotional aspects of HRI (Kirby et al., 2010; Breazeal et al., 2016; Belpaeme et al., 2018; Anzalone et al., 2015). While earlier studies in human-computer interaction and human-robot interaction were recognized during the scoping process, we limited our review to the last 15 years to focus on more recent advancements in robotic capabilities, emotional interactivity, and the integration of robots into daily life. The recent literature more directly addresses the evolution of human-robot attachment, making it the most relevant period for understanding contemporary trends and future directions in HRI. A detailed PRISMA flowchart is presented in Figure 2. Five databases were searched, which included IEEE Xplore, Engineering Village, ACM Digital Library, Scopus, and Web of Science. As there are no current definite definitions of attachment in HRI research, the following keywords were used in our initial search: “human-robot attachment” OR “human-robot bond*” OR “human-robot rapport” OR “human-robot friend*” OR “human-robot companion*”.
Selection Criteria
The initial search resulted in 3,772 records, broken down by database as follows: 1,035 from IEEE, 1,227 from Engineering Village, 235 from ACM Digital Library, 928 from Scopus, and 347 from Web of Science. After removing duplicates (n = 2,097) and non-English publications (n = 20), 1,655 records were screened based on title and abstract for relevance to the topic and empirical contribution to the field. Records not focused on the social aspects of human-robot interaction or lacking empirical data were excluded (n = 1,368), along with studies that primarily advanced methods and metrics without direct relational context (n = 80). The remaining 207 publications were assessed for eligibility, with 177 publications being excluded for not explicitly addressing the terms of interest within the context of human-robot interactions. After screening for eligibility, a total of 30 studies were identified to be included in the current systematic review.
Results
Participants, Robots, Study Design, and Environment
A diverse set of experimental contexts was observed through this review, which encompassed a variety of study designs, participant and robot demographics, and environments (Table 1 and Table 2). Participants varied widely, with studies focusing on children (9/30, 30%), adults (18/30, 60%), and older adults (3/30, 10%), while two studies did not specify the age group. Only one study directly compared children versus adult attachment behaviors to robots. 
The 30 studies reviewed used a variety of robots, including humanoid models like RoBoHon (Chen et al., 2023; Tanaka et al., 2021; Yamazaki et al., 2023) and NAO (Wilson et al., 2017; Neggers et al., 2021; Kim et al., 2013; Davis et al., 2023), as well as zoomorphic robots such as Paro (Randall et al., 2019) and AIBO (Weiss et al., 2009; Hiolle et al., 2012). More abstract robot forms, such as Travis (Birnbaum et al., 2016) and BlockBot (Mollen et al., 2023), were also utilized. These robots showcased a range of capabilities and degrees of freedom in their design and functionality. Notably, some studies featured robots that were built by the participants themselves (Martelaro et al., 2016).
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The environments where these studies took place were predominantly laboratories, accounting for about 57% (17 studies) of the total. Eight studies were conducted in home environments (Laban et al., 2024; Mollen et al., 2023; Neggers et al., 2021; Sundar et al., 2017; Syrdal et al., 2013; Randall et al., 2019; Takada et al., 2024; and Yamazaki et al., 2023), and three studies were conducted in classrooms (Al Hakim., 2023; Grigore et al., 2016; Huang et al.,
	[bookmark: _Hlk165417222]Table 1. Participant Demographics and Study Design

	Study
	Number of Participants
	Participant Demographics
	Study Design
	Environment
	Duration

	Al Hakim et al. (2023)
	60
	Adults (M=20) 
25 female and 35 male
	Experimental study
	Classroom environment
	1.5 months

	Birnbaum et al. (2016)
	Study 1: 102; Study 2: 74
	Study 1: Adults 20-34 (M=24.13) 
49 female and 53 male 
Study 2: Adults 19-34 (M=24.04)
37 female and 37 male
	Experimental study
	Laboratory environment
	< 1 day

	Chen et al. (2023)
	14
	Children 6-12 (M=10.79)
4 female and 10 male
	Experimental study
	Laboratory environment
	5 days

	Chung (2023)
	8 in-person; 45 online
	Children aged 6-8
	Experimental study
	Mixed online and laboratory environment
	4 days

	Davis et al. (2023)
	86
	Adults age 18-56 (M = 23.9; SD = 7.2)
40 female, 41 male, 3 non-binary, 2 prefer not to say
	Experimental Study
	Laboratory environment
	< 1 day

	Engler et al. (2018)
	Not specified
	Not specified
	Experimental study
	Simulated space mission environment
	7 weeks

	Grigore et al. (2016)
	52
	High school students 14-16 (M=15)
26 female and 26 male
	Experimental study
	Classroom environment
	< 1 day

	HEC Paris et al. (2018)
	114 (57 teams of two human, two robots)
	Adults (M = 23)
63 female and 51 male
	Experimental study
	Laboratory environment
	< 1 day

	Hiolle et al. (2012)
	Study 1 (Laboratory study): Not specified
Study 2 (Field study): 21
	Study 1: Not specified
Study 2: Adults age 19-60; 16 females, 5 males
	Experimental study
	Study 1: Laboratory environment
Study 2: Museum environment
	Study 1: Not specified; Study 2: 3 days

	Huang et al. (2013)
	16
	Adults 20-29 (M=21.44)
4 female and 12 male
	Field study
	Classroom environment
	2 months

	Kim et al. (2013)
	60
	Adults (M = 23.9, SD = 2.73); 31 female, 29 male
	Experimental study
	Laboratory environment
	< 1 day

	Komatsu & Takahashi (2013)
	40
	Adults 19-24
10 female and 30 male
	Experimental study
	Laboratory environment
	< 1 day

	Kory-Westlund & Breazeal (2019)
	86
	Children age 3-8; (M = 5.31, SD = 1.43) 44 female, 42 male
	Experimental study
	Laboratory environment
	< 1 day

	Koyama et al. (2017)
	48
	Adults; 24 females and 24 males
	Experimental study
	Laboratory environment
	< 1 day

	Kruijff-Korbayová et al. (2015)
	Study 1 (Familiarity Display): 19
Study 2 (Off activity talk): 20; 28
	Children 
Study 1:
Ages: 5-12 years.
8 female, 11 male
Study 2:
2013 camp: Ages 11-14 years, 10 female, 10 male 
2014 camp: Ages 10-14 years, 10 females, 18 males
	Experimental study
	Study 1: Laboratory environment
Study 2: Educational summer camps 
	Study 1: 2 months
Study 2: Not specified

	Laban et al. (2024)
	39
	Adults (M = 36.41, SD = 12.20) 54% female, 46% male
	Experimental study
	Online environment at home
	1 month (5 weeks)

	Lubold et al. (2021)
	48
	Adults age 18-30; 
24 females, 24 males
	Experimental study
	Laboratory environment
	< 1 day

	Study
	Number of Participants
	Participant Demographics
	Study Design
	Environment
	Duration

	Manor et al. (2022)
	36
	Adults (M=24.1)
26 female and 10 male
	Experimental study
	Laboratory environment
	< 1 day

	Martelaro et al. (2016)
	61
	High school students 14-18 (M=16); 
33 female and 23 male
	Experimental study
	Laboratory environment
	< 1 day

	Mollen et al. (2023)
	14
	Adults age 22-32
	Field study
	Home environment
	1.5 months

	Neggers et al. (2021)
	8
	Children age 7-11 (M = 8.9, SD =1.7)
	Field study
	Home environment
	< 1 day

	Randall et al. (2019)
	10
	Older adults 56-67 (M=62.8)
10 female and 0 male
	Field study
	Home environment
	1 month

	Sundar et al. (2017)
	51
	Older Adults (M = 80.8, SD = 5.47)
43 female, 8 male
	Experimental study
	Home environment
	< 1 day

	Syrdal et al. (2013)
	8
	Adults age 21-32 (M = 25)
5 female, 3 male
	Experimental study
	Simulated home environment
	1 month (5 weeks)

	Takada et al. (2024)
	259
	Adults 20-80 (M = 43.8) 194 female, 63 male, and 2 other
	Field study
	Home environment
	2 months

	Tanaka et al. (2021)
	60
	Adults; 
30 female and 30 male
	Experimental study
	Laboratory environment
	< 1 day

	Weiss et al. (2009)
	129 children; 18 adults
	Children 3-15 (M=10.68)
70 female and 59 male
Adult 21-68 (M = 41.61)
6 female and 12 male
	Field study
	Shopping mall environment
	< 1 day

	Wilson et al. (2017)
	8
	Not specified
	Experimental study
	Laboratory environment
	< 1 day

	Yamazaki et al. (2023)
	13
	Older adults (M=83.4)
11 female, 2 male
	Field study
	Home environment
	4 months

	Youssef et al. (2015)
	20
	Adults age 22-30
	Experimental study
	Laboratory environment
	< 2 weeks (12 days)
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	Study
	Robot Utilized
	Robot Characteristics

	Al Hakim et al. (2023)
	Unspecified pet-like robot
	Pet-like robot able to emulate the pet-owner dynamic, providing emotional support and requiring care and attention from the students.

	Birnbaum et al. (2016)
	Travis
	Non-anthropomorphic robot capable of basic gestures such as nodding and swaying.

	Chen et al. (2023)
	RoBoHoN
	Humanoid robot capable of speech recognition, moving its arms and head, and engaging in various interactions with users. Has LED lights in its eyes and mouth to indicate its actions.

	Chung, J. (2023).
	Pibo
	Humanoid robot capable of face recognition, with color-changing LED eyes, display on chest.

	Davis et al. (2023)
	NAO, Kobuki
	NAO: Humanoid robot with sound and face recognition capabilities, sensors, moving limbs, LED lights in its eyes, and speakers.
Kobuki: Non humanoid robot resembling a robotic vacuum cleaner with no facial expressions or visual expressiveness

	Engler et al. (2018)
	Pleo, Romibo
	Pleo: Zoomorphic robot capable of learning over time and simulating expressions and moods of animal drives. 
Romibo: Non-humanoid robot designed to respond to changes in the user and environment, able to respond to sound volume and tones.

	Grigore et al. (2016)
	MyKeepon
	Non-mobile robot with four degrees of freedom. Unique appearance consistent with the back-story of a “robot-alien” seeking help to return home with speaker.

	HEC Paris et al. (2018)
	LEGO Mindstorms EV3
	Non-humanoid robot capable of grasping small objects, move around, and speak simple phrases.

	Hiolle et al. (2012)
	AIBO
	Dog-like robot equipped with toys (a ball and a bone), voice control, and AIBO-cards for interaction.

	Huang et al. (2013)
	LEGO Mindstorms EV3
	All robots had custom designs made by students.

	Kim et al. (2013)
	NAO
	Humanoid robot with sound and face recognition capabilities, sensors, moving limbs, LED lights in its eyes, and speakers.

	Komatsu & Takahashi (2013)
	PaPeRo
	Robot designed with functions to simulate eye contact and joint attention with the participants. The robot’s head movement and gaze direction were controlled based on the participants’ eye movements tracked by the Tobii eye tracker.

	Kory-Westlund & Breazeal (2019)
	Tega
	A non-humanoid, colorful, fluffy robot that is designed for interaction with young children, displaying an animated face on an Android phone screen. It uses expressive up-and-down and side-to-side movements with voice capabilities.

	Koyama et al. (2017)
	Minami
	Humanoid robot with features that resembled a human face. Has actuators that allows it to simulate human-like facial expressions, including the ability to display smiles

	Kruijff-Korbayová Et al. (2015)
	NAO
	Humanoid robot with sound and face recognition capabilities, sensors, moving limbs, LED lights in its eyes, and speakers.

	Laban et al. (2024)
	Pepper
	Large humanoid robot (4 feet) with sound and face recognition capabilities, sensors, moving limbs, LED lights in its eyes, and speakers.

	Lubold et al. (2021)
	LEGO Mindstorms EV3
	LEGO Mindstorms robot base with an iPod Touch for facial expressions. The robot was programmed to engage in social dialog, adapt its pitch (prosodic entrainment), and process speech in real time.

	Study
	Robot Utilized
	Robot Characteristics

	Manor et al. (2022)
	Unspecified non-humanoid object-like robot
	Non-humanoid object-like robot designed to understand language and respond to participants. Specific gestures were programmed into the robot’s behavior to simulate attachment-related behaviors (Secure condition) or non-responsive behaviors (Insecure condition).

	Martelaro et al. (2016)
	Custom built robot
	Robotic tutor with LCD screen to display facial expressions and emotions, small arms, and speaker for audio output.

	Mollen et al. (2023)
	BlockBot
	A minimalistic, non-anthropomorphic robot designed as a 12x12 cm cube features a simple smiley face on a display. Its behavior is limited, only indicating awake or sleep states based on its charging status, without movement or speech.

	Neggers et al. (2021)
	NAO
	Humanoid robot with sound and face recognition capabilities, sensors, moving limbs, LED lights in its eyes, and speakers.

	Randall et al. (2019)
	Paro
	Animal-like robot that has been FDA approved as a biomedical feedback device. It is known for its ease of use, technical robustness, and previous evidence suggesting its effectiveness in alleviating loneliness and improving mood among older adults.

	Sundar et al. (2017)
	HomeMate
	A prototype non-humanoid robot designed specifically for elderly use in a home setting stands 4 feet tall and includes a robotic arm, a web camera, and an LCD screen. It can play audio and move via voice commands or remote control, catering to the needs of its users in a convenient and accessible manner.

	Syrdal et al. (2013)
	UH Sunflower Robot
	A robot built on the Pioneer P3-DX mobile base. Features an expressive head, speaker, and LED display panel. It includes a slide-out carrying tray and an integrated touch screen for menu-driven interactions, displaying messages. The robot uses expressive cues such as head motions, sounds, and color changes. 

	Takada et al. (2024)
	LOVOT
	Robot with 11 degrees of freedom, capable of mobility, people detection, LCD display for eye movement, and various sensors.

	Tanaka et al. (2021)
	RoBoHoN
	Humanoid driver assistance robot, capable of guiding participants during the driving simulation. Capable of speech recognition, moving its arms and head, and engaging in various interactions with users. It has LED lights in its eyes and mouth to indicate its actions.

	Weiss et al. (2009)
	AIBO
	Dog-like robot equipped with toys (a ball and a bone), voice control, and AIBO-cards for interaction.

	Wilson et al. (2017)
	NAO
	Humanoid robot with sound and face recognition capabilities, sensors, moving limbs, LED lights in its eyes, and speakers.

	Yamazaki et al. (2023)
	RoBoHoN
	Humanoid robot with 25 degrees of freedom, capable of speech recognition, moving its arms and head, and engaging in various interactions with users. Has LED lights in its eyes and mouth to indicate its actions.

	Youssef et al. (2015)
	ROBOMO (Custom)
	Non-humanoid robot that resembles a pitcher plant. It is capable of implicit gestures such as turning or bowing and employs face tracking for user interaction. It can also express different tones of voice.







2013). Four studies were held in other naturalistic settings such as a simulated space mission environment (Engler et al., 2018) and a shopping mall environment (Weiss et al., 2009). Fourteen out of the 30 studies (47%) were longitudinal, ranging from over the course of four days to four months. Sixteen studies (53%) were completed within a day.
Methodologies to Assess Emotional Attachments in HRI
Diverse methodologies were used to assess emotional attachments in HRI, with a notable distinction between subjective and objective approaches (Table 3). Subjective measures were predominant and utilized in all 30 of the studies reviewed. A significant portion (9/30, 30%) of  the studies incorporated established psychological measures to assess human-robot emotional bonding and attachment dynamics, such as the McGill Friendship Questionnaire (Grigore et al., 2016), Inclusion of Other in Self Scale (Syrdal et al., 2013; Kory-Westlund & Breazeal, 2019), the Love Questionnaire (Komatsu & Takahashi, 2013), the Enjoyable Interaction and Personal Connection Subscales from the Customer-Employee Rapport Questionnaire (Chung, 2023), various existing rapport subscales (Wilson et al., 2017), and the Experiences in Close Relationships Inventory (Yamazaki et al., 2023). 
Another common theme observed was the use of modified human-pet related scales (3/30, 10%), including the Owner-Pet Relationship Scale (Al Hakim et al., 2023), Human-Pet Attachment Scale (Huang et al., 2013) and Pet Bonding Scale (Takada et al., 2024). A few studies also assessed perceived positive traits (4/30, 13%) (Birnbaum et al., 2016; Martelaro et al., 2016; Tanaka et al., 2021; Laban et al., 2024), such as responsiveness, friendliness, cuddliness, warmth, adorableness, and sweetness. 

	Table 3. Human-Robot Attachment Measurement Tools

	Study
	Measurement Tools

	Al Hakim et al. (2023)
	Subjective: Modified Owner-Pet Relationship Scale (Winefield et al., 2008); Interview questions

	Birnbaum et al. (2016)
	Subjective: Modified robot responsiveness scale (Birnbaum &
Reis, 2012); positive character traits (Hoffman & Vanunu,
2013); social, attractiveness, competence perceptions (Birnbaum et al., 2011); desire for
companionship; self-perceived mate value

	Chen et al. (2023)
	Subjective: Human-Agent Rapport Questionnaire (HARQ) (Cerekovic et al., 2017)

	Chung, J. (2023)
	Subjective: Enjoyable interaction and Personal connection subscales (Gremler & Gwinner, 2000)

	Davis et al. (2023)
	Subjective: Unvalidated questionnaires on perceptions of participants’ belief of whether their partner (robot or human) would predict their personality traits and emotional states; self-reports on liking, trusting, and feeling connected to their partner; and whether or not participants would like to interact with the same partner again

	Engler et al. (2018)
	Subjective: Unvalidated questionnaire assessing crew member interaction with the robot, enjoyment, and perceptions of the robot; Emotional association word list; Qualitative long answer questions; Focus groups

	Grigore et al. (2016)
	Subjective: McGill Friendship Questionnaire (MFQ) (Mendelson & Aboud, 1999)

	HEC Paris et al. (2018)
	Subjective: Emotional attachment subscale from Consumer-Product Attachment Scale (Schiffersetin & Zwarkruis-Pelgrim, 2008)

	Hiolle et al. (2012)
	Subjective: Unvalidated subjective perceptions of enjoyment, reactivity, predictability, willingness to assist, ease of interaction, and autonomy.
Objective: Amount of physical contact with the robot (frequency); Experimenter-coded video observations categorized into negative or positive behaviors. 

	Huang et al. (2013)
	Subjective: Modified human-pet attachment scale (Zilcha-Mano et al., 2011); Reflective journal encouraging participants to reflect on their interactions with the robot; Qualitative essay questions exploring participants’ attitudes toward their robots.

	Kim et al. (2013)
	Subjective: Adopted Consumer-Product Attachment Scale (Schifferstein & Zwartkruis-Pelgrim, 2008)

	Komatsu & Takahashi (2013)
	Subjective: Modified 6-item love questionnaire (Rubin, 1970)

	Kory-Westlund & Breazeal (2019)
	Subjective: Inclusion of Other in Self (IOS) task, adapted for children to measure closeness to the robot and other entities (Aron et al., 1992; Kory-Westlund et al., 2018); Social Acceptance Scale for Kindergarten Children (SASKC), assessing children’s acceptance of the robot and its hearing difficulties (Favazza & Odom, 1996; Favazza et al., 2000); Picture Sorting Task, which asks children to rank entities such as robots and humans to measure perceptions of social roles (Kory-Westlund & Breazeal, 2019).
Objective: Facial expression analysis using Affdex software to detect emotions like joy, engagement, and concentration during interactions (McDuff et al., 2016); Helping and compliance behavior measures such as the Sticker Task, where children’s willingness to share their sticker was recorded; Goodbye Gift Task, which evaluated children’s choices when giving a gift to the robot, reflecting whether they considered the robot’s preferences. 

	Koyama et al. (2017)
	Subjective: Unvalidated questionnaires using a 9-point Likert scale and provided free-text descriptions which included perceptions of the robot’s facial expressions, human likeness, sociality, and intimacy (low and high social bonding).

	Kruijff-Korbayová et al. (2015)
	Subjective: Unvalidated questionnaires on the perceived bond with the robot (friend, teacher, sibling, etc.), perceived role in activities (robot-led or child-led), and perception of the robot (friend, toy, pet, etc.).
Qualitative explanations from participants were also collected regarding their choices.

	Laban et al. (2024)
	Subjective: Jourard’s Self-Disclosure Questionnaire (Jourard, 1971), perception of friendliness and warmth (Petty & Mirels, 1981; Birmbaum et al., 2016), perception of communication competency and interaction quality (Croes & Antheunis, 2021; Demeure et al., 2011; Berry & Hensen, 2000), comfort (Clark et al., 2009)
Objective: Self-disclosure duration (Jadoul et al., 2018), disclosure length, disclosure sentiment (Hutto & Gilbert, 2014).

	Lubold et al. (2021)
	Subjective: Self-reported rapport and social presence through Likert-scale questionnaires. (Huang et al., 2011; Gratch et al., 2007; Biocca and Harms, 2002)
Objective: Behavioral rapport was measured through verbal linguistic politeness (e.g., praise, name usage, inclusive language).

	Manor et al. (2022)
	Subjective: Semi-structured interviews; Objective: Lexical Decision (reaction time task)

	Martelaro et al. (2016)
	Subjective: Companionship evaluated using a 9-item scale asking 
participants to rate how much the robot was: good, loving, 
friendly, cuddly, warm, pleasant, kind, sweet, and close

	Mollen et al. (2023)
	Subjective: Qualitative pictures and messages sent to experimenters via WhatsApp of their experiences with the robot

	Neggers et al. (2021)
	Subjective: Unvalidated questionnaire using 5-point likert scale to raate robot's characteristics; Interview questions
Objective: Reactions to the robots behavior was counted (verbal or nonverbal reactions)

	Randall et al. (2019)
	Subjective: Almere Technology Acceptance Questionnaire (ATAQ) (Heerink et al., 2010); Interview questions

	Sundar et al. (2017)
	Subjective: Unvalidated questionnaires on robot role, robot demeanor, and robot errors; social attraction (Lee et al., 2006); User intention (Venkatesh, 2000)

	Syrdal et al. (2013)
	Subjective: Unvalidated questionnaires on relative closeness; Inclusion of Other in Self (IOS) (Aron et al., 1992); Godspeed Questionnaire (Bartneck et al., 2009); Qualitative open ended feedback.

	Takada et al. (2024)
	Subjective: Adopted Pet Bonding Scale (PBS) (Anderson, 2007); Free-text response items assessing impressions, concerns, and feelings toward LOVOT. Objective: Robot Activity Logs where frequency of interactions, patterns of autonomous behavior, charging habits, and overall usage patterns are logged.

	Tanaka et al. (2021)
	Subjective: Unnamed questionnaire with Likert scale items related to participants’ impressions of the robot such as adorableness, friendliness, and attachment

	Weiss et al. (2009)
	Subjective: Two original questionnaires designed for children and adults to investigate the reflective level of emotional attachment, addressing cognition, emotional attachment, social reciprocity, and interaction.; Objective: Unstructured observation by two researchers to evaluate visceral and behavioral levels of emotional attachment.

	Wilson et al. (2017)
	Subjective: Rapport subscales taken various studies (Von der Putten et al., 2010; Grahe & Bernierias, 1999; Wang & Gratch, 2009; Briggs & Scheutz, 2015; Kang & Gratch, 2012; Kang et al., 2008); original items on emotional support and synchrony

	Yamazaki et al. (2023)
	Subjective: two variants of the Experiences in Close Relationships (ECR) inventory (Brennan et al., 1998); the ECR-generalized-other-version (ECRGO) variant (Nakao & Kato, 2004); a custom ECR-GO-RB3 designed specifically for interaction with robots; Semi-structured interviews of participant and relatives or staff that knew participant well.

	Youssef et al. (2015)
	Subjective: Custom made questionnaire on belief bond (Hirschi, 1969; Chriss, 2007); Attachment bond: Self-Assessment Manikin (SAM), Pleasure, stress-free feelings, closeness, caring, likeability (Bradley & Lang, 1994; McCroskey & Teven, 1999; Bartneck et al., 2009); 
Commitment bond: Perceived competence, intelligence, mutual attention, achievement (Bradley & Lang, 1994; Bartneck et al., 2009; Tanioka & Glaser, 1991); Involvement bond: Adaptability, positive/negative human face support, emotional involvement (Lim & Bowers, 1991; Larry et al., 2004).
Objective: Belief bond: Eye contact frequency, respect rate, averted gazes; Attachment bond: Facial expressions (disgust, surprise, happiness); Commitment bond: Interaction time, successful cognitive efforts, physical efforts 



Several studies also used original or unvalidated measures to assess attachment (8/30, 27%). In these measures, the researchers assessed enjoyment with the robot (Engler et al., 2018; Hiolle et al., 2012), level of emotional attachment or bonding (Weiss et al., 2009; Koyama et al., 2017; Youssef et al., 2015), emotional support and synchrony (Wilson et al., 2017), social attraction (Sundar et al., 2017), closeness (Syrdal et al., 2013). Two studies used technology-related measures such as the Human-Agent Rapport Questionnaire (Chen et al., 2023) and the Almere Technology Acceptance Questionnaire (Randall et al., 2019). Two studies used an object-related attachment questionnaire called the Consumer-Product Attachment Scale (HEC Paris et al., 2018; Kim et al., 2013). 
To support the quantitative insights from the subjective measures, several studies utilized various qualitative measurements such as interviews or focus groups (Al Hakim., 2023; Engler et al., 2018; Manor et al., 2022; Neggers et al., 2021; Randall et al., 2019; Yamazaki et al., 2023) to gain a more nuanced understanding of user experiences. Others used qualitative long answer questionnaire responses (Engler et al., 2018; Huang et al., 2013; Kruijff-Korbayová et al., 2015; Mollen et al., 2023; Syrdal et al., 2013; Takada et al., 2014) about participant interactions with the robot.
Objective measures, though less frequently used (9/30, 30%), provided further insight into human-robot attachment measurements. Two studies (Engler et al., 2018; Manor et al., 2022) utilized reaction time to a Lexical Decision Task to assess implicit perceptions of participants’ experiences after interacting with the robot. One study (Takada et al., 2024) used Robot Activity logs where the frequency of interactions, robot charging habits and overall usage patterns were recorded, providing objective data on how frequently and in what ways users engage with robots over time. Similarly, Hiolle et al. (2012) recorded the amount of physical contact participants made with the robot. Several studies also observed emotional reactions to the robots during interactions, such as observing and coding for facial expressions, disclosure sentiments, as well as overall positive or negative behaviors or attitudes (Hiolle et al., 2012; Kory-Westlund & Breazeal, 2019; Laban et al., 2023; Lubold et al., 2021; Neggers et al., 2021; Weiss et al., 2009; Youssef et al., 2015). 
Factors Related to Attachment
The studies reviewed varied in their experimental objectives and manipulations (Table 4). Sixteen out of the 17 studies reported increases in attachment related scores following experimental manipulations or over the course of the experimental period. Factors such as the length of interaction, the unique identities of the robots, their capabilities for communication, and particular behavioral expressions played a significant role in influencing the development of attachment in human-robot interactions (Table 5).
Time
Time was a commonly observed (12/30, 40%) factor for forming attachments, illustrating that prolonged interaction or exposure consistently enhances attachment levels. This included shorter periods of time ranging from a few days (Chen et al., 2023) to much longer periods, up to several months (Yamazaki et al., 2023). In general, participants reported increased attachment-related scores with increased time spent with robots. 
Identity
In this context, identity is defined as the unique characteristics that make a robot distinguishable and relatable to humans. This includes features such as naming, in-group role identity, or personality traits (12/30, 40%). Chung (2023) and Kory-Westlund & Breazeal (2019) observed that a robot with a name and a distinct backstory increased attachment-related scores over time compared to robots with no name or identity. Role identity, such as team membership or caregiving role was also seen to be a factor that influenced attachment (HEC Paris et al., 2018; Kim et al., 2013). Personality traits or unique behavior such as 
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	Study Aim
	Manipulations
	Results

	Al Hakim et al. (2023)
	Test a new model for educational robots based on interdependence theory to enhance student learning and foster long-term relationships.
	Robot with pet-like qualities or no pet-like qualities.
	Participants rated the pet-like robots higher in the attachment measures and showed improved learning performance.

	Birnbaum et al. (2016)
	Investigate whether interactions with a robot that exhibits responsiveness influence human perceptions and behaviors similar to attachment bonds.
	Robot responsiveness across two modalities: simple gestures and written text.
	Responsive robots were perceived as more sociable, competent, increased the participants’ desire for companionship, and increased approach behaviors. 


	Chen et al. (2023)
	The effect of children’s perceptions of a robot’s social presence and progressive familiarity with the robot on building rapport.
	Children engaged in various activities with the robot, such as chatting, listening to stories, and watching the robot dance. 
	Over four days of interaction, children’s rapport with the robot improved. Impressions of the robot’s social presence didn’t directly affect rapport with familiarity, but higher initial social presence led to slightly better rapport scores overall.

	Chung, J. (2023)
	Explore connection to robots with and without their identity in conversations with children.
	Robot with identity or no identity.
	Participants reported a more positive connection with the robot that exhibited an identity than not.

	Davis et al. (2023)
	Explore how robotic form (humanoid vs. non-humanoid) affects humans’ perceptions of a robot’s role-taking capacity, affection for the robot, and desire for continued interaction
	Humanoid robot vs. non-humanoid robot
	Robotic form (humanoid vs. non-humanoid) influenced perceptions of role-taking accuracy but did not directly influence affection or desire for continued interaction.
Affection and role-taking accuracy were more important than robotic form in determining participants' desire for future interaction.

	Engler et al. (2018)
	Whether robotic companions could reduce stress and establish emotional bonds in the event of a Marsanalog space mission.
	Robot with passive or aggressive characteristics.
	Participant enjoyment increased with the aggressive robots over time and decreased for passive Pleo. Bonding measures decreased for passive Pleo, but increased for aggressive Pleo. Crew members consistently considered the well-being of the robot companions important. Initial negative reactions towards the robots shifted towards more positive emotions by the end of the trial.

	Grigore et al. (2016)
	Examine the effects of two different input communication modalities (speech recognition vs. touch-based selection) on users’ perceptions of friendship and social presence with robot.
	Robot communication modalities: speech recognition and touch-based selection.
	Participants rated the robot significantly higher on friendship in the speech recognition condition than the touch-based selection condition.

	HEC Paris et al. (2018)
	Examine whether emotional attachment to robots affects team performance and assess if robot and team identity promotes attachment. 
	Robot identity and robot-human team identity.
	Emotional attachment to robots positively correlated with team performance and viability. Robot and team identification increased emotional attachment to robots.

	Hiolle et al. (2012)
	Investigate how a robot’s arousal-based behavior, based on attachment theory, can elicit caregiving-like responses from humans.
	Needy robot: Frequently solicited attention from the human caregiver.
Independent robot: Required much less attention and care.
	Participants provided more caregiving behaviors and reported higher enjoyment and engagement with the “needy” robot.
The “independent” robot elicited fewer positive responses and more neutral or negative handling behaviors.

	Huang et al. (2013)
	Explore the emotional attachment that students might develop towards robots they built over a 2-month period and to identify factors contributing to these emotions.
	Participants built and programmed a robot over a semester.
	Participants reported an increase in affection for their robot over the semester and negative feelings about dismantling their robots. Despite high levels of affection reported, the attachment scale developed for the study did not show significant correlations with overall affection for the robots.

	Kim et al. (2013)
	Investigate how the caregiving role assignment (robot-as-caregiver vs. human-as-caregiver) affects users’ attachment and relationship satisfaction
	Robot role as caregiver or Human role as caregiver
	Participants reported higher attachment when the robot was viewed as a caregiver than when the participant was assigned the role as the caregiver. 

	Komatsu & Takahashi (2013)
	Investigate the influence of eye contact and joint attention on emotional attachment.
	Robot eye contact and joint attention Manipulation of levels of eye contact and joint attention.
	Participants who interacted with the robot having both eye contact and joint attention functions showed slightly higher attachment related scores compared to other groups.

	Kory-Westlund & Breazeal (2019)
	Explore whether a robot’s speech entrainment and self-disclosure improve children’s learning outcomes, engagement, and relationship with robot
	Entrainment vs. No Entrainment: In the entrainment condition, the robot adapted its speech to match the child’s speaking rate, pitch, and volume.

Backstory vs. No Backstory: In the backstory condition, the robot shared personal information about its poor hearing abilities to build rapport.
	Entrainment and having a backstory improved children’s attachment scores and rapport with the robot. Children in the entrainment and backstory condition showed more positive emotions. These children also mirrored the robot’s speech more, complied more with its requests, and expressed a greater sense of closeness to the robot

	Koyama et al. (2017)
	Evaluate robot emotional expression and how they influence emotional bonding between humans and robots
	Robot facial expressions:  
NDS (Non-Duchenne Smile): A smile with pleasant social expression (mouth) but unpleasant affective expression (eyes).
DS (Duchenne Smile): Both the eyes and mouth expressed a pleasant smile.
NS (Non-Smile): Both the eyes and mouth expressed an unpleasant emotion.
	For low social bonding (e.g., wanting to be friends), both NDS and DS conditions gave an intimate impression. For high social bonding (e.g., wanting to live with the robot), the NDS condition was more effective, suggesting that a combination of affective and social expressions is important in forming deeper connections.

	Kruijiff-Korbayova et al. (2015)
	Investigate how familiarity display (FD) and off-activity talk (OAT), impact children’s perception of the robot as a friend and their willingness to interact with the robot over time.
	Familiarity Display (FD): The robot used personalized speech, referencing the child's name or past performance, while the control group had no familiarity cues. 

Off-Activity Talk (OAT): The robot engaged children in personal conversations unrelated to the activity, such as diabetes management and hobbies, compared to a control group without OAT. 
	Children in the Familiarity Display (FD) condition were more likely to see the robot as a friend. Off-Activity Talk (OAT) increased children's interest in further interactions. OAT sessions also fostered rapport, as children felt comfortable discussing personal experiences with diabetes.

	Laban et al. (2024)
	Examine how long-term repeated interactions with a social robot (Pepper) influence self-disclosure, perceptions of friendliness in the robot, and well-being (e.g., mood, loneliness, stress) over time.
	Discussion frame (COVID-19 related topics, vs general everyday topics) over time
	Participants disclosed more to the robot over time and perceived it as increasingly social, friendly, competent, with higher interaction quality. They reported improved moods, found the robot’s responses more comforting, and felt less lonely.

	Lubold et al. (2021)
	Explores how a teachable, social robot using social dialog and prosodic adaptation (acoustic-prosodic entrainment) can build rapport with users
	Non-Social Condition: The robot only focused on the task, without any social behaviors or prosodic adaptation.
Social Condition: The robot engaged in social dialog but did not adapt its pitch.
Social and Entrainment Condition: The robot both engaged in social dialog and adapted its pitch to match the user.
	Social dialog combined with pitch adaptation (entrainment) enhanced rapport and social presence more than dialog alone or no social behavior. Females reported higher rapport overall, particularly with entrainment, while males felt less rapport in the "social only" condition. Notably, females used less rapport-building language in the social + entraining condition, indicating they viewed Quinn more as a peer or friend.







	Manor et al. (2022)
	Compare participants’ sense of security when interacting with a robot displaying attachment-related behavior.
	Robot security behavior: secure, insecure, and baseline.
	Participants in the Secure condition perceived the robot as attentive, supportive, and trustworthy, fostering positive emotional experiences and a sense of security.

	Martelaro et al. (2016)
	To explore the effects of vulnerability and expressivity of a robot on trust, disclosure, and companionship.
	Robot vulnerability and expressivity.
	Participants exhibited higher trust and feelings of companionship with a vulnerable robot. 
Participants disclosed more personal information to an expressive robot. 
Trust mediated the relationship between vulnerability and companionship.

	Mollen et al. (2023)
	Explore the concept of common locus (shared time, space, and experiences) and how it influences human-robot bonding in unsupervised real-world settings, despite minimalistic robot behavior and appearance.
	N/A
	Bonding with the robot was driven by shared time and space, frequent daily interactions, and personalization through naming and assigning gender. The minimalistic design encouraged anthropomorphizing, fostering a sense of companionship and attachment.

	Neggers et al. (2021)
	Explore how robot emotional characteristics, self disclosure, intelligence, gestures, and roles influence bonding between children and robots
	Children played a trivia game with the robot, taking turns asking and answering diabetes-related and non-diabetes-related questions. The robot exhibited emotions, made mistakes, self-disclosed, and demonstrated natural behaviors such as gestures and gazing
	The robot’s emotional expressions contributed to a sense of bonding between the child and the robot.

	Randall et al. (2019)
	Evaluate the design and use of socially assistive robots (SARs) and sensors as in-home therapeutic support for older adults diagnosed with clinical depression.
	N/A
	Participants’ attitudes and intentions toward using the robot remained consistent before and after the intervention. Participants regarded the robot as a source of companionship, effectively reducing feelings of loneliness, sadness, and boredom. Many even viewed the robot as a friend or family member, attributing emotions to it and likening it to pets or loved ones.

	Sundar et al. (2017)
	Investigate whether variations in the role (companion vs. assistant) and social demeanor (playful vs. serious) of a robot influence senior citizens’ perceptions of the robot's social attractiveness, intelligence, anxiety, and eeriness
	Robot Role:
Assistant (help with tasks) vs. Companion (emotional support)

Robot Demeanor:
Playful (higher pitch, frequent inflections) vs. Serious (lower pitch, limited inflections)
	Companion robots were generally seen as more socially attractive than assistant robots. Companion robots with a serious demeanor were particularly valued for their intelligence and social appeal, which boosted robot use intentions. In contrast, assistant robots with a playful demeanor reduced anxiety and positively influenced user intentions.



	Syrdal et al. (2013)
	Investigate the impact of a robot’s ability to move within a shared space on human-robot relationships, specifically comparing a mobile robot with a stationary one.
	Robot mobility (mobile vs. immobile)
	Participants felt closer to and rated the mobile robot as more likable than the stationary one, though the difference in closeness was not statistically significant. The mobile robot was perceived as more animated, but there were no differences in anthropomorphism, intelligence, or safety. Feedback suggested the mobile robot fostered a sense of shared experience, while the stationary robot was seen as more task-focused.

	Takada et al. (2024)
	Assess robot activity logs to measure human-robot attachment, and to see what aspects are highly correlated with subjective and objective measures of attachment.
	N/A
	Subjective measures were correlated with the objective robot activity logs. Interaction behaviors, particularly hugging, emerged as potential objective indicators for measuring the degree of owner attachment to the robot.

	Tanaka et al. (2021)
	Investigate the effect of naming a driver assistance robot on users’ attachment to the robot and their acceptability of support provided by the robot in reviewing their driving.
	Robot identity: no name, given name, name addressed.
	No significant differences in how attached people felt to the robot or how much they accepted its help across the three groups. However, in the group where the robot wasn’t named, there was a positive association between attachment and accepting its help.

	Weiss et al. (2009)
	Assess emotional attachment to the robotic pet AIBO among children and adults, utilizing Norman’s emotional attachment concept.
	N/A
	Children’s interactions were influenced by their visceral experiences, with positive emotions leading to longer and more intense interactions. 
Children attributed cognitive abilities and emotions to AIBO, expressing attachment and considering it as a playmate. Adults showed a more distanced opinion, suggesting potential practical uses for AIBO rather than emotional attachment.

	Wilson et al. (2017)
	Determine whether relational hand gestures and verbal acknowledgements enhanced the perception of rapport between humans and robots.
	Robot gaze, nodding, hand gestures, and verbal acknowledgements.
	Hand gestures and verbal acknowledgments significantly improved rapport compared to a control condition. Participants preferred robots that used both hand gestures and verbal acknowledgments, particularly saying “OK” after receiving answers. Combining hand gestures with synchronized head movements and verbal acknowledgments enhanced rapport, fostering feelings of connection, friendliness, and closeness, while reducing detachment.

	Yamazaki et al. (2023)
	To explore the emotional attachment to a robot and its influence on participants.
	N/A
	Participants maintained their attachment to robots even after 2 months after removal. Participants exhibited lower avoidance towards robots when compared to humans. Participants expressed feelings of loneliness after the robot’s removal, with durations ranging from days to over two months. Participants reported various emotional experiences with the robot.

	Youssef et al. (2015)
	Investigate the effect of combining inarticulate utterances (IU) with iconic gestures (IG), and the response mode (proactive or reactive) on the development of social bonds 
	Proactive: The robot initiates help without being asked.
Reactive: The robot only responds when the participant explicitly asks for assistance.
Use of IU, IG, or Both (Full Mode):

IU only: Robot uses verbal cues without gestures.
IG only: Robot uses gestures without verbal cues.
Full mode: Combination of both IU (verbal cues) and IG (gestures).
	Participants had stronger social bonds with the robot in the proactive role. The combination of IU and IG (full mode) was more persuasive and aesthetically appealing, leading to better bonding. 



	Table 5. Factors Influencing Attachment and Studies

	Factor
	Studies

	Time
	Al Hakim et al. (2023); Chen et al. (2023); Engler et al. (2018); Huang et al. (2013); Kruijff-Korbayová et al. (2015); Laban et al. (2024); Mollen et al. (2023); Randall et al. (2019); Syrdal et al. (2013); Takada et al. (2024); Weiss et al. (2009); Yamazaki et al. (2023)

	Identity
	Al Hakim et al. (2023); Chung, J. (2023).; Engler et al. (2018); HEC Paris et al. (2018); Hiolle et al. (2012); Kim et al. (2013); Kory-Westlund & Breazeal (2019); Kruijff-Korbayová et al. (2015); Manor et al. (2022); Martelaro et al. (2016); Mollen et al. (2023); Sundar et al. (2017)

	Communication Ability
	Birnbaum et al. (2016); Davis et al. (2023); Grigore et al. (2016); Hiolle et al. (2012); Komatsu & Takahashi (2013); Kory-Westlund & Breazeal (2019); Koyama et al. (2017); Manor et al. (2022); Lubold et al. (2021); Martelaro et al. (2016); Neggers et al. (2021); Sundar et al. (2017); Wilson et al. (2017); Youssef et al. (2015)



aggressiveness (Engler et al., 2018), exhibiting a sense of security (Manor et al., 2022), or neediness behavior (Hiolle et al., 2012) were also associated with increased attachment-related scores.
Communication Ability
The extent to which a robot was able to communicate and communicate effectively significantly influenced human perceptions and the development of attachment (14/30, 47%). Responsive robots, as studied by Birnbaum et al. (2016), were perceived as more sociable and competent, which increased participants’ desire for companionship and enhanced approach behaviors. Similarly, Grigore et al. (2016) found that robots equipped with speech recognition were rated higher on measures of friendship compared to those with touch-based communication modes. Gestures (Wilson et al., 2017), eye contact (Komatsu & Takahashi, 2013), and emotional expressions (Koyama et al., 2017; Lubold et al., 2021; Neggers et al., 2021) were also important in forming attachment bonds.
Discussion
In the absence of a well-established theory of attachment within Human-Robot Interaction (HRI), this review draws on robust psychological models, specifically Bowlby’s and Ainsworth’s attachment theory (Bowlby, 1969; Ainsworth, 1970), which has been extensively studied in various attachment relationships. Bowlby’s framework of attachment behaviors provides a foundational lens through which we can understand attachment bonds in HRI. The current paper aims to connect the well-established traditional psychological frameworks to the emerging dynamics of human-robot attachments.
We acknowledge that the development of an HRI-specific theory of attachment is beyond the scope of this review. However, by applying well-established psychological theories, we have been able to identify key factors that influence attachment in HRI and propose practical implications for robot design and development. Future research should aim to build upon these foundations to develop more tailored theoretical models for HRI.
Study Design and Context
Current research in HRI has encompassed a broad range of study designs and contexts. However, while the studies reviewed involved participants from various age groups, there is a lack of studies explicitly investigating how attachment behaviors towards robots might differ across these groups. Attachment theory posits that attachment behaviors evolve through different stages of human development; thus, examining how these behaviors translate into relationships with robots is necessary. Only one study (Weiss et al., 2009) reviewed directly compared the attachment behaviors to robots between adults and children. Such studies help identify which robot features are prioritized differently by various age groups, informing targeted robot design and functionality. Furthermore, exploring cultural and socioeconomic factors in attachment formation can enhance our understanding of how robots should be integrated into diverse populations.
The types of robots utilized across studies were also highly diverse. Robots’ form factors can provide valuable insights into the types of attachment attributes people form with them. However, the studies reviewed did not directly assess this factor. For instance, when the robot’s form resembles a creature, some researchers utilized modified pet-related questionnaires to evaluate attachment (Huang et al., 2013). This approach, however, could introduce bias, as it assumes that users attribute pet-like characteristics to the robot, which may not always be the case.
The current state of the research is also largely lacking in terms of longitudinal studies that track human-robot interactions over extended periods. Long-term studies are essential to observe the evolution of attachment, measure the stability of these relationships, and understand how they impact both humans and robots over time. This approach would provide a deeper, more nuanced understanding of the dynamics of attachment in HRI, particularly in assessing the long-term psychological and social effects of everyday human-robot interactions. Insights from long-term studies in human-human, human-pet, and human-object attachment could be valuable in extending this understanding to HRI (Grossman et al., 2006; Waters et al., 2000; Sroufe, 2005; Raina et al., 1999; Endenburg et al., 2014; Mugge et al., 2006). 
Notably, a significant oversight in many empirical studies within the field is the lack of discussion on the ethical implications, which is greatly important in HRI research. Ethical concerns such as privacy, autonomy, and the long-term psychological effects of forming attachments to robots are crucial areas that require further investigation (Borenstein & Arkin, 2019; Huber et al., 2016). The development and implementation of robots that potentially form emotional bonds with humans raise profound ethical questions about dependence, manipulation of emotions, and the consequences of substituting human caregivers or companions with robots. For instance, in Yamazaki et al. (2023), several older adult participants reported feelings of loneliness after being separated from their robot companion, making statements such as, “It has been hard since RoBoHoN left me a long time ago,” and “I continued feeling lonely for over 1 month.” This emphasizes a particularly sensitive issue, as this study involves a more vulnerable population who may be more susceptible to emotional dependence on robots. As the field advances, researchers should incorporate ethical frameworks into the study design and guidelines for future research and work to safeguard against unintended emotional consequence, ensuring that robots improve well-being without fostering emotional dependency or isolation. 
Measures in Assessing Attachment
In assessing emotional attachments in Human-Robot Interaction (HRI), researchers have used a diverse array of methodologies, each offering unique insights along with their own strengths and limitations. 
Established psychological measures, such as the McGill Friendship Questionnaire (Grigore et al., 2016), the Love Questionnaire (Komatsu & Takahashi, 2013), and the Customer-Employee Rapport Questionnaire subscales (Chung, 2023), are well-established and validated, which provides a strong foundation for evaluating complex emotional dynamics. However, the limitation is that its application to HRI may not capture the nuances of human-robot relationships due to its anthropomorphic basis. Nevertheless, they offer unique insights by allowing researchers to draw parallels between human-human and human-robot relationships, exploring the extension of traditional attachment theories to interactions with non-human entities.
Similarly, human-pet related attachment measures, such as the Owner-Pet Relationship Scale (Al Hakim et al., 2023) and the Human-Pet Attachment Scale (Huang et al., 2013), are particularly relevant in HRI because they assess emotional bonds with non-human entities. These tools effectively capture the somewhat asymmetrical nature of human-robot relationships. The key insight from these questionnaires is that they highlight humans’ ability to form attachments to entities that are not able to fully reciprocate feelings. However, it is important to note that human-robot attachment may differ from human-pet attachment. While some robots can engage in dialogue and higher-level social communication, unlike pets, they lack consciousness. This distinction adds a layer of complexity to understanding and measuring attachment in HRI contexts.
Additionally, assessments of positive traits like responsiveness, friendliness, cuddliness, adorableness, and sweetness (Birnbaum et al., 2016; Laban et al., 2024; Martelaro et al., 2016; Tanaka et al., 2021) may offer direct feedback on specific design features of robots intended to encourage attachment. Positive traits such as supportiveness, responsiveness, and warmth are also critical factors influencing close, intimate, and secure relationships both during infancy, with attachment to parental figures, and during adulthood, with attachments to partners or friends (Ainsworth et al., 1978; Crockenburg, 1981; Isabella & Belsky, 1991; Reis et al., 2004; Grabill & Kerns, 2000). While these evaluations are insightful for determining how certain robot characteristics influence user attachment, they do not measure attachment directly but instead assess factors associated with attachment.
To overcome the limitations of each method, an integrated approach combining these diverse methodologies would provide a more comprehensive understanding of attachment in HRI. This combined approach should blend the rigor of psychological measures, the relevance of pet-related scales, and the specificity of positive trait evaluations. Additionally, there is a clear need for new, standardized measures specifically tailored for HRI.
Factors Influencing Attachment
Three main factors were observed in influencing attachment in HRI: time spent interacting with robots, their distinct identity, and their communication abilities. Prolonged interactions have been shown to enhance attachment levels, suggesting that time investment is crucial. The distinct identity of robots, through naming or personality traits, significantly improves attachment bonds. Effective communication by robots, whether through speech, gestures, or eye contact, supplements their social presence and fosters deeper emotional connections.
The impact of time on the development of attachment in human-robot interactions is a noteworthy finding that aligns well with foundational attachment theories in human-human relationships. As Bowlby’s attachment theory underscores the importance of prolonged exposure and bonding time between caregivers and children to form secure attachments (Bowlby, 1969), similar patterns appear to hold true in human-robot relationships. This suggests that the duration and intensity of exposure are critical for the development of attachment, implying that robots designed for long-term interaction might be more effective at fulfilling roles that require deep emotional connections, such as companionship or therapy.
The significance of giving robots a distinct identity can be explained by social identity theory, which suggests that the uniqueness and relatability of individuals play a crucial role in social bonding (Tajfel & Turner, 2004). In the context of HRI, robots equipped with identifiable traits such as names, roles, or personality characteristics are seen not just as tools but as social partners. Research by Eyssel et al. (2012) highlights that robots with human-like traits are often treated with more empathy and considered more trustworthy. This can be leveraged to improve attachment, as individuals tend to form stronger bonds with robots that exhibit personalities or roles that resonate with their social and emotional needs.
Effective communication is important in any relationship, and this is equally true for interactions between humans and robots. Previous research has demonstrated that effective human-robot interactions were associated with robots capable of engaging in meaningful and appropriate communication (Bonarini, 2020). Having a capacity for communication, including speech (Ko, Barnes, Dong, Park, Howard, & Jeon, 2023), non-speech (Liu, Dong, & Jeon, 2023) gestures, facial expressions (Dong, Santiago-Anaya, & Jeon, 2023) and eye contact, makes robots more engaging, perhaps allowing for deeper emotional connections. Supporting this, studies have shown that robots utilizing naturalistic communication cues can evoke social responses from humans that mirror those typical in human-human interactions, thereby potentially facilitating the development of attachment (Jung et al., 2017; Onyeulo & Gandhi, 2020; Saunderson & Nejat, 2019; Mavridis, 2015). This observation aligns with the media equation theory and the computers as social actors theory (CASA), which suggests that humans extend typical social behaviors to computers and other technological entities (Reeves & Nass, 1996; Nass & Moon; 2000).
The importance of communication in forming and sustaining relationships is also well-documented in human-human interactions. Research has shown that clear and effective communication is crucial in maintaining relationships (Anders & Tucker, 2000; Overall & McNulty, 2017). Additionally, Burleson and Samter (1996) found that people experience higher relationship satisfaction when their partners display similar levels of communication skills. This finding may extend to human-robot relationships: for deeper connections to form, humans may expect robots to exhibit communicative abilities that are equal to human standards.
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Figure 3. Comparison of factors influencing attachment in human-human and human-robot relationships
Just as in human-human interactions, the factors of time, identity, and communicative ability play crucial roles in human-robot interactions. Time is a fundamental element in building attachments with robots; prolonged and consistent interactions can build trust and deepen emotional connections, similar to the way continuous caregiving over time establishes a secure base and safe haven for children in human development (Ainsworth et al., 1978; Bowlby, 1969). Identity is also significant in human-robot relationships. Unique characteristics and consistent behaviors of robots can create a sense of reliability, improving attachment bonds, much like how caregivers’ unique and consistent behaviors foster stable attachments in human relationships (Main et al., 1985; Ainsworth, 1989). In dyadic relationships such as friendships, identity informs the formation of bonds, where partners are valued as unique individuals and are irreplaceable (Ainsworth, 1989). Lastly, communicative ability is essential in forming and maintaining attachments with robots. Effective communication, including verbal and non-verbal cues, helps in expressing emotions, providing comfort, and resolving conflicts, thereby reinforcing the secure base and safe haven functions. (Reis & Patrick, 1996; Burleson & Samter, 1996; Bretherton, 1990). Research has shown that clear and empathetic communication from caregivers and partners is vital in developing secure attachments and maintaining healthy relationships, which can also be applied to human-robot interactions. (Isabella, 1993; Isabella & Belsky, 1991; Reis et al., 2004; Anders & Tucker, 2000). Therefore, the same principles that underpin attachment behaviors in human relationships through time, identity, and communication also strengthen human-robot interactions. Figure 3 illustrates the parallels between human-human attachment factors identified in this paper and how these factors can manifest in human-robot attachment, specifically in the context of the robot serving as a safe haven.
A Proposal for a New Methodology for Attachment Assessment in HRI
The methodologies used to assess attachment in HRI are primarily based on adopted scales, which may not fully encapsulate the nuances of human-robot interactions. This adaptation points to a significant gap: the absence of standardized, HRI-specific measurement tools. Current measures also often fail to incorporate the psychological frameworks of attachment such as understanding whether the robot is seen as a secure base or a safe haven, and assessing proximity-seeking behavior and separation distress, which are critical in understanding the depth and quality and degree of attachments. To address this gap, a new assessment methodology could be developed by modifying Mary Ainsworth’s Strange Situation Procedure tailored for HRI (Ainsworth & Bell, 1970). 
For the secure base behavior, where the robot serves as a base from which humans explore, individuals could participate in an exploration task. In these tasks, participants would engage in new or challenging activities in the presence of the robot to assess how it influences their willingness to engage, stress levels, and overall performance. Behavioral observations during these tasks can provide additional insights into the confidence and exploratory behaviors exhibited by participants. The safe haven aspect involves seeking comfort from the robot during stress or threat. This can be evaluated using stress induction tasks where participants are exposed to a stressful scenario to observe if they seek interaction or proximity to the robot for reassurance. Monitoring physiological responses such as cardiac activity, blood pressure, and cortisol levels before and after interactions with the robot can give quantitative insights into attachments to the robot. These methods have been used in infant-parent relationships, adult romantic relationships, as well as owner-pet relationships (Kohler-Dauner et al., 2019; Roisman, 2007; Ryan et al., 2019; Zilcha-Mano et al., 2012). Proximity maintenance, or the desire to be near the robot, can be assessed using sensors or video tracking to measure the frequency and closeness of participants to the robot under various conditions. Additionally, varying tasks can further reveal participant preference for proximity in different contexts. For separation distress, scenarios where the robot is temporarily removed and then reintroduced can mimic the Strange Situation Procedure used in developmental psychology (Ainsworth & Bell, 1970). Observing emotional and behavioral responses during these separation and reunion episodes can shed light on the anxiety or discomfort caused by the robot’s absence. This methodology has been widely utilized in assessing human-pet attachment (Prato-Previde et al., 2003; Edwards et al., 2007; Solomon et al., 2019; Rehn et al., 2013). Self-report measures can complement these observations by capturing subjective experiences and attitudes regarding the separation from the robot.
Defining Human-Robot Attachment
While the literature still lacks a concrete definition, this review defines human-robot attachment as the emotional bond between humans and robots facilitated by prolonged interactions, a unique robot identity, and effective communication. However, to deepen our understanding of human-robot attachment, future research must more thoroughly integrate the theoretical principles of traditional attachment theory.
	In assessing human-robot interactions, it is important to consider whether the connections formed between humans and robots can truly be classified as attachments according to traditional psychological theory. Ainsworth introduced the concept of affectional bonds, characterized by long-lasting ties, valuing the partner as a unique individual, the desire for closeness, joy in reunion, distress at separation, and grief at loss (Ainsworth, 1989). Attachments, as a specific type of affectional bond, also provide a secure base, allowing individuals to confidently explore their environment. In traditional psychological theory, attachments are distinguished from other affectional bonds by their ability to provide security and a base for exploration. This strict definition helps ensure that only the deepest and most supportive relationships are classified as attachments. However, in the context of HRI, this strict approach may be limiting and not fully capture the range of human-robot relationships.
	Adopting a spectrum-based approach as suggested by Rabb et al., (2022), from weak attachments to strong attachments characterized by the degree of attachment behaviors exhibited, can provide a more comprehensive understanding of HRI. Human-robot interactions are diverse, ranging from utilitarian relationships with service robots to more emotionally involved ones with companion robots. By viewing attachment as a spectrum, we can acknowledge and study all levels of emotional bonds, from minimal to strong, thereby providing a more complete picture of HRI. Even weak attachments can have significant implications for user satisfaction, engagement, and the effectiveness of robotic systems. A spectrum-based approach ensures that these weaker bonds are not overlooked and are considered meaningful in the study of HRI.
Additionally, understanding the factors that contribute to both weak and strong attachments can inform the design and development of robots, helping to create robots that better meet user needs and foster stronger bonds over time. A strict approach may exclude valuable data on weaker bonds that still play a crucial role in human-robot interactions. Including all types of bonds on a spectrum allows researchers to develop a more holistic understanding of how humans relate to robots. Different applications of robots require different levels of attachment; for example, a healthcare robot may need to foster stronger attachments for therapeutic purposes, while a household robot may only require a weak attachment to be effective. A spectrum approach allows for this adaptability.
Design Implications
To promote attachment, several design considerations were identified through this review process. Understanding attachment dynamics is essential to designing robots that support emotional well-being, companionship, and ethical use. 
1. Distinct Identities and Personalities: Designing robots with distinct identities and personalities can enhance relatability and trustworthiness, mirroring the varied and unique relationships humans form with one another. Drawing from Bowlby’s attachment theory, the role of consistency and reliability is essential in building secure emotional bonds. Robots that exhibit consistent, predictable behaviors provide users with a sense of emotional security, fostering deeper emotional connections (Chung, 2023; HEC Paris et al. 2018; Kory-Westlund & Breazeal, 2019). For instance, a robot that responds consistently to a user’s needs, remembers personal preferences, and maintains a steady emotional tone can help users feel emotionally safe and supported.
2. Engaging Communicative Ability: Robots should be equipped with the ability to effectively communicate with users to improve emotional bonds. This may include having sensors in the robot to assist with speech recognition, mobility to help for expressive hand or body gestures as well as responsive facial expressions to improve the quality of engagement and deepen emotional connections (Birnbaum et al., 2016; Davis et al., 2023; Manor et al., 2022).
3. Personalization and Long-term Interaction: Developers and designers need to design robots for long-term and continuous interactions because sustained interaction plays a key role in fostering lasting attachments (Al Hakim et al., 2023; Mollen et al., 2023; Yamazaki et al., 2023). Personalization features, such as remembering past interactions, preferences, and adjusting behavior based on user feedback, can help maintain and deepen attachment. Upgradability and adaptability are also crucial to sustaining long-term engagement as it can help ensure that the robot can develop alongside its human counterparts over time.
4. Minimizing Over-Dependence: While fostering attachment may be the goal in certain contexts, such as therapeutic or companionship roles, it is equally vital to ensure that robots do not create an unhealthy dependency. Designers should implement features that encourage users to engage in social interactions beyond the robot, supporting healthy social development (Devillers & Cowie, 2023; Borenstein & Arkin, 2019; Huber et al., 2016). For example, robots could be programmed to promote human-to-human interaction in appropriate contexts, such as reminding users to connect with friends or family.
 By prioritizing these design considerations, developers can create robots that not only fulfill functional roles but also form meaningful and lasting relationships with their users.
Limitations and Future Directions:
While this review synthesizes the last 15 years of research on attachment in Human-Robot Interaction (HRI), several limitations need to be acknowledged. First, the field of HRI lacks a well-defined theory of attachment, making it necessary to rely on traditional psychological models for analysis. Although these models provide valuable insights, future work should aim to develop a more specific HRI-focused theory of attachment that accounts for the unique characteristics of human-robot relationships.
Another limitation is the potential for publication bias, where studies with significant or positive findings are more likely to be published, while those with insignificant or negative results may be underrepresented (Thornton & Lee, 2000). Although this is a well-known challenge across many fields, it is important to acknowledge that it may influence the overall picture of human-robot attachment research. As a result, the conclusions drawn in this review could be somewhat skewed toward more favorable outcomes regarding emotional bonds between humans and robots. However, it is important to note that while this potential bias exists, the current review still provides valuable insights into attachment in human-robot interaction. By synthesizing a diverse body of literature, this review helps to advance our understanding of emotional bonds with robots, while also identifying areas that warrant further exploration. 
Additionally, while our review identifies several factors that influence attachment, such as time, robot identity, and communication ability, more in-depth longitudinal studies are needed to explore the evolution of these attachments over time (Kidd & Breazeal, 2008). Understanding how attachments develop, strengthen, or fade across extended periods is essential for designing robots that foster healthy and beneficial emotional connections with humans.
Finally, this review is limited in its scope by not addressing the ethical implications of human-robot attachments in detail. Future work should integrate ethical frameworks to explore the psychological effects of forming attachments with robots, including issues of dependency, emotional manipulation, and the replacement of human relationships with robotic ones.
Conclusion
[bookmark: _Hlk177646813]	Exploring attachment within HRI is important for advancing our understanding of how humans engage with emerging technologies. This review has given an overview of the multi-faceted nature of attachment, emphasizing both the complexities and potential of forming emotional bonds with robots. To advance this field, a multidisciplinary approach is needed, combining psychological theories, technological advancements, and ethical considerations to develop robots. Looking forward, developing HRI-specific methodologies for assessing attachment is needed to get a more focused idea of attachment dynamics. Ethical considerations should also be prioritized, as the emotional bonds formed with robots raise important questions about human dependency, emotional manipulation, and the potential consequences of substituting human relationships with robotic counterparts (Devillers & Cowie, 2023; Borenstein & Arkin, 2019; Huber et al., 2016; Sullins, 2012). This review emphasizes the importance of using and expanding upon traditional psychological theories, particularly attachment theory, to better understand how humans form emotional bonds with robots. Integrating these established theories with the unique aspects of HRI will offer a more comprehensive understanding of robots as emotional companions and supporters. 
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