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Abstract Creating effective teamwork between humans and robots involves not
only addressing their performance as a team but also sustaining the quality and
sense of unity among teammates, also known as cohesion. This paper explores the
research problem of: how can we endow robotic teammates with social capabilities
to improve the cohesive alliance with humans? By defining the concept of a humanrobot cohesive alliance in the light of the multidimensional construct of cohesion
from the social sciences, we propose to address this problem through the idea
of multifaceted human-robot cohesion. We present our preliminary effort from
previous works to examine each of the five dimensions of cohesion: social, collective,
emotional, structural and task. We finish the paper with a discussion on how
human-robot cohesion contributes to the key questions and ongoing challenges of
creating robotic teammates. Overall, cohesion in human-robot teams might be a
key factor to propel team performance and it should be considered in the design,
development and evaluation of robotic teammates.
Keywords Human-Robot Interaction · Teamwork · Cohesion · Collaboration ·
Multi-party

1 Introduction
As robotic systems become part of our lives in various domains or environments,
e.g. domestic (Christensen, 2003), industrial (Guiochet et al., 2017), public spaces
(Jensen et al., 2005; Kanda et al., 2009), education (Belpaeme et al., 2018), health
(Breazeal, 2011), they are naturally expected to engage in collaborative settings
or even integrate into teams along with humans (Groom and Nass, 2007; Seeber
et al., 2020). In human-robot teams, robots share common goals with humans
and they need to act together to achieve those goals. In those situations, how can
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robotic teammates be effective collaborators? An immediate question that might
occur is: what exactly is the effectiveness of a human-robot team, and how can
it be measured? There might be several different ways of assessing effectiveness,
depending on the purpose or the goals of the team. One possibility is maximising
the performance achieved by the team, by looking at the final outcome. There are,
however, other possibilities such as examining other aspects or factors that sustain
the quality of the team and may, in turn, mediate performance (De Visser et al.,
2020).
We took inspiration from the social sciences, and we looked at what characterises an interpersonal team. For instance, the social psychologist Forsyth refers
to teams as “unified, cohesive groups” (Forsyth, 1990). He pointed out that members of a team are usually committed to a common goal in which individual success
is only a consequence of collective success. There is a strong interdependence of
the members’ efforts that requires a coordinated interaction. In terms of structure,
teams usually present highly adaptive skills that allow a revision of their norms
and procedures in order to improve their functioning. Finally, the cohesion of a
team is also a prominent characteristic, which is pointed by many authors as the
most important aspect of groups and teams (Lott and Lott, 1965; Cartwright,
1968; Piper et al., 1983; Cota et al., 1995; Carron and Brawley, 2000; Eys et al.,
2009).
Cohesion is the integrity, solidarity and unity that maintains a group together
or in a cohesive alliance. It is associated with satisfaction, performance, and productivity. For instance, Mullen and Cooper found an interesting bidirectional relationship between cohesion and performance, which suggests that not only do
cohesive teams tend to perform better but also the success of the team leads to
increased cohesion (Mullen and Copper, 1994). The multi-dimensionality of the cohesion construct suggests that there are five possible courses that lead to a cohesive
alliance (Forsyth, 1990) (see Figure 1): the task, the social bonds, the collective
entity, and the structure and emotions. Task cohesion emerges from the shared
commitment towards a common goal, while social cohesion develops from the attractions among the members. The identification of the members with the group
and the degree of belongingness constitutes collective cohesion. The structural cohesion derives from the norms, roles and relationships that link the members of
the group. Finally, emotional cohesion is the intensity of the members to express
group feelings.
We are particularly interested in this type of satisfactory and effective coalition in mixed teams of humans and robots. Considering both how humans establish cohesive alliances in their interpersonal groups or teams, and the multidimensionality of this construct, we define a cohesive alliance between humans and
robots as a coalition in which the relation between group members, both humans
and robots, emerges from at least one of the dimensions of cohesion and results in
a shared sense of unity by all group members. In the light of this definition, we
argue that the design and evaluation of robotic teammates can take into account
these five dimensions in order to establish human-robot cohesion or a cohesive
alliance between humans and robots. This paper sets out a novel exploration of
multifaceted human-robot cohesion.
Another innovative aspect of our work is the exploration of human-robot teamwork in multi-party small groups. The structure of human-robot teams might vary
from dyadic teams to larger coalitions where several humans and several robots act
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Fig. 1 Addressing the multi-dimensionality of the cohesion construct.

together towards a common goal. Most Human-Robot Interaction (HRI) literature
on the topic of human-robot teamwork is focused on dyadic interactions (Hoffman
and Breazeal, 2007; Dragan et al., 2015; Huang and Mutlu, 2016; Chang et al.,
2018; Shayganfar et al., 2019; Hoffman, 2019). Few examples explored teamwork
and collaboration within multi-party groups of humans and robots, i.e. groups
with more than one person and/or more than one robot (Jung et al., 2013; Fraune
et al., 2017b; Salomons et al., 2018; Traeger et al., 2020). This paper specifically
contributes to the development of robotic teammates in multi-party interactions
of small groups, in our use cases, the groups have either three or four elements.
Hence the general research problem we address is: how can we endow a robotic
teammate with social capabilities to improve the cohesive alliance in a multi-party
setting with humans?
In the following sections, we start in Section 2 by reviewing the state-of-art on
the topics of teamwork and collaboration, multi-party interactions, and cohesion.
Then, we propose that cohesion can be used as a framework to create robotic
teammates, presented in Section 3, and we examine four use cases of our previous
work to support this framework in Sections 4-7. Each use case specifically explores
one of the above-mentioned dimensions of cohesion, as Figure 1 shows. Specifically,
Section 4 focuses on membership preferences and team formation, which are related
to aspects of social cohesion. In Section 5, we describe a second use case exploring
how can robotic teammates portray different levels of collective cohesion. The
third use case, which is described in Section 6, focuses on the robot’s expression
of group-based emotions, which is related to emotional cohesion. The last use
case, which is presented in Section 7, explores different perceptual capabilities
in robotic teammates that correspond to different structural team configurations.
Additionally, task cohesion is also inherently present across all the projects, as we
have chosen scenarios where humans are asked to form a team with robots.
Throughout the paper, we argue that the three core stages to create robotic
teammates hold its (1) design, (2) development, and (3) evaluation. As a result,
the following sections are organised according to these three central levels, includ-
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ing the discussion in Section 8. Overall, this paper contributes with a framework
to create cohesive alliances between humans and social robots in team settings.
Moreover, it discusses four related use cases that illustrate and support the feasibility of the proposed framework. Finally, the paper ends with a discussion on
the future challenges that aim at encouraging researchers to pursue some of the
possible avenues in order to create cohesive alliances between humans and robotic
teammates.

2 Related Work
This paper lies at the intersection of three topics in HRI, which are teamwork,
multi-party interactions and cohesion.

2.1 Teamwork and Collaboration
One of the main concerns in human-robot teamwork is how to support joint work
and create fluent and coordinated actions (Hoffman and Breazeal, 2004). To that
end, important capabilities can be an adaptation to the human teammate (Hoffman and Breazeal, 2007; Shah et al., 2011) or anticipatory behaviours (Huang
and Mutlu, 2016; Iqbal and Riek, 2017). Other relevant social behaviours that enhance human-robot teamwork include the presence of backchanneling (Jung et al.,
2013), gaze (Kshirsagar et al., 2020), or other non-verbal social cues (Breazeal
et al., 2005). Nevertheless, robots can also assume additional roles in these types
of interactions, for instance, robots can be a proxy of human teammates through
telepresence (Stoll et al., 2018), or mediate interpersonal conflicts among other
human teammates (Shen et al., 2018).

2.2 Multi-party Interactions
In multi-party interactions between humans and robots, there are some contradicting findings suggesting that well-known group phenomena in interpersonal groups
might or might not apply to human-robot groups, such as the case of the discontinuity effect (Chang et al., 2012; Fraune et al., 2019b), the conformity effect
(Brandstetter et al., 2014; Salomons et al., 2018, 2021), or the ingroup versus outgroup bias (Fraune et al., 2017b; Steain et al., 2019). Beyond explicit comparisons
with human-human groups, when robots adopt new roles such as being a facilitator
or a mediator, they can have a positive impact on the interaction among humans
according to their social capabilities. Many examples showed robotic mediators can
foster the inclusion among human group members through verbal support (Sebo
et al., 2020), the portrayal of vulnerability (Strohkorb Sebo et al., 2018; Traeger
et al., 2020), gaze behaviours (Mutlu et al., 2012; Gillet et al., 2021), attentive
postures (Tennent et al., 2019), resource allocation (Jung et al., 2018). By exploring other roles for robots in multi-part settings, researchers examined other types
of social behaviours, for instance, displaying empathy according to the emotional
climate of the group (Alves-Oliveira et al., 2019), or adopting different navigation
strategies in a crowded environment (Mavrogiannis et al., 2019).
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2.3 Cohesion
We identified four lines of research within the literature that explores cohesion in
human-robot interactions. First, robotic facilitators try to enhance the cohesion of
an interpersonal group. Examples include a narrative companion robot with the
capability to make social narrative links (Uchida et al., 2020), and a moderation
algorithm explored that could be either performance equalizing or performance
reinforcing (Short and Mataric, 2017). Second, the exploration of how cohesive
groups of robots are perceived (Fraune et al., 2017a). Third, how does the cohesion of interpersonal groups affect their interaction with a robot (Fraune et al.,
2019a). Fourth, how to develop social behaviour for robots that accounts for cohesion. One example is the work by Sebo et al. exploring the impact of supporting
interpersonal cohesiveness through verbal comments, compared to supporting task
performance (Strohkorb et al., 2016). Sathyamoorthy et al. proposed a novel metric for estimating cohesion and applied it in a navigation method that maintains
the perceived group cohesion (Sathyamoorthy et al., [n.d.]). Similarly, Landolfi and
Dragan introduced an algorithm for an autonomous car that considers the driving
style of the surrounding cars (Landolfi and Dragan, 2018).
However, Abrams and Rosenthal-von der Pütten have recently proposed the
Identification-Cohesion-Entitativity (I-C-E) framework, which highlights important considerations to study cohesion in interactions with robots. Their paper
reviews the theoretical foundation to address the concepts of ingroup identification, cohesion, and entitativity in HRI (Abrams and Rosenthal-von der Pütten,
2020). The authors clarify the similarities, differences and relations between these
constructs and point out that they have been used interchangeably in the literature.
Our paper bridges the gap among these three topics of teamwork, multi-party
interactions and cohesion by exploring how can robotic teammates form cohesive
alliances in group interactions. The specific tasks in which we examine humanrobot cohesion include not only teamwork and shared work between humans and
robots, but also multi-party interactions with either more than one robot or more
than one human. Our approach to addressing this research problem is also novel
in its multifaceted vision of cohesion for human-robot interactions.

3 Cohesion as a framework to create robotic teammates
We argue that creating robotic teammates is an iterative process over the feedback loop between: design, development and evaluation. Such theory embraces
three core questions: (1) how can we design robotic teammates?; (2) how can we
develop robotic teammates?; and (3) how can we evaluate robotic teammates? Although these three questions can be addressed separately, they also have a seamless
relationship between them. In particular, any contribution in either design or development is only consummated after performing an adequate evaluation supporting
their effectiveness. The design stage does not require development if researchers
use techniques such as Wizard of Oz, in which the robot is being controlled by a
human operator. However, addressing the autonomy of robots in the development
stage either holds a design contribution or is inspired by previous design contributions. Finally, results from the evaluation stage constitute a reinforcement to
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Fig. 2 Cohesion as a framework for the creation of robotic teammates.

iterate and improve the design and the development. Figure 2 portrays the described symbiotic relationship between the stages of creating a robotic teammate.
Designing robots is usually associated with the shape, embodiment or other
physical features of the robots. However, designing social behaviours for robots is
equally important in scenarios that require the robot to interact with humans, as in
human-robot teamwork. An ideal design should convey the right social affordances
considering the behaviours that the robot can perform. In the particular case of
designing robotic teammates, it is important to explore which social behaviours
robots need in order to enhance teamwork, how they express those behaviours,
and which embodied features allow those behaviours. As a result, we propose that
the two main elements to take into account while designing robotic teammates are
both morphology and behaviour.
In terms of development, for robots to act autonomously in human-robot teams,
they need to be endowed with three core skills. Firstly, they require perceptive
skills to observe dynamic changes in the environment, which include changes not
only related to the task but also related to other human teammates. Secondly,
robots need cognitive skills to reason about the information they observe in a
team context, and about the expected impact of their own actions. Generally, such
skills involve an understanding of group/team processes. Thirdly, robots require
expressive skills to facilitate teamwork with humans. Therefore, we argue that
robotic teammates should hold autonomous capabilities at three different levels:
perception, cognition and expression.
Finally, the evaluation of robotic teammates involves the tools and methods
to perform teamwork between humans and robots and to assess their quality. An
important element to consider at this stage is the scenario that should undertake
teamwork at the same time it should highlight and elicit the specific behaviours being evaluated. As a result, different evaluation setups require different capabilities
by the robotic teammates. Another important element is the measures which can
be subjective or objective instruments to assess teamwork or the inherent facets
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of teamwork. The measures should similarly be tailored to assess the specific behaviours or team processes being evaluated.

- Behaviours that
express group
feelings

- Perceive emotional
cues on teammates
- Interpret and reason
about group feelings
- Express emotional
cues

- Behaviours that
portray belongingness
to the team
- Physical
characteristics or
accessories that signal
belongingness

- Perceive social cues
of association and
dissociation on
teammates
- Interpret and reason
about belongingness
- Express association
(and dissociation)

- Measures of
belongingness
or identification

Designing
Robotic
Teammates

Developing
Robotic
Teammates

Evaluating
Robotic
Teammates

- Measures of roles
(e.g. leadership)

- Measures of trust
or fluency

- Perceive social
cues related to the
task accomplishment
- Reason about
individual and group
goals in the task
- Express social cues
to endorse common
goals or task
accomplishment

- Perceive social
cues with structural
information
- Recognise and
reason about roles,
norms and
relationships
- Express cues with
structural
information

- Perceive liking
and disliking cues
on teammates
Interpret and
reason about
membership
preferences and
rejections
- Express liking
(and disliking) cues

- Measures of
attraction or
preferences

- Behaviours that
comply and
endorse the
common goals

Task Cohesion

- Behaviours that
acknowledge roles,
norms and
relationships in
the team

Structural Cohesion

- Behaviours that
foster attraction
between
teammates

Social Cohesion

Table 1 Guiding the design, development and evaluation of robotic teammates in the light of the dimensions of cohesion.

- Measures of group
emotional state

Emotional Cohesion

Collective Cohesion

Stage

8
Filipa Correia et al.

When A Robot Is Your Teammate

9

The novelty of our framework is the adoption of cohesion as a central element
to guide the creation of robotic teammates, as shown in Figure 2. We propose
that the five dimensions of cohesion can lead the stages of design, development
and evaluation. Table 1 clarifies this proposal by providing examples for each
dimension of cohesion. Moreover, each of the following sections dives into a row
of the table in order to detail and analyse how cohesion contributes to the design,
development and evaluation of robotic teammates.

3.1 Cohesion in the design of robotic teammates
We propose that designing the social behaviours of robotic teammates in the light
of cohesion can strengthen human-robot teamwork. Based on the dimensions of
cohesion, one should opt to endow robotic teammates with behaviours that portray belongingness (i.e. collective cohesion), express group feelings (i.e. emotional
cohesion), foster attractions (i.e. social cohesion), acknowledge the roles, norms
and relationships (i.e. structural cohesion), and/or endorse the common goals of
the teammates (i.e. task cohesion).
When using an off-the-shelf robot, the concrete design of such behaviours must
take into account the morphology of the robot and its available multimodal channels. For instance, if the robot possesses any sort of natural language skill (e.g.
speech, text), it may portray belongingness by using the pronoun “we” or, if it
possesses robotic arms and hands, it may perform inclusive gestures widening and
opening its hands towards the teammates. If the morphology of the robot is also
a target of the design stage, one should first choose which behaviours may be
relevant and adequate for the specific task, and then design its embodiment accordingly. In the case of collective cohesion, we additionally identified the usage
of physical accessories that signal belongingness or identification, such as a team
colour to elicit the minimal group paradigm (Kuchenbrandt et al., 2011).

3.2 Cohesion in the development of robotic teammates
The dimensions of cohesion can also guide the development of autonomous social
behaviour for robotic teammates, which is crucial to deploy robotic teammates
in real-world settings. In terms of development, our framework considers three
categories of capabilities: perceptive, cognitive and expressive.
Expressive capabilities account for autonomous triggering mechanisms of social
cues that can be interpreted by human teammates as attempts to enhance the
cohesion of the team. The specific social cues used by the robotic teammate might,
in turn, be associated with each dimension of cohesion. Beyond natural language
that can easily and explicitly elicit each dimension of cohesion, one can use, for
instance, the robot’s posture to convey association (i.e. collective cohesion) or
liking cues (i.e. social cohesion). Gaze is another example of a powerful non-verbal
behaviour that can communicate common goals (i.e. task cohesion) through joint
attention cues, or even roles (i.e. structural cohesion) such as leader/subordinate
(Capozzi et al., 2019) or addressee/bystander (Mutlu et al., 2012).
The perceptive skills include computational mechanisms to autonomously recognise relevant social cues from human teammates. Once again, the social cues that
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the robotic teammate can perceive might be more related to a specific dimension of cohesion according to their nature. Following the previous examples, the
robot might recognise the body posture of its human teammates as an association/dissociation cue (i.e. collective cohesion) or as a liking/disliking cue (i.e. social
cohesion), and also the gaze of the human teammates to infer the implicit roles
through cognitive capabilities (i.e. structural cohesion).
Being aware of the mere occurrence of a social cue is not very informative
per se for the robotic teammate. For that reason, perception generally requires
some degree of cognition as it allows the robotic teammate to interpret the meaning of that social cue in the context of the task and of the teamwork. In some
cases, it is hard to separate perception and cognition, for instance, if the robot
has a machine learning model that classifies either liking or disliking behaviours
based on several multimodal input channels, the model itself combines perceptive
and cognitive capabilities. Hence, when considering cohesion in the cognition of a
robotic teammate, we refer to the capabilities of interpreting and reasoning about
perceptions, whether they involve the degree of belongingness (i.e. collective cohesion), group feelings (i.e. emotional cohesion), membership preferences (i.e. social
cohesion), common goals (i.e. task cohesion), or norms and roles (i.e. structural cohesion). Furthermore, such cognitive capabilities imply that the robotic teammate
possesses a notion of the human teammates and of the team as a whole.
A final remark that must be mentioned is the fact that, in the design of social
behaviours for robotic teammates, our framework assumes the robot’s ultimate
goal is to enhance and foster cohesive alliances. However, in the development
of perceptive skills, the robotic teammates should be aware of social cues that
reveal the deterioration of cohesion by the human teammates. A similar negative
facet may be included in the robot’s expressive capabilities, due to a necessity of
signalling a lack of unity in the team, or due to other individual interests by the
owner of the robot.

3.3 Cohesion in the evaluation of robotic teammates
Defining what effective human-robot teamwork is might not be simple due to the
specific goals of the task or the properties of the interactive scenario. Generally,
effective teamwork refers to a satisfactory execution of actions by the team. We
propose to evaluate the effectiveness of human-robot teamwork under the umbrella
of cohesion. The dimensions of cohesion suggest a broad range of measures to assess
teamwork, from performance-related aspects such as trust or fluency (i.e. task
cohesion), to relational-related aspects such as attractions (i.e. social cohesion) or
identification (i.e. collective cohesion).
The measurement instruments are usually divided into subjective and objective
scales (Gaillard et al., 2014). While subjective questionnaires are prone to bias and
conscious answers, they also provide richer beliefs and might more easily present
relationships with other measures. Objective instruments, on the other hand, produce reliable scores and can be effortlessly tailored to human-robot interactions,
as opposed to subjective scales that are usually adapted from psychology. Ideally,
both types of measures should be used together as they might further inform the
cognitive capabilities of robotic teammates, as in the case of real-time measures.
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4 A use case on social cohesion
Social cohesion in interpersonal groups emerges from the relations and attractions
between team members, at an individual level, or among the whole team, at a
group level. Nonetheless, it is not clear how those attractions develop when there
is a social robot on the team. Our first use case discusses a previous work that
addressed social cohesion in human-robot teams by exploring preferences for certain behavioural traits in robotic partners (Correia et al., 2017b). Specifically, we
used the goal orientation theory to design two distinct robotic characters and we
assessed which robot people prefer to form a team with. By looking at membership
preferences between humans and robots, we explored social cohesion.
The setup uses a Portuguese trick-taking card game called “Sueca” that is
played by four elements, two humans and two robots, split into two teams. Each
human-robot team has the goal of beating the numerical score of the other team.
The two created robotic partners were fully autonomous and used an architecture
for emotional agents described in the extended version of the previously mentioned paper (Correia et al., 2018b). Although the robots portrayed distinct goal
orientations in their social behaviours (as described below), they used the same
algorithm to play the card game, which is extensively described in another work
(Correia et al., 2017a).
The goal orientation theory suggests that people will present either a learningoriented goal (i.e. an interest in learning something) or a performance-oriented goal
(i.e. an interest in the result and what judgements will emerge from it) (Eison,
1979; Dweck, 1986). Teams consisting of individuals with a learning orientation
are reported to show high levels of mutual support behaviours and high quality of interaction, team efficacy and commitment Porter (2005). Hence, we have
speculated that a robot with a learning goal orientation would foster social cohesion with its human teammate. Based on this theory, we created a repertoire of
multimodal utterances, grouped by the situations that can happen during a game
session, so that each robot displays distinct goal orientations. For the performanceoriented robotic character, its social behaviours were built based on a competitive
perspective, always in pursuit of the best score. For example, when its team is
losing the trick, it can express the following utterance: “<gaze(partner)> This
cannot continue like this! <animation(sadness)> You have to play better!". By
contrast, the utterances of the learning-oriented robot mirror a more relational
perspective, verbalising more support and encouragement towards its partner. For
example, when its team is losing the trick, it can express the following utterance:
“<gaze(partner)> No worries, next time we will do better! <animation(wink)>”.
In an experimental study, we investigated which of the robotic characters would
be chosen by the participants as a partner for future games. Each session of the
study was run with two human participants, who did not know each other beforehand (see Figure 1a). The procedure was divided into 3 consecutive games, so that
each participant first partnered with the other human (game 1), then partnered
with one of the two robots (game 2), and finally partnered with the other robot
(game 3). Participants were asked which robotic character they preferred at two
points in time: (1) before having partnered with either robot and (2) after having
played with both robots as partners.
The partner choices seemed to be guided by different factors depending on the
context of the participants. At the end of the first game, when the participants
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had experienced both robots as opponents and had not yet created a partner
relationship with either robot, they seemed to choose their partners based solely
on character. At that time, the learning-oriented robot was the preferred partner.
This finding suggests that teams whose members prioritise relational features are
perceived more positively in first encounters.
However, at the end of the final game, the participants’ choices became less
clear, calling attention to other factors that came into play. It seems that personal
characteristics and team performance took higher precedence after participants
had experienced partner relationships with the robots. The participants seemed
to be affected by their own level of competitiveness, with more competitive people
preferring the more competitive robot, i.e. the performance-oriented character.
Additionally, although both autonomous robots played the game using the same
algorithm and the difference between the numbers of victories achieved by both
teams was not significant, there was an association between the team performance
and the chosen robot. It was observed that people tend to prefer the winning team.
Lastly, we performed a behavioural analysis on the data collected in the aforementioned Oliveira et al. (2018, 2020), using a coding scheme based on Bales Interaction Process Analysis Bales (1950). We found that the structure of the group’s
communication is different according to the goal orientation of the robot and according to their roles. Overall, the occurrence of different behavioural patterns in
competitive and collaborative interactions with robots suggests that there might
be a relationship between social cohesion and structural cohesion in human-robot
interactions.

4.1 Contributions of the first use case within the proposed framework
The goal of this use case was to explore the social cohesion in human-robot teamwork relations, i.e. how humans develop social attractions towards robotic teammates. Specifically, we have investigated the impact of the goal orientation theory
on such membership preferences. Therefore, we have designed two robotic teammates whose speech acts were either portraying a more performance-oriented or
competitive behaviour versus a more learning-oriented or relationship-driven behaviour. We showed empirically that these traits can lead robotic teammates to
be perceived differently in terms of social attributes, and we further demonstrated
their impact on how humans choose robotic partners for a team.
In order to foster social cohesion in first and brief teamwork encounters, robots
should prioritise the expression of learning-oriented behaviours over performanceoriented ones. However, fostering social cohesion in repeated or longer interactions
is more complex and involves other factors beyond the goal orientation of the
robot, e.g. team performance. Nevertheless, our results suggest that whenever
robotic teammates display a certain goal orientation, they should take into account
the goal orientation of the human and adapt accordingly. Although we found
evidence that there are other relevant aspects influencing social cohesion, especially
in repeated interactions, we can overall claim that the attraction towards robotic
teammates can be fostered by the behavioural traits of the robots.
By using the proposed framework to create robotic teammates, the contributions of the first use case are illustrated in Table 2. At a design level, the goal
orientation theory can guide the design of social behaviours for robotic teammates
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Stage
Designing
Robotic
Teammates
Developing
Robotic
Teammates
Evaluating
Robotic
Teammates

Social
Cohesion
Behaviours:
- Using goal orientation theory
in multimodal utterances

13
Task
Cohesion

Cognition:
- Emotional architecture to
reason about the team goals
Measures:
- Choice of robot for
hypothetical future game

Table 2 Analysis of the first use case (Correia et al., 2017a,b, 2018b) through the proposed
framework of Section 3.

in multi-party competitive settings, because it supports human-robot attractions.
Moreover, at an evaluation level, the choice of a robotic character for a hypothetical future was used as a measure to assess social cohesion. Finally, the architecture
and algorithms employed by the autonomous robots in this use case further contribute to the development of cognitive skills for robotic teammates.

5 A use case on collective cohesion
Collective cohesion reflects the degree of identification with the group. It is usually mentioned as the replacement of the “I” by the “we” and, when this feeling
becomes stronger, it may even affect one’s actions with the collective goals taking priority over the individual ones. Therefore, collective cohesion goes hand in
hand with prosociality and this second use case aims at creating robots that foster prosocial behaviours Paiva et al. (2018, 2021). We specifically explored how
robotic teammates can express different levels of collective cohesion and how it
affects human-robot teamwork (Correia et al., 2019).
The scenario used in this work was called “For The Record”, a collective risk
dilemma mapped into an entertaining game. In this game, a team of two social
robots and one person formed a musical band and had a goal of avoiding the band’s
collapse. The dilemma of this game happens in every round when each player
individually chooses which skill to upgrade, between their instrument or marketing
skills. By upgrading the instrument skill, a player is fostering the chances of the
band’s success, i.e. to cooperate. By upgrading the marketing skill, on the other
hand, a player increases the chances of reaching the best individual score among
other players, i.e. to defect. Although the game has uncertain results (e.g. dice
throws), a player can generally maximise the collective goal by cooperating. At
the same time, individuals may opt to defect and free ride on the efforts of others. A
detailed description of the game and a theoretical analysis are available in another
previous work (Santos et al., 2020).
We conducted a user study using the “For The Record” game, where a team of
one human participant and two robotic teammates played on a touch screen (see
Figure 1b). The two robotic players differed in the strategies they apply to play
the game. One of them always defects by upgrading the marketing skill, which we
call the selfish robot (low collective cohesion), while the other always cooperates
by upgrading its instrument skill in every round, which we call the prosocial robot
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(high collective cohesion). Beyond their difference in the level of collective cohesion to play the game, their verbal and non-verbal behaviours remained similar.
Additionally, we also manipulated the outcome of the game (through the digital
dice throws) to either be a victory or a loss for the team. This experimental set-up
allowed us to investigate the following three research questions: (1) How do people
perceive robotic teammates portraying different levels of collective cohesion?; (2)
How can the perception of those robotic teammates be affected by the outcome
of the team?; and (3) Does the outcome of the team affect the collective cohesion
reported by human teammates?
Participants were first introduced to the game, then they played the game with
the robots, and they finished the experiment with a questionnaire. The questionnaire included the perceived social attributes of warmth, discomfort and competence of each robot (Carpinella et al., 2017). In terms of group measures, participants reported the degree of trust with the team (Allen and Bergin, 2004) and
the identification with the group (Leach et al., 2008). Finally, they were also asked
which of the two robots (prosocial vs selfish) would they prefer for a hypothetical
future game.
The results showed that the prosocial robot was rated as warmer and caused
less discomfort than the selfish robot, which suggests that the display of a prosocial
strategy by the robotic partner enhanced the perception of its social attributes.
However, the competence attributed to each robot was affected by the game result. Participants considered the selfish robot as less competent only in the losing
condition, which suggests the negative effect of losing the game highlighted the
difference between the robots. We also verified a similar result in the preference of
a robotic partner, which suggests participants only preferred the prosocial robot
over the selfish robot in the losing condition. In other words, people do not seem to
mind the selfish behaviours of robotic teammates as long as they do not cause the
team to lose the game. Another important result of the study is that the success of
the team had a significant positive effect on group identification but not on group
trust.

5.1 Contributions of the second use case within the proposed framework
In this case study, we looked at collective cohesion from two perspectives. First, we
compared the degree of collective cohesion reported by participants when they won
or lost the game. We found that the outcome for the human-robot team had an
impact on the sense of unity reported by human teammates, which was higher when
the team won compared to when the team lost. While this result does not inform
the design nor the development of robotic teammates, we successfully instantiated
measures of collective cohesion, namely group trust and group identification.
Second, we have also explored how robotic teammates are perceived when they
display a high versus a low level of collective cohesion in their actions. Participants have ascribed more positive social attributes to the robotic teammate that
compromises individual benefits in favour of the collective welfare. Overall, our
results support the successful manipulation of collective cohesion and, therefore,
the actions that a robotic teammate takes in a collective risk dilemma can induce
different levels of perceived collective cohesion by humans.
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Stage
Designing
Robotic
Teammates
Developing
Robotic
Teammates
Evaluating
Robotic
Teammates

Collective
Cohesion

15
Task
Cohesion

Behaviours:
- Exhibit prosocial actions ( e.g. favouring
collective goals over individual goals
Cognition:
- Emotional architecture to
reason about the team goals
Scenarios:
- Collective Risk Dilemmas
Measures:
- Actions in Collective Risk Dilemmas
- Group Identification

Table 3 Analysis of the second use case (Correia et al., 2019) through the proposed framework
of Section 3.

By using the proposed framework to create robotic teammates, the contributions of the second use case are illustrated in Table 3. At the design stage, it seems
desirable to consider prosocial actions in the design of robotic teammates, such as
favouring collective goals over individual ones. At the stage of evaluation, we first
highlight the effective use of collective risk dilemmas (e.g. “For The Record”) as
scenarios to elicit new facets of human-robot teamwork. Secondly, we assessed collective cohesion with the subjective measure of group identification, which refers
to the degree of belongingness towards the group.

6 A use case on emotional cohesion
Emotional cohesion refers to the intensity of the members to express group feelings.
But how can a robotic teammate express group feelings? We took inspiration from
both the group identity theory and the group-based emotions, which are a particular group of emotions that reflects a high level of identification with the group.
This use case explored how can robotic teammates autonomously express group
feelings by proposing a computational model of group-based emotions (Correia
et al., 2018a).
Our computational model is grounded on a recent psychological model of
group-based emotions, proposed by Goldenberg et al. (Goldenberg et al., 2016).
The first, and the most important, component of the model is the Self-Categorisation
component, which is responsible for managing the current context of the interaction as well as the social groups that are present in that context, if any, and their
members. These elements constitute a social layer on top of the physical reality
that is being perceived by the robot’s sensors. Based on the Self-Categorisation
Theory (Hornsey, 2008; Turner et al., 1987), when the robot detects a presence of
an out-group then its own in-group identity will become more salient.
The emotional appraisal is the second component of the model. This component is responsible for generating emotions in response to the events that occur
within the current social context. An event can correspond to a performance of an
action or to a change in a property of the environment. For each event perceived,
the emotional component performs a series of value judgements about that event
in relation to the robot. Then, a set of emotions are synthesised in accordance
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with those judgements, which in our case correspond to the set of variables from
the Ortony-Clore-Collins (OCC) theory (Ortony et al., 1990). For instance, when
someone performs an action that is considered blameworthy, then that person is
inclined to feel shame. However, if the blameworthy action is performed by another
person, then a reproach emotion is felt instead by the observer.
While many researchers have already been able to integrate an emotional appraisal component in a social robot’s architecture, the innovative aspect of our
model lies in the notion that our appraisal component is capable of considering
a social group as the actor of an event even if, in reality, all actions are being
performed by individuals. This is the result of introducing the Self-Categorisation
component before the appraisal takes place in order to determine whether the robot
sees itself and others acting based on their individual or their group identity. In
the latter case, actions performed by individuals that are sharing the same group
identity in the current context are appraised as if they are actions performed by
the robot itself. Consequently, in a context where the robot is performing a teambased activity and one of its partners performs a blameworthy action, the appraisal
component will generate in the robot a group-based emotion of shame, rather than
a reproach emotion towards its partner.
Finally, the last component of the model is the Emotional Response component,
which is responsible for managing how the robot expresses the emotions that
result from the appraisal process. This process must take into account the different
possibilities that are afforded by the robot’s embodiment. Assuming the robot has
the ability to change its facial expression and body posture then these are matched
to the current emotional state of the robot. In addition to non-verbal signals, the
dialogue acts chosen by the robot are also influenced by its emotions.
To evaluate the proposed model, we used the same card game scenario as
in Section 4 and conducted a user study where two participants and two robots
formed two human-robot teams to play the card game (see Figure 1c). One of
the robotic partners was using the Self-Categorisation component and was, therefore, expressing group-based emotions, while the other robot skipped the step of
Self-Categorisation and was producing the traditional individual-based emotions.
Participants were randomly assigned to one robotic partner and, after playing a
session of the card game, they were asked to report their subjective evaluation
of their robotic teammate, using the Godspeed questionnaire (Bartneck et al.,
2009), and of their whole team, using trust (Allen and Bergin, 2004) and group
identification (Leach et al., 2008).
Overall, our results showed that participants that partnered with the robot
expressing group-based emotions rated their robotic partner as more likeable compared to participants that partnered with the robot expressing individual-based
emotions. In terms of group measures, participants also attributed higher levels
of group identification and group trust towards their teams, when their robotic
partner was expressing group-based emotions.

6.1 Contributions of the third use case within the proposed framework
In this use case, we explored emotional cohesion by proposing a model for the
autonomous expression of group feelings, i.e. group-based emotions. We were particularly interested in addressing both the computational techniques to express
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these emotions autonomously and assessing the impact of this type of emotion in
human-robot teamwork. We found support in our user study that the expression
of group feelings by robotic teammates intensifies the reported cohesion by humans with their teams. Not only does this empirical support validates the model
we proposed to express group-based emotions in robotic characters, but it also
demonstrates that these types of emotions are a desirable design feature of robotic
teammates. Overall, the results from our user study strongly support that a robot
can display emotional cohesion through group-based emotions and that the expression of those emotions can in turn foster the collective cohesion reported by
human teammates.

Stage
Designing
Robotic
Teammates
Developing
Robotic
Teammates

Emotional
Cohesion
Behaviours:
- Using group-based emotions
in multimodal utterances
Cognition:
- Modeling self-categorisation
Expression:
- Autonomous expression of
group-based emotions

Evaluating
Robotic
Teammates

Task
Cohesion

Cognition:
- Emotional architecture to
reason about the team goals
Measures:
- Group trust

Table 4 Analysis of the third use case (Correia et al., 2018a) through the proposed framework
of Section 3.

By using the proposed framework to create robotic teammates, the contributions of the third use case are illustrated in Table 4. At the design stage, it seems
desirable to consider group-based emotions in the design of social behaviours for
robotic teammates. At the stage of development, we highlight as a cognitive skill
the process of self-categorisation that allows the robot to perceive and identify
certain social groups (i.e. establishing in-groups and out-groups). Such a process
can, in turn, trigger the autonomous expression of this specific type of emotion.
Finally, the evaluation stage includes the assessment of task cohesion with a subjective scale of group trust, intended to capture the satisfaction with the team and
trustworthiness that the common goal will be accomplished.

7 A use case on structural cohesion
Structural cohesion represents the roles, norms, or interactions among members
of a group, and the topology of those structures is associated with the degree of
cohesion of the group. Taking inspiration from this dimension of cohesion that is
usually explored with network analysis, we speculated on the degree of connectivity that a robotic teammate should consider in its perceptive skills. For instance,
should a robotic teammate perceive communicative acts only towards itself? Or
should it also perceive communicative acts between other pairs of team members?
Furthermore, are those structural communicative behaviours of a robotic teammate able to enhance human-robot teamwork? The last use case has addressed
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these research questions by focusing on the nonverbal gaze behaviour of a robotic
teammate in a multi-party team setting.
We created a silent coordination task by envisioning a shared workspace between humans and robots — e.g. an assembly line — in which coordinated behaviour is mainly achieved through non-verbal behaviours — e.g. due to a noisy
environment. In such a situation, the gaze behaviours of a robotic teammate during a silent coordination task hold important cognitive functions of gaze, such
as monitoring and communicative. Therefore, we developed an autonomous gaze
system for a robot and proposed two possible approaches for the gaze behaviours
of robotic teammates in multi-party settings. The system perceives the gaze behaviours of human teammates and either responds only to gazes towards the robot
itself —Responding Gazes—, or additionally responds to any gaze between the human teammates —Attentive Gazes. The Responding Gaze of the robotic teammate
attempts to establish mutual gaze, while the Attentive Gaze additionally attempts
to establish joint attention behaviours.
The evaluation was done through a third-person perspective over an online
recruitment platform, in which participants were asked to watch videos of humanrobot team interaction and to rate their perceptions of teamwork regarding each
video (see Figure 1d). We created video scripts with gaze instructions for the
human teammates for 10 short scenes, in which the goal was to illustrate possible
situations that may occur in the silent coordination task. We recorded 3 times each
of the 10 scenes (one per condition) using two human actors to impersonate the
gaze behaviours of the scripts. The robot’s gaze behaviours were fully autonomous
and varied between conditions. In each condition the robot was reacting in one of
the following three ways:
– Baseline (B) – The robot does not perceive and, therefore, does not respond
to human gaze behaviours. It only blinks its eyelids;
– Responding Gaze (RG) - The robot perceives human gaze behaviours towards
itself and responds by gazing back at that team member. It also blinks as in
the Baseline condition;
– Attentive Gaze (AG) - The robot perceives human gaze behaviours towards
any target and responds by either gazing back at the gazer, in the case of the
robot being the target, or by gazing at the same team member that is currently
being gazed at by another. It also blinks as in the Baseline condition.
Participants were randomly assigned to one of the three conditions of robotic
gaze behaviour and then randomly assigned to watch 5 of the 10 videos of that condition. For each video they saw, they had to report their perception of teamwork,
in terms of coordination, fluency, teammate traits and work alliance (Hoffman,
2019).
The results of our user study revealed that the robot’s gaze behaviours in both
RG and AG conditions positively affected how the robot is perceived as a teammate, as well as the perceived fluency of its team. The perception of fluency was
sensitive to the difference between the two experimental conditions with attentive
gazes being rated as more fluid than responding gazes. We also found that perceptions of coordinated teamwork were highly affected by the number of human
teammates performing gaze behaviours. Specifically, a human-robot team in which
the two humans display gaze behaviours is perceived as more coordinated, more
fluent, and more united than a human-robot team in which only one human team-

When A Robot Is Your Teammate

19

mate displays gaze behaviours. Finally, by looking at scenes with gaze behaviours
by only 2 teammates (while the third one stared at an object), we only found
differences in the perceived coordination among 2 humans compared to perceived
coordination among 1 human and 1 robot. It seems the perceived coordination
of the human-robot team was highly affected by the gaze behaviours of the human teammates, regardless of the robot’s gaze strategy. The perceived fluency of
the human-robot team revealed, however, to be more sensitive to the robot’s gaze
behaviours.

7.1 Contributions of the fourth use case within the proposed framework
This work explored structural cohesion by proposing two heuristics for the gaze
behaviour of robotic teammates that map different structural communicative behaviours. The responding gaze behaviour has a lower degree of connectivity in
the sense that the robot only perceives (and reacts) to gaze behaviours towards
itself. The attentive gaze behaviour has a higher degree of connectivity as the
robot also perceives (and reacts) to gazes between other teammates. These two
gaze behaviours support two different communication structures among the team,
which might, in turn, affect differently the coordination between team members.
Our empirical study showed that the perception of teamwork is better when a
robotic teammate employs these two gaze behaviours, compared to a baseline in
which the robot does not perceive nor react to any gaze behaviour. Moreover, the
attentive gazes seem to lead to higher levels of perceived fluency in the humanrobot team. Overall, the preliminary findings of this use case suggest there is a
relation between the structural cohesion employed by a robotic teammate and the
perception of teamwork.

Stage

Structural
Cohesion

Designing
Robotic
Teammates

Behaviours:
- Mutual gaze and joint attention in multi-party settings

Developing
Robotic
Teammates

Perception:
- Autonomous detection of gazes from human teammates
Expression:
- Autonomous reaction to gazes by human teammates

Evaluating
Robotic
Teammates

Task
Cohesion

Measures:
- Fluency

Table 5 Analysis of the fourth use case through the proposed framework of Section 3.

By using the proposed framework to create robotic teammates, the contributions of the fourth and last use case are illustrated in Table 5. This use case
proposes that the design of gaze behaviours for robotic teammates should take into
account aspects of structural cohesion. For instance, by reacting to gazes between
the two human teammates, the robot attempts to establish joint attention and
augments the structural connectivity of its team. At the stage of development,
this use case contributes to an autonomous detection and reaction system of gaze
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behaviours. Finally, the evaluation stage includes the assessment of task cohesion
with a subjective scale of fluency, which captures the dimensions of coordination
and efficiency of the team.

8 Discussion and future challenges
This paper proposes a novel approach to enhance robotic teammates through the
multifaceted cohesion construct from the social sciences, presented in Section 3.
We demonstrate this vision by presenting some examples from our previous work,
discussed in Sections 4-7, where each one explores at least one dimension of cohesion. However, creating robotic teammates that are effective collaborators is
still an ongoing effort and involves several key questions. The following sections
summarise our contributions and highlight future challenges.

8.1 How can we design robotic teammates?
This paper suggests the well-known dimensions of cohesion from interpersonal
group relations can be used to guide the design of robotic teammates, not only in
their social capabilities but also in their morphology.
In our use cases, we have first shown that to foster attraction with human
teammates, robots can display character traits, such as goal orientations. Similarly, robots can be perceived with more positive social attributes when they
portray strong collectivism in their actions, hindering their individual goals. Another example evidenced the positive impact of robotic teammates portraying
group-based emotions to express group feelings. Finally, preliminary findings on
gaze behaviours in multi-party team settings suggested that the communication
structure of gazes between human-robot teammates can affect the perception of
teamwork. These examples demonstrate how social capabilities can be designed
when having in mind the dimensions of cohesion.
Although our use cases are focused on social capabilities, addressing the
design of robotic teammates’ morphology is also an essential issue. Especially because the design of behaviours should go hand in hand with the design of
morphology. For instance, future challenges must tackle which multimodal modalities are required to perform certain behaviours while ensuring the embodiment of
robotic teammates conveys the right social affordances for a specific task.

8.2 How can we develop autonomous robotic teammates?
In order for robots to act autonomously in human-robot teams, they need to be
endowed with three core skills. Firstly, they require perceptive skills to observe
dynamic changes in the environment, which include changes not only related to
the task but also related to other human teammates (e.g. intentions). Secondly,
robots need cognitive skills to reason about the information they observe in a team
context, and about the expected impact of their own actions. Generally, such skills
involve an understanding of group/team processes. Thirdly, robots require expressive skills to facilitate teamwork with humans (e.g. conveying intentions or internal
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states). Therefore, we argue that robotic teammates should hold autonomous capabilities at three different levels: perceptive, cognitive and expressive.
In terms of autonomous perceptive skills, the work discussed in Section 7 explores the perception of gaze behaviours from human teammates. Specifically, in
a triadic team with one robot and two humans, we investigated whether a robotic
teammate should perceive gaze behaviours between the two human teammates
or if it should only perceive gaze behaviours towards itself. Regarding cognitive
skills, we highlight the work discussed in Section 6, in which we proposed a social categorization step before the agent’s appraisal process. Such a mechanism
allowed the robotic agent to autonomously reason about group identities. It is
important to mention that group identity is usually more salient in multi-party
competitive settings, as in our card game scenario. Additionally, in terms of expressive skills, we contributed with heuristics to guide the robot’s gaze behaviour
in multi-party settings (Section 7), and a mechanism to express group feelings
according to the previously mentioned salient group identities (Section 6). Finally,
all the presented works use an architecture for emotional agents that illustrates
cognitive capabilities in terms of task cohesion. A robotic teammate that performs
an emotional appraisal of task-related events can efficiently reason about the task
using emotions, regardless of how the emotional responses are designed.
Most researchers have been evaluating specific research questions in controlled
environments, and some even employ wizard of oz techniques, or other semiautonomous approaches, mainly to overcome the difficulties of perceiving human
teammates. We believe creating more advanced perceptive skills regarding
human-robot teamwork will raise the bar for autonomous robotic teammates.
Additionally, as one of the assumptions in Group Dynamics literature is that
groups evolve over time (Forsyth, 1990), we also highlight as a promising approach
the creation of adaptive capabilities for robotic teammates to cope with
dynamic changes. Such mechanisms would allow robotic teammates to adapt
their policies according to relevant changes in the environment and, as a result,
maintain longer relations. For instance, a robotic teammate capable of predicting
the cohesion of its team, or the cohesive alliance expressed by each team member, could explore online techniques to cope with what is happening. Once again,
predicting cohesion might as well benefit from the multifaceted construct we presented in this paper, by considering for instance: attractions, prosocial actions,
group feelings, and/or the communication structure of the team.

8.3 How can we evaluate human-robot teamwork?
While assuming the importance of cohesion in human-robot teamwork, it is important not only to address how the robotic teammates should express their sense
of unity with the team but also to understand and evaluate how human teammates do it. The works we have presented showed examples of evaluation metrics
that contribute to the assessment of cohesion, such as measuring attractions and
membership preferences (Section 4), prosocial actions in collective risk dilemmas
(Section 5), self-reported group identification (Section 6), perception of coordination and fluency (Section 7).
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Although we argue cohesion is an important measure to consider in humanrobot collaboration, we also acknowledge the importance of assessing the effectiveness of teamwork through outcome-related measures such as performance. We have
indeed found evidence in our previous work that there is a relationship between
performance and the attraction with teammates (Section 4), and that the team’s
outcome has an impact on both the reported collective cohesion and the perception
of the teammates (Section 5). Our argument is instead that human-robot cohesion
might mediate the performance of these teams, similarly to interpersonal teams
(Cartwright, 1968; Mullen and Copper, 1994; Beal et al., 2003).
Lastly, we also acknowledge that this paper considers cohesion as a broader
umbrella of satisfaction and a sense unity of among the team members, which holds
two implicit limitations. First, we are blending many specific constructs together
(Abrams and Rosenthal-von der Pütten, 2020), that require further scrutiny. And
second, we are directly transferring constructs from social sciences to human-robot
interaction. Therefore, one of the biggest challenges in terms of evaluation is the
creation of proper measures tailored to teamwork between humans and
robotic machines. Robots as teammates certainly introduce new facets to the
interaction beyond the well-known interpersonal relationships. Although adapting
current subjective questionnaires from psychology can constitute a starting point
and can provide informative knowledge, they might be insufficient in the long run.

8.4 Can a human-robot team form a cohesive alliance?
Three important concerns should be taken into account when targeting cohesive
alliances between humans and robots in teamwork settings. First, the presented
uses cases indeed support that cohesion can be used as a framework to
create robotic teammates in the three stages of design, development and
evaluation. However, we acknowledge there might be other relevant constructs
to guide such processes, e.g. trust (De Visser et al., 2020).
Second, we recognise that the concept itself of cohesive alliances between humans and robots can change over time, considering the presence of robots in our
society is increasing every day. For instance, Abrams and Rosenthal-von der Pütten
raised the question of what it means to identify with a human-robot group considering this type of mixed group is not yet established in our daily lives (Abrams
and Rosenthal-von der Pütten, 2020). As a result, we suggest future research to
embrace and account for how the mere presence of robotic technologies
can influence the way we establish teamwork with robots.
Last, another concern related to addressing cohesion in human-robot teamwork is the cultural aspects. Specifically because one of the dimensions to analyse
cultural differences between populations is the degree of individualism versus collectivism, which can easily translate into different notions of groups and teams
(Zhou and Shi, 2011). As a result, we believe human-robot cohesion might be
differently expressed in different cultures.
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8.5 Concluding Remarks
Overall, we believe that effective teamwork can be supported and fostered by a
shared sense of unity among team members. In other words, cohesion in humanrobot teams might be a key factor to propel team performance and it should be
considered in the design, development and evaluation of robotic teammates.
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