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Introduction

Employing humanoid robots in real-world scenarios is still a challenge because of the inherent complexity of locomotion, balancing and interaction with humans or unknown environments. However, their versatility and their anthropomorphism makes them the ideal platform to operate in environments conceived and designed for humans. Several research projects and international competitions have highlighted the potential of humanoid bipedal technologies [START_REF] Johnson | Team IHMC's lessons learned from the DARPA robotics challenge trials[END_REF][START_REF] Kheddar | Humanoid robots in aircraft manufacturing: The airbus use cases[END_REF]: with their extended mobility in unstructured or cluttered environments, they can be used in a range of different applications, such as search and rescue, disaster response [START_REF] Johnson | Team IHMC's lessons learned from the DARPA robotics challenge trials[END_REF] and aircraft manufacturing [START_REF] Kheddar | Humanoid robots in aircraft manufacturing: The airbus use cases[END_REF]. In the last decade, the advances in mechatronics technologies made it possible for companies such as Honda, Boston Dynamics and Agility Robotics to produce prototypes and commercial platforms (ASIMO [START_REF] Shigemi | ASIMO and Humanoid Robot Research at Honda[END_REF], Atlas [START_REF] Nelson | The PETMAN and Atlas Robots at Boston Dynamics[END_REF] and Digit [START_REF]Digit, advanced mobility for the human world[END_REF], respectively) that showcase the level of maturity required for robots to operate in the real world. Yet, further advancements are required to integrate such robots into our daily lives, where complex interactions and collaborations with humans are expected.

In contrast to the structured working space of the laboratory or production/testing site, the environment in which the robots are expected to operate is characterized by a high level of dynamic uncertainty, and by the presence of several human collaborators or bystanders. In this context, the robot must be able to socially and physically interact with the human counterparts. It also needs to exhibit advanced cognitive interaction skills to cooperate with human workers, assisting them in their tasks. Figure 1 illustrates some examples of human-humanoid interaction and cooperation, where the robot's degree of copresence ranges from remote (e.g., in teleoperation) to proximal, even in the human's peripersonal space.

In this article, we review the key elements of human-humanoid interaction and cooperation. We present and analyze the current achievements from a human-centered point of view, considering that a humanoid robot interacting with humans should help them to improve their health or working conditions. Figure 2 shows the interconnection between the key building blocks that enable a robot to make complex decisions and take actions to cooperate with a human: it is meant to guide the reader through the different topics and sections. In Section 2 we discuss the principal issues in building cognitive and social skills. In Section 3 we formalize the concept of physical human-robot cooperation, while in Section 4 we overview the main interaction control approaches that enable low-level physical interaction between the robot and the human. The knowledge of the human "state" is required by both the high and the low level control to build human-aware control plans: hence we present the main methods used to model and perceive the humans in Section 5. Finally, in Section 6, we report on the current main application of humanoid robots interacting and cooperating with humans: humanoids as personal assistants, co-workers and avatars.

Social and cognitive interaction

Endowing humanoids with cognitive skills is a pivotal step to safely blend them in our society. Such skills go beyond the abilities of reasoning, exploration and learning, and are rather oriented towards a mutual interplay between the humanoid "brain", its physical embodiment and its environment. In this sense, cognitive skills emerge from a proper and coherent exploitation of stochastic internal models of the knowledge the robot has of itself and of its surrounding. These models mediate past knowledge with new perceptions and are continuously and incrementally updated according to feedback from new experiences [START_REF] Lesort | Continual learning for robotics: Definition, framework, learning strategies, opportunities and challenges[END_REF]. As inherently probabilistic, the models are not only able to represent temporal information through short and long-term memories [START_REF] Wood | A review of long-term memory in natural and synthetic systems[END_REF], but also spatial deictics [START_REF] Saupp | Robot deictics: How gesture and context shape referential communication[END_REF] , surmounting the limits of the Cartesian definition of space, embracing the more flexible concepts of "here" and "there" and of "this, "these", "that", and "those".

A consistent social interaction is achieved when the robot is perceived by the human partners as "believable" through its appearance and through the consistency of its actions and its social behaviors. Any physical or behavioral inconsistency can be quickly spotted, perceived as "strange", making the robot become unacceptable for the human partners.

Because of their anthropomorphic appearance, humans tend to spontaneously attribute social intelligence to humanoid robots [START_REF] Yogeeswaran | The interactive effects of robot anthropomorphism and robot ability on perceived threat and support for robotics research[END_REF]. Designers can exploit and enhance this tendency, inducing in partners the projection of traits, emotions and intentions typically associated with humans. However, even if making robots more appealing and acceptable, anthropomorphism raises the expectation people have about their actual cognitive abilities. In this sense, the behavior consistency requested to humanoids is not limited to a coherent sequence of actions, but it is extended to the challenge of being "readable","legible"and "predictable" by human partners [START_REF] Takayama | Expressing thought: Improving robot readability with animation principles[END_REF]: the robot reveals its intentions and its internal state through a coherent production of verbal and non-verbal social cues. Achieving coherent robot behaviors in response to the human reactions strictly relies on the production of metrics, models, techniques and algorithms aimed at capturing and describing the dynamics of the social interplay [START_REF] Vinciarelli | Social signal processing: Survey of an emerging domain[END_REF], and on the development of robot "socio-cognitive" skills capable of explicitly taking into account the human presence in their perceptioncognition-action loop [START_REF] Breazeal | Designing Sociable Robots[END_REF]. This socio-cognitive skill will endow humanoids with a sort of theory of mind [START_REF] Scassellati | Theory of mind for a humanoid robot[END_REF], making them able to attribute mental states, intents, emotions and personalities to themselves and to the others. Models based on such concepts have already shown their potential and can be particularly interesting for achieving engagement in long-term interactions [START_REF] Anzalone | Evaluating the engagement with social robots[END_REF], where the customization of behaviors becomes central.

The feeling of "illusion of life" [START_REF] Thomas | The Illusion of Life: Disney Animation[END_REF], elicited by the coherence between the humanoid's embodiment, its actions and its social behaviors, can vary among the scenarios in which such robots are employed, among category of users and among people, being strictly dependent on the bias they have towards humanoids, towards robots and, more in general, towards technology.

To evaluate how people perceive robots, several questionnaires have been proposed, such as Godspeed [START_REF] Bartneck | Measurement instruments for the anthropomorphism, animacy, likeability, perceived intelligence, and perceived safety of robots[END_REF], and Negative Attitudes Toward Robots Scale (NARS) [START_REF] Syrdal | The negative attitudes towards robots scale and reactions to robot behaviour in a live human-robot interaction study[END_REF]. Results from such questionnaires, together with human's behavioral metrics, are extremely useful tools to evaluate the effectiveness of the social interplay with humanoids in real-world scenarios [START_REF] Anzalone | Evaluating the engagement with social robots[END_REF].

Cooperation: a decision problem

Social and cognitive skills are critical to make the robot believable and to ensure it can perform in day-to-day interactions to significant endeavors. These skills are the building blocks that enable a humanoid robot to pro-actively cooperate with humans and help them achieve their goals. Developing these skills requires a human-centered design of the robot's intelligence, that at many decision levels should integrate the goals and costs of the human's actions to plan suitable high-level assistance actions and translate those decisions into the robot low-level control commands. Figure 2 shows the interconnection between these skills: to cooperate, the robots needs to formulate the problem of finding the best sequence of actions that assist the human in achieving their goals and minimizing their costs, considering the constraints and limits of the robots and the human as individuals first, then as interacting agents. This requires also cognitive reasoning, in particular taking the human perspective [START_REF] Scassellati | Theory of mind for a humanoid robot[END_REF]. Solving this problem requires high-level decision making capabilities, which are then translated at a lower level into the modules producing social and physical interaction behaviors, also translated into lower-level motor commands for the robot.

Several approaches are possible to design this robot high-level decision making system. Among those approaches, the robot's policy can be designed based on expert knowledge or directly learnt through interactions with a human, however, in both cases, this would require to encompass all the possible encountered situations and the variety of human reactions (needing a complete knowledge of all the possible situations in the first case or an important amount of data in the second one). In this section, we propose specifically to consider the use of a planning approach to compute the high-level robot's intelligence.

Whereas a planning approach requires a representation of the interaction situation, a detailled knowledge of its dynamics, and an adaptation of the highlevel strategy to low-level controls, it still seems a promising direction to us: (1) it can leverage generic models and algorithms to automatically compute a robot's strategy from the definition of the collaborative task, (2) planning approaches are able to deal with several sources of uncertainties like sensor noises or uncertainties regarding the human behaviour or mental state, (3) planning approaches are generic and various questions of paramount importance for collaborative humanoid robotics have been represented and can merged in that same framework like intention estimation [START_REF] Ramirez | Goal recognition over pomdps: Inferring the intention of a pomdp agent[END_REF], role attribution and/or inference of user profile [START_REF] Nikolaidis | Human-robot mutual adaptation in collaborative tasks: Models and experiments[END_REF], and, (4) planning allows to compute strategies considering the long-term consequences of the robot's behaviour which could have a huge impact in the decision process (e.g., when optimizing the user's fatigue).

More precisely, in a planning context, a collaboration problem can be modelled as a Multi-Agent sequential decision problem where two agents, the human and the robot, select actions according to their respective policies in a coordinated way to achieve a common task, where typically cumulative shared rewards represents the common goal. This problem can typically be addressed in game theory framework, defining the agents' strategies and the rewards.

Due to the difficulty in modelling the complex and often unpredictable human behavior, the most common formulations of human-robot interaction and cooperation resort to single-agent problems: they only consider the robot's point of view, while the human is assumed as part of the environment and modelled as purely reactive agent with a known policy [START_REF] Tabrez | A survey of mental modeling techniques in human-robot teaming[END_REF]. Solving a singleagent problem consists in building the long-term robot's policy and potentially influencing the human reactions in order to complete the collaborative task in the most efficient way [START_REF] Bestick | Implicitly Assisting Humans to Choose Good Grasps in Robot to Human Handovers[END_REF].

The robot decision problem is often formalized by a Partially Observable Markov Decision Process (POMDP), a general framework well suited to model different collaboration situations faced by the robot: it assumes that the robot is acting in an uncertain environment, described by a Markov Decision Process (MDP) but the robot cannot directly observe its underlying state. The uncertainty of the human reaction can be represented by considering a stochastic evolution of the system. A POMDP is usually defined by the tuple: < S, A, T, Ω, O, r, b 0 > [START_REF] Kaelbling | Planning and acting in partially observable stochastic domains[END_REF]. At each time step, the agent is in a state s ∈ S performs an action a ∈ A influencing the evolution of the state of the system according to a probability distribution T (s, a, s ) = P (s | s, a) and receives an observation o ∈ Ω depending on the new state that has been reached and the observation function O(o, s) = P (o | s). The agent has no direct access to the state of the system but only to those observations. Using past observations, the agent infers a belief-state, a distribution of probability over the true state of the system, and makes their decision based on this estimate.

Several algorithms can be used to build the optimal robot policy (e.g. [START_REF] Silver | Monte-carlo planning in large POMDPs[END_REF]), which may also include actions to gather information about the human state and simultaneously estimate the hidden variable conditioning their actions (e.g., their profile or objective) [START_REF] Nikolaidis | Human-robot mutual adaptation in collaborative tasks: Models and experiments[END_REF]. As such, POMDPs are ideal to develop collaborative robot strategies in absence of structured rewards or structured cooperation instructions.

One of the main difficulties in using this approach lies in the modelling of the human behaviour: the critical questions are how to consider the expectation of the human towards the robot and how they will adapt their policy depending on the robot's actions. Often, the interaction between human and robot is structured along "roles", .e.g, leader/follower, which may determine not only high-level decisions but also low-level actions (e.g., stiffness in impedance control). For example, in a strictly asymmetric leader-follower case, the humans cognitive abilities can be used to supervise or to lead the robots superior physical capabilities; whereas in an egalitarian roles distribution, where the leadership is not specified, the robot may need to continuously adjust its own role, and consequently its behavior, according to the humans intention and estimated role [START_REF] Li | Continuous role adaptation for human-robot shared control[END_REF].

Another difficulty is defining the right rewards, so that the robot policy can truly help the human to achieve their goal. This is not an easy task since, usually, the utility we would like to optimize is not reduced to a single dimension and must consider all possible criteria. It might involve the efficiency of the task achievement but also the human ergonomics and physiological comfort, the cognitive load, as well as unknown objectives [START_REF] Ramirez | Goal recognition over pomdps: Inferring the intention of a pomdp agent[END_REF]. This is a problem of paramount importance due to reward hacking problems [START_REF] Amodei | Concrete problems in ai safety[END_REF]: the produced policy will optimize the given reward but might have unexpected side effects that could be counter-productive or dangerous.

Building policies able to simultaneously estimate the hidden variables determining the human reactions and consider long-term consequences of the robot actions are a key component to build adaptive robots that collaborate with humans in a proficient way. Those models will turn out to be very useful in assistive robotics in order to adapt the robot behaviour to the user profile and to their physiological status.

Motion control for physical interaction

Once the cooperation strategy with the human has been defined, and the robot has access to the human state estimation, it has to be controlled adequately to enable the physical interactions. The previous section discussed how the robot can plan for cooperative actions, at the high level, taking into account the human's goals and states. High-level decisions must be translated into low level commands, typically by means of desired behaviors, implemented as desired trajectories, which needs to be translated into motor commands, as represented in Figure 2. The critical aspect that distinguishes a robot motion controller for cooperation with humans from a generic one for the robot alone in the environment is to consider the human in the design of the motion control, i.e., to design a "human-aware" controller [START_REF] Romano | The codyco project achievements and beyond: Toward human aware wholebody controllers for physical human robot interaction[END_REF]. This means to consider the human state, their dynamics [START_REF] Otani | Generating assistive humanoid motions for co-manipulation tasks with a multi-robot quadratic program controller[END_REF], their intended movement [START_REF] Dermy | Prediction of human whole-body movements with ae-promps[END_REF], and use the predictions of their future states to plan suitable robot motions and physical interactions. These interactions often result in complex behaviors, where the humanoid needs to simultaneously control various aspects of its internal and external motion like locomotion, posture, gaze, manipulation and contact stability. All these aspects are usually considered as different tasks and the whole-body controller becomes a multitask optimization problem. This is classically formulated as a Quadratic Program (QP), where the control input (the motor torques, the joint positions or velocities) is found so to minimize a multivariate quadratic function related to the difference between the actual value of the tasks and their references. The QP formulation provides extreme flexibility in the choice of the type of control, allowing one to solve inverse kinematics [START_REF] Penco | A multimode teleoperation framework for humanoid loco-manipulation: An application for the icub robot[END_REF], inverse dynamics [START_REF] Tirupachuri | Trajectory advancement during human-robot collaboration[END_REF] or momentum-based [START_REF] Romano | The codyco project achievements and beyond: Toward human aware wholebody controllers for physical human robot interaction[END_REF] control problems for both position-controlled and torque-controlled humanoid robots.

In dynamic environments and in the presence of humans, momentum-based control methods on torque-controlled robot are generally the preferred choice. These approaches in fact, can ensure safety and contact stability under unexpected physical interactions [START_REF] Gazar | Jerk control of floating base systems with contact-stable parameterized force feedback[END_REF], so they are appropriate to handle possible collisions between the robot and the humans during the robot's trajectory execution. In other situations, the robot has to adapt its motion to that of the human, considering some variability in the execution of the various task references and considering perceived external forces. In this case, to achieve a stable robot behavior while maintaining contacts with the human, compliant control approaches such as impedance control [START_REF] Brygo | Telemanipulation with a humanoid robot under autonomous joint impedance regulation and vibrotactile balancing feedback[END_REF], and admittance control [START_REF] Ranatunga | Adaptive admittance control for human-robot interaction using model reference design and adaptive inverse filtering[END_REF] have been applied. Early works proposed separation of tasks: impedancebased upper body manipulation with lower body balancing [START_REF] Kormushev | Upper-body kinesthetic teaching of a free-standing humanoid robot[END_REF]. However, this solution is not well suited for bipedal walking under physical interactions and whole body control is better suited [START_REF] Tirupachuri | Trajectory advancement during human-robot collaboration[END_REF].

During interaction, one key-point for the robot is the computation of the reference task: it usually defines the robot motions, but it may also be used to influence the human motion through physical contact. An optimized choice of the interaction trajectory (for instance, at the end-effector) could be used to reduce the human effort [START_REF] Bussy | Proactive behavior of a humanoid robot in a haptic transportation task with a human partner[END_REF] and make the cooperation more comfortable and safe [START_REF] Mainprice | Planning human-aware motions using a sampling-based costmap planner[END_REF]. This computation is highly dependent on the estimated human intention. Following the terminology of [START_REF] Bussy | Proactive behavior of a humanoid robot in a haptic transportation task with a human partner[END_REF], we could divide the robot strategies in reactive and proactive. In reactive strategies the belief of human reference task is computed online and the robot react accordingly. These kind of approaches are highly dependent by the sensors integrated in the robot, for this reason a discussion about them has been presented in Section 5. On the other hand, in proactive strategies, the robot predicts a long-term belief of human reference task and plan solutions accordingly [START_REF] Li | Human-robot collaboration based on motion intention estimation[END_REF]. Once the robot has access to the human current (reactive) or long-term (proactive) intention, it can use the information to compute its own reference task. The final task computation depends on the human intention and the estimated role as cooperative agent [START_REF] Jarrasse | Slaves no longer: review on role assignment for human-robot joint motor action[END_REF].

A limitation of most existing controllers for physical human-robot interaction is the representation of the human state, which is vastly simplified as an external force or end-effector's pose; this limits the quality of the solutions proposed by the robot and the extent to which the robot can reason about the human. For this reason, recent work [START_REF] Romano | The codyco project achievements and beyond: Toward human aware wholebody controllers for physical human robot interaction[END_REF] proposed to extend the classical quadratic program whole-body formulation in the case of human-humanoid physical interaction, and to include the human model in the system model. This allows to reason about the whole-body dynamics of the human, considering their dynamics (e.g., joint torques), their posture and even ergonomics-related quantities that may be instrumental to ensure a safe and ergonomically optimized collaborative motion. One key issue is how to model the human kinematic and dynamic properties. Depending on the extent and objectives of the cooperation, humans could be represented by a simple linear inverted pendulum [START_REF] Buondonno | A model predictive control approach for the partner ballroom dance robot[END_REF] or a more complex Digital Human Model (DHM) [START_REF] Romano | The codyco project achievements and beyond: Toward human aware wholebody controllers for physical human robot interaction[END_REF]. Choosing the correct level of abstraction and simplification in the human model can make the difference in real-time performance. In the next section, we will discuss how to model the human and how to estimate their state based on multi-modal sensor measurements.

Human perception and modeling

Similarly to other cooperative robots, humanoid robots need to estimate the human physical, physiological and cognitive state in order to collaborate with their human partner effectively: as discussed in the previous sections and shown in Figure 2, the human state is a critical input for the high-level decision planning and lower level motion planning and control. The perception of the human state relies on sensors that can be placed in the environment, embedded on the robot, or worn by the human. A list of sensors commonly used to perceive humans is presented in Table 1. State-of-the-art motion capture techniques remain widely used to provide high-fidelity and high-frequency measurements of human kinematics. While human kinematics can serve to inform about human's intent, the on-line estimation of human dynamics is receiving a lot of attention since it enables the robot to consider aspects such as balancing, or humans' internal force distribution [43]. Dynamics estimation requires a measure of external forces, either via generic force/torque (F/T) sensors that can be embedded in the robot, or via specific sensors such as force plates for human/ground reaction force. Wearable force sensors such as sensorized insoles are also of interest due to their portability [START_REF] Sorrentino | A novel sensorised insole for sensing feet pressure distributions[END_REF]. Natural language processing is complex Enables verbal communication [START_REF] Cangelosi | Speech and Language in Humanoid Robots[END_REF] Table 1 Sensors commonly used in human-robot studies to measure the human's movement and behavior.

Measurements of physiological quantities are also common in human-robot cooperation. Physiological quantities can be used as such, for instance, electromyography (EMG) signals have been used to estimate human muscle fatigue [START_REF] Peternel | Adaptation of robot physical behaviour to human fatigue in human-robot comanipulation[END_REF]. But physiological quantities can also serve to estimate the human cognitive state: electrocardiography (ECG) and galvanic skin response (GSR) signals have been linked to stress and anxiety levels [START_REF] Cruz-Maya | Improving users performance Preprint 22 Human-Humanoid Interaction and Cooperation: a Review by motivation: Matching robot interaction strategy with users regulatory state[END_REF], while eye gazing was correlated with engagement and proactivity levels during social human robot interactions without physical contact [START_REF] Baraglia | Efficient human-robot collaboration: when should a robot take initiative[END_REF].

In more recent work, there are indications that individual factors such as personality, can affect the human posture and motion while interacting with a humanoid robot [START_REF] Vasalya | More than just co-workers: Presence of humanoid robot co-worker influences human performance[END_REF] (motor contagion), or even the level of trust towards the robot [START_REF] Hu | Interact with me: An exploratory study on interaction factors for active physical human-robot interaction[END_REF]. These emotional, and perception factors should also be monitored by the robot in order to provide mental safety during interactions [START_REF] Kamide | New measurement of psychological safety for humanoid[END_REF].

Finally, the above-mentioned measurements are often used in combination with a model of the human body, in order to retrieve further information. Many levels of details exist to represent the human body [START_REF] Scataglini | DHM and Posturography[END_REF], but the most widely used in human-robot cooperation are the rigid body and musculoskeletal models. In rigid body models, the human body is represented as a kinematic chain of rigid segments linked together by ideal joints. This is typically done to estimate joint torques via inverse dynamics [43]. Such robotics-based models are also used to simulate human motion at a low computational cost [START_REF] Maurice | Human-oriented design of collaborative robots[END_REF]. Musculoskeletal models [START_REF] Peternel | A selective muscle fatigue management approach to ergonomic human-robot comanipulation[END_REF] include muscles and possibly tendons, providing a better degree of realism, obviously at a higher computational cost.

Applications of humanoids interacting and cooperating with humans

Humanoid robots are versatile platforms that can interact with and help humans in different contexts, relying on the cooperative and human-aware decision and control skills discussed in the previous sections. We discuss three main scenarios and provide examples of recent work listed in Table 2, reporting the type of robot and its control strategy used for each application.

Humanoids as companions: coaches and education tools

Humanoids endowed with social skills have the potential to assist humans in their daily endeavors (i.e., at a supermarket, at school, at work or at home) and as tools for education and rehabilitation. The anthropomorphic shape coupled with advanced cognitive and social behaviors, gestures and communication channels, can favor legibility, engagement, attunement and trust [START_REF] Bossi | The human brain reveals resting state activity patterns that are predictive of biases in attitudes toward robots[END_REF][START_REF] Anzalone | Evaluating the engagement with social robots[END_REF]. The small humanoid NAO from Softbank Robotics is a representative example of a robot that has been employed in several researches as classmate [START_REF] Hamamsy | Learning by collaborative teaching: An engaging multiparty cowriter activity[END_REF] or tutor [START_REF] Chang | Exploring the possibility of using humanoid robots as instructional tools for teaching a second language in primary school[END_REF] in educational environments, as storyteller for children [START_REF] Wong | Human-robot partnership: A study on collaborative storytelling[END_REF],

Tasks/Applications Robot role Control Strategy (Robot) [Ref.]

Dancing in couple

Follower

Coupled Linear Inverted Pendulum-based compliant controller (Dance Robot) [START_REF] Wang | Control of a robot dancer for enhancing haptic human-robot interaction in waltz[END_REF] (companion robot, Sec.6.1) QP controller with skin-like sensors (REEM-C) [START_REF] Kobayashi | Multi-contacts force-reactive walking control during physical human-humanoid interaction[END_REF] Leader Coupled Linear Inverted Pendulum-based compliant controller (Dance Robot) [START_REF] Granados | Dance teaching by a robot: Combining cognitive and physical human-robot interaction for supporting the skill learning process[END_REF] Assistance in standing up Mutual Adaptation Child-Robot [START_REF] Ikemoto | Physical interaction learning: Behavior adaptation in cooperative human-robot tasks involving physical contact[END_REF] (companion robot, Sec.6.1) Non-specified QP controller in combination with finite state machine (HRP-4)

[68] Momentum based whole-body controller (iCub) [START_REF] Romano | The codyco project achievements and beyond: Toward human aware wholebody controllers for physical human robot interaction[END_REF] Health-Care physical assistance Non-specified QP controller in combination with finite state machine (Pepper)

[69] (companion robot, Sec.6.1) QP controller in combination with finite state machine (HRP-4)

[68] QP controller in combination with finite state machine (RIBA) [START_REF] Mukai | Tactile-based motion adjustment for the nursing-care assistant robot riba[END_REF] Lifting and carrying objects, guided walking Follower Compliant upper body impedance controller (Cosero) [START_REF] Stückler | Following human guidance to cooperatively carry a large object[END_REF] (co-worker robot, Sec.6.2)

Hybrid force-position controller (COMAN) [START_REF] Lanini | Human intention detection as a multiclass classification problem: Application in physical humanrobot interaction while walking[END_REF] Hybrid force-position controller (ARMAR-6) [START_REF] Asfour | Armar-6: A high-performance humanoid for human-robot collaboration in real-world scenarios[END_REF] Whole-body controller: Model Predictive Control at velocity level (iCub) [START_REF] Bombile | Capture-point based balance and reactive omnidirectional walking controller[END_REF] Stack of Tasks (HRP-2) [START_REF] Stasse | Fast Preprint 24 Human-Humanoid Interaction and Cooperation: a Review foot prints re-planning and motion generation during walking in physical human-humanoid interaction[END_REF] Variable Role Compliant controller and state space learning (HRP-2) [START_REF] Evrard | Teaching physical collaborative tasks: object-lifting case study with a humanoid[END_REF] Non-specified Multi-robot QP controller at velocity level (HRP-4) [START_REF] Otani | Generating assistive humanoid motions for co-manipulation tasks with a multi-robot quadratic program controller[END_REF] Jerk control (iCub) [START_REF] Gazar | Jerk control of floating base systems with contact-stable parameterized force feedback[END_REF] Kinestetic teaching of new tasks

Follower

Learning by demonstration and optimal control (HOAP-2) [START_REF] Calinon | On learning, representing, and generalizing a task in a humanoid robot[END_REF] (co-worker robot, Sec.6.2)

Impedance upper body, zero torque control (iCub) [START_REF] Anzalone | Evaluating the engagement with social robots[END_REF] Impedance control (Justin) [START_REF] Lee | Physical human robot interaction in imitation learning[END_REF] Division controls: upper body active compliance with lower body Reaction Null Space method (HOAP-2)

[35]

IED response

Follower Momentum based whole-body QP controller (Valkyrie)) [START_REF] Jorgensen | Deploying the nasa valkyrie humanoid for ied response: An initial approach and evaluation summary[END_REF] (avatar robot, Sec.6.3) Telexistence Follower IK based controller (TELESAR VI)) [START_REF] Tachi | Telexistence. World Scientific[END_REF] (avatar robot, Sec.6.3)

Search and rescue

Follower Momentum based whole-body QP controller (Atlas)) [START_REF] Johnson | Team IHMC's lessons learned from the DARPA robotics challenge trials[END_REF] (avatar robot, Sec.6.3) Spacecraft maintenance Follower Not specified (G1) [START_REF]GITAI Partners With JAXA to Send Telepresence Robots to Space[END_REF] (avatar robot, Sec.6.3)

Dance show

Follower ID based QP controller (HRP-2) [START_REF] Ramos | Dancing humanoid robots: Systematic use of osid to compute dynamically consistent movements following a motion capture pattern[END_REF] (avatar robot, Sec.6.3) as fitness companion [START_REF] Görer | A robotic fitness coach for the elderly[END_REF], as personal assistant in eating disorders [START_REF] Robinson | Social robots as treatment agents: Pilot randomized controlled trial to deliver a behavior change intervention[END_REF] and diabetes management [START_REF] Lau | Humanoid robot-assisted interventions among children with diabetes: A systematic scoping review[END_REF]. Such applications heavily rely on the socio-cognitive abilities of the humanoid that become an instrument for inducing a sustained engagement into a shared activity. Humanoid robots have been also successfully applied both as diagnosis instruments as well as remediation tools for neurodevelopmental deficits (e.g., autism and attention deficit/hyperactivity disorder), aging and neurodegenerative diseases such as Alzheimer [START_REF] Pennisi | Autism and social robotics: A systematic review[END_REF].

Finally, humanoids could also be teleoperated to enable "distant" social interactions. Their human-like embodiment simplifies the projection of the human operator into the robotic body and can induce a sustained engagement into shared activities with the human in the remote site. More details about humanoid teleoperation are discussed later (Section 6.3).

Humanoids as co-workers: optimizing the human ergonomics and performance

Collaborative robots have received a lot of attention lately due to their potential to act as co-workers that can possibly improve working conditions. While initially focused on fixed-base robotic arms, research in this domain is now moving towards robotic manipulators mounted on wheeled mobile bases [START_REF] Kim | Moca-man: A mobile and reconfigurable collaborative robot assistant for conjoined humanrobot actions[END_REF].

Even if providing more mobility, these robots remain largely limited to indoor settings with flat and uncluttered ground. Humanoid robots instead, could adapt to different environments and leverage their versatility. Even if their capabilities have been mostly validated in laboratory setups, the ultimate goal is to make them proactively work side by side humans without the need of protective cages [START_REF] Agravante | Human-humanoid collaborative carrying[END_REF]. To this end, they should also exhibit advanced interpersonal communication skills, and be able to learn new operations and new tasks through social interaction [START_REF] Yokoyama | Cooperative works by a human and a humanoid robot[END_REF].

Even though most approaches proposed for robotic manipulators can be ported to humanoids with limited adaptation, examples of legged humanoids as co-workers in a physical interaction are still scarce. Most human-humanoid collaboration studies were focused on object carrying. For instance, Agravante et al. proposed a control framework that takes into consideration constraints for both walking and interacting with a human in a carrying task [START_REF] Agravante | Human-humanoid collaborative carrying[END_REF]. Otani et al. proposed to take into account the whole-body dynamics of the human to control an interacting humanoid robot [START_REF] Otani | Generating assistive humanoid motions for co-manipulation tasks with a multi-robot quadratic program controller[END_REF]. Similarly to [START_REF] Kim | Towards ergonomic control of collaborative effort in multi-human mobile-robot teams[END_REF] with a mobile manipulator, Rapetti et al. proposes to improve human ergonomics by extending their humanoid whole-body controller to try to minimize the estimated torque, and joint velocities from a human partner [START_REF] Tirupachuri | Towards partner-aware humanoid robot control under physical interactions[END_REF].

To ease the balance issues faced in legged locomotion, humanoid torsos on wheels can also be used as co-workers [START_REF] Asfour | Armar-6: A high-performance humanoid for human-robot collaboration in real-world scenarios[END_REF]. Even though they do not possess legs, humans perceive them differently than robotic manipulators [START_REF] Vasalya | More than just co-workers: Presence of humanoid robot co-worker influences human performance[END_REF], which could have a beneficial impact depending on the application. In a recent work, Bolotnikova et al. presented a human-friendly humanoid that is able to approach a person in need and establish multimodal interactions for human assistance, including initiating physical contact [START_REF] Bolotnikova | Autonomous initiation Preprint 26 Human-Humanoid Interaction and Cooperation: a Review of human physical assistance by a humanoid[END_REF]. Even though there was no shared task in [START_REF] Bolotnikova | Autonomous initiation Preprint 26 Human-Humanoid Interaction and Cooperation: a Review of human physical assistance by a humanoid[END_REF] it gives a prime example of how leveraging the human perception could be used for assistance in the future.

Humanoids as avatars: enabling humans to act in remote environments

There are many scenarios where the human presence at the site is inherently dangerous (e.g. interventions in contaminated environments, construction sites, space exploration). In such situations, robots could be employed to replace humans at the site as physical avatars, protecting the operators from any potential hazards. Robot avatars could also be helpful in contexts not necessarily dangerous, for example to allow humans to virtually exist in another location in view of a more ecological and time-efficient society with an overall improved work-life balance.

A teleoperation system is a cooperative set-up where the robot imitates or replicates the human's actions to reach a common objective. First the human motion is captured and then converted in real-time into corresponding references for a whole-body controller that generates the joint or torque commands actuating the robot. The motion capture techniques are generally based on optical tracking or inertial technology (Section 5). Alternatively, the operator can directly control the robot through dual-arm exoskeletons [START_REF] Abi-Farrajl | Humanoid teleoperation using task-relevant haptic feedback[END_REF] or wholebody exoskeleton cockpits [START_REF] Ishiguro | Bilateral humanoid teleoperation system using whole-body exoskeleton cockpit TABLIS[END_REF], in which case their motion is tracked by the actuators and sensors of the device.

The captured human information is then transformed into corresponding values for the robot. A common retargeting method consists in performing an identity map between the rotational motion of the human and the robot, while using a fixed scaling factor for translational movements [START_REF] Ishiguro | High speed whole body dynamic motion experiment with real time master-slave humanoid robot system[END_REF]. The joint angles and velocity of the human joints instead are either manually mapped to the corresponding joints of the robot [START_REF] Penco | A multimode teleoperation framework for humanoid loco-manipulation: An application for the icub robot[END_REF], or automatically found by recurring to learning techniques [START_REF] Villegas | Neural kinematic networks for unsupervised motion retargetting[END_REF].

The retargeted information is then corrected via feedback controllers [START_REF] Englsberger | Overview of the torque-controlled humanoid robot toro[END_REF] to ensure the dynamical balance of the teleoperated references on the humanoid robot. The resulting dynamically feasible references are then sent to the lowlevel controller, which is classically formulated as a QP [START_REF] Jorgensen | Deploying the nasa valkyrie humanoid for ied response: An initial approach and evaluation summary[END_REF], as explained in Section 4. The QP optimization is solved by taking into account the retargeted information as references, computing the actuating commands for the robot.

While controlling the robot, it is of crucial importance to sufficiently inform the operator of their avatar state, to give them the illusion of being physically present at the site, producing effective behaviors. A conventional way to provide situation awareness to the human operator is through visual feedback. The user can wear VR headsets, connected to the robot cameras or visualize on displays the information coming from the cameras of the robot together with images of the remote environment coming from LIDAR sensors and other external cameras. However, visual feedback is not sufficient for many real-world applications, especially those involving power manipulation or interaction with other human subjects. In such scenarios also the haptic feedback is required to exploit the human operator's motor skills in order to augment the robot performance. Force feedback, tactile and vibro-tactile feedback are the most used [START_REF] Brygo | Humanoid robot teleoperation with vibrotactile based balancing feedback[END_REF]. Voice and sound feedback can further enrich the virtual experience of the human operator especially in scenarios where other humans are present in the remote robot location [START_REF] Tachi | Telexistence. World Scientific[END_REF]. Table 2 reports some examples of applications of teleoperated humanoid robots.

Conclusion

To guarantee proficient and adequate cooperative behaviors, humanoid robots need to advance their cognitive, social and physical interaction skills. This article reported on the current work in these areas of research, acknowledging the main limitations due to the real-time nature of the interaction and the complexity of modeling and identifying the human state. Human-aware humanoid collaborators capable of long-term interactions in real situations are the next grand challenge. Supplementary information. None.
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Fig. 1

 1 Fig. 1 Examples of human-humanoid interaction and cooperation: A: social interaction with a Pepper; B: cooperative load carrying with a Talos; C: passive physical interaction with an iCub; D: iCub teleoperated by a human operator.

Fig. 2

 2 Fig. 2 Schematic drawing of the components involved in Human-Humanoid Interaction and cooperation.

Table 2

 2 Examples of human-humanoid interactions classified by task/application: role assigned to the robot w.r.t. to the human partner, robot type and its control strategy.
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