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Physical Human-Aerial Robot Interaction and Collaboration: Exploratory Results and Lessons Learned

In this work, we present, a first of its kind, physical human-aerial robot interaction (pHARI) experiment, with an articulated aerial manipulator (AM). The robotic platform is a fully-actuated multi-rotor aerial vehicle (MRAV) with fixedlytilted propellers endowed with a 3degree of freedom (DoF) robotic arm. We implemented a state-of-the-art control architecture composed of a feedback linearization motion controller, an admittance filter and a hybrid wrench observer. The experiments prove the viability of a new use case in aerial robotics, namely pHARI. The experimental results also shed light on the limitations of the current state-of-the-art and provide insights into possible research directions. The video of the experiments, which is available at https://youtu.be/LrQxXbQ5IHc, shows an experiment simulating work at height, where a human manually guides an AM and then attaches a tool to its end effector (EE).

I. INTRODUCTION

Aerial robots (ARs) that can interact physically with the environment are increasingly considered in aerial robotics literature with emergent industrial use cases. From an application perspective, these robots have the potential to automate work at height. One prominent example of an application is non-destructive testing (NDT) [START_REF] Tognon | A truly redundant aerial manipulator system with application to push-and-slide inspection in industrial plants[END_REF] at height. Another interesting use of ARs is performing maintenance and inspection tasks of large infrastructures, such as power lines and construction sites [START_REF] Cacace | Safe local aerial manipulation for the installation of devices on power lines: Aerial-core first year results and designs[END_REF]. Due to the complexity in operating in these types of environments, the dexterity and perception capabilities of the human workers are invaluable. Therefore, in order for ARs to provide useful functionality in these scenarios, they must be able to coexist and collaborate with their human partners. In other words, the ARs should become aerial co-workers (ACWs), thus useful components in these human populated workspace.

Work at height is both physically and cognitively demanding. Human operators in these settings have constrained mobility and their work activities can lead to un-ergonomic postures. Physically-interactive ARs provide an opportunity to improve the working conditions in these scenarios. We Fig. 1. Snapshot from the physical interaction experiment between the human and the AM. The human hooks a tool to the robot end effector and proceeds to reposition the aerial platform according to their preference by guiding the end effector through physical contact.

envision that these vehicles can safely and effectively interact with human workers, e.g., by delivering tools, or by collaboratively transporting objects. These tasks will require an exchange of forces between the AR and the human, which should guarantee safety and allow for an intuitive interaction.

In this work, we take a step towards realizing a physicallyinteractive aerial co-working robot. We perform experiments involving physical interaction in the context of a tool-delivery scenario at height. In the conducted experiments, the human exchanges forces directly with an articulated AM, without intermediate elements such as cables or passive joints. Additionally, a small payload is exchanged. These experiments go beyond the state of the art in physical human-aerial robot interaction (pHARI) and consequently provide insights into further research directions aimed at realizing ACWs.

The literature in aerial physical interaction presents a wide array of platform designs that can improve the robot capabilities to perform physical interaction, which is essential for the aerial co-worker. In [START_REF] Bartelds | Compliant aerial manipulators: Toward a new generation of aerial robotic workers[END_REF], an under-actuated quadrotor is combined with a manipulator consisting of both active and passive elements which allow the robot to handle impacts. Alternatively, in [START_REF] Rajappa | Modeling, control and design optimization for a fully-actuated hexarotor aerial vehicle with tilted propellers[END_REF], a fully-actuated hexarotor design is proposed featuring fixedly-tilted propellers. This allows the hexarotor to independently exert forces and torques in all directions. The platform used in this work belongs to the class of fully-actuated multi rotors with fixedly-tilted propellers, additionally equipped with a robotic arm. For a detailed review on AR designs, we refer the reader to [START_REF] Hamandi | Design of multirotor aerial vehicles: a taxonomy based on input allocation[END_REF].

Moreover, there is a rich literature of control methods in aerial physical interaction comprising variants of impedance and/or hybrid force motion control. These methods have been verified experimentally on different types of multirotor aerial vehicles (MRAVs). To give a few examples, in [START_REF] Antonelli | Impedance control of an aerial-manipulator: Preliminary results[END_REF], an impedance controller is developed for a quadrotor manipulator system. In [START_REF] Ryll | 6D interaction control with aerial robots: The flying end-effector paradigm[END_REF] instead, a fully-actuated hexarotor performs tasks requiring physical interaction such as peg-inhole and push-and-slide. In [START_REF] Peric | Direct force and pose nmpc with multiple interaction modes for aerial push-and-slide operations[END_REF], a Nonlinear Model Predictive Controller is used to perform hybrid force motion tasks. In [START_REF] Rashad | Energy aware impedance control of a flying end-effector in the port-Hamiltonian framework[END_REF], a Port-Hamiltonian approach is used to develop passive controller for physically-interactive ARs. For a comprehensive review on the advances in aerial manipulation, the interested reader can refer to [START_REF] Ollero | Past, present, and future of aerial robotic manipulators[END_REF].

Despite an extensive literature exists on aerial physical interaction, the same can not be said on the topic of aerial co-workers and pHARI. The idea has only been considered a few times in the literature. In [START_REF] Augugliaro | Admittance control for physical human-quadrocopter interaction[END_REF], the suitability of admittance control in pHARI is demonstrated using a quadrotor. In that work, the platform does not include any additional degree of freedom (DoF) such as those offered by a robotic arm. In [START_REF] Tognon | Physical human-robot interaction with a tethered aerial vehicle: Application to a force-based human guiding problem[END_REF], the authors address a human-guiding use case consisting of a quadrotor guiding a human to a location via cables and by resorting to admittance control.

Our main contribution is demonstrating a contextuallyrich physical interaction scenario between a human and a complex AR platform. The work exploits the state-of-the-art methods in aerial physical interaction in this new use case, shedding a light on new challenges for interactive ACWs.

The paper is organized as follows. Sec. II introduces the hardware platform used in the experiments and highlights why its particular design is advantageous in pHARI. Sec. III presents the system modelling and the controller design. Sec. IV provides details on the experimental setup. Sec. V describes the conducted experiments and the results obtained. Lastly, a discussion and conclusions follow in Sec. VI.

II. AERIAL CO-WORKER PLATFORM

In this section, we present our in-house developed AM. The system consists of a MRAV with a 3-DoF robotic manipulator arm attached to its base.

The MRAV has six tilted rotors rendering it a fullyactuated system, with the ability to generate 6D wrench to independently control its full pose. This is important in order to control the AR position and orientation, for example, relative to a human. Such ability is impossible with standard underactuated/collinear multirotors.

A fixedly-attached end effector (EE) would be enough for the MRAV to obtain 6D physical interaction, as done in [START_REF] Ryll | 6D interaction control with aerial robots: The flying end-effector paradigm[END_REF]. However, the possible achievable orientations would be limited by the input saturation of the thrusters which does not ensure gravity compensation for all the possible orientations of the main body. By using instead the 3-DoF robotic manipulator we can increase the orientation workspace of the EE and gain extra redundancy which can be used for additional objectives. The first two DoF of robotic arm are produced by a geared differential mechanism which uses the combination of two attached servo motors. The third DoF is controlled directly by a third servo motor, see Fig. 2. Using servo motors to control the robotic arm has implications on the interaction controller which are discussed in Sec. III.

III. MODELLING AND CONTROLLER DESIGN

In this section, we first provide the model of the AM, and later we present the structure of its control architecture.

As mentioned in Sec. II, the robotic arm is controlled via servo motors through position or velocity commands. In robotics, it is a commonly-used assumption that servocontrolled arms can precisely track the reference commands and reject any external disturbance [START_REF] Dietrich | Whole-body impedance control of wheeled mobile manipulators[END_REF]. Consequently, we focus on modeling only the MRAV and we treat the coupling effects induced by the arm motion as external disturbances in the dynamical model of the aerial robot. To compute their intensity and take them into account in the AR dynamics, that will be introduced shortly, we rely on the Newton-Euler (NE) formalism as explained in [START_REF] Orsag | Aerial Manipulation[END_REF].

A. MRAV modeling

The MRAV is modeled as a rigid body of mass m b ∈ R + and inertia J b ∈ R 3×3 . To achieve fully actuation, it is equipped with n p = 6 motor-propeller actuators fixedly tilted with respect to (w.r.t.) the main body [START_REF] Ryll | 6D interaction control with aerial robots: The flying end-effector paradigm[END_REF].

As shown in Fig. 3 Hereafter, to simplify the notation, we omit to report the reference frame for any vector expressed in F w , as well as for any rotation from a given frame to the inertial one.

The configuration of the MRAV is given by By using the NE formalism, we can derive the equations of motion of the MRAV as follows:

q b = (p b , R b ) ∈ R 3 × SO(3), while v b = ṗ b ω b b ∈ R 6 collects
m b pb J b ωb b = - m b gz w ω b b × J b ω b b + w u + w a + w h , (1) 
where pb ∈ R 3 and ωb b ∈ R 3 are respectively the linear and angular accelerations of the base, and g the gravitational constant. In (1), the quantity

w u = f u τ b u ∈ R 6
denotes the the forces and the moments applied on the flying base by the actuators of the MRAV. The vector w a = f a τ b a ∈ R 6 accounts for the dynamical coupling between the MRAV and the manipulator arm. Finally,

w h = f h τ b h ∈ R 6
takes into consideration the wrench produced by the human partner during the physical interaction transferring to the base through the manipulator.

The actual system inputs of the aerial vehicle are the individual propeller thrust forces which can be related linearly to the squares of the propeller angular rates (see [START_REF] Hamandi | Design of multirotor aerial vehicles: a taxonomy based on input allocation[END_REF]) denoted by Ω u ∈ R np ≥0 . The wrench mapping between w u and Ω u is given by a grasp-like matrix G u ∈ R 6×np , i.e.,

w u = G u Ω u . (2) 
Thanks to the full actuation assumption we have that G u is full rank [START_REF] Hamandi | Design of multirotor aerial vehicles: a taxonomy based on input allocation[END_REF], which means that the wrench derivative is a vector that can have any direction 1 in R 6 , i.e., the applied wrench can be locally changed in all directions.

Eq. ( 1) can be written in a more compact form as follows:

M b vb = -h b (ω b b ) + G u Ω u + w a + w h , (3) 
where

M b = diag(m B , J b ) ∈ R 6×6
is the generalised inertia tensor of the multi rotor, vb ∈ R 6 collects the linear and angular accelerations of the base, h b (ω b b ) ∈ R 6 is the vector collecting the Centrifugal and Coriolis and gravitational effects of the MRAV. 1 Notice that the wrench wu cannot have any direction instead, due to the fact that Ωu ∈ R 
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Fig. 4. Block diagram of the system architecture. In red, we highlight the modules composing the interaction controller of the MRAV. The admittance filter, modifies the desired trajectories based on the estimated external wrench, and provides the motion controller with the reference trajectories. Note, how the wrench estimator makes use of the MRAV sensor suite.

B. Manipulator Arm Modeling

As mentioned earlier, the robotic arm dynamics is accounted in the MRAV model of Eq. ( 3) by the quantity w a , which we compute by resorting to the NE algorithm [START_REF] Orsag | Aerial Manipulation[END_REF]. This quantity is function of the joint variables, precisely the joint angles, velocities and accelerations. We indicate the number of joints with n a (thus n a = 3 for our design described in Sec. II), and we then denote by q a ∈ R na and qa ∈ R na the vectors collecting the joint angles and angular rates, respectively. Since it is usually required to move the arm at low speeds in tasks requiring physical interaction, we consider the joint accelerations qa ∈ R na to be equal to 0.

C. Control Architecture

The control architecture of the aerial manipulator comprises the physical interaction control of the MRAV and the velocity controller of the robotic arm. The former is composed of three sub-modules, namely a Motion Controller, a Wrench Observer and an Admittance Filter, as shown with three different colors (respectively, blue, green and orange) in the block diagram in Fig. 4.

1) Motion Controller: The first module of the control architecture is the Motion Controller, which generates the actuator commands that are fed to the system.

Firstly, we define a virtual input that is composed of a PD and feed-forward term, which has the objective to zero the tracking errors. This is achieved by the equation

vr b = K p e p + K v e v + pbref K R e R + K ω e ω + ωb bref , (4) 
where the error terms are computed as follows

e p = p bref -p b , e v = ṗbref -ṗb , e R = 1 2 R bref R b -R b R bref ∨ , e ω = ω b bref -ω b b . (5) 
In ( 4), K p , K v , K R , and K ω are 3-by-3 real gain matrices, while the operator ∨ in ( 5) is the inverse mapping of the skew operator [START_REF] Lee | Geometric tracking control of a quadrotor UAV on SE(3)[END_REF]. The subscript "ref" in (4) and ( 5) is used to indicate the reference values, e.g. p bref is the reference of p b . This virtual input is then used within a feedback linearization scheme as follows

Ω u = G -1 u (M b vb + h b -w a -w h ) . (6) 
2) Joint Velocity Controller: The robotic arm is controlled by servo motors featuring a low-level velocity controller, and as mentioned earlier, we rely on the assumption that servo motor can track the desired joint commands precisely. In mathematical terms this translates to the following equation qa ≈ qades .

(7)

3) Admittance Filter: In our control scheme, the admittance filter, which is responsible for the robot interaction behavior, acts only on the MRAV trajectory. This is contrary to the usual choice of designing the interaction control at the EE level. However, since the manipulator arm is velocitycontrolled, we cannot implement impedance or admittance control at the end effector, since these schemes require the ability to control the forces or the accelerations, respectively.

Therefore, we assume that the MRAV and the joint trajectories are available a priori and correspond to a desired EE pose. We can then, directly command the arm by issuing the desired joint angular rates, and assume that throughout the physical interaction phase the robotic arm is able to track precisely its set-point, cancelling out the contact wrench.

Consequently, given the desired motion, the admittance filter computes a new reference trajectory for the MRAV based on the desired interaction dynamics and the knowledge of the external wrench applied by the human on the robot. Thus, similarly to our previous work [START_REF] Corsini | A general control architecture for visual servoing and physical interaction tasks for fully-actuated aerial vehicles[END_REF], the admittance filter is given by

M app a ω + D app v ω + K app p R = f h τ b h , (8) 
where the 6-by-6 real matrices M app , D app , and K app are the designed apparent inertia, damping and stiffness of the system, respectively. The terms • are the error vectors between the reference and the desired trajectory of the flying vehicle. They can be computed as follows

a = pbref -pbdes , ω = ωbref -ωbdes , (9) 
where we omit the position, attitude, and velocity errors for the sake of conciseness. Indeed, they can be calculated in the same way as in (5) by substituting the actual state of the MRAV with the desired motion signal tasked to the robot.

4) External Wrench Estimation:

To perform interaction control, we need to measure or estimate the human wrench applied on the MRAV. Therefore, the third part composing the control architecture is an External Wrench Observer, which allows estimating the forces and moments applied by the human on the robot. In this case we opted for keeping the platform more basic and using an indirect method rather than directly measuring the external wrench through the use of an external sensor, e.g., a force-torque sensor, which will be easily integrated in the framework in future works. For the wrench observer, we extended the formulation presented in [START_REF] Tomić | External Wrench Estimation, Collision Detection, and Reflex Reaction for Flying Robots[END_REF] to account also for the wrench generated by the robotic arm. The estimated human wrench ŵh ∈ R 6 is calculated as follows

ŵh = fh τ b h = (10)   t 0 K I,f m b pb + m b gz w -f u -f a -fh dt K I,τ J b ωb b + t 0 ω b b × J b ω b b -τ b u -τ b a -τ b h dt   .
fh ∈ R 3 and τ b h ∈ R 3 are the estimated human forces and torques, K I,f and K I,τ are 3-by-3 real gain matrices.

IV. EXPERIMENTAL SETUP

Here, we provide details about the experimental setup. The robotic arm is actuated by Dynamixel motors that allow retrieving the measures of the joint angles and their velocity. The end effector of the robotic arm consists in a hook-like device that allows the human operator at height to secure the tools to be handed over. For conducting the experiments in a safe manner, the human worker wears protective gear, such as an helmet with visor, gloves, and clothing that prevents leaving any body part from being exposed. Moreover, the robot is secured by means of a cable to the ceiling of the experimental room. In this way, in case of any hardware failure, the experiment can be instantly terminated and the robot turned off without involving any danger for the human partner or damages to the platform. Furthermore, an operator placed at a ground station supervises the activities, operates the state machine of the software architecture through a joystick, and decides whether proceeding with the different states or terminating the experiments in case of any unexpected event.

A motion capture (MoCap), installed in the ceiling of the experimental room, is used to obtain the position and the attitude of the robot. Onboard sensor measurements are also available and they comprise linear accelerations and angular velocities from the IMU. All the available data are fused together in an Unscented Kalman Filter to retrieve the pose of the MRAV. In Fig. 4, the modules of the system related to the robot state estimation are highlighted in purple.

V. EXPERIMENTAL RESULTS

In this section, we describe the pHARI experiment and present the results. We encourage the reader to watch the video of the experiments at https://youtu.be/LrQxXbQ5IHc.

The experiment is divided into three phases, namely the approach, the interaction and the retreat. These phases also constitute the three states of the state machine, each one enabling or disabling some functionality.

Initially, the AM, which is in the approach state, approaches the worker and stops in front of the human. The actual and reference position of the AR during the approach phase can be seen in the top plot in Fig. 5. In this phase, the robot motion controller is able to achieve good tracking performance of the reference set-point see Fig. 6.

In this application, the robot's desired interaction behavior is to enable the human to manually guide and position the it in space. This is achieved by choosing desired admittance parameters and updating the desired aerial vehicle position within the admittance filter to the current estimated position.

As mentioned in Sec. IV the platform is anchored to the ceiling by means of a cable. Therefore the experimental setup induces an external disturbance on the platform. We evaluated experimentally that the main components of the disturbance affect the robot mainly along the y and z-axis in the world frame, in addition to the rotational degrees of freedom. Therefore in the experiment, the desired admittance behavior is only enabled along the x-axis in the world frame. Otherwise, the robot exhibits a stiff behavior in the remaining DoFs. The x-axis of F w is aligned with the direction that corresponds to the aerial vehicle moving sideways in-front of the human.

After the approach phase, the human performing the experiment signals the intention to physically interact with the robot. The state machine is changed to the interaction state. This means that the estimated interaction wrench is fed to the admittance filter allowing the aerial robot to implement the desired admittance behavior given by the selected admittance parameters.

The human re-positions the robot in space by manually guiding it to a preferred position. By examining the interaction phase in the top and bottom plots of Fig. 5. We see that from approximately t = 37s to t = 43s, the robot implements the desired admittance behavior (see top plot in Fig. 5), in response to the estimated interaction wrench which can be appreciated in the bottom plot of Fig. 5. At this stage, the human proceeds to attach a tool to the end effector of the robot. Since, attaching the payload does not Fig. 7. In this plot, we demonstrate a side effect of using a model-based wrench estimator. Due to model uncertainties, a non-zero force is estimated even when there is no contact. This problem is generally resolved using thresholds, which has consequences on the sensitivity of the robot to the contact forces.

have any effect on the estimated f hx , the admittance filter does not change the reference set-point along the x-axis. This is followed by another re-positioning of the robot, which is displayed in Fig. 5 approximately from t = 65s to t = 77s

Another very important point is that due to model uncertainty and disturbances, the wrench observer can output a non-zero estimate of the external wrench even in the absence of interaction forces. This is a known issue of the external wrench estimation [START_REF] Haddadin | Robot collisions: A survey on detection, isolation, and identification[END_REF], which can be solved by using some thresholds. In Fig. 7, we report the external force estimated without applying a threshold. The signal obtained after applying the threshold is depicted in the bottom plot of Fig. 5 . The consequences of this issue will be discussed in the Sec. VI.

Finally, once the interaction phase is over, the human signals to the supervisor, who initiates the retreat phase, as shown in Fig. 5.

VI. DISCUSSION, INSIGHTS & CONCLUSIONS

The experiments in Sec. V show that, thanks to the recent progress in field of aerial physical interaction, the control methods and the hardware designs available allow to start considering the problem of pHARI. These experiments, in our opinion, also highlight some of the limitations of the state-of-the-art and shed light on the main new challenges to be addressed in the future. In this section, we discuss the lessons learned from these experiments, with the objective of giving insights into possible future research directions.

A. Challenges for contact wrench estimation in pHARI realistic scenarios

In Sec. V, we highlighted the effects that model uncertainty and external disturbances have on the estimated external wrench. In a realistic scenario involving interacting with a worker at height, the interaction would usually take place in an outdoor environment where the wind action would be non-negligible. Consequently, the disturbances induced by the wind gusts will influence the estimation of the contact wrenches. An initial treatment of this problem has been proposed in [START_REF] Tomić | Simultaneous contact and aerodynamic force estimation (s-CAFE) for aerial robots[END_REF], the authors provide multiple methodologies to distinguish the contact forces and moments from the wrench applied by the wind on the robot. Their methodologies were mostly tested in simulation and considered a quadrotor platform without a robotic arm. A different approach to the contact wrench estimation would be the use of a force-torque sensor such as in [START_REF] Nava | Direct force feedback control and online multi-task optimization for aerial manipulators[END_REF], where this kind of sensor is placed at the end effector of an aerial manipulator and is used in physical interaction experiments. However, the experimental campaign is performed in an indoor environment, therefore, the sensor effectiveness outdoor is yet to be tested. Additionally, having a force-torque sensor would limit the identifiable contact wrench to the point where the sensor is mounted, which might consequently limit the flexibility of the interaction.

An equally important open point is how to handle payloads in this control architecture. For the AM to become an aerial co-worker, it must carry tools and help in transporting objects. In our experiments, we relied on the motion controller performance to cancel out the external disturbances due to the extra payload, which weighted approximately 0.2 kg. However, this might prove ineffective with larger payloads.

Therefore, A robust contact wrench estimation approach that can handle disturbances, payloads and wind effects in a versatile manner is needed. Perhaps even combining forcetorque sensing capabilities and data-driven techniques.

B. The consequences of a servo-controlled robotic arm, for an aerial interaction task

As mentioned in Sec. II, the robotic arm is controlled using servo motors that can be commanded with a position or velocity commands. This characteristic limits the effectiveness of any interaction control methods which requires force/acceleration commands such as impedance or admittance control. This issue has been tackled in the domain of ground mobile manipulators, where the mobile base is velocity controlled while the robotic arm is torquecontrolled [START_REF] Dietrich | Whole-body impedance control of wheeled mobile manipulators[END_REF]. The solution proposed in [START_REF] Dietrich | Whole-body impedance control of wheeled mobile manipulators[END_REF] is to use an admittance interface to the velocity controlled part of the system, the mobile base in this case. However, this method relies on the assumption that we presented in [START_REF] Ryll | 6D interaction control with aerial robots: The flying end-effector paradigm[END_REF].

So far, aerial platform payload restrictions have led to robotic arm designs that require light weight servo motors. However, with aerial physical interaction tackling more challenging problem such as pHARI, there is a need for robotic arms that allow accurate control of generalized forces. one such example can be found in the legged locomotion community [START_REF] Grimminger | An open torque-controlled modular robot architecture for legged locomotion research[END_REF].

C. On the exploitation of kinematic redundancy in aerial manipulators

The AM platform presented in in Sec. II, has 9 DoFs, which makes the robot redundant w.r.t. to a 6 DoFs EE task. In this work, we did not consider the system redundancy which can prove very interesting or even vital for the interaction with humans. One can consider, for example, using the AM redundancy to maximize the distance between the propellers and the human. However, in the context of operational space control [START_REF] Khatib | A unified approach for motion and force control of robot manipulators: The operational space formulation[END_REF] (for example, control of the EE), the exploitation of an AM kinematic redundancy is particularly challenging. One has to devise redundancy resolution methods that do not compromise the stability of the aerial platform. One concrete example, that pertains to the fully-actuated platform used in this work can be seen in [START_REF] Afifi | Toward physical humanrobot interaction control with aerial manipulators: Compliance, redundancy resolution, and input limits[END_REF], in which the projection in the null space approach is used to improve the stability of the platform based on a heuristic. In our opinion, in order to effectively exploit an AM's redundancy, the constraints given by the system dynamics and actuator limits must be taken into account, for example, by using optimization based approaches.

Another interesting and important point in pHARI is the system's tolerance to rotor failure. In the case where an AM is collaborating physically with a human, it will be important that the robot can, at least control its EE position, in the case of rotor failure. Fully actuated aerial platforms have the advantage of being able to statically hover in case of loss of a rotor. However, to maintain EE position in that scenario, kinematic redundancy would be needed. Similar arguments have been made for ground manipulators [START_REF] Lewis | Fault tolerant operation of kinematically redundant manipulators for locked joint failures[END_REF] and it would be interesting to see how such methods can be used for AMs.

D. Conclusions

In summary, we presented the concept of an aerial coworker for operations at height as a new interesting application in aerial robotics. By using state-of-the-art methods in aerial physical interaction, we performed a first of its kind pHARI experiment with a complex aerial manipulator platform. Our experiments show the viability of the application and explore the effectiveness of adopting state-of-the-art methods. Our results led to a number of insights and new open problems that can direct the future of research to realize aerial robots that can collaborate and coexist with humans.
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 2 Fig. 2. Design of the AM: MRAV with a 3-DoFs robotic manipulator arm attached to its base, right: side view showing the end effector (robotic gripper) tilted in the side plane, left: frontal view showing tilting along the front plane. Notice the close up on the differential mechanism at the depicted different tilt angles.

  , we define a body frame F b having its origin O b attached to the center of mass (CoM) of the base, and its axes respectively denoted by x b , y b , z b . Similarly, we define an inertial frame F w . The position of O b in F w is denoted by p w b ∈ R 3 , while the orientation of F b w.r.t. F w is represented by the rotation matrix R w b ∈ SO(3). We then indicate with ṗw b ∈ R 3 the linear velocity of O b expressed in F w , and with ω b b ∈ R 3 the angular velocity of F b w.r.t. F w and expressed in F b .

  the linear and angular velocities.

Fig. 3 .

 3 Fig.3. Schematic depiction of the human handing over a tool to the AM co-worker, while standing on the scaffolding at height. The frames, with their origins and axes, and the position and orientation of the robot body w.r.t. Fw are reported.

Fig. 5 .

 5 Fig. 5. The top and bottom plots are divided into three different highlighted regions representing the three phases of the experiment. In the top plot, we report the actual position of the AR vs. its reference position. In the bottom plot we report a coordinate of the estimated force, due to the contact with the human, along the x-axis of the world frame. Note the change in the position reference in response to the estimated force.

Fig. 6 .

 6 Fig. 6. In this figure, we report the position tracking errors of the aerial robot, throughout the experiment. In general the motion controller displays good tracking performance.
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