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Abstract

This paper analyzes a new strategy for motion generation in human–robot co-manipulation. The benefit of this strategy is to promote transparent co-manipulation that preserves the professional skill gestures while assisting the user. Newton’s second law is used to compute and plan the trajectory based on the force and moment applied by the user on the robot end-effector. Thus, the trajectory followed by the robot at the point of interaction is similar to that of an object manipulated by hand in daily life, giving a feeling of free object manipulation. Moreover, the setting of the model parameters is intuitive, as they represent physical characteristics. We compare this co-manipulation strategy with the classical stiffness method through simulations and experiments. The results obtained show that the trajectory generated by our virtual solid method reduces the manipulation forces and enhances transparency.
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1 Introduction
Physical human–robot interaction (pHRI) is an active field of research mainly linked to the development of collaborative robotics in industry or medical applications [1]. A lot of work is therefore carried out to ensure operator safety [2, 3] and to detect collisions using specific collaborative robotic control laws [4] or specific control laws [5], sensors [6], or design of a specific end effector with a variable stiffness [5]. Other studies allow the operator’s physical load to be reduced. For example, Peternel developed a strategy where the task is first learned through co-manipulation, and then the load is lightened based on the operator’s fatigue [7]. Thus, according to the application and the viewpoint, different strategies are applied to set a collaborative robot in motion. In this article, we focus on the co-manipulation of a tool by the robot and the operator at the same time from the control point of view.
The aim of this work is to analyze an approach that ensures people unfamiliar with robotics, like medical staff, move the robot naturally by hand guidance while maintaining their gesture expertise [8]. Thus, the robot should exhibit behavior based on physical laws. We focus on applications such as ultrasound exams when a probe should be placed on the patient’s body in a position defined through the operator’s experience. The idea is to use the robot to maintain the probe on the patient despite physiological movements. In this article, we consider the first step of this application, i.e. moving the robot to bring the probe, in a desired pose, into contact with the patient.
In the literature, most of the works related to co-manipulation use the well-known impedance or admittance force control [2,7]. Previously, we proposed a new methodology based on the concept of virtual solid. We demonstrated the impact of the control law on the tool path followed by the robot during a co-manipulation process [8].
During co-manipulation, the operator applies forces on the robot, which are converted into displacement by a compliant control law. This control strategy imposes a robot motion behavior similar to a mass-spring-damper under the operator’s forces [9]. The most common approach in the literature is based on the operational space formulation of the dynamic model of a rigid robot in contact with the environment, which can be expressed by equation (1) [10–12].
[image: Mathematical equation](1)
where q is the joint coordinate vector,  ˙ve is the end-effector velocity vector, [image: Mathematical equation] is the 6 × 6 operational space inertia matrix, [image: Mathematical equation] is the wrench including centrifugal and Coriolis effects, η(q) is the wrench of the gravitational effects, he is the equivalent end-effector wrench corresponding to the input joint torques τ, and he is the wrench whose components are the force and the moment applied to the end-effector.
We can note that most of the literature studies, which introduce an impedance force control, actually control the end-effector velocity [13]. The control laws can be implemented in the low-layer interface of the robot controller, i.e. using a decoupled and linearized torque control, or as a real-time motion generator. The main drawback of impedance control is the difficulty of managing variable environments or operator solicitations [7]. Indeed, control parameters are often experimentally tuned by trial-and-error method, leading to good performances in dedicated conditions for a given task. Moreover, the tuning is rarely technically described, and there is no real controller synthesis. However, studies have identified best practices. For example, some works illustrate the deterioration of low-stiffness teleoperation performance when impedance control is used [14].
To deal with this point, some authors propose variable impedance control laws. Gopinathan and Peternel evaluate the co-activation level of the human muscles and use it as an endpoint stiffness indicator to modify the damping parameter of the control [15,16].
The lack of robustness of the impedance control parameter tuning and the lack of flexibility of this control law for different kinds of robotic tasks lead robot manufacturers to choose a position-based control to follow a trajectory and to use a stiffness-based trajectory generation for the pHRI. In this case, the impedance control is linked to the use of a stiffness parameter, which imposes a constant operator interaction. This stiffness force control is based on equation (2) [10].
[image: Mathematical equation](2)
where K is a 6 × 6 stiffness matrix and Δxe is a vector representing the end-effector displacement in position and orientation. In fact, the co-manipulated tool follows the trajectory computed by stiffness control with respect to the operator interaction forces.
The main biomechanical risk factors for musculoskeletal disorders for a collaborative robotic application are extreme postures, considerable efforts, high frequency of the gestures, and static work [17]. Thus, the constant application of force imposed to co-manipulate the robot with impedance control law could lead to gesture fatigue, musculoskeletal disorders, or lack of transparency. Indeed, the co-manipulated tool follows the trajectory computed by stiffness control with respect to the operator interaction forces. This trajectory is not the physical trajectory of a solid part loaded by a force (see Fig. 1).
In the work presented in this article, we chose to work on human–robot interaction from the perspective of a reactive control strategy based on a real-time trajectory generation method. This article illustrates its advantages and discusses how it improves transparency in order to increase the accuracy during small movements. Our idea is to study our reactive control strategy based on the formulation of a solid part motion and not on the robot dynamics as in the literature.
The management of human–robot interactions from the point of view of trajectory generation consists of integrating a reactive control strategy that allows the expression of the human operator’s movement intention into a trajectory sent to the robot. Trajectory generation is performed in an open loop, with regard to the force applied by an operator as input. The operator’s reaction can be seen as feedback relative to the gap between the robot’s current position and the desired one. The robot controller follows this trajectory in an internal loop [18–20]. This method is relevant because it ensures the computation of a trajectory that depends on the applied forces while controlling the characteristics of the movement, namely maximum acceleration and velocity. Its disadvantage is the low position accuracy achievable during small movements.
Kushida seems to be the first to develop a trajectory generation strategy for human–robot co-manipulation [18]. It generates a trajectory in the articular space according to the forces applied by the operator and the intrinsic parameters of the robot (weights and friction). However, the results obtained are not very convincing, as the geometry of the end-effector trajectory is unpredictable in the operational space. Jlassi and Bahloul propose generating the trajectory in the operational space [19,20]. They rely on a transparent criterion that evaluates the coherence between the applied forces and the effective movements of the controlled point. They use the co-linearity between the two vectors and polynomial interpolation laws to compute the co-manipulation trajectory. However, their proposed methods are complex to implement and have only been simulated on rectilinear movements. Moreover, as we will show later in this article, the transparency criterion they use to generate the trajectory is not validated for all types of motion, notably circular movements. Finally, the generated trajectories do not correspond to plausible trajectories of a solid in the space under load, since they are not computed from the general laws of dynamics. They are not transparent for the human operator, who seeks the feeling of manipulating a solid freely in space.
Transparency refers to the ability of the robot to follow movements imposed by the operator, without any unwanted discomfort or resistance force caused by its presence [20]. This is an important concept in gesture assistance because it ensures the preservation of professional skills. However, as we see it, co-manipulated robotic systems exhibit a lack of transparency, which requires relearning or an adjustment of the operator’s gesture to control the robot motion. Current models used for robot co-manipulation involve the human muscles tensing up all the time, which can result in musculoskeletal disorders, rather than preventing them [17].
Thus, in this paper, we propose to analyze a relevant new trajectory generation method based on the principles of Newtonian mechanics [8]. Our main hypothesis lies in the use of a realistic physical model in the control strategy, which could lead to better transparency. Hence, the pHRI is generally based on an impedance model that describes the human–robot interaction and not the motion of the co-manipulated tool. The aim of this work is to illustrate the potential improvement in terms of transparency and parameter tuning by using the virtual solid concept for co-manipulation. Considering the co-manipulated object as a virtual solid, the trajectory generation strategy of the robot at the co-manipulated point is based on the dynamic behavior of a solid in space. So, the human–robot interaction follows the principles of motion of Newtonian mechanics, as an object is manipulated in everyday life by a human, and the tuning parameters can be linked to the solid physical behavior. Zhang uses the principle of virtual solid and mass to generate training trajectories for large robots to reduce their velocity and reduce dynamic effects [21]. In our work, the objective is to make the co-manipulation in real-time, intuitively tunable, and transparent for humans. Thus, the precision and strength of the robot are combined with the dexterity and expertise of the human in a fluid way in order to achieve a given task. The strategy proposed here can be applied in the context of assistance for ultrasound gestures; for more detail about this context and how it can be implemented, the reader can refer to a previously published work [8]. In this article, we focus on the study of the particular behavior of the virtual solid method in comparison with stiffness and impedance control strategies. The trajectory generation strategy is evaluated in simulation and experimentation on translational and rotational movements. Then it is compared to the classical method of co-manipulation based on stiffness control. From this comparison, we discuss the transparency criterion introduced in the literature.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Stiffness or impedance control behaviur.



2 Computation of the co-manipulation trajectory with the virtual solid concept
To have a co-manipulation based on physical laws, we can assume that the movement of a tool in co-manipulation follows the laws of Newtonian dynamics; indeed, all objects with which the human is in daily interaction follow these laws. To determine the co-manipulation path, the proposed strategy consists of considering the end-effector as a rigid solid moved thanks to the robot under the action of the operator forces, as we can see in Figure 2. Thus, we define this rigid solid as a virtual solid characterized by a virtual mass mv, a virtual inertia matrix [image: Mathematical equation] and a virtual center of gravity Gv. Moreover, the solid evolves in a virtual environment characterized by a virtual resistance due to virtual friction forces that we note ffv in translation and τfv in rotation. The trajectory achieved by the robot is the trajectory that this virtual solid would have had under the action of the manipulation forces (fe forces and/or τe torques) exerted by the operator. Note that [image: Mathematical equation], and ffv, τfv, fe, and [image: Mathematical equation]. With this principle, the trajectory controlled by the robot follows the physical laws of motion.
From the above-mentioned considerations, we can calculate the trajectory of co-manipulation by using the principles of Newtonian mechanics applied to the virtual solid. The characteristics of the virtual solid can be adjusted to suit the operator’s preferences in terms of feel to maintain its gesture or receive assistance. Thus, mass and inertia characteristics can be chosen to be close to those of the ultrasound probe, for example. The virtual friction force and torque can be used to filter small unwanted motions at the beginning or the end of the robot motion (dry frictions) and during the motion (viscous frictions). The influence of the virtual solid parameters on the toolpath is illustrated in Section 5.
In order to calculate the path using Newton’s second law, the dynamic screw of the virtual solid and the screw of manipulation load exerted by the operator are calculated. The dynamic screw of the virtual solid Sv, denoted as [image: Mathematical equation], is defined by equation (3), where [image: Mathematical equation] is the virtual solid velocity at point Gv and [image: Mathematical equation] represents the angular momentum of point Gv in the fixed reference frame [image: Mathematical equation]. The angular momentum is given by equation (4), with [image: Mathematical equation] being the angular velocity of the virtual solid with respect to the fixed reference frame [image: Mathematical equation].
[image: Mathematical equation](3)
[image: Mathematical equation](4)
So, the dynamic screw of the virtual solid depends on the linear and angular accelerations of the virtual solid, as well as its virtual mass and inertia equation (5).
[image: Mathematical equation](5)
Considering that the forces applied to the virtual system are:

	Its weight pv applied at Gv,


	The handling forces applied by the human operator [image: Mathematical equation] at Oe, the point where the operator applies the force,


	The virtual frictions (ffv,τfv) at Gv.



The screw [image: Mathematical equation] of the external actions defined at Gv, in the reference frame R0 is given by equation (6).
[image: Mathematical equation](6)
where de is the vector from point Gv to point Oe.
So, by applying Newton’s second law to the virtual solid, the acceleration of the virtual solid is given by equation (7).
[image: Mathematical equation](7)
In our case, the operator forces reflect their intentions, so the motion of the solid should be generated with regard to these forces. This means that the action of gravity must not influence the generation of the trajectory; the virtual weight pv is considered null. The point of application of the forces, Oe, is the tool point where the operator wants to directly control its movement (in translation and/or in rotation). The position of this point can be controlled due to the shape of the end-effector that constrains the hand position. Moreover, we have chosen to take the center of gravity of the virtual solid as coincident with this point. This decision should prevent any feeling of imbalance. Thus, the desired acceleration at the point of human-tool interaction is defined by equation (8).
[image: Mathematical equation](8)
where ve is the velocity of point Oe and Ωe is the angular velocity of the end-effector frame.
The friction is determined according to equation (9) in translation and equation (10) in rotation, with Fsv and Fvv, respectively, the diagonal matrices of the dry and viscous friction coefficients in translation; Tsv and Tvv, respectively, in rotation.
[image: Mathematical equation](9)
[image: Mathematical equation](10)
Thus, velocity and position of point Oe are deduced using an explicit numerical integration method of the acceleration, such as the trapezoidal method, and the robot numerical controller feedback of the current velocity and position of point Oe. The computed new position of point Oe is used as a new reference point to reach. Thus, the tool path interpolation is based on the one implemented in the numerical controller by the robot manufacturer. A key step after this is to estimate the forces applied by the operator.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Modeling of the virtual solid motion.



3 Estimation of the operator forces
In the literature, two ways are used to determine the forces applied by the operator to the robot. The first one, which is less expensive, consists of estimating the applied forces using an analysis of the motor torque feedback and a dynamic model [21–23]. However, for applications requiring high accuracy or when the applied forces are relatively small compared with the inertia generated by the robot motion, a force sensor is mounted on the robot end-effector for a more accurate estimation [24–26]. In our case, a sensor is necessary due to the low value of the forces required to manipulate the tool in an intuitive way. Concretely, the situation corresponds to the experimental setup of Figure 3, which presents the co-manipulation of a probe. The force sensor is placed between the probe and the sixth axis of the robot.
The screw that collects the vector of measured forces fm and torques τm is denoted as [image: Mathematical equation]. This screw is deduced from the direct sensor measurement. It is the sum of the forces exerted by the operator [image: Mathematical equation], and the gravity and assembly forces [image: Mathematical equation] due to the weight of the tool. The probe and the sensor-holder are modelled as a subsystem of mass ms. The forces read by the sensor can be defined by equation (11), where ps is the weight of the probe and the sensor-holder.
[image: Mathematical equation](11)
where ds is the vector from point Om, the center of the force sensor, to point Gs, the probe center of gravity, and dm is the vector from point Om to point Oe.
In this way, the estimated forces [image: Mathematical equation] and [image: Mathematical equation] applied by the operator can be computed according to equation (12). Equation (13) presents the forces [image: Mathematical equation] that are identified by an experimental process.
[image: Mathematical equation](12)
[image: Mathematical equation](13)
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Experimental system showing a probe attached to a 6-axis force sensor, mounted on the end effector of the Staübli TX2 60 robot.



4 Synthesis
The generation of motion by the virtual solid method consists of calculating the trajectory of a virtual solid in a Galilean reference frame under the action of the operator forces. This instantaneous trajectory is sent to the robot numerical controller as an operating position set point. The calculation of the trajectory is done in three steps: the estimation of the handling forces from the measurements of a force sensor, their use in Newton’s second law to obtain the linear and angular accelerations of the virtual solid, and finally a double explicit numerical integration to compute the desired displacement corresponding to the applied forces. Figure 4 illustrates the diagram of the method.
The tuning parameters [image: Mathematical equation] are those that describe the virtual solid and the friction parameters. These parameters are all linked to a mechanical characteristic and behavior of the motion of the virtual solid. We can assume that the operator will intuitively tune them according to its feeling. If it has no knowledge of mechanical engineering, we could imagine developing experimental models to help it understand the impact of tuning parameters on the feel. For example, we could imagine a model with a solid moving in water and oil to identify the influence of viscous friction. Indeed, the virtual solid can be assimilated to the real tool manipulated by the operator without the robot and tool holder interaction. The physical parameters can be set, for the first time, as the inertia of the used tool with light frictions leading to a free move in the air. Then physical parameter tuning can be easily done by the operator: adjusting the inertia for the weight sensation, increasing the dry friction as a threshold for the low forces to avoid slow motion, and increasing the viscous friction to filter the vibration and avoid fast moves.
Stiffness control, impedance control, and our method are all based on a motion from the dynamics of a system. The main difference lies in the system definition (see Fig. 5). In the stiffness control case, the system is a mass-spring-damper, representing the interaction between the operator and the end-effector whose position is directly controlled. In the impedance control case, the system is a mass-damper, representing the interaction between the operator and the end-effector, whose position is indirectly controlled by the speed controller. In our case, the system is a virtual solid, representing the end-effector that should follow the operator’s desired trajectory. The fundamental equations of these three control laws are given in Table 1.
The tuning of the control parameters seems to be easier for the virtual solid method, since it refers to a physical movement. The dry friction parameter acts as a threshold on the motion without modifying the measured forces while maintaining a smooth motion. The viscous friction parameters function as a damping ratio. Moreover, the consistency of the co-manipulation behavior in translational and rotational motion is easy to achieve, since the mass and inertia parameters derive from the characteristics of the same solid.
The following sections present the simulation and experimental results obtained.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Flowchart for determining the co-manipulation path using the virtual solid method.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Difference of behavior between stiffness control and virtual solid trajectory planning.



Table 1 
Comparison between stiffness control, impedance control, and virtual solid control.

5 Simulation results
The use of simulation allows the exploration of numerous situations in a relatively short time. Thus, in order to study the behavior of the robot during manual guidance by the virtual solid method, the trajectory generation law is implemented under Simulink, a platform for multi-physics simulation and modeling of dynamic systems integrated with Matlab. For the tests, we worked with the Staübli TX2 60 robot, shown in Figures 2 and 3. So, the realization of the simulator requires establishing its Direct Geometric Model (DGM) and the Inverse Geometric Model (IGM) to simulate the position of the robot. The controller’s performance is not taken into account; thus, desired and actual velocities and positions are considered to be equal.
As illustrated in the block diagram in Figure 6, the trajectory generator receives as input the measured forces ([image: Mathematical equation] and [image: Mathematical equation]) from the sensor, the current joint positions of the robot (q), and the current Cartesian velocity of the control point ([image: Mathematical equation] and [image: Mathematical equation]). The acceleration generator block calculates the desired acceleration of the co-manipulated point according to equation (8), from which the acceleration of point O6 and the angular acceleration of frame R6 are deduced. O6 is the center of the sixth axis of the robot and R6 is the frame attached to the sixth robot axis (Fig. 3). Then, the two integration blocks, respectively, calculate the velocity and the position of O6 and the angular velocity and orientation of frame R6. We present the results for both translational motion and rotational motion.
Thus, for all the tests, the virtual solid is considered to be cylindrical (similar to the ultrasound probe) with a height [image: Mathematical equation], a base radius [image: Mathematical equation], and a virtual mass of [image: Mathematical equation]. The friction values applied to the virtual solid, during each test, are presented in Table 2, where [image: Mathematical equation] and [image: Mathematical equation] represent, respectively, the coefficients of dry and viscous friction in translation and [image: Mathematical equation] and [image: Mathematical equation] those in rotation. We chose to set the dry friction coefficients to zero in the simulations because the applied force can be considered without noise. In reality, they generate only the minimum force required to set the robot in motion. These parameters are useful experimentally for the stability of the initial motion and its stopping. The viscous friction in rotation is also set to zero, as it is easier to illustrate the impact of dry friction on a tool path in translation.
The integrator saturation bounds consider the constraints of velocity inherent to the robot during the collaborative interactions, i.e. 250 mm.s−1, for each Cartesian axis in translation. As the rotational velocity limit is not normalized, we set it to 0.5 rad.s−1. The generation of motion in the operational space implies a transformation into articular coordinates of each point of the trajectory, which can fail when the computed trajectory passes through a singular position or when the computed point lies outside the working space of the robot. In this way, we have set the workspace according to the limits given in Table 3.
In order to evaluate the transparency of the motion at the handling point, we use two criteria proposed in the literature for a co-manipulated robot. The first one consists of studying the consistency between the applied forces and the effective displacement of the tool. According to Balhoul and Jlassi, the motion is transparent if equation (14) is verified [19,20]. This means that the force and the displacement are collinear and that their vectors have the same direction. The second criterion consists of analyzing the mechanical impedance at the interaction point. In fact, the higher the impedance, the more rigid the system is, and therefore the more difficult it is to manipulate the end-effector. The impedance matrix ([image: Mathematical equation]) is calculated using equation (15). For this work, we are only interested in the diagonal elements of the impedance matrix, without taking into account the couplings. Thus, the vector of the diagonal of the impedance matrix, denoted [image: Mathematical equation], whose norm is computed in equation (16), represents the stiffness of the co-manipulation at the point [image: Mathematical equation].
[image: Mathematical equation](14)
[image: Mathematical equation](15)
[image: Mathematical equation](16)
The obtained results are presented below.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Block diagram of the simulator.



Table 2 
Friction table.

Table 3 
Limits of the workspace.

5.1 Flat translational motion with changes in motion direction
The forces [image: Mathematical equation] are applied progressively at [image: Mathematical equation] by varying their direction, as illustrated by the force trajectory shown in Figure 7a. As only forces are applied, there is no rotation of frame [image: Mathematical equation]. The simulator computes the acceleration (Fig. 7c), with a step of 1ms, and integrates it to find the corresponding velocity (Fig. 7b) and position of [image: Mathematical equation] (Fig. 7d). Note that as the applied forces are low with a certain viscous friction that slows down the motion, the acceleration is very low except during sharp force direction change. For example, when force [image: Mathematical equation] is suddenly null, as shown by equation (8), only the force due to viscous friction is not null and negative and has a high value due to the non-null velocity of the end-effector at this moment.
The analysis of the coherence between the applied forces and the effective displacement of point [image: Mathematical equation] gives the results displayed in Figure 8 and Figure 9.
As shown in Figure 8, the dot product remains greater than zero throughout the motion except at point a, so both vectors are in the same direction. Also, Figure 9 shows that the cross product values are almost negligible in the phases of rectilinear motion, on the order of 10-8, but non-negligible in the areas of direction variations, peaking at 10−3. Indeed, at the moment of the direction change on Figure 7 (between times t1 and t2 or t3 and t4), the velocity direction does not change at the same time as the forces. This is because the applied force direction change occurs when the velocity is not null, and friction parameters introduced in the trajectory generation computation generate a delay. Thus, at the time of the direction change of the applied forces, the system, already having a non-zero velocity, must first decelerate until total cancellation of the velocity before moving in the opposite direction. Friction promotes rapid deceleration but increases the acceleration time. This movement corresponds to the behavior of a solid moving according to Newton’s laws.
Also, Figure 10 shows the impedance at point Oe. At the beginning of the trajectory, it decreases in less than a second from 85 N/m.s-1 to approximately 5 N/m.s-1 and then stabilizes. Impedance is low, so the system is quite smooth. However, in the direction change area, the impedance oscillates weakly due to the friction phenomenon described above. The variation of the impedance indicates that in the direction change area, the operator can feel the inertia of the virtual solid, which is consistent with the human perception when handling everyday objects.
This feeling is stronger when the applied efforts and the speed of the controlled point are significant, as is the case at the point a of Figure 8 and Figure 10. Indeed, at this point, the probe moves in a direction opposite to the applied force for a short time. Note that, the motion is smooth only if the applied forces are also progressive and smooth.
A final analysis allows us to conclude concerning the co-linearity criterion: in the case of a circular motion of the virtual solid, as shown in Figure 11, the acceleration and the velocity are nearly orthogonal.
In addition, because of the frictional forces, the acceleration lags behind the forces by an α angle. This means that the velocity vector and the force vector are not aligned with an angle [image: Mathematical equation]. Thus, the criterion of transparency that consists of having the force and the velocity always collinear cannot be verified in the case of circular motion; it is valid only for rectilinear motion.
The result obtained in this section questions the criteria for transparency defined in literature as they ae not consistent with the mechanical principles of Newton’s laws.
The next result shows the trajectory generated for a rotational movement around a tool fixed point.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Trajectories of force (a), velocity (b), acceleration (c), and position (d) of [image: Mathematical equation].



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Collinearity between forces and motions, dot product.



	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 Co-linearity between forces and motions, cross product.



	[image: Thumbnail: Fig. 10 Refer to the following caption and surrounding text.]	Fig. 10 Impedance graph during motion (left) and on the trajectory of Oe (right).



	[image: Thumbnail: Fig. 11 Refer to the following caption and surrounding text.]	Fig. 11 Circular motion.



5.2 Rotation around a fixed point
A torque of [image: Mathematical equation] defined in equation (17) is applied at Oe in order to create a rotation of the probe around the handling point Oe, as shown in Figure 12.
[image: Mathematical equation](17)
The calculation of the impedance in rotation follows the same formula as in translation, replacing the forces with the torques and the translation velocity with the angular velocity. When the velocity in one direction is null, the diagonal component of the impedance matrix in this direction, resulting from equation (15), becomes infinite. However, as illustrated by the impedance norm curve resulting from equation (16), the impedance norm remains small, reflecting a smooth co-manipulation motion. Thus, these two different conclusions highlight the limitations of these two criteria in challenging the transparency of a control strategy.
	[image: Thumbnail: Fig. 12 Refer to the following caption and surrounding text.]	Fig. 12 Movement and impedance on a rotational motion.



6 Experimental results
The trajectory generation by the virtual solid method is implemented on the Stäubli TX2 60 industrial robot and compared to the classical industrial method of robotic co-manipulation based on stiffness control for translational motions. We assume to only compare our method with a stiffness control, as both are based on position control law, contrary to the impedance control, which is based on velocity or force control law. Neither of these control laws is available on our standard industrial robot.
In order to measure the forces applied by the operator, a six-axis Schunk FTN GAMMA 65-5 strain gauge load cell is mounted on the robot. The experimental implementation required the creation of an application interfaced with the internal robot control, which we called Hand-Guidance. This application can be used either to implement a virtual solid or a stiffness co-manipulation method. It is the object of a registration at the Agence pour la Protection des Programmes (APP) in France.
The parameters of the virtual solid are the same as in simulation. The dry friction is set to 0.01 N and the viscous friction to 1 kg.s−1 in all directions. For the classical stiffness method, the stiffness of the system is fixed. The system is considered as a spring of stiffness k = 6 N.mm−1 in all directions in order to have a similar kinematic behavior to the virtual solid method.
The robot is set in motion to realize several go-to and return toolpaths of approximately 100 mm in a horizontal plane. Thus, we evaluate the forces deployed by the operator, the smoothness of the motion, and the robot’s influence on the obtained trajectory. Note that the operator tool trajectory is not the same for the two methods. The experimental results are obtained with random trajectories performed by the same operator. However, we observe equivalent results across multiple experiments with different operators. Note that the aim of the paper is to demonstrate the feasibility of virtual solid control and to highlight its potential benefits. The implementation of a stricter experimental protocol is considered as a perspective.
6.1 Handle force analysis
The manipulation forces during co-manipulation using the virtual solid method (denoted FeSV) and by the stiffness method (denoted FeR) are shown on the left in Figure 13, while the corresponding trajectories are shown on the right.
As shown in Figure 13, with the stiffness method, the operator must always apply forces on the probe. With the virtual solid method, the operator-applied forces are smaller, and sometimes they are null when kinematic variation is small. This behavior results from Newton’s second law, where the applied forces are directly linked to the tool acceleration. Thus, a motion can persist without an applied force. On the y0 axis for example, the maximum force in stiffness is nearly 10 N, while it is less than 5 N in virtual solid. The co-manipulation energy, expressed as the work of the manipulation forces on the experimental trajectories, for each co-manipulation method, is illustrated in Figure 14. As shown by the work curves, the operator provides more energy with the stiffness method than with the virtual solid method. Therefore, the proposed method enables a reduction of the manipulation forces.
We continue the comparative analysis by estimating the stiffness at the manipulated point Oe.
	[image: Thumbnail: Fig. 13 Refer to the following caption and surrounding text.]	Fig. 13 Experimentally applied forces along the three Cartesian directions for each method (left) and the corresponding experimental trajectories along the three Cartesian directions (right). The index “R” denotes the stiffness method and the index “SV” denotes the virtual solid method.



	[image: Thumbnail: Fig. 14 Refer to the following caption and surrounding text.]	Fig. 14 Handling force work by the stiffness method (WR) and by the virtual solid Method (WSV).



6.2 Analysis of stiffness at the manipulated point
By applying the equation (16), the impedance that reflects the stiffness of the manipulation is computed. The result for each method, presented in Figure 15, shows that the system is more rigid with stiffness than with virtual solid. Note that the peaks in the impedance graph, for both methods, are due to the phase of motion where the velocity is null or small, so the calculated numerical impedance tends to infinity, but this does not represent a real infinite stiffness.
We finish this section by showing that the motion obtained with the proposed method generates less jerkiness than that obtained with the stiffness method.
	[image: Thumbnail: Fig. 15 Refer to the following caption and surrounding text.]	Fig. 15 Impedance calculated at the interaction point, for the two trajectory generation strategies.



6.3 Analysis of shaking sensations
Milstein and Jarrasse propose analyzing velocity, acceleration, and jerk curves in order to evaluate the inertia of the manipulator and the disturbances perceived by the operator [27, 28]. The smoother the curves are, the less perceptible the shocks become. Figure 16 presents the velocity and acceleration trajectories of the manipulator point for the virtual solid method, while Figure 17 presents the velocity and acceleration profiles for the stiffness method for the motion and force trajectories shown in Figure 13. It can be observed in Figure 16 and Figure 17 that the acceleration profile is smoother in the case of the virtual solid method than in the stiffness method.
The trajectory generated by the proposed method is interesting because it allows the management of velocity and acceleration thresholds according to the operator’s needs. As acceleration and speed are computed simultaneously with position, the tool kinematics can be easily controlled without modifying the control law parameters.
	[image: Thumbnail: Fig. 16 Refer to the following caption and surrounding text.]	Fig. 16 Velocity and acceleration trajectories of the Oe point for the virtual solid method.



	[image: Thumbnail: Fig. 17 Refer to the following caption and surrounding text.]	Fig. 17 Velocity and acceleration trajectories of the Oe point for the stiffness method.



6.4 Robot influence on the trajectory generation
In order to visualize the robot influence on the trajectory generation, we compare the experimental trajectories from the previous tests with the theoretical trajectories computed by the simulator, based on the experimental forces measured by the sensor.
Figure 18 shows the results obtained for the virtual solid method. The components of the experimental trajectory of the robot are shown as a solid line in Figure 18 and are denoted as Xexp, Yexp, and Zexp. In simulation, for the same parameterized conditions as in experiment, we obtain the theoretical trajectories noted as Xth, Yth, and Zth, and illustrated with dashed lines. As shown in Figure 19, the theoretical position is ahead of the experimental position. This delay reflects the resistance of the robot to the experimental motion. Indeed, the structure of the robot opposes a resistance to the manipulation that must be taken into account during tuning. The friction values of the virtual solid control must be adjusted in order to avoid the influence of the robot on the actual generated tool path. Thus, the viscous friction whose experimental parameterization was 1 kg.s−1 increased to 2.5 kg.s−1 in simulation, making it possible to obtain the theoretical curves indicated primes (Xth, Yth, and Zth), which coincide with the experimental trajectories.
Similarly, for the generation of motion by the stiffness method, the theoretical trajectories are ahead of the experimental trajectories (Fig. 19). In order to take into account the resistance of the robot to the motion, we must introduce a friction parameter. In this case, to make the theoretical trajectories coincide with the experimental trajectories, the viscous friction should be up to 25 kg.s−1, which is ten times higher than the value parameterized for the virtual solid method.
Regarding the transparency, the trajectory followed by the robot does not correspond exactly to the trajectory of the virtual solid in the reference frame, due to the deviations generated by the robot. These deviations depend on multiple factors, including the mechanical structure of the robot, its size, and its weight. Thus, one solution to reduce these deviations is to use smaller robots. Another solution, in continuity with this work, is to integrate this gap into the tuning of the model used to generate the trajectory. In this way, the co-manipulation toolpath dynamics are limited, ensuring that the co-manipulation behavior remains consistent with Newton’s laws and is not disturbed by phenomena related to the robot. Consequently, the experimental trajectory would conform to the simulated trajectory.
To conclude this study, we examine the possible influence of the virtual solid method on the dynamics of the co-manipulated robot.
	[image: Thumbnail: Fig. 18 Refer to the following caption and surrounding text.]	Fig. 18 Experimental and theoretical trajectories of the co-manipulated point Oe with the virtual solid method.



	[image: Thumbnail: Fig. 19 Refer to the following caption and surrounding text.]	Fig. 19 Experimental and theoretical trajectories of the co-manipulated point Oe with the stiffness method.



6.5 Trajectory influence on robot dynamics
In order to verify how the trajectory generation influences the robot dynamics, the joint torques of the robot are compared under the two trajectory generation strategies. Thus, the co-manipulation trajectories are presented in Figure 20, and the joint torques developed by the robot are illustrated in Figure 21. As shown in these figures, the torques developed by the robot with the virtual solid method evolve in the same way as those developed with the stiffness method. Trajectory generation using the virtual solid method does not affect the dynamics of the robot and therefore does not require any particular adjustment of the robot control system.
	[image: Thumbnail: Fig. 20 Refer to the following caption and surrounding text.]	Fig. 20 Experimental trajectories of the co-manipulated point Oe following the virtual solid method (left) and following the stiffness control (right) for the comparison of joint torques.



	[image: Thumbnail: Fig. 21 Refer to the following caption and surrounding text.]	Fig. 21 Joint torques in co-manipulation by the virtual solid method and the stiffness control. With Fs identified dry friction of the robot joints.



7 Conclusion
In this paper, we have analyzed a new trajectory generation approach for human–robot co-manipulation in order to improve the transparency and to simplify its tuning. As the trajectory followed by the robot corresponds to a solid motion in a Galilean reference frame, whose characteristics are similar to those of the co-manipulated tool, the manipulation of this tool should therefore appear transparent to the operator. The analysis of simulated and experimental results, based on the transparency evaluation criteria from the literature, showed that the virtual solid method generates smooth trajectories consistent with the operator’s intentions for any type of motion (translation and/or rotation). We have also demonstrated that compared to the classical implementation method, using the stiffness method, the virtual solid method enables robot co-manipulation with reduced manipulation efforts and does not require particular adjustments to the robot control. On the other hand, we have shown that the transparency criterion based on the collinearity between force and velocity is motion dependent and therefore not perfectly adapted to the transparency evaluation.
This work offers several perspectives. Indeed, we have seen that the presence of the robot affects the generated trajectory, but it is possible to significantly reduce the gap by tuning the viscous friction parameters. It would therefore be interesting to predict this deviation in order to tune the trajectory generation model and thus reduce the influence of the robot. It would also be relevant to study the parameters that influence the trajectory generation and to define a robust method for adjusting them according to the users and their perceptions. Firstly, the transparency of co-manipulation must be evaluated on technical gestures performed by users not familiar with the robot in order to collect their impressions of the interaction. Indeed, the first co-manipulation experiment was conducted with a clinician sonographer. It was found that when the sonographer co-manipulated the dummy probe without looking at the robot, the robot’s presence was almost imperceptible. However, when looking at the robot, the sonographer exerted much more effort and had the impression that the robot was disturbing the movement. Further experiments should be carried out in the same direction in order to draw conclusions and improve the acceptance of the robot's assistance. Moreover, the work in this paper only focused on the co-manipulation of the tool in the non-contact space. In the presence of contact, the trajectory generation law changes. In the future, it would be interesting to study the co-manipulation of the tool in contact with a surface. This would allow the development of an ultrasound gesture assistance system, in both position and force, with a compensation for the patient’s physiological movements.
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