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Assessing Neuromuscular Mechanisms in Human-Exoskeleton Interaction

In this study, we propose to evaluate a 7 DOF exoskeleton in terms of motion control. Using criteria from the human motor control literature, inverse optimization was performed to assess an industrial screwing movement. The results of our study show that the hybrid composition of the free arm movement was accurately determined. At contrary, when wearing the exoskeleton, which produces an arbitrary determined torque compensation, the motion is different from the naturally adopted one. This study is part of the evaluation and comprehension of the complex neuromuscular mechanism resulting in wearing an exoskeleton several hours per day for industrial tasks assistance.

I. INTRODUCTION

In car assembly lines, several operations are performed by workers because of dexterity and high precision requirements. However, these manual operations can lead to musculo-skeletal disorders for workers population because of awkward adopted postures and repeated motions performed during very short cycle time [START_REF] Bernard | Musculoskeletal disorders and workplace factors: a critical review of epidemiologic evidence for work-related musculoskeletal disorders of the neck, upper extremity, and low back[END_REF]. In PSA Peugeot Citroen factories, one operation consists of screwing pieces in cars located above workers's head, with a task time of one car per minute. High solicitations of upper limbs and motion fastness requirements make the operation very challenging in terms of occupational health. Hence, the usage of an upper-limb exoskeleton might be a possible solution to assist workers dedicated to this task. Upper-limb exoskeletons were mainly designed for rehabilitation of stroke patients or for helping people in performing painful tasks. Kiguchiet al. designed a 3 degrees-of-freedom (DOF) exoskeleton for only shoulder and elbow motions [START_REF] Kiguchi | Exoskeleton for human upper-limb motion support[END_REF]. Later, Gopura et al. designed a 7 DOF arm exoskeleton called SUEFUL-7 [START_REF] Gopura | Sueful-7: a 7dof upper-limb exoskeleton robot with muscle-model-oriented emg-based control[END_REF], which uses realtime control method based on skin surface electromyographic (EMG) signals. However, the exoskeleton presented limited shoulder movements while large workspaces were provided for elbow and wrist movements. The HAL whole body exoskeleton [START_REF] Sankai | Leading edge of cybernics: Robot suit hal[END_REF] uses also a similar method for movement assistance. Although its effectiveness, the usage of EMG requires accurate musculo-skeletal system modelling and individual calibration for each user, making it hardly suitable fraisse@lirmm.fr for industrial context. Unlike EMG-based control methods, the patented force-position control method developed for ABLE exoskeleton does not require calibration and force sensor [START_REF] Garrec | Able, an innovative transparent exoskeleton for the upper-limb[END_REF] [START_REF] Jarassé | Contributions à l'exploitation d'exosquelettes actifs pour la rééducation neuromotrice[END_REF]. ABLE was retained for its backdrivability which allows to use it as an arm weight compensation device. In order to use this type of exoskeleton in PSA car assembly lines, it is necessary to assess its performances in terms of effort compensation, human movements coordination, and neuromuscular mechanisms. A previous study [START_REF] Sylla | Ergonomic contribu-tion of able exoskeleton in automotive industry[END_REF] was performed to assess the use of ABLE 7axes exoskeleton in this context. Results show a clear reduction of joint torques and a slight modifications of joint angle trajectories. Regarding the complexity of the human musculoskeletal system, the influence of the exoskeleton in human movements remains difficult to assess with a classic biomechanical analysis. The approach proposed in this paper analyses the human-exoskeleton interaction in terms of neuromuscular mechanisms. Human motor control researchers have been investigating for several years the neuromuscular mechanisms underlying the motion. From their extensive debates, it appears that there is a consensus stating that the central nervous system determines in an optimal way the motion strategy among several solutions before sending the information to the musculoskeletal system [START_REF] Scott | Optimal feedback control and the neural basis of volitional motor control[END_REF]. Computational models, based on representative biomechanical models were used to minimize a given criterion, also called a cost-function, to determine the optimal set of trajectories. However, the choice of this criterion is not trivial because of kinematic, dynamic and actuation redundancy of the human musculoskeletal system. Several criteria such as minimum jerk [START_REF] Flash | The coordination of arm movements: An experimentally confirmed mathematical model[END_REF], minimum torque change [START_REF] Uno | Formation and control of optimal trajectory in human multijoint arm movement[END_REF], minimum energy [START_REF] Alexander | A minimum energy cost hypothesis for human arm trajectories[END_REF], minimum work [START_REF] Kang | Determining natural arm configuration along a reaching trajectory[END_REF], or minimum variance [START_REF] Harris | Signal-dependent noise determines motor planning[END_REF] have been proposed for multi-joints arm movements. However, from this literature no consensus emerges and it appears that each of these optimal criteria accounts for a feature of the motion depending on the considered task. The use of hybrid cost-functions was then introduce to determine the optimal motion strategy used by the central nervous system. An inverse optimization algorithm proposed by Botasso et al. allows to predict movements of multibody neuromuscular systems [START_REF] Bottasso | A numerical procedure for inferring from experimental data the optimization cost functions using a multibody model of the neuromusculoskeletal system[END_REF]. The method has been validated for arm and leg models. However, it uses simple cost function search spaces, and the algorithm was not investigated for complex tasks. The inverse optimal framework proposed by Mombaur et al. [START_REF] Mombaur | From human to humanoid locomotion-an inverse optimal control approach[END_REF] determines optimality criteria that produce natural paths for human locomotion. In this study, the human body was considered as a single point and experiments were performed in a 2D plane, which simplified significantly the inverse optimization problem. Later Berret et al. proposed a similar approach to obtain the best cost function which characterizes a reaching-a-bar movement [START_REF] Berret | Evidence for composite cost functions in arm movement planning: An inverse optimal control approach[END_REF]. However, this interesting and well documented study focuses on a simple planar task with a poorly constrained paradigm. In this context, this study proposes to assess the control law of ABLE exoskeleton at a neuromuscular level. Based on studies presented in [START_REF] Mombaur | From human to humanoid locomotion-an inverse optimal control approach[END_REF] and [START_REF] Berret | Evidence for composite cost functions in arm movement planning: An inverse optimal control approach[END_REF], the inverse optimization control is use to determine biological criteria involved when the movement is performed with the exoskeleton.

II. DESCRIPTION OF ABLE EXOSKELETON

ABLE is a right mono-arm exoskeleton with 7 DOF allowing to follow human movements in a large workspace [START_REF] Jarassé | Contributions à l'exploitation d'exosquelettes actifs pour la rééducation neuromotrice[END_REF]. Its patented actuation system presented in details in the literature allows hybrid force and position control without requiring any force sensor [START_REF] Garrec | Able, an innovative transparent exoskeleton for the upper-limb[END_REF]. The ABLE controller is based on two major functions: the friction compensation, and the weight compensation. The dry friction compensation (Γ f ) is the key for the transparency and is modelled in the controller by:

Γ f = tanh( .ω).f, ( 1 
)
where f is the static friction, ω the motor speed, and tanh( .ω) the smoothing function, being the slope at the origin. Gravity compensation level is given by the value of the effort exerted on the k th axis (Γ f ), defined in the following expression:

Γ k = (m x k cosθ + m y k sinθ).g ( 2 
)
where g is the gravity acceleration, θ is the angle of the exoskeleton, m x and m y are contributions of the mass of x and y axis respectively, times the distance of the center of mass:

m x k = x g k * m k (3) 
In this study, the gravity compensation is used to reduce users' effort with different levels of compensation, obtained by increasing m x3 parameter which corresponds to the shoulder joint in the sagittal plane. landmarks in accordance with the Plugin-Gait whole body marker template (Vicon Motion Systems), was used to record 3D kinematic quantities (see Fig. 1a). As expected, low values of right wrist angles were measured, allowing us to neglect wrist DOF in the retained arm kinematic model, which presents 4 DOF represented in Fig. 1b. To analyse subjects energy expenditure during the movement, mean of joint torques (Γ 1 , Γ 2 , Γ 3 , and Γ 4 ) were compared in the four situations as in a previous study [START_REF] Sylla | Ergonomic contribu-tion of able exoskeleton in automotive industry[END_REF].

B. Optimization Processing

The proposed approach is to solve the so-called inverse optimization problem. A first inner optimization process finds joint trajectories that minimize a weighted hybrid cost function C, composed of several biologically plausible cost functions [START_REF] Berret | Evidence for composite cost functions in arm movement planning: An inverse optimal control approach[END_REF]:

C = 6 i=1 α i c i , (4) 
where α i are the positive weights that define the contribution of every cost function Ci, listed in Table I. A second outer optimization is used to determine the optimal weights that will minimize the difference between measured quantities and the output of the first inner optimization. This difference is evaluated here with the root mean square error (RMSE) between estimated (θ est ) and measured (θ mes ) joint angles. Human angular limits defined in the literature [START_REF] Hue | Simulation de mouvement humain sur postes de travail pour le diagnostic et l'aide à la conception[END_REF] and the right hand final position are given here as constraints. The first optimisation process, which determines the optimal set of weights α is performed with a genetic algorithm [START_REF] Houck | A genetic algorithm for function optimization: a matlab implementation[END_REF] due to the large scale of the optimization problem. The second one, which determines optimal joint angle trajectories is performed using a gradient based non linear optimization algorithm [START_REF] Byrd | A trust region method based on interior point techniques for nonlinear programming[END_REF]. Resulting joint trajectories and cost-functions are evaluated in the four situations to assess the influence of ABLE exoskeleton in terms of musculo-skeletal mechanisms. IV. RESULTS

A. Human experiments

Mean of joint torques, normalized by subjects' weight and height are represented in Fig. 2. From Fig. 2a, we can see that human joint torques increase significantly in the last situation. In this configuration the compensation level is not adapted to subjects, making them following the very artificial trajectory imposed by the exoskeleton [START_REF] Sylla | Ergonomic contribu-tion of able exoskeleton in automotive industry[END_REF]. Excluding this case (see Fig. 2b), when comparing joint torques in Trial 1 (i.e. in the free arm condition) and the others, joint torques decrease particularly for shoulder flexion/extension that performs the main part of the movement. From this figure we can also see that Γ 3 increases in Trial 3. However, the low value of Γ 3 is negligible, and does not influence the arm global effort. From a purely mechanical viewpoint, the reduction of joint torques justifies here the supply of the exoskeleton.

B. Inverse optimization

When analysing the results obtained with the inverse optimization process, represented here for a typical subject (Fig. 3 and4), we can see a good fitting between the predicted trajectory of the model and the measured one in the freearm condition (Trial 1), indicated by low RMSE between joint angles. In this case, the subject minimizes the geodesic criterion, which is here an image of the kinetic energy, and the energy criterion. When the movement is performed with the exoskeleton, more important RMSE are reported (Fig. 3 and5) and cost functions vary from a trial to an other (Fig. 4), indicating that the proposed model, based on six of the most common cost-functions from the literature accounting for natural grasping-reaching like motion, is not able to predict the observed strategy. From this statement two conclusions can be made. First, the motion is not natural and the exoskeleton compensation, based on a static compensative torque, is not appropriate. This means that the movement is not led by the human, but by the exoskeleton. An other conclusion might be that the subject is exploring other strategies involving the interaction of the exoskeleton. This can explain the increase of variability observed in human [START_REF] Sylla | Ergonomic contribu-tion of able exoskeleton in automotive industry[END_REF]. It is possible that after a certain adaptation time the subject was able to integrate the exoskeleton in his perception scheme, i.e. in the new optimal strategy. In any case, we believe that the synthesis of a new optimal control law based on the result obtained during the free-arm condition should improve the joint torque compensation, user's perception, and minimise the adaptation time. The idea would be to propose a personalised compensation relatively to the subject's anthropometric measurements being the results of the minimisation of the identified hybrid cost function (43% energy and 57% of the geodesic cost function).

V. CONCLUSION

In this study a method is proposed to asses the use of an exoskeleton for an industrial screwing task at two levels. From a mechanical viewpoint, subjects efforts are compensated by the joint torque reduction provided by the exoskeleton. In terms of neuromuscular mechanisms, differences are reported between predicted and measured joint angles, and the hybrid cost function varies relatively to the compensation level. Although the effectiveness of the method for free-arm movements, more investigations have to be performed with experimented subjects during prolonged period of time to conclude about the cost function variations when the movement is performed with the exoskeleton. 
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 1 Fig. 1. Investigated screwing movement carried out with the exoskeleton (a), human arm model used in the study (b)
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 2 Fig. 2. Mean (standard deviations) of measured joint torques for trials 1 to 4 (a) and for trial 1 to 3 (b)
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 345 Fig. 3. Measured and estimated joint angles and their corresponding RMSE for all trials
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