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On the Dynamic Parameter Identification of Collaborative Manipulators: Application to a KUKA iiwa

This paper deals with the dynamic parameter identification of the KUKA LBR iiwa R820, a robotic manipulator with flexible joints intended for collaborative applications. The control software interface of this robot provides different signals that allow the parameter identification of not only the real robot, but also of the model integrated in the robot's controller, in a reverse engineering process. By analyzing the successive positions and torques computed by the controller, an accurate set of inertial parameters referring to the robot's model integrated in the controller is obtained. A percent error in the torque reconstruction of less than 1% for every joint, validates the process. Then, this set of parameters is useful to complete and compare the set of parameters that is obtained with real physical measurements which is more prone to errors due to noise and uncertainties. Finally, the torque reconstruction using the measured signals is compared with models present in bibliography, showing a better performance.

I. INTRODUCTION

In recent years, much attention has been paid to collaborative robotics, where the robotic manipulators are not only sharing their workspace with humans, but also they are intended to share tasks and objectives [START_REF] Albu-Schäffer | The dlr lightweight robot: design and control concepts for robots in human environments[END_REF]. To be able to achieve their goals with requirements in terms of performance, precision, speed and safety, it is essential to build an accurate model of the robot [START_REF] Haddadin | Requirements for safe robots: Measurements, analysis and new insights[END_REF] [START_REF] De Luca | Collision detection and safe reaction with the dlr-iii lightweight manipulator arm[END_REF].

Different theoretical dynamic models including flexibility in the joints, frictions and motors couplings have been developed [START_REF] Moberg | Modeling and control of flexible manipulators[END_REF]. In order to get a real model with numerical values, parameter identification techniques are applied. Different approaches have been presented, as the ones on the KUKA LWR manipulator [START_REF] Jubien | Dynamic identification of the kuka lightweight robot: Comparison between actual and confidential kuka's parameters[END_REF][6] [START_REF] Bargsten | Modeling, parameter identification and model-based control of a lightweight robotic manipulator[END_REF] and the new Franka Emika manipulator [START_REF] Gaz | Dynamic identification of the franka emika panda robot with retrieval of feasible parameters using penalty-based optimization[END_REF].

Most available collaborative robots in the market are usually not intended for research. Manufacturers hide crucial information as its model, the controller's structure and their parameters. They neither allow to have full control of the manipulator, e.g. it is not possible to replace or omit their control laws because of possible damages caused if an ill-designed new controller is conceived. The work in [START_REF] Chawda | Toward controlling a kuka lbr iiwa for interactive tracking[END_REF] exhibits some of the mentioned issues using the KUKA LBR iiwa. However, knowing the internal structure of the controller is of crucial importance for some research areas. In [START_REF] Jubien | Dynamic identification of the kuka lightweight robot: Comparison between actual and confidential kuka's parameters[END_REF], the authors achieved to get the confidential parameters of the KUKA LWR4+ in a reverse-engineering approach by using measurements of joint torques and motor positions, as 1 The authors are with the ONERA, the French Aerospace Lab, Toulouse, France {fardiani, alexjanot}@onera.fr 2 The authors are with the LGP-ENIT, University of Toulouse, Tarbes, France mbenouss@enit.fr well as sampled data of the inertia matrix and gravity torques which are computed by the KUKA controller.

For the KUKA LBR iiwa manipulator, as far as the authors are concerned, there are three available set of dynamic parameters in bibliography. The work presented in [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] introduces a set of the so-called base parameters by applying a parameterized trajectory that optimizes the condition number of the regressor matrix and the Least-Squares method. The authors also show a set of physical feasible standard parameters by solving an optimization problem with linear and non-linear constraints in the identification procedure. In [START_REF] Xu | Dynamic identification of the kuka lbr iiwa robot with retrieval of physical parameters using global optimization[END_REF], the authors carry out a similar identification procedure getting not only sets of base and physically feasible standard parameters, but also a set of essential parameters. However, the robot is mounted with a non-specified load, what makes difficult to compare results. Finally, the work in [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] exhibits a set of dynamic parameters, but no identification process is carried out.

The objective of this paper is two-fold: firstly, under the assumption that the structure of the trajectory tracking controller follows the rule of a well-known and widely-used computed torque controller [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF], an approach for identifying the robot's model integrated in the KUKA controller is presented showing its advantages and possible applications; and secondly, a commonly used method to identify the parameters of the real rigid robot is carried out and results are compared with those models already available in bibliography mentioned in the previous paragraph. To do so, an exciting trajectory is chosen without a computationally expensive optimization process as those carried out by the other authors and the two different sets of minimum inertial parameters are obtained via the Least-Squares method. The set of parameters corresponding to the robot's model integrated in the controller is also used to analyze the results obtained after the identification of the real robot.

After reviewing the structure and model of collaborative robots in Section II and the basics of identification procedures in Section III, Section IV details the experimental setup used to identify the dynamic parameters of the KUKA LBR iiwa 14 R820 manipulator. Section V shows the two sets of dynamic parameters corresponding to the mentioned models, and their respective validation. Finally, Section VI is devoted to discuss the results and Section VII is the conclusion.

II. MODELING A. Structure of Collaborative Manipulators

Considering the flexible joint model in [START_REF] Spong | Modeling and control of elastic joint robots[END_REF], the structure of a collaborative robot is graphically presented in Fig. 1 [START_REF] Albu-Schäffer | The dlr lightweight robot: design and control concepts for robots in human environments[END_REF].

As these robots are intended to work with humans in collaborative applications, thus in dynamically unpredictably changing environments, sensors measuring torques acting on the link side are placed after the gearbox of each actuated joint. Their objective is to increase motion accuracy and to directly control the interaction forces for a quicker response against a collision [START_REF] Albu-Schäffer | The dlr lightweight robot: design and control concepts for robots in human environments[END_REF]. Moreover, position sensors on the motor-side and link-side, as well as current sensors for motor low-level control are usually needed.

Furthermore, in most available collaborative robots, controller side is hidden from users and built by a trajectory generator and several controlling stages (see Fig. 1). The first one interpolates the desired points entered by the user and generates the reference profiles to follow. Then, depending on the controlling strategy, diverse laws and structures can be applied in order to achieve the desired performance. Many of the controllers used in robotics make use of an estimated dynamic model to calculate a "computed torque" in order to linearize the system and to decentralize the control of each joint [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF].

Assuming that the measurements of position and torque are made after the gear drive in Fig. 1, the flexibility and controllers do not affect measurements and the rigid body robot model can be studied [START_REF] Gaz | Identifying the dynamic model used by the kuka lwr: A reverse engineering approach[END_REF].

B. Equations of Motion of Rigid Robot Model

1) Dynamic Modeling: The inverse dynamic model of a rigid robot without considering external forces nor couplings between links and motors can be expressed in the following way [START_REF] Moberg | Modeling and control of flexible manipulators[END_REF][15]: τ = M (q)q + H(q, q) q + G(q) + τ f ,

where q, q, q ∈ R n are joint positions, velocities and accelerations respectively, being n the number of joints; H(q, q) q ∈ R n are Coriolis and centrifugal torques; G(q) ∈ R n stands for gravity torques; M (q) ∈ R n×n is the symmetric and positive definite inertia matrix; and τ f ∈ R n are friction torques defined by [START_REF] Jubien | Dynamic identification of the kuka lightweight robot: Comparison between actual and confidential kuka's parameters[END_REF]:

τ f i = F ci sign( qi ) + F vi qi + τ offi , (2) 
where τ f i is the ith component of the friction vector corresponding to joint i; F ci and F vi are Coulomb and viscous friction parameters respectively; and τ offi is an offset in torque measurements which regroups the asymmetrical Coulomb friction coefficient and offsets introduced by sensors and amplifiers. 2) Standard Parameters: Due to the property of linearity of the model with respect to the dynamic parameters characterizing the manipulator [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF], (1) can be expressed in an alternative way as:

τ = IDM st (q, q, q)χ st , (3) 
where IDM st ∈ R n×nst is a matrix of the inverse dynamic model with respect to a vector χ st ∈ R nst of the n st socalled standard parameters [START_REF] Gautier | Identification of standard dynamic parameters of robots with positive definite inertia matrix[END_REF].

Taking into account this model, the dynamics of each link can be defined by 13 standard parameters:

χ i st =[XX i XY i XZ i YY i YZ i ZZ i MX i MY i MZ i M i F ci F vi τ offi ] T . ( 4 
)
XX i , XY i , XZ i , YY i , YZ i and ZZ i are the 6 components of the inertia tensor of link i considered from the origin of that link; MX i , MY i and MZ i are the components of the first moment of inertia of link i; and M i is the mass of link i.

3) Reduction to Base Parameters: The base parameters are a set of identifiable parameters, result from the reduction of the set of standard parameters by, eliminating some which have no effect on the model, and regrouping some others which are not identifiable separately [START_REF] Gautier | Direct calculation of minimum set of inertial parameters of serial robots[END_REF]. The knowledge of these parameters is enough to design a controller and simulate the system in the form:

τ = IDM b (q, q, q)χ b , (5) 
where the sub-index b refers to the model in (3) expressed in terms of the n b base parameters.

The general closed-form rules to determine the minimum set of inertial parameters of serial robots are derived in [START_REF] Gautier | Direct calculation of minimum set of inertial parameters of serial robots[END_REF].

III. PARAMETERS IDENTIFICATION

A. Least-Squares Method

The inverse dynamic model in ( 5) can be written in its extended form suitable for offline identification after t measurements:

Y = W X + ρ, (6) 
where Y ∈ R r is a vector of torques, being r the product between t and n; W ∈ R r×n b is the regressor matrix; X ∈ R n b is the set of base parameters; and ρ ∈ R r refers to the error vector representing effects of perturbations due to noisy measurements, modeling errors and uncertainties. The ordinary Least-Squares solution X minimizes the squared 2-norm of the vector of errors (||ρ|| 2 ). To successfully apply this method, the error should be of zero mean, uncorrelated and homoskedastic (constant variance σ 2 ρ ). An unbiased estimation of the variance can be done as:

σ2 ρ = ||Y -W X|| r -n b . ( 7 
)
The covariance matrix of the estimation error and standard deviation can be calculated by:

C X = σ2 ρ (W T W ) -1 . (8) 
Then, the relative standard deviation %σ Xi is given by:

%σ Xi = 100 C Xii Xi , (9) 
where C Xii are the diagonal coefficients of C X . This is the indicator that is used to denote the distribution of estimates.

B. Essential Parameters

The set of essential parameters is obtained by eliminating those base parameters with not significant impact in the dynamic equations of motion [START_REF] Pham | Essential parameters of robots[END_REF]. In spite of a wellconditioned matrix W , some base parameters may not have a relevant effect, due either to perturbations or to the fact that it is difficult to correctly excite them given position, velocity and accelerations limits [START_REF] Pham | Essential parameters of robots[END_REF]. The set of essential parameters is introduced in order to keep a minimum set of parameters, and, to not specify the numerical value of parameters with high variability, since the true value may differ substantially. Therefore, in this work, identified parameters with relative standard deviation higher than 20% are not considered as essential and are deleted [START_REF] Janot | A generic instrumental variable approach for industrial robot identification[END_REF].

IV. EXPERIMENTAL SETUP

A. Robotic Manipulator

The robotic manipulator used in this work is a KUKA LBR iiwa 14 R820. It is a 7 rotational degrees of freedom lightweight robot intended for human-robot collaborative applications [START_REF]KUKA Robots LBR iiwa 7 R800[END_REF]. In our scenario, the manipulator is equipped with the interface "Media Flange Touch Electrical" on its tip [START_REF]KUKA Robots Media Flange for Product Family LBR iiwa[END_REF]. In order to allow the controller adapt to the mounted flange, the KUKA load identification routine is performed.

The parameters describing the kinematics of the manipulator using the modified Denavit-Hartenberg (MDH) convention are shown in Fig. 2. This figure also depicts the robot manipulator with its seven joints A i in zero position, the link frames and their associated parameters. Table I lists the regrouped base parameters for this robot [START_REF] Gautier | Direct calculation of minimum set of inertial parameters of serial robots[END_REF]. 

B. Exciting Trajectories

After considering constraints regarding joint limits and the platform position to avoid collisions, 50 points are selected in the useful work-space. From these points, the KUKA Sunrise OS generates the trajectory using the Spline motion type [START_REF]KUKA Sunrise OS 1.13[END_REF]. Velocities and accelerations are not directly controllable by the user, being the internal trajectory generator the one in charge of generating the desired profiles to track. This method of generating trajectories [START_REF] Jubien | Dynamic identification of the kuka lightweight robot: Comparison between actual and confidential kuka's parameters[END_REF] shields similar results than those that make use of a non-linear optimization with linear and non-linear constraints of the condition number of the regressor matrix [START_REF] Khalil | Modeling identification and control of robots[END_REF] [START_REF] Swevers | Optimal robot excitation and identification[END_REF], which can be time and resource consuming.

One trajectory is designed to apply the identification process (training trajectory) and two others for validation (validation trajectories 1 and 2).

C. Data Acquisition

A C++ client application on an external computer is generated using the Fast Robot Interface [START_REF] Schreiber | The fast research interface for the kuka lightweight robot[END_REF] to communicate in real time with the KUKA iiwa robot controller, and record all the pertinent information at a frequency of 1000 Hz.

The KUKA controller makes five position and torque signals available [START_REF] Schreiber | The fast research interface for the kuka lightweight robot[END_REF], which under the assumption that the controller structure is based on the computed torque principle [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF], can be described as: • External Torque: It is approximately the difference between the commanded torque and the sensed torque.
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It accounts for all phenomena that the model of the controller does not take into consideration [START_REF]KUKA Sunrise OS 1.13[END_REF]. If the mentioned assumptions are valid, using the two commanded signals in the identification procedure will lead to the identification of the model integrated in the robot's controller. This model should be based on (1) with the parameters' values that the manufacturer used. On the other hand, if the two sensed signals are used, the real robot model of the manipulator is identified.

D. Data Processing

As the sensed torque and position are noisy and the Least-Squares method is used for identification, a filtering process is designed, inspired by the work done in [START_REF] Gautier | A new closed-loop output error method for parameter identification of robot dynamics[END_REF].

After sampling, the sensed signals are filtered with a zero-phase 2 nd order digital Butterworth filter with cutoff frequency of 3.5 Hz in both directions to avoid time-lag. Then, velocities and accelerations are calculated off-line using the central 1 st and 2 nd order derivatives from the filtered position to avoid time-lag and reduce noise effect. Afterwards, a parallel decimation is applied with low-pass filter cut-off frequency of 20 Hz, low enough to significantly reduce computational cost of the identification and without loosing information. Finally, deletion of border effects and of points where the absolute value of the velocity of any joint is lower than 0.01 rad/s, is carried out. This is done to avoid discontinuities on the torques generated by the not smooth profile around zero velocity of the friction's model in [START_REF] Haddadin | Requirements for safe robots: Measurements, analysis and new insights[END_REF].

On the other hand, just the decimation stage is applied to the commanded torque and commanded position, because they are noise free signals and do not need filtering.

V. RESULTS

Table II shows the set of essential parameters values with their respective relative standard deviation, result of carrying out the identification process, both, by using the two commanded signals in the 2 nd and 3 rd columns, and by using the two sensed signals in the 4 th and 5 th columns. From the n b = 64 base parameters (obtained from n st = 91 standard parameters using the model in ( 5) and Table I), 32 essential parameters are identified using the commanded signals, whereas, 34 when using the sensed signals.

The validation of the set of essential parameters corresponding to the model integrated in the controller (2 nd column in Table II) is done in Table III and Fig. 3. Table III shows the percent error between the commanded torque and the torque reconstruction for both validation trajectories, whereas Fig. 3 graphically depicts this reconstruction for the first validation trajectory and joints 2 and 7. These joints are the ones with highest and lowest torque requirements of the robot, respectively, and are, thus, representative.

On the other hand, Table IV and Fig. 4 show the respective results of the torque reconstruction using the sensed signals and the set of essential parameters obtained with them (4 th column in Table II). They also depict the torque reconstruction results using the set of parameters in Stürz [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] and iiwa Stack [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] for comparison and validation purposes. II, Stürz [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] and Stack [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] with the respective percent error.

Finally, Fig. 5 shows the torque reconstruction for joints 3 and 4 of both models using the first validation trajectory.

VI. DISCUSSION

A. Identification of the Model Integrated in the Robot's Controller

From Fig. 3 and Table III, the almost perfect torque reconstruction of the trajectories (less than 1.00% error) validates the assumption made regarding the relation between the commanded signals. It leads to conclude that they are related through a dynamic model integrated in the robot's controller via [START_REF] Albu-Schäffer | The dlr lightweight robot: design and control concepts for robots in human environments[END_REF], and that the set of parameters identified is very close to the ones of the model implemented by KUKA. II that all the main inertial parameters are identified but none of the friction parameters. An important result of this, is that the friction phenomena can be studied just by analyzing the external torque signal mentioned in Section IV. This signal will account not only for the friction but also for the effect of external forces and for model's uncertainties and simplifications made by the manufacturer.

It is shown in Table

B. Identification of the Real Robot Model

Table III and Fig. 3 show that there is an error of less than 30% between the sensed torque and the reconstructed torque using the set of essential parameters identified from sensed signals. The error is higher in joints 6 and 7 due to the low value of mass and inertia, and lower than 3% for joints 2, 3 and 4 where the inertia and gravity effects are high.

Numerical results in Table II show that viscous friction F vi has less effect on the model than static friction F ci and torque offset τ offi . Just two parameters corresponding to the viscous friction are identified, whereas six parameters of each of the other two effects are identified. Particularly, link 7 can be accurately approximated just by knowing F c7 and τ off7 , due to it's small values of mass and inertia. Not all main inertial parameters are identified for every link. The standard deviations in Table II show that the parameters that have more influence on the behavior of the robot are MYR i , XXR i and ZZR i from links that deal with higher gravity effects (2, 4 and 6).

Fig. 4 and Table IV show that the torque reconstruction using the identification results is better than those carried out from models in bibliography [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] and [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF]. The difference may be due to a different experimental setup. In [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF], the authors do not specify whether a flange is being used or not. In [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF], the authors do specify that a flange is being used, but not which one. This is also the reason why the results of [START_REF] Xu | Dynamic identification of the kuka lbr iiwa robot with retrieval of physical parameters using global optimization[END_REF] are not shown. There, besides not specifying the flange used, the authors use a not-specified significant load on the tip. Although they explain that the contribution of the payload could be removed, they do not detail the load values. That is why to allow the reproducibility of the present work and fair future comparisons, the experimental setup is thoroughly explained in Section IV.

Furthermore, it is known that numerical values, especially the ones of friction parameters, are not exactly the same from one robot manipulator to another, but choosing a more complete friction than those in [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF], [START_REF] Xu | Dynamic identification of the kuka lbr iiwa robot with retrieval of physical parameters using global optimization[END_REF] and [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] leads to better results in expense of having 7 more parameters (τ offi with i = 1. . . 7) to identify.

Moreover, the performance indicator used in [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] and [START_REF] Xu | Dynamic identification of the kuka lbr iiwa robot with retrieval of physical parameters using global optimization[END_REF] for cross-validation (RMS) is dependent on the amplitude of the trajectory not allowing a fair and useful comparison of results. To overcome this issue, in this work the percent error (relative indicator with respect to the amplitude of the trajectory) was chosen.

Finally, the similar torque reconstruction shown in Fig. 5 of both models obtained in this work, in addition to the fact that the commanded and sensed position signals are almost identical, leads to validate the assumption regarding the structure of the controller being one of a computed torque type (need of a feedback linearization using the robot's dynamic model integrated in the controller). The robot's model integrated in the controller can be used as a tool to check that the parameters obtained in the identification using sensed signals are close to the manufacturer's ones, and as a priori knowledge for identification methods where an initial guess is needed, as in [START_REF] Ardiani | Improving recursive dynamic parameter estimation of manipulators by knowing robot's model integrated in the controller[END_REF], where the authors applied the Recursive Instrumental Variable and Recursive Least Squares methods. Moreover, the set of essential parameters obtained using measured data may not be complete and may not allow the inversion of matrix M (q) in (1) for the direct dynamic model simulation. However, the parameters identified using commanded signals can be used to complete the set.

VII. CONCLUSION

In this paper, the dynamic parameter identification of the model of the KUKA LBR iiwa 14 R820 that is integrated in the robot's controller was successfully carried out. Due mainly to the fact that commanded signals are noise-free, the torque reconstruction using the identified parameters is almost perfect having all main inertial parameters identified. This set of parameters can be used as a tool to initialize recursive methods and as verification that signals made available by the controller are result of the simulation of the dynamic model. In this work, the set was then used to analyze the results of the dynamic parameter identification of the real rigid robot model. The set of essential parameters identified on a real robot was then successfully validated, by showing better torque reconstructions compared with other models in bibliography.
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 1 Fig. 1. Industrial Collaborative Manipulator Structure.

Fig. 2 .

 2 Fig. 2. MDH parameters and link frames of the KUKA LBR iiwa 14 R820.
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  Commanded Position: It is the position of the successive points that the robot is asked to follow. • Commanded Torque: It is the torque related to the commanded position by the internal dynamic model that is used by the computed torque controller. • Sensed Position: It is the measurement of the link-side position. It is assumed to be an estimation made by the manufacturer from sensing the motor position and knowing the gearbox parameters [1][5]. • Sensed Torque: It is the measurement of the torque sensor placed after the gearbox (see Section II).

Fig. 3 .

 3 Fig. 3. Comparison between the commanded torque of joints 2 and 7 from the validation trajectory 1 and the reconstructed torques using the set of essential parameters obtained in column 2 of Table II with the respective percent error.

Fig. 4 .

 4 Fig. 4. Comparison between the sensed torque of joints 2 and 7 from the validation trajectory 1 and the reconstructed torques using the set of essential parameters obtained in column 4 of TableII, Stürz[START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] and Stack[START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] with the respective percent error.
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 5 Fig. 5. Comparison between the torque reconstructions using sensed signals and commanded signals (based on a computed torque), with their respective models from Table II, of joints 3 and 4 using validation trajectory 1.
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  ; XZ 3 ; MX 3 ; F v3 ; τ off3 ; XY 4 ; XZ 4 ; XZ 5 ; MX 5 ; F c5 ; F v5 ; F v6 ; XXR 7 ; F v7 .

				TABLE II			
	IDENTIFIED ESSENTIAL PARAMETERS AND THEIR RESPECTIVE
		RELATIVE STANDARD DEVIATION		
			Commanded Signals	Sensed Signals	
	Param.	Value	%σ		Value	%σ	
	ZZR 1		0.0389	0.92		0.0440	6.08	
	F c1		-	-		1.0137	0.42	
	τ off1		-	-		0.1402	3.03	
	XXR 2	2.2708	0.05		2.1913	0.40	
	ZZR 2		2.2958	0.05		2.2207	0.30	
	XY 2		0.0016	19.38		-	-	
	XZ 2		-0.0054	11.10		-0.0440	10.60	
	YZ 2		0.0035	7.97		0.0658	3.34	
	MYR 2	-5.9180	0.00		-5.8655	0.03	
	F c2		-	-		1.8669	0.37	
	F v2		-	-		-0.8937	2.36	
	τ off2		-	-		-1.3973	0.31	
	XXR 3	0.0113	8.96		-	-	
	ZZR 3		0.0669	0.43		-	-	
	YZ 3		0.0060	4.02		-0.0433	4.33	
	MYR 3	-0.0158	0.58		-0.0455	1.51	
	F c3		-	-		0.1065	4.00	
	XXR 4	0.7908	0.04		0.8139	0.19	
	ZZR 4		0.8010	0.03		0.8515	0.20	
	YZ 4		-0.0042	4.26		0.0087	15.96	
	MX 4		-0.0014	4.91		-	-	
	MYR 4	2.4117	0.00		2.3696	0.03	
	F c4		-	-		0.1336	6.49	
	F v4		-	-		0.0594	15.69	
	τ off4		-	-		0.3241	1.36	
	XXR 5	0.0084	2.98		-	-	
	ZZR 5		0.0113	1.51		-	-	
	XY 5		-0.0007	13.13		-	-	
	YZ 5		-0.0032	3.38		-0.0137	6.93	
	MYR 5	-0.0731	0.09		-0.0882	0.56	
	τ off5		-	-		-0.0267 15.97	
	XXR 6	0.0161	1.10		0.0190	4.90	
	ZZR 6		0.0201	0.71		0.0141	6.75	
	XY 6		0.0007	10.55		-	-	
	XZ 6		-	-		0.0038	15.32	
	YZ 6		-	-		0.0055	13.12	
	MX 6		-0.0009	5.45		-0.0043	8.58	
	MYR 6	-0.1437	0.04		-0.1180	0.37	
	F c6		-	-		0.3639	1.17	
	τ off6		-	-		-0.2376	1.91	
	ZZ 7		0.0059	1.63		-	-	
	XY 7		-0.0027	2.18		-	-	
	XZ 7		-0.0020	2.87		-	-	
	YZ 7		-0.0020	3.10		-	-	
	MX 7		0.0244	0.20		-	-	
	MY 7		0.0252	0.18		-	-	
	F c7		-	-		0.2426	1.75	
	τ off7		-	-		0.0571	7.43	
		Not Essential Parameters: F v1 ; MX 2		;
	XY 3 TABLE III			
	PERCENT ERROR [%] OF TORQUE RECONSTRUCTION USING
			COMMANDED SIGNALS		
	Joint	1	2	3	4	5	6	7
	Traj. 1 0.87	0.12 0.14 0.16	0.63 0.37	0.36
	Traj. 2 1.00	0.05 0.09 0.06	0.22 0.19	0.23