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Abstract

:

This paper presents studies on the dynamic analysis of the ASPIRE robot, which was designed for the medical recovery of brachial monoparesis. It starts from the virtual model of the existing version of the ASPIRE robot, which is analysed kinematically and dynamically by numerical simulations using the MSC.ADAMS software. For this purpose, this paper presents theoretical aspects regarding the kinematics and dynamics of the markers attached to the flexible bodies built in a specifically developed MSC.ADAMS model. Three simulation hypotheses are considered: (a) rigid kinematic elements without friction in couplings, (b) rigid kinematic elements with friction in couplings, and (c) kinematic elements as deformable solids with friction in couplings. Experimental results obtained by using the physical prototype of ASPIRE are presented. Results such as the connecting forces in the kinematic joints and the torques necessary to operate the ASPIRE robot modules have been obtained by dynamic simulation in MSC.ADAMS and compared with those determined experimentally. The comparison shows that the allure of the variation curve of the moment obtained by simulation is similar to that obtained experimentally. The difference between the maximum experimental value and that obtained by simulation is less than 1%. A finite element analysis (FEA) of the structurally optimized flexion/extension robot module is performed. The results demonstrate the operational safety of the ASPIRE robot, which is structurally capable of supporting the stresses to which it is subjected.
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1. Introduction


One of the most important factors of global interest is maintaining quality of life in the coming years by increasing life expectancy [1]. Globally, the leading cause of long-term disability in adults is stroke or spinal cord injury [2,3]. Stroke is the second leading cause of death, with an incidence of 11.8%, after ischemic heart disease, with an incidence of 14.8% [4]. The most common consequences that can occur after a stroke are cognitive impairment (VCI), post-stroke fatigue (PSF) and post-stroke depression (PSD) [5]. In more than 85% of cases, stroke causes upper limb injuries, [6] and only in 10% of cases, the subjects regain arm mobility [7]. Strokes can cause pure brachial monoparesis, which supposes partial paralysis of the upper limb, an unusual cerebrovascular syndrome that can be misdiagnosed due to the lack of any other neurological deficits. Few reports in the literature adequately describe the syndrome or provide a substantial clinical or anatomical correlation [8,9]. The main problem is the difficult recovery due to the complexity of the movement of the upper limbs [10]. The patient must follow a repetitive and task-oriented functional training [11], which translates into a high consumption of time and energy for therapists [12].



Issues of annual medical cost and stroke trends were discussed in [13]. In the US, the annual medical cost for stroke will increase up to 2.5 times in 2030 compared to 2012. In the UK, stroke is the fourth leading cause of death [14]. The annual cost of health and social care for patients with stroke is over 5 billion GBP [15,16]. Currently, in developed countries, 3–4% of health expenditures are dedicated to stroke cases [17].



The number of strokes in the elderly is increasing. In addition, the age of people suffering from stroke is decreasing, reaching 50 years or even 40 years, the medical cost for the treatment of post-stroke trauma is high, it requires expensive medical care and, in addition, the number of therapists able to provide physical training is low compared to the number of patients [18].



In recent decades, it has been shown that exoskeleton-based rehabilitation can be used as an alternative to regular manual therapy to improve motor function [19]. Studies on the development of robotic structures for medical rehabilitation of the lower limb and upper limb have been intensively developed in recent years [20,21,22,23,24,25,26,27,28,29,30]. A complex classification, taking into account defining criteria, of robotic devices for upper limb rehabilitation can be found in [31,32], while in [33], a review of the literature investigating upper body kinematics in people without disabilities through optical motion capture can be found.



Li J. et al. [34] propose a new 4-DOF upper limb exoskeleton that has an ergonomic design and is kinematically compatible with the upper limb. Culmer P.R. et al. [35] developed a novel system for quantitatively measuring arm movement. In order to obtain upper limb joint angles and torques, a series of data was analysed with respect to Cartesian and upper limb coordinate systems to better understand arm movement, in particular to objectively evaluate physical therapy treatments and support the development of robotic devices to facilitate upper limb rehabilitation. In [36], the authors studied the activity and fatigue of upper extremity muscles, pain levels, subject satisfaction levels, and number of repetitions in task-specific training compared with robot-assisted training in individuals post-stroke. The research [37] concluded that virtual or actual task-specific robot training (TSRT) performed with a robotic orthosis or a physical therapist significantly reduced arm impairments around the shoulder and elbow without significant gains in fine motor hand control, activities of daily living or independence.



The exoskeleton technology is evolving quickly but still needs research to solve technical challenges and kinematic compatibility and promote the development of effective human–robot interaction. In [38], researchers have addressed a design problem of an exoskeleton by applying cable transmission, which allows the exoskeleton to place the actuators at a fixed base.



Hamida et al. [39] proposed and applied a combined methodology to optimize a cable-driven parallel robot for upper limb rehabilitation exercises by minimizing the tensions in cable and achieving the smallest footprint. In [40], the authors presented a new mechanism for providing variable stiffness for a 4 DOFs robot used for upper limb rehabilitation.



ASPIRE [22] is a device designed as an innovative structure, a parallel robotic system with 3 DOFs based on a spherical architecture designed for upper limb rehabilitation. The main purpose of its design was to solve problems related to shoulder flexion/extension as well as adduction/abduction and pronation/supination of the forearm. Its kinematic structure and motion were presented in [23]. Studies related to how it worked in clinical trials can be found in [30,41]. In [41], the ASPIRE interchangeability was investigated with classical physiotherapy using quantitative electroencephalogram (EEG), motor driving times and turn/amplitude analysis. A significant effect of the therapy was found for various pathologies. Design optimization following clinical evaluation and clinician feedback was presented in [31]. After careful monitoring and analysis of the robotic system, significant differences were revealed compared to the initial laboratory tests performed on healthy subjects. An improved design was elaborated based on the critical characteristics of clinical trials.



The aim of this study is to analyze from a kinematic, dynamic and experimental point of view the ASPIRE robot for the medical recovery of brachial monoparesis. For this purpose, a dynamic simulation of the robot in the ADAMS virtual environment when a virtual patient for rehabilitation uses the robot will be performed. Three distinct situations will be studied:




	
The kinematic elements will be considered as rigid bodies, and the friction in the kinematic couplings will not be considered;



	
The kinematic elements will be considered as rigid bodies, and the friction in the robot couplings will be considered;



	
Both the flexibility of the kinematic elements and the friction in the couplings will be considered.








Results obtained by numerical simulation will be compared with those obtained from MSC.ADAMS. Finally, a verification of the structural integrity of the flexion/extension module of the robot, which is subject to the highest mechanical stresses, will be performed.




2. Constructive and Functional Description of the ASPIRE Robot


ASPIRE is a parallel robotic system based on a spherical architecture dedicated to be used in rehabilitation and it is the subject of a patent [42]. The movements that the robot can perform are flexion-extension and adduction-abduction of the shoulder joint, as well as pronation-supination of the forearm joint with the help of a third motor. The main design feature of the robotic system consists of two circular guides that lead to a spherical motion of the characteristic point of the mechanism.



The robotic structure’s frame was built out of aluminum profiles, while the robot’s housing was made of Plexiglas. The sliding carriages were 3D printed and appropriately lubricated to maintain a low friction coefficient, and the circular guides were made of aluminum. The shoulder rest was also 3D printed to guarantee that the shoulder was supported throughout the flexion and extension movements. The forearm support was 3D printed and integrated into an adjustable mechanism to accommodate varying forearm lengths. The metal palm rest was integrated into the pronation/supination mechanism. The horizontal circular guide was connected to the vertical circular guide through a passive revolute joint between the circular guides. An actuated height adjustment mechanism was added to allow easy setup of the robot between patients of different heights. To make it easier to set up the robot between patients of different heights, an actuated height adjustment system was incorporated.



The kinematic scheme based on which the virtual and the experimental model is built is shown in Figure 1 [43]. As shown in the kinematic diagram, the ASPIRE robot is composed of two modules. The first module, framed by the green line border, is intended for the rehabilitation movement of the shoulder. The XOYZ Cartesian reference system (frame) is placed in the centre of the shoulder joint. By rotating the circular segment, G1, around the Z axis of the reference system, the adduction-abduction movement q1 is performed.



The flexion-extension movement q2 is performed by rotating the circular portion G2 around the Y axis of the same frame. The two circular portions G1 and G2 are connected by means of the passive kinematic coupling (rf), so that a spherical trajectory of the reference system O’X’Y’Z’ is obtained with respect to the point O, as shown in Figure 1b. The pronation-supination movement is defined by the q3 coordinate. The second module allows the vertical adjustment of the rehabilitation mechanism so that, with the help of a screw-nut system, the translation movement q4 is performed.




3. Theoretical Aspects Regarding the Kinematic and Dynamic Analysis of the ASPIRE Robot in MSC.ADAMS


For the dynamic study of the robotic systems, the most used software is MSC.ADAMS [44], due to the accuracy of results obtained. Thus, the use of this software in various research fields in the industry is noticeable, among which can be mentioned exoskeleton robotic systems or flexible robotic units for minimally invasive surgery [45,46,47,48,49,50,51,52]. MSC.ADAMS uses the kinematics of markers in three essential areas: kinematics, dynamics and optimization of mobile mechanical systems. Marker kinematics deals with the study of the position, orientation, velocity and acceleration of markers [53].



The instantaneous position vector of a marker that is attached to a node, noted P, on a flexible body is the sum of three vectors (Figure 2).


    r →  p  =  x →  +   s →  p  +   u →  p  ,  



(1)




where   x →   is the position vector of the origin of the local reference system with the origin in B, attached to the flexible body, relative to the origin of fixed reference system, G;     s →  p    represents the position vector of the point P in the initial position on the undeformed body in relation to the local reference system attached to the flexible body; and     u →  p    is the position vector of the point P’, the new position of P on the deformed body, in relation to the initial position of the point P.



We write Equation (1) in a matrix form expressed in relation to the basic coordinate system:


  [  r p  ] = [ x ] +    [   A  B   G  ]  (  [  s p  ] + [  u p  ]  )  ,  



(2)




where [ x ] is matrix associated with the position vector   x →  , having as elements the generalized coordinates  x ,  y  and  z  of the origin B of the system associated with the flexible body.



[   s p   ] is a matrix associated with the position vector     s →  p    having as elements the constant coordinates of the point P in relation to the local system of the body.



[   A  B   G   ] is the transformation matrix from the local reference system in B to the basic system, G, being composed of cosine directors of the origin of the local reference system in relation to the fixed one. The orientation is calculated using Euler’s angles,  ψ ,  θ  and  φ , which are used to define the generalized coordinates of the flexible body.



[   u p   ] is a matrix associated with the position vector of point P’ with respect to P, expressed by coordinates related to the local coordinates system attached to the body. Matrix [   u p   ] can be written:


  [  u p  ] = [  Φ p  ] ⋅ [ q ] ,  



(3)




where    [   Φ p   ]    is the portion of the form function matrix that corresponds to the translation degrees of freedom of the node  P , being a   3 × M   matrix type, where  M  is the number of form functions. Coordinates of form functions    q i   ,    (  i = 1 ... M  )    also represent the generalized coordinates of the flexible body.



Therefore, the complete matrix form of the generalized coordinates of the flexible body is:


  ξ =  {    x     y     z     ψ     θ     φ      q i   ,     (  i = 1 ... M  )       }  =  {    X     Ψ     q    }  ,  



(4)







3.1. Velocities


To calculate the kinetic energy, the instantaneous translation velocity of the point in relation to the global reference system, which is obtained by differentiating the relationship Equation (2) with respect to time, has been computed, resulting in:


  [  v p  ] = [   x ]  •  + [   A •   B   G  ]  (  [  s p  ] + [  u p  ]  )  + [   A  B   G   ] [    u p  ]  •  ,  



(5)







Considering the property of the vector product of two matrices, of which the matrix    [ a ]    is antisymmetric:


  [ a ]  × [  b ] =  [     0    −  a z       a y         a z     0    −  a x        −  a y       a x     0     ]  [ b ] = [  a ˜  ] [ b ] = − [ b ] [  a ˜  ] ,  



(6)




it can be written:


    [   A •   B   G  ] [  s P  ] = [  A  B   G  ]  (  [  ω B B   G   ] × [   s P  ]  )  = [  A  B   G  ] [   ω ˜  B B   G  ] [  s P  ] =     = − [  A  B   G  ] [  s P  ] [   ω ˜  B B   G  ]    



(7)




where    [   ω B B   G   ]    is the matrix of the angular velocity of the body relative to the fixed system (expressed in the coordinates of the body).



Replacing Equation (7) in Equation (5) results in:


  [  v p  ] = [  x •  ] − [  A  B   G  ]  (  [  s p  ] + [  u p  ]  )  [ B ] [  ψ •  ] + [  A  B   G  ] [  Φ p  ] [  q •  ] ,  



(8)




where:


  [   ω ˜  B B   G  ] = [ B ] [  ψ •  ] ,  



(9)




representing the relationship that makes the connection between the angular velocity and the derivative in relation to the time of the orientation state.




3.2. Angular Velocities


To meet the angular constraints, the markers orientation of a flexible body during deformation is instantly evaluated. As the body deforms, the marker rotates at relatively small angles to the reference frame. Like translational deformations, these angles are obtained using a modal overlap, similar to Equation (3),


  [  θ p  ] = [  Φ p *  ] [ q ] ,  



(10)




where   [  Φ p *  ]   is the part of form functions matrix that corresponds to the degrees of freedom of rotation of the node  P . The matrix size of   [  Φ p *  ]   is   3 × M  , where  M  is the number of form functions.



The  J  marker orientation in relation to the base is represented by the Euler transformation matrix,    [   A  J   G   ]   . This matrix is the product of the three transformation matrices:


   [   A  J   G   ]  =  [   A  B   G   ]  ⋅  [   A  P   B   ]  ⋅  [   A  J   P   ]  ,  



(11)




where    [   A  B   G   ]    is the matrix for transforming the coordinates from the local reference system attached in B to the body to basic or global coordinates;    [   A  P   B   ]    is the transformation matrix during the change of orientation by deforming the flexible body of the pole P coordinates in relation to the local reference system attached to the body; and    [   A  J   P   ]    is the constant transformation matrix, defined by the user when placing the marker J on the flexible body.



Matrix    [   A  P   B   ]    is defined by the cosine directors    θ  p z   ,    θ  p y     of a vector with small angles,    θ p   :


   [   A  P   B   ]  =  [     1    −  θ  p z        θ  p y          θ  p z      1    −  θ  p z         −  θ  p y        θ  p z      1     ]  = I +   θ ˜  p  ,  



(12)




where the sign ~ represents the antisymmetric operator.




3.3. Angular Velocities


The angular velocity of a marker,  J , of a flexible body is the sum of the angular velocities of the body and the angular velocities during deformation:


  [  ω B J   G  ] = [  ω B P   G  ] = [  ω B B   G  ] + [  ω B P   B  ] = [  ω B B   G  ] + [  Φ P *  ] [  q •  ] ,  



(13)







The equations governing a flexible body are derived from Lagrange’s equations:


   {     d  d t    (    ∂ L   ∂  ξ •     )  −   ∂ L   ∂ ξ   +   ∂ F   ∂  ξ •    +   [    ∂ Γ   ∂ ξ    ]  T  λ − Q = 0     Γ = 0     ,  



(14)




where  L  is the Lagrangian, defined by the relationship   L = T − V  , where  T  and  V  represents the kinetic and potential energy, respectively;  F  represents the energy dissipation function, defined by the relationship:


  [ F ] =  1 2  [     q ]  •   T  [ D   ] [ q  •  ] .  



(15)







 Γ  represents the constraint equations;  λ  represents Lagrange’s multipliers for constraints;  ξ  represents the generalized coordinates defined in the relationships Equation (4);  Q  represents the generalized applied forces (applied forces projected on  ξ ); and [D] represents the damping matrix.



The velocity in relation to Equation (5) can be expressed in terms of the derivative with respect to time of the state vector,  ξ .


  [  v p  ] =  [  [ I ] − [  A  B   G  ]  (  [  s p  ] + [  u p  ]  )  [ B ] + [  A  B   G  ] [  Φ p  ]  ]  [  ξ •  ] .  



(16)







The kinetic energy for a flexible body is given by:


  T =  1 2    ∫ V       ρ  v T  v d V ≈  1 2    ∑ p   [ [  m p  ] [  v p T  ] [  v p  ] +   [  ω P B   G  ]  T    [  I p  ] [  ω P B   G  ] ] ,  



(17)




where    [   m p   ]    and    [   I P   ]    are the nodal mass matrix and the nodal inertia tensor of the node  P .



   [   I P   ]    is sometimes a negligible amount, as, for example, bars, beams, housings are used in the model with flexible components.



By substituting    v p    and    ω p    and simplifying, we obtain the kinetic energy in the generalized coordinates and the matrix of the generalized masses.


  T =  1 2    [ ξ  •   ] T  [ M  ( ξ )  ] [  ξ •  ] ,  



(18)







For clarity of presentation, the matrix of generalized masses is partitioned into   M  ( ξ )   , in block matrices 3 × 3 in size.


  M  ( ξ )  =  [       M  t t        M  t r        M  t m          M  t r  T       M  r r        M  r m          M  t m  T      M       r m  T       M  m m        ]  ,  



(19)




where indices  t ,  r  and  m  represent the translation, rotation and modal degrees of freedom, respectively.



The expression for the mass matrix   [ M  ( ξ )  ]   simplifies to an expression in 9 inertia invariants:


       M  t t   =  L  − 1   I   ;    M  t r   = − A  [   L 2  +  L j 3   q j   ]  B        M  t m   = A  L 3    ;    M  r r   =  B T   [   L 7  −  [   L j 8  +  L j  8 T    ]   q j  −  T  i j  9   q i   q j   ]  B        M  r m   =  B T   [   L 4  +  L j 5   q j   ]    ;    M  m m   =  L 6       



(20)







The explicit dependence of the mass matrix on the modal coordinates is obvious. The dependence on the orientation coordinates of the system is due to the transformation matrices A and B. Inertia invariants are calculated from the N nodes of the finite element model based on information about each node    m p   , its undeformed location    s p   , and its participation in the components of form functions    Φ p   . The discrete shape of the inertia components is provided in Table 1.



Position and orientation constraints for flexible body markers are satisfied using the kinematic properties of the previously presented markers.



The final form of the differential equations of motion is:


  [ M ] [  ξ  • •   ] +   [ M  •    ] [ ξ  •  ] −  1 2     [    ∂ M   ∂ ξ    ξ •   ]   T  [  ξ •  ] + [ K ] [ ξ ] + [ D ] [  ξ •  ] +    [    ∂ ψ   ∂ ξ    ]   T  λ = [ Q ] ,  



(21)




where    [ ξ ]   ,    [   ξ •   ]   , and    [   ξ  • •    ]    are the matrices associated with the generalized coordinates of the flexible body and their derivatives with respect to the time;    [ M ]    represents the flexible body mass matrix; and    [   M •   ]    represents the derivative with respect to time of the flexible body mass matrix.





4. Dynamic Analysis of the ASPIRE Robot Using MSC.ADAMS Software


In this paragraph, by using MSC.ADAMS [44] a software frequently used for numerical simulations in scientific researches [45,46,47,48,49,50,51,52], the virtual dynamic analysis of the ASPIRE robot when used by a virtual patient who needs to rehabilitate the movements of the upper limb is performed. The aim of this analysis is to determine the external loads of the kinematic elements of the ASPIRE robot. These loads will be the input data to perform structural analysis of the robot elements with the ANSYS finite element analysis program. A virtual model of the ASPIRE robot assembly—a human virtual mannequin that respects the average anthropometric dimensions of the sample of human subjects considered in the experimental tests, namely a mass of 72 kg and a height of 1.68 m—has been made in Solid Works. The patient is incorporated into the design of the robotic structure, and the center of the sphere, which is defined by two circular guides, is put in the center of the patient’s shoulder, allowing for full arm motion while undergoing shoulder rehabilitation. The targeted motions of the ASPIRE robot are:




	
Shoulder flexion/extension (±45 degrees);



	
Shoulder adduction/abduction (±45 degrees);



	
Forearm pronation/supination (±45 degrees).








Figure 3 shows the assembly of the dummy together with the ASPIRE robot and the performed motions relevant for rehabilitation.



The geometric model of the robot assembly was imported into MSC.ADAMS, specifying the mechanical characteristics of the material of each element of the robot so that, based on these properties, the MSC.ADAMS software could calculate the mass, inertial properties and position of the centre of mass of each component. The kinematic joints of the robot were defined, as shown in Figure 4.



Elements 1 and 2 are connected to the base by joints A and B, respectively. For these couplings, we will present the connection forces and moments as calculated using the MSC.ADAMS program. A rotational joint is defined between elements 3 and 4, as shown in Figure 4. Element 3 (yellow) slides on the circular portion of element 1 by means of a guidance system.



For a correct simulation of the contact between elements 3 and 4 and the circular portions of elements 1 and 2, the contact of 2 points on the load arm of element 3 on the circular guidance system of element 1 was defined, as shown in Figure 5. The dynamic model is finalized taking into account this aspect, namely the contact between the elements running on the circular portions of the multi-body model, as well as the external forces given by the weight of the upper limb. For the dynamic analysis, we joined the dummy’s arm with the mounting brackets of the forearm and the human arm. The WSTIFF solver and the SI2 integration algorithm were used to solve the dynamic model.



All three modules, the extension flexion module, the adduction/abduction module as well as the pronation/supination module, are geometrically shaped and have defined material properties, which allows us to calculate the inertial properties and their masses.



Regarding the dummy used in the virtual simulation, the mass of the upper limb segments are as follows: 0.52 kg for hand weight and 160 mm length, 1.52 kg for forearm weight with 240 mm length and 2.63 kg for upper arm weight with 260 mm length. The patient position in the MSC.ADAMS virtual simulation is shown in Figure 6.



4.1. Dynamic Analysis in MSC.ADAMS of the Robot, Considering the Kinematic Elements as Rigid Solids


In order to analyze the dynamic behavior of the robot/mannequin assembly, harmonic laws of motion of the form: 0.4 × cos (1 × time), with an amplitude of 45 degrees and the period of 6.3 s were defined for the drive motors of each module. The time variation graph for the law of motion of the motors performing the rehabilitation movements is presented in Figure 7. In MSC.ADAMS, the implemented law of motion is defined as MOTION_1 or MOTION_2 for the second module, and in Figure 7, a measurement of the angle from the motor joint has been made. These parameters that define the amplitude and period of the movement were chosen because the laws of motion that will be done in the numerical simulation must be similar to the movement recommended for rehabilitation prescribed by the physiotherapist.



A dynamic simulation was performed for the situation when the robotic system is used by the virtual patient dummy and all three modules of the ASPIRE robot are active simultaneously (flexion/extension, abduction/adduction, pronation/supination). The simulation was performed for a period of 20 s. Figure 8 shows the extreme operating positions of the ASPIRE robot corresponding to the situation when the flexion/extension and abduction/adduction movements are active, indicating a combined movement. The trajectories described by the elbow and shoulder joints are observed, which are spatial (spherical) circular portions.



In the first phase, a dynamic simulation with the specified laws of motion, without taking into account the friction in the kinematic joints of the robot, was performed. The results obtained for this simulation, meaning the variations of the motor moment calculated by numerical simulation in ADAMS when simultaneously performing those three types of movement—flexion-extension, adduction-abduction and pronation-supination of the arm—are presented in Figure 9.



It is observed that the maximum value of the actuation moment of the flexion/extension module reaches a maximum value of 125 Nm, and the minimum is 110 Nm. It is important to note that these results are obtained when all three modules are active simultaneously.



For the adduction-abduction movement, the motor moment obtained by numerical simulation in ADAMS is presented in Figure 9a. It is observed that its amplitude is around 22 Nm. For the pronation-supination movement, the value calculated by numerical simulation in ADAMS is equal to 0.023 Nm (Figure 9c).



The results of the dynamic simulation conclude that, for the movement performed by the flexion-extension motion module, a very high actuation moment is required, namely 125 Nm (Figure 9a). In this case, it is necessary to use worm gearboxes to amplify the torque of the electric drive motor. The gear ratio of the planetary gearbox must be chosen in accordance with the size of the resistive torque but also with the angular velocity required at the output. For the flexion-extension module mechanism, a worm gearbox gear ratio I = 1:45 was used. For the adduction-abduction module mechanism a planetary gearbox with gear ratio I = 1:100 is implemented, and for the pronation-supination mechanism a planetary gearbox with gear ration I = 1:11 is required.



As the flexion/extension module requires the greatest moment of actuation, it is clear that this module will be the most structurally stressed. For the flexion/extension module, as well as the adduction/abduction one, the connecting forces calculated from the couplings B and C, because these forces will be used later to perform the structural analysis with finite elements, are presented.



For a good understanding and interpretation of the obtained results, in the case of the connection forces from the kinematic couplings of the robot’s modules, Figure 10 presents the orientation of the local reference axis systems attached to the kinematic couplings of the ASPIRE robot in relation to the calculated components of the connecting forces.



Figure 11a–c shows the time variation graphs for the components of the connecting force in the coupling A in relation to the local reference system attached to this coupling, oriented as in Figure 10. Through this rotation coupling, the module that performs the adduction/abduction movement is connected to the base of the robot with the help of a bearing. By means of an electric motor and a transmission with a worm gearbox, this module is operated and controlled. As previously detailed, the mass of this module is 24.3 kg, to which is added a part of the mass of the lower limb. The analysis of these graphs shows that the maximum value recorded along the X axis of the local reference system in coupling A is −34 N (Figure 11a). The component along the Y axis of the connecting force in coupling A reaches a maximum value of 23 N, and the minimum value is equal to 2.5 N (Figure 11b). Since the weight of 243 N of the adduction/abduction module is oriented along the Z axis, the component along this axis of the connecting force has the highest value, reaching −271 N (Figure 11c). The variation in the negative range of this component is explained by the orientation of the Z axis of the local reference system, which is oriented downwards, and the reaction transmitted to the base is oriented in the opposite direction. The connecting force in coupling A along the Z axis has an additional value of 31 N; this is as compared to the weight of this module of 243 N, which comes from the load given by the support of the patient’s arm and from the interaction with the flexion/extension module. The resulting value of the connecting force in this coupling has a maximum of 274 N and a minimum of 263 N, according to Figure 11d.



Figure 12 shows the variation laws of the connecting forces in the rotation coupling B, which is defined in ADAMS, between the flexion-extension module and the base. Quite high values are observed of 347 N for the vertical component of the connecting force, which is the one along the X axis of the local reference system from the coupling B (Figure 12a). The reaction along the Y axis has much lower values, reaching a maximum of 57 N (Figure 12b). The connecting force along the Z axis has much lower values, with a maximum of 10 N. This occurs due to the friction interaction between the flexion/extension module and slide 3, as well as due to the opposite resistance of the patient, in this case only by the force of upper limb weight. The fact that the highest value is recorded by the component along the X axis of the connecting force in the coupling B is explicable, because of the weight of the flexion/extension module, equal to 175 N, to which is added both the weight of the upper limb and the interaction between the patient’s upper arm and the robot module (opposite resistance of the upper limb), such that it acts in the opposite direction of the X axis of the local reference system. The fact that the values of the resulting reaction along the X axis are negative is again natural, because the component of the connecting force along the X axis acts downwards and has the opposite direction to the axis of the local reference system attached in the rotation torque B.



In conclusion, according to the results obtained for the connecting forces in couplings A and B, it results that the flexion/extension module is subjected to the highest mechanical stresses. It is therefore necessary to verify its structural integrity with the finite element method, a verification that will be performed later in ANSYS.




4.2. Dynamic Analysis in MSC.ADAMS of the Robot, Considering the Rigid Solid Kinematic Elements and the Friction in the Couplings


The previously presented results for the actuation moments and the connection forces from the kinematic couplings are obtained by numerical simulation in MSC.ADAMS in the simplifying hypothesis, by which the frictions from the kinematic couplings were not taken into account. In reality, the presence of friction in the couplings imprints another character on the dynamics of the ASPIRE robot. For these reasons, in the second phase, we will consider the frictions that appear in the kinematic couplings A, B and C. The parameters necessary for defining the frictions in the kinematic couplings are defined according to the data from Figure 13, for the definition of which the existing data in the literature were taken into account [54]. According to the existing data in the specialized literature, we adopted for the static friction coefficient the value of 0.3, and for the dynamic friction coefficient, we specified the value 0.2.



The results obtained by numerical simulation in ADAMS, where the friction in the kinematic couplings of the ASPIRE robot is considered, are presented below. The laws of variation of the moment necessary to operate the flexion/extension module, as well as the abduction/adduction module, are presented in Figure 14.



There is an increase in the motor torque required to operate the modules in this case, as well as a steeper variation, similar to that determined experimentally [43].



The results obtained for the connection forces from the kinematic couplings in the hypothesis of considering the friction from the robot joints are presented below. Figure 15 shows the graphs obtained for the variation laws of the connection forces for the coupling A, calculated in the simulation from ADAMS. If we compare these results with those shown in Figure 11, in which case we did not consider the friction in the kinematic couplings, it is found that we have an increase in the connecting forces. Thus, the component along the X axis of the connecting force shows an increase from the value of −36 N to a maximum value of −70 N (Figure 15a). In the case of the connecting force component along the Y axis, the increase occurs from 23 N to 70 N (Figure 15b). There is also an increase in amplitude from 20 N to 100 N. The component of the reaction along the Z axis shows an increase from −271 N to −285 N (Figure 15c). The maximum value of the reaction resulting from the coupling A increases from the value of 274 N to 284 N. It is also found that the presence of friction in the couplings imposes a more dynamic character of the movement, an aspect which is highlighted by the steeper variation of the variation graphs.



For coupling B, the connecting forces obtained in Figure 16 are presented in the case of considering the friction in couplings. There is also an increase in the maximum values obtained, assuming the friction of the couplings. Thus, the reaction resulting from coupling B shows an increase from the maximum value of 347 N to the value of 370 N, meaning an increase of 6.62%. The steeper change of the parameter’s variation laws is noticed at the moment of the transition from the flexion movement to the extension for the module that realizes this movement of the arm from adduction to abduction.




4.3. Dynamic Analysis in MSC.ADAMS of the Robot, Considering the Kinematic Elements as Deformable Solids and Joint Friction


In the third stage of the simulation, the deformability of the kinematic elements of the ASPIRE robot are also considered (flexibility for the two modules of the ASPIRE robot, the flexion/extension and the adduction/abduction modules). The procedure for considering the kinematic elements as deformable solids involves their discretization in finite elements, the calculation of their own modes of vibrations, as well as the calculation of specific deformations and mechanical stresses. The second stage consists of establishing the connection points of the discretized element through kinematic connections with the other elements. Figure 17 shows a construction aspect of a deformable kinematic element in MSC.ADAMS.



The purpose of this simulation is to obtain results of the dynamic operating parameters of the ASPIRE robot in real operating conditions. Through the dynamic analysis, considering also the flexibility of the kinematic elements, the friction from the kinematic couplings, as well as the external loads, results regarding the real variation of the dynamic parameters have been obtained. Thus, in this stage results will be presented, such as the specific deformation of the robot elements, deformation velocities and accelerations, own frequencies and normal modes of vibration, connection forces in the kinematic couplings and actuation moments.



A first category of results of interest is represented by the moments of actuation of the flexion/extension module, as well as the adduction/abduction module. For this simulation, obviously we used the same loads, given by the weight of the upper limb, as well as the same laws of motion implemented in the motor torques. The dynamic simulation is performed only for a period of 10 s due to the complexity of the model. Thus, for this phase of the dynamic simulation, in Figure 18, the actuation moments corresponding to the flexion/extension and abduction adduction modules are presented. There are very abrupt variations of the dynamic parameters at the beginning of the robot’s movement, which disappear after a second of operation. These aspects are also manifested in the real operation only in the initial phase of the robot’s operation, so it does not affect the proper functioning of the robot and especially the patient.



The other parameters of interest for the simulation in the dynamic regime, considering the deformability of the elements, are the translational deformations of some characteristic points of the ASPIRE robot kinematic elements. The variation graphs of the translational deformations for the centre of mass of the flexion/extension module are shown in Figure 18. From these graphs, it is found that the centre of mass of the flexion/extension module registers larger deformations in the first two seconds of operation. As expected, the largest deformation is recorded along the X and Z axes, because the loading produced by the movement of the robot takes place along these axes. The maximum value of the translational deformation of the marker detailed in Figure 19 reaches 0.08 mm.



By simulating in dynamic regime and considering the deformability of the kinematic elements of the robot, an overview of the elastic displacements of the elements has been obtained. Thus, Figure 20 presents the distribution maps of the elastic displacements for robot modules. It is observed that the maximum displacement reaches the value of 2.51 mm at the unsupported end of the flexion/extension module.





5. Finite Element Analysis in ANSYS of the ASPIRE Robot Flexion/Extension Module


In this section, the results of a finite element analysis in ANSYS for the ASPIRE robot flexion/extension module will be presented. The objectives of this study are as follows:




	
Determine the stress concentrators that occur in the structure;



	
Optimize the design by eliminating these stress concentrators.








The steps taken to achieve these goals are described below. The verification of interferences and discontinuities was made (lack of contact between elements for the virtual assembly of the flexion-extension module). The existence of interferences prevents the discretization in finite elements for structural analysis. Discontinuities lead to erroneous results because the connecting forces between the components of the subassembly are no longer transmitted. At the same time, the elimination of stress concentrators was made by making a fillet radius in the area of sharp edges or jumps in diameter between circular sections.



The optimized model was transferred to the ANSYS software in order to obtain maps of equivalent stresses based on the finite element method analysis, which represents a modern and very powerful method which is useful for understanding the behavior of the robotic structures, rehabilitation devices and human biomechanics [22,27,55]. It is observed that the analyzed element is composed of six distinct parts which are assembled by threaded joints. The combination of all these pieces to obtain a single element (part) with the help of ANSYS Design Modeler is performed. This aspect is shown in Figure 21. The discretization of the whole set of bodies in finite elements (Figure 21) is achieved using a size of the finite element of 2 mm. Additionally, in the areas where fillet radius appears, a refinement of discretization was performed by using the option “mesh refinement”.



The next step was to fix the cylindrical surface of the coupling B shaft. The load of the element comes from the contact pressure, which has a value of 0.47 MPa. This results from the dynamic model made in MSC.ADAMS, which appears between the guidance surface and the circular portion.



By finite element analysis of the optimized structure (which was obtained by changing the geometry and introducing the fillet radius), equivalent stresses with lower values were obtained compared to those registered at the initial structure, not optimized, when equivalent stresses were 123 MPa. Due to the bending of the circular portions, the contact edge, visible in Figure 22c), produces stress with high values. Filleting these edges reduces the values of these maximum mechanical stresses. The maximum von Mises stress obtained in this case is 64.271 MPa and is recorded at the contact of the joint surfaces.



The maps with the distribution of the displacements recorded along the X and Y axes of the coordinate system are presented in Figure 23. The maximum values recorded are relatively small, at 0.40 mm along the X axis and 0.34 mm along the Y axis, and do not prevent the proper functioning of the module made of aluminum alloy Al 1060. The vertical movement of the module free end reaches 2.6 mm, keeping it within acceptable limits. It is noted that the value of the total elastic displacement obtained in ANSYS is close in value to the result obtained in MSC.ADAMS, presented in Figure 20, where the maximum values are 2.51 mm.




6. Experimental Determination of the ASPIRE Robot Operating Motor Torques


The results obtained by numerical simulation in ADAMS must also be validated by those obtained experimentally. Thus, in Figure 24, the results obtained experimentally for the actuation moments of the ASPIRE robot modules have been shown [43].




7. Discussion


A comparison between the experimental results and the results obtained by numerical simulation in MSC.ADAMS, presented in Figure 14, has been made. Therefore, it was observed that the maximum value of the moment necessary to operate the flexion/extension module is 147.37 Nm experimentally, and by numerical simulation in ADAMS we obtained the value of 149 Nm. The negative value recorded in the experimental torque determination comes from the calibration of the torque-recording transducer, with the maximum value being recorded in the negative direction of the axis. MSC.ADAMS shows the absolute, and therefore positive, value of the torque. As a result, in absolute terms, the difference between the maximum experimental value and that obtained by simulation is 1.63 Nm, i.e., less than 1%.



For the moment necessary to operate the adduction/abduction module, we obtained experimentally the maximum moment value of 14.4 Nm, and by numerical simulation in MSC.ADAMS we obtained the value of 25 Nm. It is observed, however, in this case that the allure of the variation curve of the moment obtained by simulation is similar to that obtained experimentally.



A similar approach and the obtained results are presented in previous papers [45] with reference to a dynamic study of a robotic system for lower limb rehabilitation.



In a preliminary study with finite elements of the robot modules, the conclusion is that high stresses appear in the assembly parts of the elements. The optimization of these assemblies was realized by introducing the fillet radius and chamfering the sharp edges. In this way, the maximum stresses decreased from 123 MPa to 64.271 MPa.



Thus, the structural strength of the flexion/extension module was checked in ANSYS FEA software. The kinematic and dynamic parameters of the optimized version of the ASPIRE robot mounted on a virtual mannequin that respects the anthropometric data of a user are studied, considering the component elements as being deformable.



The numerical simulation in MSC.ADAMS should consider the real aspects of the operation, such as friction and deformability of the elements, to obtain results as close as possible to the real situation. To obtain an improved variant of the robot, studies are performed on optimizing the shape and constructive structure of the robot that improves the mechanical strength and dynamic behaviour and leads to the increased stability of the movement of the robot system—the human arm.



The difference between the experimentally recorded maximum values and those obtained by simulation comes from the parameters introduced in the MSC.ADAMS simulation, which may differ from the actual operating conditions. However, the similar allure of variation of the torques obtained experimentally and those obtained by numerical simulation in MSC.ADAMS can be noticed. The results are similar when comparing between the torques measured experimentally and those obtained by numerical simulation in MSC.ADAMS in the case of considering the deformability of the elements.



Additionally, the differences that appear between the experimental results [43] and those obtained by numerical simulation in MSC.ADAMS are explained by the manufacturing tolerances of the parts, as well as the assembly tolerances, which are responsible for the different elasticity of the real robot modules compared to the one considered in the simulation. Moreover, in the simulation, the modules were considered as a unitary assembly, united by fixed couplings. In reality, these elements are joined by removable assemblies, which offer a slightly different elasticity. Nonetheless, there is a clear similarity of the mode of variation for the operating moments of the modules obtained by numerical simulation and experimental determination.




8. Conclusions


The paper presents theoretical research, through virtual and experimental simulation on the dynamics of the ASPIRE robot, used to rehabilitate patients suffering from brachial monoparesis. A model of the ASPIRE robot which includes modules with optimized geometry in terms of how to assemble the components of the modules has been made in SolidWorks.



Another novelty that this study brings is that the numerical simulation in ADAMS, in the situation when the ASPIRE robot is used by a virtual mannequin, elaborated as a 3D Solid Works model based on an average human subject, has been performed. The challenge of the dynamic simulation was to find a way to define the translation couplings between the circular and sliding guides. The option was to define contact as point on the curve. Results for the laws of variation of the actuation moments as well as for the connection forces from the kinematic couplings in three situations have been obtained:



The original elements of this article consist of the dynamic study in MSC.ADAMS of the ASPIRE robot. Results are obtained in three distinct situations:




	(a)

	
The kinematic elements were considered as rigid bodies and the friction in the kinematic couplings was not considered;




	(b)

	
The kinematic elements were considered as rigid bodies and the friction in the robot couplings was considered;




	(c)

	
Both the flexibility of the kinematic elements and the friction in the couplings were considered.









In each of these situations, the results obtained are presented and commented on. Thus, by numerical simulation in MSC.ADAMS, we obtained the connecting forces from the kinematic torques as well as the actuation moments of the robot modules. We obtained these data in the first phase without considering the friction in the couplings; the results are presented in Figure 9, Figure 11 and Figure 12. In the next phase, we also considered the friction from the kinematic torques of the robot, with the results obtained for the actuation moments being presented in Figure 14 and for the connecting forces in Figure 15 and Figure 16. It is noted that if we introduce in the simulation the real operating conditions, the results obtained are much closer to the real ones obtained experimentally.



It is found that the results closest to the experimental ones are those obtained for the most complex situation, namely situation (c). The results obtained by numerical simulation are validated by the experimental results. Moreover, the structural integrity check is performed for the most solicited module, the flexion/extension module. In this way, the stable dynamic behavior of the robot is highlighted, and its safety good functioning is validated for the rehabilitation of the brachial monoparesis.



A methodology for transforming rigid, complex-shaped bodies, such as ASPIRE robot modules, into deformable solids in MSC.ADAMS has been developed. An optimal way to define the contact translational joints in the structure of the ASPIRE robot has been established. In this situation, it is important to correctly define the translational joints, to consider the flexibility of the elements, as well as to define the friction functions, which should consider the stick-slip phenomenon.



The virtual simulation in MSC.ADAMS by comparing the actuation moments determined by simulation with those obtained experimentally has been validated. Thus, the data on the load forces of the elements was used for a structural analysis with finite elements in ANSYS.
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Figure 1. (a) Kinematic scheme; (b) physical prototype of ASPIRE [43]. 
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Figure 2. The position vector of the point    P ′    of a deformed flexible body relative to a reference system attached to the flexible body and the fixed base G. 
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Figure 3. ASPIRE robot assembly—virtual mannequin in neutral position in Solid Works. 
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Figure 4. Model of the ASPIRE robot transferred to ADAMS. 
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Figure 5. Defining the contact (by point-on-curve coupling) between slide 4 and the circular guide 2. 
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Figure 6. ASPIRE robot modules. 
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Figure 7. Law of motion imposed in ADAMS on robot motor joints. 
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Figure 8. Extreme operating positions of the ASPIRE robot corresponding to a combined flexion-extension and abduction-adduction movement. 
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Figure 9. ADAMS simulation computed torque for: (a) the flexion-extension module; (b) the adduction-abduction module; (c) the pronation-supination module. 
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Figure 10. Positioning of the axes of the kinematic couplings of the ASPIRE robot. 
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Figure 11. Connecting forces in the rotation coupling A connected to the base of the adduction/abduction module: (a) in the x direction; (b) in the y direction; (c) in the z direction; and (d) the resultant. 
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Figure 12. Connecting forces in the rotating coupling B, connected to the base, of the flexion/extension module: (a) on x direction; (b) on y direction; (c) on z direction; (d) resultant. 
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Figure 13. Parameters defining the friction force in the ASPIRE robot couplings. 






Figure 13. Parameters defining the friction force in the ASPIRE robot couplings.



[image: Applsci 11 11849 g013]







[image: Applsci 11 11849 g014 550] 





Figure 14. Second setup ADAMS simulation computed torque for: (a) the flexion-extension module; (b) the adduction-abduction module. 
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Figure 15. Connecting forces in the rotation coupling A of the adduction/abduction module, calculated assuming friction: (a) in the x direction; (b) in the y direction; (c) in the z direction; and (d) the resultant. 
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Figure 16. Connecting forces in coupling B for the rotation of the flexion/extension module calculated assuming friction: (a) in the x direction; (b) in the y direction; (c) in the z direction; and (d) the resultant. 
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Figure 17. Defining a deformable element in MSC.ADAMS. 
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Figure 18. Third setup ADAMS simulation computed torque for: (a) the flexion-extension module; (b) the adduction-abduction module. 
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Figure 19. Translational deformations of the centre of mass of the flexion/extension module in relation to the X, Y and Z axes: (a) marker attached to flexion extension module mass centre; (b) X axis translational deformation; (c) Y axis translational deformation; (d) Z axis translational deformation. 
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Figure 20. ASPIRE robot total deformation distribution map in two different moments: (a) at the moment t = 0.001; (b) at the moment t = 0.008 s. 
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Figure 21. Discretization in finite elements of the flexion/extension module. 
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Figure 22. Distribution of equivalent stresses in the optimized model of the structure: (a) flexion/extension module view; (b) upper corner assembly detail; (c) lower corner detail view. 
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Figure 23. Distribution of displacements along the axes: (a) X; (b) Y; (c) Z and (d) total displacement. 
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Figure 24. The torques required to operate the ASPIRE robot, measured experimentally [43]. 
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Table 1. The discrete shape of the inertia components.
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	Invariant
	Observations
	Dimension





	    L 2  =   ∑  p = 1  N    m p   s p      
	
	3 × 1



	    L j 3  =   ∑  p = 1  N    m p   Φ p      
	   j = 1 , … , M   
	3 × M



	    L 4  =   ∑  p = 1  N    m p    s ˜  p   Φ p  +  I p   Φ p ’      
	
	3 × M



	    L j 5  =   ∑  p = 1  N    m p    Φ ˜   p j    Φ p      
	   j = 1 , … , M   
	3 × M



	    L 6  =   ∑  p = 1  N    m p   Φ p T   Φ p  +  Φ p  ’ T    I p   Φ p ’      
	
	M × M



	    L 7  =   ∑  p = 1  N    m p    s ˜  p T    s ˜  p  +  I p      
	
	3 × 3



	    L j 8  =   ∑  p = 1  N    m p    s ˜  p    Φ ˜   p j       
	   j = 1 , … , M   
	3 × 3



	    L  j k  9  =   ∑  p = 1  N    m p    Φ ˜   p j     Φ ˜   p k       
	   j , k = 1 , … , M   
	3 × 3
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