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Abstract

:

Assistive and rehabilitation technologies deal with solutions aiming at sustaining or enhancing individual’s capabilities and autonomy, thereby improving their overall welfare. In the framework of devices developed for daily life activities, we focus our attention on Sit-to-Stand (STS) devices, by proposing an innovative solution based on a mechanism that has been synthesized, designed, built and tested as a prototype version for accomplishing the task. The developed mechatronic system serves the requested motions of standing and sitting, possessing the main features of compactness and customization for being embedded in chairs and conventional seats, according to a procedure that will be detailed in the paper. A simulation in a realistic scenario using a 3D model of an individual was carried out to size and verify the mechanical design and actuation. The mechatronic design of the system and its operations were reported using a laboratory prototype to show its engineering soundness and first experimental tests.
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1. Introduction


Assistive technology encompasses a broad category of items such as devices, equipment, instruments and software, either specially designed or commonly accessible, with the principal objective of sustaining or enhancing an individual’s capabilities and autonomy, thereby enhancing their overall welfare. These assistive products empower individuals with functional limitations to actively engage in their daily activities, thus averting situations of exclusion or social isolation.



In an aging society, several individuals cannot perform normal daily activities because of a lack of physical equilibrium, coordination and strength. Elderly people, who typically have limited mobility, but are not hospitalized, can perform daily activities only with the aid of caregivers. Despite the pandemic’s transformative influence on the global elderly population [1,2], there persists a strong necessity, and technological and academic interest in the development of assistive solutions designed to aid fragile individuals, a topic that holds profound significance for both societal and academic spheres.



One of the main consequences of the recent pandemic situation suffered last years on seniors is the rapid acceleration of their Internet usage predominantly driven by their experiences of isolation and constrained mobility. This shift is further reflected in the healthcare sector, where medical consultations, services and product offerings are increasingly migrating to online environments. Consequently, the acquisition of digital literacy has emerged as a paramount imperative among senior citizens, enabling them to effectively harness these technological solutions.



Mobility problems may arise from several sources. Mobility restrictions are related to a reduction in time spent walking and being active while spending more time at home, due to ageing effects, but also referable to post-strokes hemiparesis or tragic occurrences or recovering periods. For all the above-mentioned cases and related needs, in recent decades, several products have been developed for aiding and assisting patients.



It is of fundamental importance for an adequate planning and resourcing, and for selecting the right assistive systems, suppliers and follow-up services, being aware about the needs of individuals with reduced mobility and developing customized solutions, if possible [3]. Prior importance is devoted to basic functional requirements, which must be addressed at planning stage, but additional high-tech performance may be of particular interest [4,5]. Taking care of the needs of the patient, possibly developing customized solutions, is essential, and when requested considering additional features related to suppliers and follow-up services. In recent decades, several assistive devices have been developed and some of them are commercially available. Orthoses and exoskeletons have been designed to assist their users’ movements, mainly referred to lower-limb devices addressing the basic but fundamental tasks, walking, standing and sitting.



A comprehensive state of the art related to lower-limb robotic exoskeletons for motion assistance is reported in [6,7] also including a classification for multiple joints or single joint actuation. The basic requirement of an assisting device is to reproduce/guide/accomplish a specific motion, indeed suitable mechanisms have to be designed and synthetized for the purpose [8,9,10]. These advanced systems need to be customized and adjusted according to the physiological data of each individual, his/her anthropometric data, strength and physical conditions [11,12]. Power assistive systems are recently proposed also in a wearable form, namely as exoskeletons or orthosis, the first typically being used to describe a device that augments the performance of a healthy wearer, whereas the latter one refers to a device for assisting an individual with a limb pathology, as reported in [13], in which a wearable assisting device based on non-linear elastic element has been proposed. STS stands for Sit-To- Stand and can be defined as activity involving the movement of the body’s Center Of Mass (CoM) upward from a sitting position to a standing position (and vice versa) without losing balance [14].



Commercial solutions have been introduced to help partially mobile patients rise from a sitting to a standing position to get out of bed or a chair. Depending upon context and a patient’s upper body strength, sit-to-stand lifts may also help mobility patients transfer from standing to sitting safely. The solution proposed in [15] helps people stand on their own, it is designed to be used in living rooms, bathrooms and medical facilities, it possesses comfortable padded split-wing seat, it has a stable base and it is claimed to be designed for caregivers and patients. QuickMove [16] supports and activates the user when rising up to a standing position and during transfers, either standing or sitting, from bed to chair, from chair to chair or to and from the toilet. QuickMove has been developed for users with impaired balance and strength in their legs, but the user must have some strength in the arms and must be able to weight bear for actively participating in the transfer. Molift Quick Raiser 2 [17] with an electrically adjustable leg base is compact, stable and easy to maneuver. The unique wheel position and near-perfect weight distribution of the base provides a good turning radius and easy maneuverability even in narrow spaces. The inclined straight column imitates the natural pattern of movement and fulfils the hoisting needs of users with some degree of weight-bearing capacity. It has a safe working load of 160 kg and the low base fits under most beds and chairs while the electrically adjustable legs enable accessibility almost everywhere. Although these solutions are effective, they are robust but bulky and could not fit all environments, especially small ones, such as conventional houses and flats. Based on experimental acquisitions of the STS natural motion, a device was designed, simulated and built having 3 DOFs (Degrees Of Freedom) in [18]. In [19] an assistive device with high stability was presented for patients with motion disabilities. The prototype was equipped with force plasters on the ground floor, force sensors on handle and markers on the body during the STS and walk tests. A STS device was simulated in [20]. There are several possibilities in developing STS mechanisms. For fully controlling the movement of the torso and its orientation in the sagittal plane, 3-DOFs mechanisms are required [18]. If the orientation is not considered, either 1 or 2 DOFs mechanisms can be used, according to the possibility of varying the trajectory of a reference point, i.e., the COG (Center of Gravity). Each of the three choices has advantages and disadvantages, we have chosen to design a 1-DOF mechanism, therefore a unique trajectory is synthesized, having the advantage of control simplification and cost reduction, the system does not allow the control of the orientation of the torso, since it is used as a movable seat that accomplishes the motion from the back when the individual is seated.



Customable designs are based on information that can be either simulated using a 3D human body model, or experimentally obtained. During the last decades, data has been also made available using online databases (see [21,22]). Data can be acquired/detected using 3D motion capture systems (MOCAP) that should act without interfering with the movement of an individual. Marker Based System (MBS) technology satisfies those requirements, as for example considering an optical motion capture system composed of infrared cameras that track human movements using to a kit of reflective markers attached to a special MOCAP suit. The advantage of using optical measurements is the possibility of fast and accurate tracking of any 3D motion. Drawbacks are mainly related to the relatively high complexity and cost, and the need to use reflecting markers that must be accurately positioned.



Another solution is the use of Markerless Motion Capture (MMC) system, which shows the following advantages, there is no need to position markers, therefore no error due to makers’ placements. Both MBS and MMC or other solutions can be used to detect the motion [23,24], which has to be replicated by an assisting or rehabilitation device to accomplish the motion. There is a strong need for developing low cost, accurate and reliable technology useful for the assessment of limbs motion capabilities, also when using wearable exoskeletons and motion aiding systems [25]. MMC technology has emerged as an innovative solution in the process of tracking and analyzing human movement. By obviating the laborious and time-consuming marker placement procedure, motion capture experiments can be conducted with enhanced convenience [26]. The absence of constraints imposed by body markers on movement facilitates the acquisition of more authentic human motion in natural environment, even considering the presence of exoskeletons or motion-aiding systems [27,28]. Furthermore, MMC technology boasts advantages such as increased portability and cost-effectiveness through the utilization of sensors, distinguishing it from marker-based multicamera systems. This, in turn, unlocks the potential for several applications in the realm of motion capture. Notwithstanding these challenges, investigations into the utilization of MMC technology for clinical evaluation are currently at an early stage with a restricted number of studies. The extent to which MMC technology can contribute to the assessment of patients’ conditions, and subsequently benefit therapists, patients, or the healthcare system, remains uncertain. While review studies have explored the application of MMC technology in rehabilitation training, its potential in clinical measurement, encompassing the utilization of MMC technology for clinical assessment and the detection of kinematic parameters aiding in disease diagnosis, has not been comprehensively examined [29]. As alternative, predictive simulations can propose motor controllers whose plausibility is evaluated by the comparison between simulated and experimental kinematics. In [30], an array of reflexes that originate muscle activations are modelled as a function of proprioceptive and vestibular feedback.



As already mentioned as alternative, a suitable model of the STS or assisting device together with a human body model can be used for the purpose of creating a digital interface, the so-called Cyber-Physical System (CPS) [31,32]. In recent years, the adoption of CPS has gained prominence, representing a starting point from the conventional integration of software systems, embedded computing systems, sensor networks. CPS are engineered systems designed to integrate computational components, networking and physical processes within a precisely defined context, all directed towards a specific purpose. A representation of realization of CPS is the Digital Twin, wherein the components and attributes of a physical system are replicated and mirrored into the cyber realm. In fact, the Digital Twin enables real-time monitoring and decision making for various types of applications including medical and wellbeing applications [33].



The integration of emerging technologies into work environment is a focal point for enhancing labor conditions [34], serving as assistive systems that streamline human–machine interactions and augment the physical and cognitive capabilities of operators [35]. Emerging technologies that have been enhanced with the development of the industrial digitalization and Industry 4.0 like virtual reality (VR) and MOCAP encompass components such as inertial immersion units (IMUs), force sensors and surface electromyography (EMG) [36]. Virtual reality, a real-time interactive computing technology, facilitates the creation and integration of diverse virtual environments. This technology empowers users to actively engage with and manipulate actions within cyberspace, transitioning from passive observers to dynamic participants [37]. Studies indicate that VR-based exercises can mitigate fatigue, stress, and depression while promoting relaxation, particularly beneficial for the elderly [38]. Moreover, everyday wearables devices like smartwatches and wristbands have become ubiquitous, providing real-time feedback by displaying health statistics and trends. These devices incorporate biosensor systems that continually monitor physiological parameters such as heart rate, rhythm and skin temperature [39]. The exponential emergence of these technologies serves as invaluable tools for enhancing user performance, improving working conditions, monitoring and assessing risks, and for designing novel workspaces in industrial environments [40,41].



In this context, the development of CPS representing the human body model can give a boost in the rational design and use of the emerging technologies, both for the design and for the assessment of performances in their use in daily life activities.



In fact, CPS have been primarily introduced in industrial environment to facilitate and regulate secure human–robot collaborative assembly operations. In the literature [42] discussed an approach that entails establishing a shared, unfenced working space wherein humans, industrial robots and other mobile entities like auto-guided vehicles can operate. Optical sensors can be used to monitor the activities within this working space. The main challenge concerned within this framework is ensuring human safety. Different environment but same goal refers to assistive and rehabilitation technologies. The development of CPS designed to enable human–robot collaboration/interaction through the real-time assessment of safety distances and conditions including collision avoidance are the main focus of relevant literature on the theme [43,44].



In this paper we propose the design, simulation and experimental prototype of an STS mechanism. Firstly, target users are identified, namely, elderly with partial reduction in strength in accomplishing daily tasks. Focusing on STS, a basic requirement of the assisting device is to reproduce/guide/accomplish a specific motion, therefore, instead of using MOCAP systems, we developed a 3D model of human body for defining the requested motion. Finally, a synthesis procedure is used to obtain the dimensions of the mechanism.



The synthesis problem has been treated by combining the body-guidance with the inverse kinematics problem leading to an approximate solution for five prescribed poses of a four-bar linkage. The synthesis problem was first formulated by Burmester [45] but still today receives considerable attentions of the researchers because of the very numerous applications of the linkage. In the classical approach the problem is reduced to the synthesis of a Revolute-Revolute (RR) dyad. It is known that a RR dyad can be synthesized exactly for up to five prescribed poses. In the case of four prescribed poses the synthesis admits infinitely many solutions. In the case of five prescribed poses the solution to the problem are the roots of a quartic equation [46] that can be solved numerically thus carrying approximations in the computation. A number of works can be found in the literature addressing the Burmester problem with different approaches. In [47] the authors employed the complex numbers, researchers in [48,49,50,51] solved the problem by following the kinematic mapping procedure. Authors in [52,53,54] solved the five-pose problem by intersecting two curves representing the loci of the center points for two four-poses subsets out of the given five-pose set. In [24] the authors used a method based on dialytic elimination to solve the set of synthesis equation with the final goal to design a STS system. Most of the cited works focus on exact synthesis, there are few works dealing with the approximate synthesis with the number of poses larger than that allowing for an exact matching between the computed and the prescribed poses. For example, in [55] the authors reduce the normality conditions of the optimization problem to a set of two bivariate equations whose intersections are the solutions of the problem.




2. Problem Formulation


To design the STS mechanism, a typical body guidance kinematic synthesis problem must be solved. The body guidance problem can be stated as:



Given a set of discrete set of m poses of a rigid body attached to the coupler link of a four-bar linkage, the problem consists of finding the geometrical parameters of the linkage such that the poses are attained.



The problem, therefore, aims to find the geometric parameters of a linkage for a prescribed set of finitely separated poses. In this work, however, we reformulate the problem for an approximate synthesis by combining the body guidance with the inverse kinematics problem leading to a new formulation.



Adopting the approximate instead of the exact synthesis is mainly motivated by the nature of the input data (body poses), that have by themselves poor accuracy. Furthermore, the proposed method can be used without need of modifications with many poses.



The choice may seem to be computationally inconvenient as m unknowns are added for each synthesized dyad, but not in the case of approximate synthesis.



Indeed, when following this approach, the problem becomes a constrained optimization problem to solve a set of nonlinear equations with the help of robust and stabilized algorithms. Formally for each dyad of the linkage we have


            f   1         p     1     ,   ϑ     1     , d   = 0     ⋮             f   l         p     j     ,   ϑ     j     , d   = 0     ⋮       f   q         p     m     ,   ϑ     m     , d   = 0          



(1)







In Equation (1) p(j) is the rigid body j-pose; ϑ(j) is the positional variable, the robot-like joint variable; and, at the j-pose, d ϵ Rn is the array of the linkage dimensional parameters. The rigid body j-pose is given by the position vector of a reference point of the coupler link, r(j) and by the corresponding angle of a line of the coupler link, φ(j). For each pose two scalar component equations are written leading to a total of q = 2m equations for each dyad.



The number of given poses is such to have number of unknowns lower or equal to number of equations available. In these cases, either a determined or an overdetermined system of equations are obtained:


  2 m ≥   m + n     : m ≥ n  



(2)







Numerical Algorithm


The idea behind the work is to solve the approximate synthesis by finding the solution of a nonlinear least-squares problem. If the unknowns are grouped in x ϵ Rn+m, the problem can be set as:


  F   x   =     f   1       x     2   + … +   f   j       x     2   + …   f   2 m       x     2      



(3)






    m i n i m i z e   x     F   x      



(4)






    l   i   ≤   x   i   ≤   u   i     ,     i = 1 , … , n + m  



(5)







The minimization problem in Equations (3)–(5) is implemented in the built-in lsqnonlin function of Matlab which implements the trust-region-reflective-algorithm proposed by Coleman and Li [54]. The essential idea behind the trust-region method is to approximate F(x) with a quadratic function ψ(s), which reflects the behavior of function F(x) in a neighborhood N, i.e., the trust region, around the current point x.



The method consists of computing trial step s. If F(x+s) < F(x) then the current point x is updated to be (x+s) and the trust region can remain for the next step. Otherwise, x remains unchanged, and region N will be reduced for the next step. Therefore, the challenging issue of the trust-region method is to solve its sub-problem, computing ψ(s). The presence of the bound constraints requires to truncate the step to be strictly feasible and to reflect the trust region solution whenever x lies on the boundary. Here the main steps of the implementation are shown as follows:




	
Generate iterate xk such that xk ϵ int(F), int(F) = {x ϵ Rn+m|l < x < u};



	
Solve the Trust-region sub problem such to obtain sk;


  Ψ   s   =   1   2     s   T     B   k   s +   g   k   T   s  



(6)






  m i n i m i z e     Ψ   s      










  s . t .       D   k   s   <   ∆   k    











	
Calculate ψ(sk);



	
Truncate the trail step sk by αk such that xk+1 = xk + αk sk was strictly feasible.



	
Calculate     ρ   k     and accordingly update Δk;



	
Accept the iterate if ‖Fk+1‖ < ‖Fk‖ with Δk unchanged, otherwise go to the first step with an updated Δk according to ρk calculation of step 5.








The solution of the trust region problem (step 2) is the core of the procedure. The solution involves finding the roots of the secular Equation 1/Δ − 1/‖s‖ = 0 by a Newton iterative process. This approach typically needs computations of Bk eigenvalues. However, the algorithm implemented in the built-in Matlab function reduces the problem to the two-dimensional subspace S such that only a (2 × 2) matrix has to be dealt with.



Subspace S is spanned by s1 and s2. s1 and is in the scaled gradient direction, s2 is the output of a conjugate–gradient process returning either an approximate Newton step or a direction of negative curvature.


     B   k     s   2   = −   g   k   : a p p r o x . N e w t o n   d i r e c t i o n    Or                                                            s   2     B   k     s   2   < 0 : n e g a t i v e   c u r v a t u r e   d i r e c t i o n   



(7)







Therefore, s is chosen as the best of three computations:



(i) the scaled gradient, (ii) a two-dimensional subspace S solution, i.e., trust region solution and (iii) the reflection of the S solution, i.e., reflected trust region solution. The choice is made by comparing the approximation functions ψ(s) and picking the one that produces its lowest value. The terms involved into the algorithm are as follows:


    D   k   = d i a g      v     x   k           



(8)






    C   k   = d i a g   ∇ F     x   k       s i g n   ∇ F     x   k        



(9)






    B   k   =   D   k     ∇   2   F     x   k       D   k   +   C   k    



(10)






  v   x   =       v   1   , … ,   v   n + m       T    



(11)






    v   i   =         x   i   −   u   i     i f   ∇ F     x     i   < 0   a n d     u   i   < ∞         x   i   −   l   i     i f   ∇ F     x     i   ≥ 0   a n d     l   i   < ∞       − 1   i f   ∇ F     x     i   < 0   a n d     u   i   = ∞       1   i f   ∇ F     x     i   ≥ 0   a n d     l   i   < − ∞        



(12)






    ρ   k   =   1   2         F   k + 1   −   F   k     +       s   k       T     C   k       s   k       Ψ     s   k        



(13)






    Δ   k   =      2   Δ   k     i f       ρ   k   > 0.75   ≜     D   k     s   k     ≥ 0.9   D   k           Δ   k     i f     0.25 <   ρ   k   < 0.75         m i n       ∆   k     4   ,       D   k     s   k       4       i f     ρ   k   ≤ 0.25       



(14)






    α   k   = m i n   1 , σ d i s    



(15)






  σ = m a x   0.95,1 −   | |   v   k   ·   g   k   | |   ∞      



(16)






  d i s = m i n [ m a x (   u −   x   k       s   k     ,   l −   x   k       s   k     ) ]  



(17)







A flowchart of the algorithm is presented in Figure 1.





3. The STS Assisting Device


We wrote the synthesis equations for the STS four-bar linkage as the vector loop equations for two Revolute–Revolute dyads forming the linkage.



For each dyad in Figure 2, we obtained the 2m scalar equations as follows.


    a   x   + b   cos  ⁡    ϑ     i     + c     cos  ⁡      ϕ     i     + β      ⁡  −   r   x     i     = 0      



(18)






    a   y   + b     sin  ⁡    ϑ     i        ⁡  + c     sin  ⁡      ϕ     i     + β      ⁡  −   r   y     i     = 0      



(19)







Equations (18) and (19) have five dimensional and m positional parameters as unknowns: ax, ay, b, c, β, ϑ(j). Thus, to have a determined system of nonlinear equations we selected five arbitrary poses, 5 + m = 2m. The prescribed poses were obtained by the frames sequence reported in [24]. The mechanism had to be contained in the area identified by the legs (front and back) and the seat, a square with side of 400 mm, defining the constraints ui, li used in the optimization for the links dimensions and the joints’ locations. The synthesized linkage took an area of 380 mm × 200 mm and the seat rotates from about 6° to 80° raising of about 400 mm. To evaluate the accuracy of the solution we select the mean of the absolute values of the residuals of each equation forming the system as error metrics, i.e., ε. We obtained an error, as follows, ε = 4.49 × 10−4.



Instead, the errors in position and orientation with respect to the desired poses are reported in Table 1.



Simulation of the Device


The proposed system was developed according to the results of the synthesis procedure detailed in the previous section. In particular, supports and actuator are embedded in the chair design, it is worth noting that the mechanism when folded is very compact and compatible with many chairs or sofa designs, preliminary results were presented in [56].



The overall mechanism is composed by the synthesized four-bar-linkage and an additional link connecting the coupler to the mobile platform, which is rigidly connected to the seat, as shown in Figure 3. The function of the additional link depicted in blue is just to report the motion to the point of interest.



Figure 3 shows a scheme for the final design of the STS mechanism embedded in a chair structure within the given configurations. The trajectories of five points of the seat are also reported. The six configurations (a) to (f) are shown in the motion sequence in Figure 4, by adding to the five prescribed poses another one for representative purposes only.



A simulation was carried out considering a 3D model of the human body.



The simplified 3D model of the human body consists of 11 segments, which are connected by 10 revolute joints. Each segment is modeled by a relatively simple geometry that allows full body symmetry with respect to the sagittal plane (left-right symmetry). Segments masses and dimensions were assumed according to anthropometric data reported in Ref. [24]. Each segment was modeled with uniform density and center of mass being coincident with the center of volume. The model was used to reproduce realistic simulation tests, according to previous experiment activity carried out for the validation of the human body model and reported in [24].



The simulation was carried out in quasi-static condition and the speed of movement was set almost equal to the one used in the experimental trials by volunteers. The human body model is 1900 mm tall. During the simulation, the arms are considered as fixed in a natural configuration, in order to not interfere with the movement.



Figure 5 shows the motion sequence of the overall system including the human body model and taking into account the 6 configurations shown in Figure 3.



Referring to the simulation reported, numerical results are shown in Figure 6. In particular, Figure 6a reports trajectory of the Center of Mass (CoM) of the trunk for the human body model during the operation, and Figure 6b shows the displacement of seat CoM. Figure 7a,b show the velocity and acceleration for the CoM of the seat during the simulation reported in Figure 5.



The proposed algorithm leads to a unique mechanism but can be modified according to different poses related to anthropometric data of the individual that is willing to use the STS device. Simulations have been carried out using 3D simulation software. Synthesis procedure has been implemented by using a code developed in Matlab environment.





4. Prototyping and Mechatronic Design


Figure 8 shows a realized testbed with a built prototype developed for first experimental tests to verify the engineering significance of the designed solution and the body motion guidance. The mechatronic design was developed according to the design principles and results presented in [56].



Referring to Figure 8, the EGM30 is a 12 V actuator fully equipped with encoders and a 30:1 reduction gearbox, the related torque is 1.5 kg/cm; the speed is 170 rpm; the current is 530 mA; no load speed is 216 rpm; no load current is 150 mA; the stall current is 2.5 A; the output is 4.22 W; encoder counts per drive shaft turn are 360. The L298N is the Dual H-Bridge Motor Controller having small size and compact design (43 × 43 × 27 mm3). Inside L298N integrated bridges allow high voltages (up to 46 V) and high current (4 A), the mechatronic scheme is kept easy in use in [57].



Figure 9 shows the motion sequence for the testbed prototype during experimental tests. It is worth noting that although being manufactured in real scale, the protype is made of lightweight materials and a small actuator for first experimental tests.



The operation of the mechatronic system is controlled by Arduino board that sends signals to an electronic device for motor control. The actuator is connected to the mechanism by a slider crank mechanical system for motion transmission and a screw-nut mechanical system, as shown in Figure 8.




5. Conclusions


In this paper, we have proposed the synthesis, the simulation and first experimental results for a mechanism designed for the Sit-To-Stand operation. The mechanism is based on a four-bar linkage synthetized by solving a five rigid body poses guidance problem. The method is based on approximated solution of the nonlinear system of equations representing the loop equations of the dyads. The algorithm proved to be very accurate, leading to coupler poses very close to those prescribed. Results proved that the method works nicely for the examined cases. The mechanical design is then reported and simulation results are shown, a first fully controlled mechatronic prototype has been built for experimental tests. The device has been designed to be used as backward mechanism being installed on a chair or sofa for accomplishing the motion. The design solution allows a compact system, quite versatile and customizable, according to the needs of the end-user. Future development of the research includes the realization of a real scale prototype with suitable materials and actuation sized for lifting a patient. Nevertheless, it has been verified that the design can be suitable for accomplishing the STS in a real movement. Future development of the proposed work is to design suitable control systems taking into account safety parameters based on safety assessment.
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Figure 1. Flowchart of the proposed algorithm. 
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Figure 2. Notation of the RR dyad. 
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Figure 3. A scheme for six configurations (a–f) of the designed mechanism to accomplish the STS operation considering five prescribed poses and an additional one for representation form (trajectories of points of interests and the reference system are shown). 
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Figure 4. Motion sequence during the simulation for the operation of the system as function of the input joint angle: (a) ϑ = 7°, (b) ϑ = 18°, (c) ϑ = 30°, (d) ϑ = 45°, (e) ϑ = 70°, (f) ϑ = 77°. 
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Figure 5. Simulation snapshots for the system including the human body model when the input joint angles are: (a) ϑ = 7°, (b) ϑ = 18°, (c) ϑ = 30°, (d) ϑ = 45°, (e) ϑ = 70°, (f) ϑ = 77°. 






Figure 5. Simulation snapshots for the system including the human body model when the input joint angles are: (a) ϑ = 7°, (b) ϑ = 18°, (c) ϑ = 30°, (d) ϑ = 45°, (e) ϑ = 70°, (f) ϑ = 77°.



[image: Machines 12 00033 g005]







[image: Machines 12 00033 g006] 





Figure 6. Results for the simulation reported in Figure 4: (a) Center of Mass (CoM) displacement of the trunk of the human body model; (b) displacement of the CoM of the mobile platform, where the seat is installed. 
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Figure 7. Results for the simulation reported in Figure 4: (a) velocity of the CoM of the mobile platform; (b) acceleration of the CoM for the mobile platform, where the seat is installed. 
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Figure 8. Experimental testbed: (1) Arduino board, (2) Electronic device for motor control (L298N Dual H-Bridge Motor Controller), (3) STS System, (4) EMG30—DC Motor 12 V 0.53 A 170 rpm with hall encoder, (5) Flexible guide joint, (6) Chair seat, (7) Slider crank mechanical system for motion transmission, (8) Screw-Nut mechanical system, (9) PC. 
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Figure 9. Motion sequence of the experimental tests for the designed STS device for the six configurations (a–f). 
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Table 1. Absolute errors in position and orientation.
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	j
	        ϵ   r x   ( j )       m m      
	        ϵ   r y   ( j )       m m      
	        ϵ   ϕ   ( j )       d e g r e e      





	1
	0.0101
	0.0010
	0.1120



	2
	0.0143
	0.0026
	0.3113



	3
	0.0072
	0.0040
	0.2175



	4
	0.0146
	0.0098
	0.4528



	5
	0.0033
	0.0049
	0.0591
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