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Abstract

:

The light weight and compliance of exosuits are valuable benefits not present rigid exoskeleton devices, yet these intriguing features make it challenging to properly model and simulate their interaction with the musculoskeletal system. Tendon-driven exosuits adopt an electrical motor combined with pulleys and cable transmission in the actuation stage. An important aspect of the design of these systems for the load transfer efficacy and comfort of the user is the anchor point positioning. In this paper, we propose a framework, whose first purpose is as a design methodology for the synthesis of an exosuit device, achieved by optimizing the anchor point location. The optimization procedure finds the best 3D position of the anchor points based on the interaction forces between the exosuit and the upper arm. The computation of the forces is based on the combination of a mathematical model of a wrist–elbow exosuit and a dynamic model of the upper arm. Its second purpose is the simulation of the kinematic and physiological effects of the interaction between the arm, the exosuit, and the complex upper limb musculoskeletal system. It offers insights into muscular and exoskeleton loading during operation. The presented experiments involve the development and validation of personalized musculoskeletal models, with kinematic, anthropometric, and electromyographic data measured in a load-lifting task. Simulation of the exosuit operation—coupled with the musculoskeletal model—showed the efficacy of the suit in assisting the wrist and elbow muscles and provided interesting highlights about the impact of the assistance on shoulder muscles. Finally, we provide a possible design of an elbow and wrist exosuit based on the optimized results.
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1. Introduction


Assistive exoskeletons, whether soft or rigid in design, offer valuable support for various motor tasks, enhancing users’ energy conservation and overall efficiency [1]. Beyond their energy-saving capabilities, these technological solutions serve as a potent tool for therapeutic intervention, particularly for individuals engaged in rehabilitation programs. This motor aid contributes significantly to their recovery journey, ultimately enhancing their overall quality of life [2] and restoring their independence in performing essential activities of daily living (ADLs). Additionally, the utility of exoskeletons extends to labor-intensive occupations and tasks, where they play a pivotal role in assisting workers. For workers engaged in physically demanding roles, such as lifting objects weighing between 3 and 5 kg, exoskeletons can assist as a vital means to mitigate the risks associated with work-related musculoskeletal disorders.



The majority of exoskeletons are typically constructed using inflexible materials, posing a number of challenges. These issues include misalignment with the biological joints, excessive bulkiness, and added weight. However, a promising solution has emerged in the form of soft exoskeletons, commonly known as exosuits. These exosuits are crafted from flexible materials like fabric, webbing, and artificial tendons [3], allowing them to conform comfortably to the wearer’s body shape. This flexibility not only inherently resolves alignment problems but also enhances the overall comfort and natural interaction with the exosuit. Furthermore, the use of soft materials significantly reduces the exosuit’s bulk, enabling wearers to achieve a greater range of motion and improved agility. This reduction in weight is a crucial advantage, as it minimizes the additional load on the wearer. Consequently, exosuits present a highly adaptable option for enhancing human capabilities.



In particular, within the upper limb exosuit field, shoulder exosuits have gained interest. Studies have consistently demonstrated their effectiveness in reducing muscle activity among healthy individuals [4,5,6]. Moreover, these exosuits have demonstrated their benefits to subjects with upper limb impairments requiring rehabilitation. Specifically, shoulder exosuits have been proven to enhance usability and alleviate perceived muscle fatigue in wearers [7,8]. These devices have not only been shown to improve passive [4,9] and active [10] ranges of motion but have the ability to extend endurance during static hold [6].



Elbow exosuits, meanwhile, have primarily been developed for preventive and assistive purposes. Several studies have consistently highlighted their effectiveness in reducing muscle activity in healthy subjects [11,12,13], indicating their potential utility in tasks involving repetitive or demanding elbow movements. Within the scope of wrist exosuits, multiple iterations have been devised to address both assistive and rehabilitative objectives. These wrist exosuits have demonstrated promising outcomes [14,15]. There has also been significant progress in the development of multi-joint upper limb exosuits designed to perform rehabilitation and augmentative functions [7,16,17].



Despite significant advancements in exosuit development, the creation of soft exosuits still heavily relies on approximations and assumptions, as noted by Xiloyannis et al. [3]. Particularly, the determination of both the functional and geometric aspects of these exoskeletons predominantly depends on empirical approaches. Consequently, anchor points may not consistently find their way to the most ergonomic or optimal positions. This oversight could result in discomfort and potential user injury. Moreover, suboptimal anchor point placement can necessitate higher forces from the exosuit to deliver the same level of assistance, leading to larger and heavier systems, particularly for exosuits featuring a Bowden-cable-type transmission, which can suffer from increased frictional losses under substantial forces.



Given the complexity of experiments, achieving accurate exosuit design and optimization through testing alone is challenging. To address this challenge, the integration of precise exosuit modeling with musculoskeletal simulations can complement experimental approaches, offering a more comprehensive understanding of these devices. Such an approach not only saves time and resources but also enhances safety considerations.



While extensive research exists on the design and optimization of lower-limb exoskeletons utilizing musculoskeletal simulations [18,19,20,21], limited attention has been given to the development and optimization of exosuits, especially for the upper limbs [22,23,24,25,26,27]. Currently, there is a notable absence of quantitative models and optimization techniques for the creation of soft upper-limb exosuits and their examination concerning human biomechanics via musculoskeletal simulations. Filling this void would result in informative exosuit designs while upholding user safety.



It is worth noting that the studies conducted by Bardi et al. [26] and Sambhav et al. [25] have explored the potential of elbow exosuits through musculoskeletal simulations, but their work has several limitations. Firstly, they employ a simplified two-degree-of-freedom (DOF) model featuring only six muscles, overlooking the complexity of the human arm, potentially leading to unnatural movements. Secondly, the generation of elbow flexion relies on minimum jerk trajectories, neglecting the potential involvement of other joints in load handling. Lastly, the absence of parametric optimizations and strategies for anchor point placement and configuration makes it challenging to generalize their findings to other exosuit designs.



In this paper, we present a design framework for modeling, optimizing, and simulating exosuits, introducing a comprehensive methodology that involves a mathematical model of a wrist–elbow exosuit and a simulation approach that copes with the complex upper limb musculoskeletal system. In more detail, we modeled the human arm dynamics within the interaction forces produced by a tendon-driven exosuit. We proposed a parameterization methodology for the anchor point location and we implemented an optimization procedure that minimizes the integral effect of the tendon force magnitude to reduce the effect of friction losses and excessive tendon tension. From the quantitative analysis, we obtained the optimal parameters for the design of a preliminary wrist–elbow exosuit that we propose in this article. Finally, we implement and evaluate in a simulation framework the dynamic and physiological effect on the human arm of the exosuit with the optimal parameters. Moreover, we extended and deeply elaborated the partial results provided in [28].




2. Materials and Methods


2.1. Musculoskeletal Modeling and Simulation


2.1.1. Experimental Procedure


The experimental data were acquired from three male participants (average age: 30 ± 3 years, height: 179 ± 5.56 cm, weight: 78.34 ± 8.50 kg). All individuals self-reported as right-handed and had no history of upper-extremity musculoskeletal injuries or pathology, neuromuscular impairments, or physical limitations hindering them from performing the required tasks. Ethical approval for the study was granted by the Scuola Superiore Sant’Anna Review Board, and prior to commencing the experiments, written informed consent was obtained from each participant.



The primary objective of this study was to evaluate the effectiveness of the proposed elbow–wrist exosuit and to collect data on muscular activity and arm kinematics during load lifting. To achieve this, we designed the experiments to record arm kinematics and muscular activation of the subjects under two loading conditions. Data were collected through three trials in which participants unimanually lifted their right hand, with and without a 3 kg hand-held weight, based on visual cues. A scheme of the lifting task is shown in Figure 1b. Since the trial durations and overall experiment length were relatively short, the potential impact of fatigue was considered negligible, and therefore, conditions were not randomized to mitigate any fatigue effects.



Arm kinematics were acquired using inertial measurement units (IMUs) provided by Xsens MVN Link (Xsens Technologies B.V., Enschede, The Netherlands). Subjects were equipped with 11 IMUs placed on their hands, forearms, upper arms, scapula, sternum, head, and pelvis, following the guidelines outlined in the Xsens MVN manual. IMU signals were sampled at 240 Hz for all participants, and data were collected using the associated MVN Analyze 2022.0.2 software (Xsens Technologies B.V., Enschede, The Netherlands). A representative subject wearing the sensors is shown in Figure 1c.



Simultaneously, the synchronized activities of targeted muscles were recorded through surface electromyography (sEMG) using a Bagnoli Desktop EMG system (Delsys, Natick, MA, USA). The integration of the IMU-based motion capture system and the EMG recording system was achieved through MVN Analyze software to ensure synchronization between kinematic and muscle activity data.



The specific muscles targeted in this study included the deltoid (anterior, medium, posterior), pectoralis major (sternal), flexor carpi ulnaris (FCU), flexor carpi radialis (FCR), extensor carpi ulnaris (ECU), extensor carpi radialis longus (ECRL), biceps brachii (short head), and triceps brachii (long head). Raw EMG data underwent post-processing, including band-pass filtering (30–450 Hz), full-wave rectification, and low-pass filtering (6 Hz), utilizing a zero-phase second-order Butterworth filter. To enable comparisons of muscle activities across different conditions, subjects, and simulated muscle activities, the post-processed EMG envelopes were normalized based on maximum voluntary contractions.




2.1.2. Musculoskeletal Model


Musculoskeletal simulations were conducted using OpenSim, a widely adopted open-source software in the realm of movement science [29,30]. In our study, we employed a customized unimanual upper extremity musculoskeletal model [31], implemented within the OpenSim environment [32]. This model [32] incorporates 7 degrees of freedom, encompassing shoulder elevation, elevation plane, shoulder rotation, elbow flexion, forearm rotation, wrist deviation, and wrist flexion. Additionally, it consists of 50 Hill-type muscle–tendon actuators representing the 32 muscles and muscle compartments that traverse the shoulder, elbow, forearm, and wrist joints.



For simulating the unimanual lifting of a hand-held weight, we modeled the load as a disk (height: 62.5 mm, radius: 40 mm) with a uniform density, rigidly attached to the hand within the model. To account for unmodeled passive components and potential muscle weaknesses, we introduced a set of Coordinate Actuators to the model’s coordinates, serving as reserve actuators. These actuators were configured to apply minor joint moments as needed to compensate for these factors.



The musculoskeletal simulations were customized to individual subjects using the experimental data we collected. These simulations encompassed three distinct conditions: simulations of unassisted subjects both with and without a 3 kg weight load (referred to as loaded and noload subjects, respectively), and simulations of assisted subjects engaged in lifting a 3 kg weight.




2.1.3. Musculoskeletal Simulation Workflow


The simulation process, which is depicted in Figure 2, was initiated with the calculation of inverse kinematics, which relied on the IMU orientation data obtained from the experiments. We executed this step using the OpenSense toolkit [33] within OpenSim 4.4. For each participant and under each condition, we conducted three simulation trials. Within each trial, we utilized the IMU Placer and IMU Inverse Kinematics tools to produce joint kinematics.



The orientation of each IMU was assigned to its associated rigid body in the model, and then the set of IMU orientations was imported into OpenSense. Due to the unimanual upper extremity model, we only used the sternum and right arm IMU measurements for computation of the inverse kinematics, and the sternum served primarily as the base IMU for our model since the motion of the thorax was not of interest to us.



Using the IMU Placer Tool and the IMU calibration data, the fixed orientation of IMU frames in relation to the body segments of the posed model was calibrated. Due to the IMU Placer Tool assumption that the default poses of the model match the pose of the subject during calibration, the model’s default posture was manually altered to be aligned with the subject as closely as possible. Additionally, we provided three rotational degrees of freedom on the thorax body to achieve finer results between the experimental IMU orientation and virtual IMUs. The musculoskeletal model of a representative subject with calibrated virtual IMUs is demonstrated in Figure 3.



Once the virtual IMUs’ offsets were calibrated, we employed the IMU Inverse Kinematics Tool. This tool enables us to determine joint angles that minimize the weighted squared difference between the experimentally measured IMU orientations and the virtual IMU orientations [33]. The weights assigned to each IMU were based on the reliability of their measurements and their significance in determining kinematics. Notably, we down-weighted the sternum IMU because the model did not account for thorax kinematics.



As the rigid body segment length has no influence on IMU-based inverse kinematics [33], the inverse kinematics of joints were computed without scaling the model. However, the inertial and musculotendinous features of the model will directly influence the dynamic simulations; hence, scaling the generic model is required to generate a subject-specific musculoskeletal model and, subsequently, subject-specific dynamic simulation results.



We did not employ optical motion capture equipment during the data-gathering phase; therefore, the standard approach of scaling the model using marker data is not applicable to our simulations. Along these lines, we relied on the manual scaling approach to generate a scaled model.



Given that the segments lengths of the generic model were consistent with the anthropometry data of a 50th percentile male described in [34], scaling of the segments would be possible by taking the same standard measurements from the subjects, as described in Gordon et al. [34]. Consequently, the lengths of the hand, forearm, upper arm, and clavicle bodies of each subject were measured, and then the required scale factor was calculated as a ratio between the length of the segment in the generic model to the measured subject.



These scale factors were incorporated into the OpenSim Scale Tool to scale each segment uniformly and generate the scaled musculoskeletal model. Each segment’s mass and inertial characteristics were also scaled by the product of its scale factor. After scaling, the mass of the segments was verified to be comparable to its estimated weight based on the subject mass [35].



Finally, the optimal fiber and tendon slack lengths of the generic model were scaled to retain their ratio across the scaled muscle path length, which concludes our scaling procedure.



We applied the OpenSim Static Optimization (SO) Tool to calculate the muscle activation and, subsequently, the forces required to generate the joint moments of the scaled model that tracked joint kinematics. Even though computed muscle control (CMC) is a common approach for producing muscle-driven simulations [18,20,21,29,32,36], the use of SO was preferred due to the complexity of the musculoskeletal model and, therefore, the time required by CMC for computation of each simulation.



Although the CMC approach takes into account a more realistic muscle model and muscular excitation, it has been shown that both static, CMC and dynamic optimization could provide comparable estimates of muscle forces during typical task performance [37,38]. The CMC would be considered a more appropriate tool to simulate rapid movements when activation and contraction dynamics play a significant role [38,39].



Considering that the objective of this study is to gain qualitative insight into the dynamics of muscle activation and the computational cost of the CMC, it was determined that SO was a more suitable technique to employ in this study.



As indicated in the OpenSim tutorial regarding the Static Optimization Tool, this tool utilizes the inverse kinematics solution of the model to address the equations of motion concerning joint torques, referred to as generalized forces in the model. These joint torques are controlled by the muscle activation-to-force dynamics, which, in turn, are limited by the constraints imposed by the force–length–velocity properties of the muscles, as outlined in Equation (1). This tool effectively solves muscle redundancy by minimizing a weighted sum of squared muscle activations and actuators, as delineated in Equation (2).


   ∑  i = 1  N    a i  f   F  i , max   ,  l i  ,  υ i     r  i , j   =  τ j   



(1)






  J  a , τ  =  ∑  i = 1  N      a i    2  +  ∑  r = 1  R       τ  r e s e r v e , r    w r     2   



(2)







In these expressions, the variable N signifies the total count of muscles incorporated within the model. Each muscle’s activation at a given time step is represented by   a i  . Other parameters include   F  i , max   ,   l i  ,   υ i  , and   f   F  i , max   ,  l i  ,  υ i    , which, respectively, denote the maximum isometric force, length, shortening velocity, and the force–length–velocity surface associated with each muscle. Additionally,   r  i , j    represents the moment arm of the muscle relative to the jth joint axis, while   τ j   stands for the generalized force acting about the jth joint axis.



In Equation (2), the variable R denotes the count of reserve actuators present in the model. The term   τ  r e s e r v e , r    signifies the immediate torque exerted by the rth reserve actuators, while   w r   stands for the weight factor that scales the penalty associated with activating the rth reserve actuators [21]. These actuators are specifically designed to compensate for unaccounted dynamics and muscle weaknesses. Consequently, their weight costs, denoted as “optimal force”, were adjusted to significantly increase the cost of their recruitment in comparison to the muscles.




2.1.4. Modeling Exosuits and Simulating Assisted Subjects


The modeling of the wrist–elbow exosuit was achieved through the utilization of the PathActuator class, a feature provided by the OpenSim API. This class is specifically designed for the representation of massless actuators capable of applying tension along a specified path. It serves as a practical framework for simulating these actuators within the wrist–elbow exosuit, offering control over tension application and enabling controlled motion along the designated geometry. The geometry path of the actuators is defined by assigning the anchor points as the origin and insertion points of the actuator. The implemented model is depicted in Figure 1a.



Upon incorporating the assistive actuators into the model, the objective function of the static optimization is subjected to a modification, as expressed in Equation (3), wherein the assistive actuators are integrated into the function.


  J  a , τ  =  ∑  i = 1  N      a i    2  +  ∑  r = 1  R       τ  r e s e r v e , r    w r     2  +      τ  e x o s u i t , e l b o w    w  e x o s u i t , e l b o w      2  +      τ  e x o s u i t , w r i s t    w  e x o s u i t , w r i s t      2   



(3)







Much like the approach involving reserve actuators, the modified equation incorporates additional terms, namely   τ  e x o s u i t , w r i s t    and   τ  e x o s u i t , e l b o w   , which represent the immediate torque applied by the wrist and elbow exosuit actuators, respectively. Correspondingly,   w  e x o s u i t , w r i s t    and   w  e x o s u i t , e l b o w    denote the optimal force of the wrist and elbow exosuit actuators.



To enable the simulation of an ideal exosuit scenario, the optimal force values of both the elbow and wrist actuators were modified to 1000 N. This adjustment aims to significantly reduce the recruitment cost associated with the assistive actuators. This alteration encourages the optimization process to prioritize the utilization of the exosuit over muscular efforts when generating the desired joint moments.



The static optimization in both assisted and unassisted subjects while lifting a load (i.e., loaded subjects) employed the same kinematics while unassisted subjects without load (i.e., noload subjects) had different kinematics.






3. Exosuit Design


For the design of the exosuit, we considered three sizes of human arm and consequently of the suit. For each size, we computed the dynamics of the human arm and the interaction with the exosuit at the anchor points. From the analytical relation, we optimized the positioning of the anchoring point and we proposed a preliminary design for the elbow–wrist exosuit.



3.1. Modeling of the Arm with the Exosuit


The mass distribution of the human arm was based on [40]; thus, the arm, forearm, and hand masses were evaluated as a percentage of the overall body weight. In particular, the arm mass was 3.25%, the forearm mass was 1.87%, and the hand mass was equal to 0.65%. We chose 75 kg as a reference body weight. The body part lengths were set as in Table 1.



The design and optimization of the wrist–elbow exosuit started from the kinematic and dynamic modeling of the human arm and its interaction with the actuation units. The model takes into account three degrees of freedom (DoFs) for the shoulder, one DoF for the elbow, and two DoFs (flexion/extension and prono/supination) for the wrist. The modeled kinematic chain of the arm is shown in Figure 4a.



The dynamic equation describing the arm motion is recalled in Equation (4).


  B  ( q )   q ¨  + C  ( q ,  q ˙  )   q ˙  + G  ( q )  + J   ( q )  T   γ e  = τ  



(4)




where   q ,  q ˙   , and   q ¨   are the vector of the joint angles, speed, and acceleration, respectively,   B  ( q )   q ¨    are the linear inertial terms,   C  ( q ,  q ˙  )   q ˙    are the centripetal and Coriolis terms,   G ( q )   are the gravitational terms,   J   ( q )  T   γ e    is the effect of the external wrench on the joints, and  τ  is the joint torque vector.



For the actuation stage, we considered assisting only the flexion/extension of the three districts—shoulder, elbow, and wrist—and thus we considered the use of one motor per joint. Torque was applied to the human via Bowden cables from the motor pulley to an anchor point at the assisted body segment. For each actuator, we can identify a center of rotation and two anchor points:




	
The first anchor point on the proximal segment where the actuator and the sheath of the Bowden cable are fixed.



	
The second anchor point on the distal segment where the cable ends.








To optimize the tendon forces as a function of the anchor point locations, we determined the geometrical relation between them and the joint torques.



Figure 4b shows the geometric variables we used to derive the parametric equation of the forces exerted from the exosuit on the arm. The actuation force vector is constrained on the line connecting the two anchor points, identified by   p  i u    and   p  i d   , respectively.



The relation between the generalized forces  τ  that generate work on the Lagrangian coordinates and the actuator forces on the tendons is expressed by Equation (5)


  τ =  J  a c t  T   ( q )   f  t e n d    



(5)




where the vector components are related to the three chosen flexion/extension movements


  τ  =     τ 3    τ 4    τ 6    T  ;   f tend  =     f 3    f 4    f 6    T   



(6)




where  τ ,   f tend  ∈   R  3 × 1    , the terms   f i   are scalars and represent the magnitude of the forces,    [ . ]  T   represents transpose, and    J act   ( q )   ∈   R  3 × 3     is the Jacobian matrix that relates the joint torque vector with the tendon forces applied by the actuators.



The matrix      J T   act   ( q )    is obtained from the equation:


   τ i  =  ∑  j = 1   N F      ∂  p j    ∂  q i    T  ·  f j   



(7)




where   τ i   is the generalized force that acts on the generalized coordinate   q i  ;   p j   is the application point of the force   f j  , that is, the j-th actuator force that makes work on the i-th generalized coordinate.   f j   is computed as:


   f i  =  f i     p  j  u  0   t  −  p  j  d  0   t     p  j  u  0   t  −  p  j  d  0   t         i , j  ∈   3 , 3  ,  4 , 5  ,  6 , 6    



(8)




where   p  j  u  0   and   p  j  d  0    ∈  R  3 × 1     are the position vectors represented in the Newtonian reference frame as shown in Figure 4. For the shoulder, elbow, and wrist flexion/extension case, the generalized forces become (for i   ∈ { 3 , 4 , 6 }  ):


   τ i  =     ∂  p  3 d  0   t    ∂  q i     T  ·  f 3  +     ∂  p  4 d  0   t    ∂  q i     T  ·  f 4  +     ∂  p  6 d  0   t    ∂  q i     T  ·  f 6   



(9)







We want to study the dependency of the value of the generalized forces on varying the parameters    a  3 d    ,    a  3 h    ,    a  3 v    ,    a  4 d    ,    a  4 u    ,    a  6 d     and    a  6 u    . The values of   f 3  ,   f 4   and   f 6   are obtained by inverting the Jacobian matrix    J act   ( q )    that is determined by using Equations (5), (7) and (9).




3.2. Exosuit Anchor Point Location Optimization


With the relation between the three tendon forces and the geometrical parameters of the anchor points, we built an optimization procedure to minimize the cost index defined in (10) for a human-like minimum jerk trajectory—as implemented in [11]—to simulate a smooth, human movement. We designed a cost index as one of the possible functions to minimize the amplitude of the tendons’ pulling force and to take into account its integral effect. We assumed that the efficiency of the transmission system remains constant throughout the exercise and that the friction losses are solely proportional to the cable tension.


  J =  ∫ 0 t    ∑  i    f i 2  d t    ,   i = 4 , 6  



(10)







We used genetic algorithms to find an optimal/sub-optimal solution due to the non-linearity and high complexity of the problem. For the genetic algorithm, we set the initial population of 50 individuals. Each one is characterized by its genes, which refer to optimization parameters. Moreover, each individual of the generation is evaluated by the cost function (Equation (10)), and then the next population is generated by using the   tournament   selection   operator. The   elite   count   and the   crossover   fraction   were set to   40 %   and   0.5  , respectively. We set the maximum number of iterations equal to 100 ×   ( n u m b e r  o f  v a r i a b l e s )  , whereas the   function   tolerance   between two iterations was set to   10  − 6   . As a crossover function, we used the  intermediate  with the  ratio  parameter equal to   0.5  . Finally, the mutation strategy adopted was the   adaptive   feasible   due to the presence of constraints and the possibility of exploring the solution space with a random direction of the mutation process.



Before starting the optimization procedure, we set the values of the known parameters to    R  3 f   = 0.075    m,    R  5 d   = 0.045   m,   a  3 d    =    a 3  2  ,   a  3 h    =    a 3  8  ,   a  3 v    =    a 3  2  . Moreover, the physical limit of the parameters became a constraint for the optimization variable. The optimization converged by proving the parameters in Table 2.



As a result, the effect of decreasing parameter   R 6   results in an increase in force   f 3   and a decrease in   f 2  . Moreover, the parameter   a  6 d    tends to be equal to the upper limit, i.e., the distance between the wrist and the center of the hand. The parameter   a  6 u    tends to be as small as possible and thus as close as possible to the wrist, while parameters   R 6   and   R  5 u    coincide with their own upper limits.



Lastly, it is convenient to have   R  3 f   ,   R  5 d   ,   d  5 d   , and   d  5 u    as large as possible.



The exosuit modeled and simulated in the following subsections was set up by using the results of the presented optimization procedure for a medium size suit.




3.3. Exosuit Design


The design of the exosuit was conceived to merge soft and flexible materials—fabrics and plastic—to wrap around the human arm and transmit forces to its wearer’s skeletal structure. The proposed design comprises three main modules: the shoulder harness, the forearm module, and the hand glove (see Figure 5a). Each proximal module transmits forces to its next distal one through a tendon transmission; thus, when the tendons are tensioned, an assistive torque is delivered to the joint between the two modules. To efficiently apply the forces to the forearm and the hand, we stiffened the two fabric modules with a flexible 3D-printed ABS structure. This solution has already been proven to be effective for the wrist soft exosuit in [14]. In more detail, the forearm module (see Figure 5b) comprises a forearm band made of fabric with a plastic shell sewn on to it. The shell has an ergonomic shape that matches the 3D scan of the forearm of a mannequin with a height of 1.75 m The shell has a threefold purpose: it distributes the pressure due to interaction forces on a larger zone of the forearm, it makes the transmission of forces effective, and it hosts the anchor points and the compact embedded electronics for the local sensors. The anchor points on the forearm are located on a small 3D-printed arch that connects the two sides of the shell. The arch is sewn on to a band that can be tightened around the user’s forearm. The hand module (see Figure 5c) is composed of a glove with flexible and local reinforcements. The 3D-printed shell of the hand was conceived to be ergonomic and to not hinder hand closing/opening. An IMU is installed on the hand dorsum, from which data are retrieved via the embedded board on the forearm. The interaction forces between the exosuit and the user are collected by the compact load cells installed between the distal anchor points and the tendons. The proximal anchor point of the elbow joint is located on the shoulder harness at the level of the arm. Each tendon is wrapped around a pulley and is then routed in a Bowden sheath that is firmly connected between the proximal and distal anchor points.





4. Results and Discussion


4.1. Validation of Simulations


The OpenSim model adopted in this study underwent prior verification conducted by Holzbaur et al. [31] and Saul et al. [32]. Considering that no significant changes were made to the model for these simulations, it was not necessary to perform any further verification to support its use in our experiments.



The virtual IMUs tracked the orientation of the experimental IMUs, with the root mean square errors detailed in Table 3 for both the unloaded and loaded conditions. It is noteworthy that an error associated with the thorax IMU was anticipated and, accordingly, its impact on the inverse kinematics was significantly reduced through down-weighting. Given the reliance on IMU-based measurements and inverse kinematic calculations, as described in [33], we maintain that the computed kinematics remain sufficiently dependable, particularly considering that the primary findings of this study are of a qualitative nature.



The alignment between the recorded electromyography (EMG) data of the specified muscles and the simulated muscle activities exhibits a satisfactory timing consistency for the majority of the targeted muscles, as depicted in Figure A1, Figure A2 and Figure A3. Additionally, shifts in simulated muscle activities during the lifting of a load resemble analogous patterns observed in the majority of EMG measurements taken during the load-lifting task. This correspondence indicates the consistency between the simulated and observed muscle responses during load-related activities.



As both simulated muscle activities and EMG measurements of the muscles are prone to different errors [32,41,42], they should be compared in light of these error sources. First of all, it should be noted that recorded EMG signals are subject to delay, and this must be taken into account when comparing electromyography data with simulated activity data [42]. Second, since the EMG measurements were normalized using the voluntary maximum contractions of each subject, it was not expected that the amplitudes would be similar between simulation and EMG due to the inherent variability that is associated with this normalization. Instead, we expected to observe similar trends in the amplitude of muscle activities when comparing noload to loaded conditions. Further, the static optimization method computes the muscle activation under the assumption of inextensible tendons and does not take into account the contribution of the parallel elastic elements of the muscles, which can result in differences between simulation-based muscle activities and measured EMG data. Lastly, the kinematic tracking error results in arm motions that are slightly different to the motions of the arm during the experiments, which may also be a reason for the difference between the simulations and experiments.



The ratios of RMS and peak torque provided by reserve actuators to the net joint moment across degrees of freedom and simulations were 17.74% and 5.84%, respectively, for the noload condition, while the ratios were 2.54% and 9.71% for the loaded condition. These ratios for the assisted subjects were 0.075% and 0.28%, which is expected, as exosuit actuators provide the required torques to the joints of interest with a lower penalization cost.



Although most of these values are higher than the ratio recommended by Hicks et al. [42], the reserve actuators do not exceed the recommended torques by OpenSim. Although the ratio of the reserve actuator to the joint moment was high in the hand and wrist, a comparison of the muscle activities to EMG measurements demonstrated a similar onset and offset timing; additionally, further analyses of these reserve torques show that most of these torques are injected to satisfy the imposed constraints in the model. The kinematic uncertainty was another cause of the high ratio between the reserve torque and joint moments (e.g., a high wrist deviation would result in a small constraint violation and an injection of force via the wrist deviation ligament, which was compensated for by the torque provided by the reserve actuator of the wrist deviation coordinate). Considering the good agreement of timings between simulated muscular activities and EMG measurements, it was concluded that the contribution of the reserve actuators would not significantly affect the conclusions of this study.




4.2. Exosuit Performance


Through an evaluation of the cumulative energy expended by the muscles, it became evident that the elbow–wrist exosuit effectively reduces the overall energy expenditure of the arm during lifting activities. Further analysis of the muscular energy expenditure within each joint demonstrates the exosuit’s indirect support for shoulder joints while assisting the elbow and wrist. Moreover, the analysis reveals an increase in energy consumption for the muscles encircling the wrist joint due to the assistance torque provided to this joint, as visually presented in Figure 6. To optimize muscle energy expenditure across the entire arm muscle group, it may be advantageous to enhance the activity of select muscles, as the optimization process encompasses a set of muscles and actuators. Consequently, an increase in the activity of certain muscles and the associated higher energy expenditure within the wrist-contributing muscles can yield favorable optimization outcomes by reducing the overall energy consumption of the arm’s muscles. This behavior aligns with findings from simulation-based investigations involving assistive devices [18,20,21].



Although the elbow and wrist actuators exert a similar range of force with 266.50 ± 74.59 and 155.91 ± 68.06 N, the actuating speed range of the elbow actuator (0.17 ± 0.06 rad/s) is relatively higher than that of wrist actuator (0.09 ± 0.02 rad/s). In turn, this results in increased mechanical work on the elbow actuator and an enhanced level of assistance to the elbow joint. Quantitatively, the mean range of power delivered by the elbow actuator is 7.18 ± 4.66 W, while the wrist actuator delivers power with a mean range of 3.13 ± 1.41 W throughout arm motion. As can be seen from the representative profiles of the exosuit in Figure 7, the qualitative force, speed, and power profiles are in accordance with the quantitative analysis of the performance of the exosuit.




4.3. Lifting Load Effect on Arm Kinematics and Dynamics


Since subjects were instructed to follow the visual cues during the experiments for both noload and loaded conditions, the range of motion of coordinates and the kinematics of the joints were similar during arm lifting with and without a load. While the joints are expected to have similar kinematics, the speeds of the joints differ considerably. Comparing the speed of joints indicates that shoulder elevation and rotation coordinates have slowed down by 0.49 ± 0.38 and 0.45 ± 1.07 rad/s. Furthermore, the wrist joint speed has been reduced by 0.39 ± 0.42 and 0.27 ± 0.26 rad/s in wrist flexion and deviation, respectively. Lastly, the elbow flexion and radioulnar pronation/supination speed reduced less than other joints by 0.25 ± 0.48 and 0.17 ± 0.20 rad/s, respectively. The root mean square of joint kinematics is shown in Figure 8 for lifting with and without a hand-held load which confirms the discussed results on the effect of lifting a load on the kinematics and speed of the arm. Additionally, the kinematic and speed profiles of joints are shown in Figure A4 and Figure A5 for a representative subject.



It should be noted that there is significant within-subject variation while performing the task; as we only provided some visual landmarks during the experiments, this variation within the subjects while reaching the visual cues was expected.



It would be intuitively expected that lifting a load, which is carried out primarily in the sagittal plane, would result in greater joint moments in both the elevation and flexion degrees of freedom. The comparison of the joint moments of subjects under two experimental conditions confirms that the results are consistent with expectations, as represented in Figure 9.



The shoulder joint moment was the most affected, with the highest effect on the shoulder elevation coordinate. The median moment for the elevation moment increased from 8.43 (IQR, 4.50) to 18.22 (IQR, 9.2) N-m. The moment of the elbow flexion was also significantly increased from a median of 2.39 (IQR, 0.68) to 8.11 (IQR, 1.2) N-m. Moreover, the moment of wrist flexion, which performed virtually no work during lifting without a load, was significantly increased from 0.26 (IQR, 0.19) to 1.78 (IQR, 0.60) N-m.



As a result of analyzing the kinematics of the task under two different loading conditions, along with the joint moments, it appears that the joints are required to perform significantly more mechanical work to lift a load than lifting an arm without the additional load, with the greatest increase in mechanical work occurring in the sagittal plane. Based on the results of the kinematics and dynamics of these joints, it can be concluded that effective assistance for the elbow and wrist joints can reduce the work that is required to be performed by muscles in these joints.




4.4. Exosuit and Lifting Load’s Effects on Muscle Activities


The elbow–wrist exosuit had a substantial impact on the muscle activity across various arm muscles. It is interesting to note that this effect extended beyond the muscles directly involved in elbow and wrist movements, affecting those associated with shoulder joint movements as well. Figure 10 visually depicts the muscle activation levels in selected arm muscles, with the data normalized as a percentage of their maximum activity (i.e., normalized to 1). These muscles were chosen based on their ability to generate force during the lifting task and their significant contribution to arm motion. Upon analysis of Figure 10, it is evident that lifting a load significantly alters the activation levels of these representative muscles throughout the arm. These findings suggest that shoulder muscles play a crucial role in compensating for the additional load during arm lifting.



The exosuit primarily impacts muscle activities related to the elbow and shoulder joints by reducing their activation levels, while simultaneously increasing the activities of muscles associated with the wrist joint. In particular, the flexor carpi radialis muscle, a major contributor to wrist movement, experiences a significant increase in activity. This heightened activity of the flexor carpi radialis, coupled with the relatively minor effect of assistance on other wrist muscles, results in an overall increase in energy consumption among the muscles responsible for wrist motion.



Furthermore, the assistance provided by the exosuit to the arm alters the coordination of muscles involved in shoulder movements, leading to a more economical recruitment of shoulder muscles during the task. Upon closer examination, it is evident that the activity of the deltoid muscle notably decreases, with the required force being compensated by heightened activity in more energy-efficient muscles such as the infraspinatus and subscapularis.




4.5. Discussion


An evaluation of the exosuit’s performance in providing assistance to the arm has shown that anchor points and therefore the moment arm available to the exosuit to provide moment play a significant role in the device’s effectiveness. It could be inferred from the results that although the anchor points were optimized for a model of the arm, an optimization framework in which both the exosuit and musculoskeletal model are integrated, as proposed in [18], could possibly lead to better results than optimizing the anchor points on the dynamic model of the arm. Specifically, under the constraints of the design, we believe that the anchor point for the wrist may need to be selected with greater care in order to provide more mechanical activity to the joint.



In accordance with our results, the exosuit has the potential to affect the activity of muscles that do not span the assisted degree of freedom, as shown in studies using assistive devices on lower limbs [18,20,21]. It is important, however, to carefully examine this behavior in a study based on experimental data relating to the upper limb.



According to the simulations, the shoulder is also responsible for bearing an important portion of the added load during arm lifting. There is, however, a significant challenge in designing a portable and lightweight shoulder exosuit for assistance, as discussed in [43]. The results of our study, however, suggest that we may be able to reduce the load related to muscles spanning the shoulder during load handling by using an elbow exosuit which, due to its nature, is easier to design and control.




4.6. Study Limitation


The results of simulation-based studies of exosuits need to be interpreted in light of their limitations. As one of the major limitations of this method, the kinematics of the assisted subjects are assumed to remain unchanged from the experimental data. During musculoskeletal simulations, static optimization cannot account for kinematic adaptation due to provided assistance; thus, it is assumed that unassisted and assisted subjects have the same joint moment and kinematics. Similarly, as OpenSim cannot support changes in the dynamic properties of subjects, the exosuit considered for musculoskeletal simulations is assumed to be massless.



It is important to note that the musculoskeletal model and simulation methods in general have certain inherent limitations, as discussed in [32,42], which should be taken into account when interpreting the conclusions drawn from this study.



In addition to the limitations of the musculoskeletal simulations, the experimental method employed in this study is also prone to errors that could impact the outcome of the simulations. As it was discussed earlier, the motion data of subjects were collected using an IMU-based motion capture system, and the kinematics were estimated based on OpenSense. Both IMU-based motion capture systems and estimations of the kinematics are prone to drift and error, which has already been acknowledged.



Although EMG recordings of the muscles that have been used to validate the muscusoleketal simulation are considered the ground truth for the validity of simulations, these measurements are highly sensitive to the placement of the sensor and other environmental effects and therefore, there is a high within-subject variation while measuring them.



Another point to be considered when interpreting the specific results of this work is the small size of the dataset used for calibrating the muscular activation model. Here, the focus of the study was to provide a comprehensive methodology for modeling and simulating the effect of an upper limb exosuit, and hence guiding its design parameters. To validate the specific results obtained in the simulation, a larger dataset is needed to meet the statistical power requirements [44]. Therefore, we used the obtained simulation results to qualitatively evaluate the effect of the exosuit on the musculoskeletal model of the arm and still showed interesting trends in the adopted design solution that were not obvious before.





5. Conclusions


This work presented a framework for the design and simulation of upper limb exosuits, covering all the developmental steps from modeling to optimization and simulation. Although focused on the design of an elbow–wrist exosuit, this framework represents a comprehensive methodology suitable for the design and simulation of other upper-limb-actuated exosuits. The complexity of the upper limb musculoskeletal system is here addressed both through a kinematic model, developed to design and optimize the exosuit layout, and through a complex musculoskeletal model of the upper limbs, developed to simulate device operation and its impact on the muscular activation of the user. Taking into account such a higher level of complexity of the upper limbs is the main advantage of this method with respect to other works adopting a simplified model depending on the actuated DOFs of the developed device.



The proposed framework can be generalized to other soft exoskeleton designs, even though we studied a wrist–elbow exosuit as a case study to contextualize the design process. Different designs can involve other segments (i.e., the shoulder) and in particular other assisted tasks, therefore changing the optimization and the load simulation results. In the developed method, the first step is the implementation of the analytical kinematic model of the arm, which can be transferred to the design of other upper limb exoskeletons, and the definition of the actuated joints and target trajectories. With the proposed approach, optimized anchor points of the soft exoskeleton were found. In the scope of the presented load-lifting task, the minimum jerk trajectory was adopted as the cost function criterion. Then, a musculoskeletal model was developed to simulate the effects of the exosuit on the user, considering all the different muscle units affecting the shoulder, elbow, and wrist. The purpose of this method is to obtain a well-calibrated and comprehensive musculoskeletal model of the user for the given task and then to simulate the effect of the exoskeleton before its actual implementation. The calibration experimental procedure has to be performed based on the desired task, although it is usable for different exoskeleton designs and anchor point optimization procedures. In order to better simulate real muscular activation, the calibration procedure uses experimental EMG and IMU data. Then, the final simulations with the musculoskeletal model can evaluate the effects of the exosuit activation at the level of the different muscle units, and the results can be compared with the unassisted condition. Interestingly, it emerges that not only obvious body segments and muscle units are affected by the exoskeleton activation, but also muscle units in other body districts (i.e., the shoulder) and on other dimensional axes than the planar task trajectories. These effects would not emerge through a simplified simulation reduced to the spatial and joint dimensions of the task. While on the one hand, the obtained model provides interesting insights into the effect of exoskeleton assistance and allows for evaluations at the design stage before prototype implementation, on the other hand, the results have to be considered from a qualitative perspective. Due to the complexity of the model, calibration, and other estimated factors, it is not expected that the model will resemble the precise quantitative behavior of the final prototype.



Together with the optimized layout of the anchor points, we provide a possible implementation of an exosuit at the level of CAD design in order to contextualize the approach within a real use case and its possible implementation. Further development in this direction includes testing a working prototype in order to compare experimental data with simulations. While it is unreasonable to expect a close matching between the results of musculoskeletal simulations and data collected from human-in-the-loop evaluations due to a number of limitations intrinsic to a complex simulation process as discussed above, the use of a more refined model and calibration can reduce this gap. The presented musculoskeletal simulation method has the considerable advantages of providing design guidelines and capturing trends, allowing for a systematic analysis of the consequences of various design decisions before their real-world implementation.
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Appendix A. Simulated Muscle Activities and Measured Electromyography of a Representative Subject under noload and loaded Conditions


The figures presented herein illustrate a comparative analysis between the simulated muscle activities and the electromyographic (EMG) data obtained experimentally for the targeted muscles. These figures aim to compare the timing of muscle activations between the measured EMG data and the simulated muscles. Additionally, the figures compare the changes in muscular activities between no-load and loaded conditions for both EMG and simulated muscle activities.
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Figure A1. Simulated muscle activities and measured electromyography of muscles contributing to shoulder motion in noload and loaded conditions. 






Figure A1. Simulated muscle activities and measured electromyography of muscles contributing to shoulder motion in noload and loaded conditions.
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Figure A2. Simulated muscle activities and measured electromyography of muscles contributing to elbow and radioulnar motions in noload and loaded conditions. 
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Figure A3. Simulated muscle activities and measured electromyography of muscles contributing to wrist motion in noload and loaded conditions. 






Figure A3. Simulated muscle activities and measured electromyography of muscles contributing to wrist motion in noload and loaded conditions.
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Appendix B. Kinematic and Speed Profiles of a Representative Subject’s Joints under noload and loaded Conditions


The following figures illustrate the kinematic and speed profiles of upper limb joints for a representative subject during arm lifting, with and without the additional load of holding a weight in their hand. These figures aim to offer insight into the kinematic variations during arm lifting under different load conditions. Specifically, they demonstrate how the kinematics of a representative subject differ between the two loading conditions.
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Figure A4. Kinematic profiles of shoulder, elbow, and wrist joints during noload and loaded conditions. 
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Figure A5. Speed profiles of shoulder, elbow, and wrist joints during noload and loaded conditions. 






Figure A5. Speed profiles of shoulder, elbow, and wrist joints during noload and loaded conditions.
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Figure 1. (a) The musculoskeletal model, (b) the lifting task used for calibration experiments and simulation, (c) the experimental setup used for calibration of the model. 
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Figure 2. Workflow scheme of the adopted models, summarizing the calibration phase, with the real user and IMU data in the no-load and loaded condition, and the simulation phase, including simulation with exoskeleton co-activation, and verification of the simulations with recorded EMG data. 
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Figure 3. The musculoskeletal model with calibrated virtual IMUs on each body segment. 
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Figure 4. Modeling of the human arm and its interaction with the exosuit. The kinematic chain used for the model (a), the geometrical parameters used for the generalized forces computation (b). 
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Figure 5. Proposed design of the exosuit. Sketch of the whole exosuit (a), views of the 3D-printed forearm module (b), and views of the 3D-printed hand module (c). 
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Figure 6. Energy consumption of muscles contributing to joint motions during noload, loaded, and assisted conditions. 






Figure 6. Energy consumption of muscles contributing to joint motions during noload, loaded, and assisted conditions.



[image: Robotics 13 00060 g006]







[image: Robotics 13 00060 g007] 





Figure 7. Exosuit force, speed, and power profiles for a representative subject. 
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Figure 8. Effect of load lifting on the kinematics of an arm. 
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Figure 9. Effect of load lifting on the arm joint momentum and power. 
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Figure 10. Effect of load lifting and assistance from the wrist–elbow exosuit on the magnitude of activation of arm representative muscles. 
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Table 1. Lenght of the arm, forearm, and hand for the three modeled sizes.
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	Body Link
	Small Size Length (m)
	Medium Size Length (m)
	Large Size Length (m)





	Arm
	   0.30  
	   0.34  
	   0.38  



	Forearm
	   0.23  
	   0.26  
	   0.30  



	Hand
	   0.05  
	   0.06  
	   0.08  










 





Table 2. Optimized parameters for the elbow and wrist for the three selected sizes.
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	Parameter Name
	Small Size (m)
	Medium Size (m)
	Large Size (m)





	   a  6 d   
	0.05
	0.06
	0.08



	   R 6  
	0.035
	0.035
	0.035



	   a  6 u   
	0.01
	0.01
	0.01



	   R  5 u   
	0.05
	0.05
	0.05



	   d  5 d   
	0.23
	0.26
	0.3



	   R  5 d   
	0.05
	0.05
	0.05



	   d  5 u   
	0.3
	0.3
	0.38



	   R  3 f   
	0.075
	0.075
	0.075










 





Table 3. Median and interquartile range (IQR) of the root mean square of the virtual and experimental IMUs’ orientation error.
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	IMU Name
	noload Condition (Median ± IQR)
	loaded Condition (Median ± IQR)





	Thorax IMU
	   0.498 ± 0.14  
	  0.460 ± 0.15   rad



	Scapula IMU
	   0.034 ± 0.01  
	  0.032 ± 0.00   rad



	Humerus IMU
	   0.085 ± 0.02  
	  0.040 ± 0.02   rad



	Radius IMU
	   0.170 ± 0.13  
	  0.226 ± 0.17   rad



	Hand IMU
	   0.156 ± 0.16  
	  0.229 ± 0.18   rad
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