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Abstract

:

Simulation models are a valuable tool for exoskeleton development, especially for system optimization and evaluation. It allows an assessment of the performance and effectiveness of exoskeletons even at an early stage of their development without physical realization. Due to the closed physical interaction between the exoskeleton and the user, accurate modeling of the human–exoskeleton interaction in defined scenarios is essential for exoskeleton simulations. This paper presents a novel approach to simulate exoskeleton motion in response to human motion and the interaction forces at the physical interfaces between the human and the exoskeleton. Our approach uses a multibody model of a shoulder exoskeleton in MATLAB R2021b and imports human motion via virtual markers from a digital human model to simulate human–exoskeleton interaction. To validate the human-motion-based approach, simulated exoskeleton motion and interaction forces are compared with experimental data from a previous lab study. The results demonstrate the feasibility of our approach to simulate human–exoskeleton interaction based on human motion. In addition, the approach is used to optimize the support profile of an exoskeleton, indicating its potential to assist exoskeleton development prior to physical prototyping.
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1. Introduction


Simulation models are useful tools for designing and optimizing exoskeletons by providing insight into their performance and effectiveness. Multibody and control system simulations are used primarily to evaluate the mechanical, actuator, and control behavior of the exoskeleton. Biomechanical simulation based on a human musculoskeletal model helps to understand the effect of the exoskeleton on the human body [1,2,3,4,5,6,7,8]. Due to the close interaction with the user, the user test is a conventional way to evaluate the performance of the exoskeleton. Compared to costly and time-consuming user testing, simulation models allow testing of extreme system configurations without compromising user health. This is especially important when developing rehabilitative exoskeletons for fragile patients. Moreover, simulation-based virtual prototyping reduces physical prototyping costs and iterations.



Exoskeletons interact closely with the human body and their movement is determined by human motion. Therefore, dynamic simulation of the human–exoskeleton interaction, especially the reaction of the exoskeleton to human motion, is crucial for mechanical and control design, as well as for optimization of the exoskeleton. Two groups of approaches can be identified in the literature to model the physical interaction between the human and the exoskeleton.



The first group models the physical human–exoskeleton interaction by importing the 3D model of the exoskeleton into a musculoskeletal human model. These approaches are often used in parametric studies to optimize exoskeleton hardware design [3,4,5,6,7,8] where the exoskeleton segments move with the coupled human model. The design parameters most commonly analyzed are spring stiffness [3,4,5], range of motion (ROM) [6], and material properties [8]. Additionally, the interaction between the exoskeleton and the musculoskeletal human model is also used for user-oriented control optimization [9,10,11]. Several studies model a rigid connection between the exoskeleton and the human model [6,8], where relative movement at the physical interface is not possible. These approaches assume that the human and exoskeleton joints are well aligned [6] or that there is some flexibility in the exoskeleton segments [8]. In other studies, the exoskeleton model is linked to the human model with additional degrees of freedom (DOF) [1,2,4,5,7]. This allows for relative motion between human and exoskeleton segments, thus approximating their connection at the physical interface in real operation. The interaction force at the physical interface is typically determined by contact models between two bodies, which is calculated by a spring-damper force [1,5]. The analysis of this group of approaches mostly focuses on the biomechanical impact of exoskeletons on the human body and helps improve the exoskeleton’s behavior concerning the user. However, using only musculoskeletal simulation has limitations in exploring the technical performance of exoskeletons, such as the robustness of the mechanical components and the computational efficiency of the controller.



The second group of approaches focuses on the technical behavior of the exoskeleton in interaction with humans. Mosconi et al. use human joint movements directly as the joint movements of the exoskeleton under the assumption of perfect joint alignment between humans and exoskeleton [12]. Chen et al. use a mathematical model to calculate the trajectory of the human foot for the dynamic simulation of a lower extremity exoskeleton [13]. Simplified 2D planar human models with rigid segments are often constructed for the dynamic simulation of the lower extremity [14,15]. Most approaches in this group build a 3D kinematic human model with rigid segments and couple it to the exoskeleton multibody model [16,17,18,19,20]. To reduce computational costs, these human models mostly use simplified kinematics and have a limited ability to mimic real human motions. The literature shows that it is important to simulate the behavior of the exoskeleton in response to human motion since the movement of the exoskeleton depends primarily on the motion of the user. However, building a human model within the exoskeleton simulation to mimic real human motion requires extensive effort.



The challenge of merging two models into a unified, monolithic simulation model without compromising their detailed representations is common for both groups of approaches discussed above. Therefore, there is a strong need for approaches that allow the simulation of exoskeleton behavior and human motion in a distributed but coordinated manner. In the domain of distributed simulation, the “gluing perspective” has demonstrated efficacy in establishing cohesive interactions between individual simulations of multibody systems [21,22,23]. To extend this to simulating exoskeleton behavior separate from the human model, an approach is needed that connects human motion to exoskeleton simulation and incorporates the physical interaction between the exoskeleton and the human body.



The present study addresses this need and introduces a novel approach to the dynamic simulation of exoskeleton behavior in response to realistic human motion. Our approach seamlessly integrates human motion into the exoskeleton simulation, avoiding the need to embed a human model. Furthermore, our approach allows us to simulate the realistic movements of the exoskeleton arms and interaction forces resulting from the relative motion between the user and the exoskeleton. A real shoulder exoskeleton is used as an example for the development and validation of this approach.




2. Human-Motion-Based Approach for Exoskeleton Simulation


The presented approach is developed for simulative evaluation and optimization of exoskeleton behavior based on human motion, especially for the early stage of exoskeleton development, when a physical prototype is not available. As mentioned in the introduction, the motion of an exoskeleton is highly dependent on the motion of the user, and it is beneficial to simulate the behavior of the exoskeleton in response to human motion. Our approach constructs a human-motion-based exoskeleton simulation model that consists of three key elements (see Figure 1): a multibody model to describe the technical details of the exoskeleton, an interface to import human motion in the form of marker positions, and a human–exoskeleton interaction model to simulate the physical contact between the user and the exoskeleton as well as their interaction forces. In this way, no additional digital human model is required within the exoskeleton simulation model for human motion generation to realize human–exoskeleton interaction. The required human motion can be acquired by a motion capture system or simulated in a musculoskeletal human model. The multibody model is derived from the CAD design of the exoskeleton.



To validate the feasibility of this approach, this work uses a real shoulder exoskeleton Lucy [24] as an example to develop the human-motion-based simulation model, so that experimental data from user testing can be collected for comparison with the simulated data. The validation method is described in Section 3. The procedure for evaluating and optimizing the exoskeleton’s support profile for a specific task using this human-motion-based simulation approach is demonstrated as an example in Section 4. The results of the validation and the task-specific optimization are presented in Section 5.



2.1. Multibody Model of a Shoulder Exoskeleton


The shoulder exoskeleton Lucy is developed to assist users in raising and holding the arm for work at head level or above. The multibody exoskeleton model is built in MATLAB Simscape R2021b (MathWorks Inc., Natick, MA, USA), based on the CAD model of the exoskeleton Lucy built in SolidWorks 2022 SP 5.0 (SolidWorks Corporation, Concord, MA, USA). The key mechatronic features of Lucy are replicated in the multibody model, such as the joints’ range of motion (ROM), the possible mechanical adjustments, and control settings. The multibody model retains one active joint and two passive joints (red and blue curved arrows in Figure 2) in each exoskeleton arm, as well as three possibilities for individual adjustments in mechanical structure (yellow arrows in Figure 2). The model uses human anthropometric data such as upper arm length, shoulder width, and torso length to parameterize the position of the armrests, the shoulder bars, and the lap belt. Virtual sensors are added to the two active joints to measure the angular movements of the exoskeleton arms, which are used by the control model to determine the pressures for actuating the two pneumatic cylinders. A mathematical model derived from the technical characteristics of the cylinder is used to calculate the cylinder force. Cylinder forces create supporting moments at the active joints of each exoskeleton arm, helping to lift the human arm. Meanwhile, passive joints increase the degree of freedom of the shoulders. The control model contains the parameters for the support level and the support profile in relation to arm movement and the work task. The support level is the percentage of the maximum available cylinder force: 0% means that the exoskeleton is not providing any support, while 100% means that the exoskeleton is operating at full power of 7.8 N·m peak support torque with 6 bar supply pressure.




2.2. Interface to Human Motion


To simulate the movements of the exoskeleton arm, the upper arm movements of the user are required. The movements of the upper arm are imported into the exoskeleton multibody model through the positions of four virtual markers (humerus_rup, humerus_rdn, humerus_lup, humerus_ldn in Figure 3a) from a digital human model (DHM) [25] in OpenSim 4.3 (OpenSim, Stanford, US). It is a genetic full-body model built from partial models that specify the general musculoskeletal geometry of different parts of the human body. Its upper extremities are modeled by Holzbaur et al. [26] with 15 degrees of freedom for the shoulder, elbow, forearm, wrist, thumb, and index finger. The kinetic simulation of the DHM is based on the motions recorded by a motion capture system (Vicon Bonita, Oxford Metrics Ltd., Oxford, UK) during a previous lab study [27]. The marker placement follows the Vicon guide for the full-body model [28].



The global coordinate systems (GCSs) of the human and exoskeleton models are different. In addition, the exoskeleton moves and rotates with the user, while the exoskeleton model is fixed to its GCS. Thus, the marker positions described in the GCS of the human model need to be transformed into a defined local coordinate system (LCS) for the exoskeleton model. Two reference points are defined on Lucy (see Figure 3b below) to define the LCS: Lucy_MC is the origin of the LCS, and Lucy_Mleft defines the direction of the x-axis of the LOS. Lucy_MC is on the middle line of Lucy, which should align with the spine of the user. Lucy_Mleft and Lucy_MC build a line along the shoulder bar, which is parallel to the user’s shoulder. In the previous study mentioned above, two markers are physically placed on the reference points on Lucy, and their positions are recorded by the motion capture system and then imported into the DHM. Alternatively, as shown in Figure 3b above, they can be virtually placed in the DHM by simply attaching the 3D model of the exoskeleton as a whole to the DHM without modeling each individual joint of the exoskeleton.



The marker positions from OpenSim are transformed from the GCS in the human model to the defined LCS in the exoskeleton model in three steps. First, the marker positions are translated from the origin of GCS to the origin of LCS through a translation matrix:


  T =         1   0   0     0   1   0     0   0   1           − x   M C       −   y   M C         − z   M C             0   0   0      1      .  



(1)




where   (   x   M C   ,     y   M C   ,     z   M C   )   is the position of Lucy_MC in GCS of DHM. Second, the rotation of the LCS following the upper body movements, e.g., rotation and lateral flexion, is determined by calculating the rotation matrix     R   1     to align the vector   v   (from Lucy_MC to Lucy_Mleft) (the orange vector in Figure 4a) to the x-axis of the LCS.     R   1     is computed by two MATLAB functions: (1) the function vrrotvec determines the rotation axis   u   and the angle   α   that rotates around the axis   u   (see Figure 4a left); (2) the function vrrotvec2mat converts the rotation axis   u   and angle   α   into rotation matrix     R   1    :


    R   1   =     cos  ⁡  α     I +     sin  ⁡  α       u  ^  + ( 1 −   cos  ⁡  α   ) u ⨂ u .  



(2)







Finally, to ensure that the y-axis of the LCS in the exoskeleton model is parallel to the y-axis of the GCS in the human model when the human is standing upright in the neutral position, a rotation on the x-axis of the LCS is required (see Figure 4b). To determine the rotation angle   θ   (see Figure 4b) around the x-axis, an additional marker T10 placed in the 10th thoracic vertebra is introduced. The second rotation matrix     R   2     is given by:


    R   2   =      1   0   0     0     cos  ⁡  θ     −   sin  ⁡  θ       0     sin  ⁡  θ       cos  ⁡  θ        .  



(3)







The final transformation is summarized as follows:


            x   L C S         y   L C S         z   L C S          1      =   R   2   ·   R   1   · T ·           x   G C S         y   G C S         z   G C S          1      ,  



(4)




where   (   x   G C S   ,     y   G C S   ,     z   G C S   )   is the marker position in GCS of DHM, and   (   x   L C S   ,     y   L C S   ,     z   L C S   )   is the transformed marker position in LCS of the exoskeleton model. The transformed positions of all the markers mentioned above are imported into the exoskeleton model in Simscape using bushing joints with the LCS at Lucy_MC as the base frame.




2.3. Human–Exoskeleton Interaction Model


Because the human–exoskeleton interaction at the arm interfaces, including the armrest and arm strap (see Figure 2, at right, with label), is critical for the movements of the exoskeleton arm and the support torque, the interaction model focused on modeling the physical contact between the human upper arm and the exoskeleton arm interface, as well as the resulting interaction force. For this purpose, the entire arm interface is modeled as a tube, while the part of the human upper arm connected to the exoskeleton is modeled as a sphere inside the tube (see Figure 5). The contact force between the upper arm and the armrest is then implemented by the Sphere to Tube Contact Force model from the Simscape Multibody Contact Force Library [29]. The tubes are attached to the armrests by rigid transform blocks in Simscape. The motions of the spheres are driven by the transformed positions of markers humerus_rdn and humerus_ldn on the upper arms (see Figure 5). To mimic a proper connection between the upper arm and the exoskeleton without compressing the skin, the inner radius of the tube is set equal to the radius of the sphere. Due to the softness of the muscles and fabrics at the arm interface, small movements of the upper arm are still allowed inside the arm interface. Thus, a Cartesian joint with three linear degrees of freedom (DOFs) is connected between the sphere (human upper arm) and the tube (arm interface of the exoskeleton), with no specified limits in each DOF.



The static and kinetic friction coefficients are set at 1 and 0.8, respectively, thus simulating fabric-to-fabric friction [30] between the cloth and the fabric surfaces of the arm interface. The contact force law of the model is set to linear with a stiffness of     10   3     N/m and a damping of 10 N/(m/s) after tuning according to library recommendations [29]. The model calculates the contact force between the sphere and the tube caused by their relative motion and applies the force to both, resulting in changes in their motion. This allows the exoskeleton arm to follow the movement of the upper arm in the simulation, with or without the support of the cylinders, just as the system Lucy does in the real world. The coordinate system of the interaction force acting from the tube to the sphere is defined in Figure 5. The z-component of the force is regarded as the interaction force in this paper for the following validations and analysis. When the user raises the arms and the cylinders are off, i.e., no support, the simulated interaction force is negative because the user must work against the weight of the exoskeleton arm. When the arms are raised with support from the cylinder, a positive interaction force occurs in the simulation.





3. Validation of Human-Motion-Based Simulation Approach


Two groups of simulations are conducted, summarized in Table 1, for the validation of the human-motion-based simulation approach. Motion data of three participants (P1–P3) from the previous lab study of the exoskeleton Lucy [27] are used as input for the simulations. In the lab study, two overhead tasks (T1 and T2) with a screwdriver are defined. Task T2 is more demanding on the shoulder and wrist than task T1. Both tasks are carried out under three conditions: (S0) do not wear the exoskeleton Lucy, (S50) set Lucy at 50% of its maximum power, and (S100) set Lucy at 100% of its maximum power [27]. According to this setting, each group of exoskeleton simulation contains 12 simulation cases: 3 participants × 2 tasks × 2 supported conditions (S50, S100). The only difference between the two groups is the motion input of the simulation. Simulation group 1 uses the human motion from the same supported conditions (S50/S100), while simulation group 2 uses only the human motion from the unsupported condition (S0). For example, case P1T1S100 simulates the behavior of the exoskeleton in response to the motion of participant P1 while performing task T1. The support level of the exoskeleton model is set to Lucy’s full power. Simulation group 1 uses P1’s motion captured under condition S100 in the lab study, while simulation group 2 uses P1’s motion captured under condition S0.



The validation of the human-motion-based simulation approach is conducted in two levels, summarized in Table 2. The first level aims to verify whether this approach can reproduce the exoskeleton behavior in response to the human motion recorded with the support of Lucy. At this level, simulated exoskeleton arm motions and the interaction forces from simulation group 1 are compared with the measured data from the same supported condition (S50 or S100) of the lab study. Besides the qualitative comparison of the curves, Mean Absolute Error (MAE) and Root Mean Square Deviation (RMSD) are calculated to quantitatively measure the deviation between the simulated and measured variables. To ensure comparability of the simulated and measured data, all simulations use the system setup documented in the lab study for the exoskeleton model, including the length of the shoulder bar, the position of the armrest, and the air pressure of the power supply. The elevation angle of the exoskeleton arm is recorded by the datalogger on Lucy during the lab study. The interaction force between the dominant upper arm and the arm interface is measured by a pressure sensing mat (X3 Pro System, LX205:50.100.10, Xsensor Technology Corporation, Calgary, AB, Canada). The screwdriver is held by the dominant hand, which is on the right for P1 and on the left for P2 and P3. Additionally, the plausibility of passive joint movements is also verified by comparing the simulation animation with the corresponding video recording from the lab study of the same motion cycle at the same time stamp.



The second validation level aims to evaluate the feasibility of the presented approach to simulate human–exoskeleton interaction based on human motion recorded without the use of the exoskeleton. This is important for simulative evaluation and optimization of exoskeletons in the absence of a physical prototype. For this purpose, the simulated variables from simulation group 1 are compared with those of the corresponding conditions from simulation group 2. The comparison is made qualitatively in terms of the shape and progression of the curve. For a quantitative comparison, the average differences between the results of simulation groups 1 and 2 are calculated. The key question for this level of validation is whether the simulation results are affected by the motion input from different conditions. If so, how critical is this to the simulative analysis of the exoskeleton’s behavior? To answer this question, the simulated shoulder elevation angles from the DHM are additionally considered in the comparison.




4. Simulative Optimization of the Support Profile


To demonstrate the application potential of the human-motion-based simulation approach, this section presents the methodological procedure for evaluating and optimizing the exoskeleton’s support profile for specific tasks using this approach, exemplified by the Lucy system and the two tasks described in the previous section. A solution for task-specific optimization is derived from the evaluation analysis and virtually implemented in the exoskeleton simulation model. The results of the optimization are presented in the next section.



First, the simulated support torques (T_supp.) in both tasks (T1 and T2) under condition S100 are compared to the shoulder elevation torques (T_shld.) from the DHM (see Figure 6). The shoulder elevation torques are simulated in DHM based on the human motions captured in T1S100 and T2S100 with task-related loads but without the support of the exoskeleton. The task-related loads refer to the weight of the screwdriver and the force the user applies to the screwdriver while screwing [31]. The curves show that the shoulder elevation torques (T_shld.) increase in proportion to the shoulder elevation angles (shld.elv.) and jump to even higher values in the screw-in phase on the dominant side holding the screwdriver. Higher workloads in T2 than in T1 are confirmed by the shoulder elevation torques of the dominant side during phase screw-in. Compared to the simulated support torque, an increased support torque for the dominant side, especially during the screw-in phase, has a high potential to reduce further physical stress for the user, which is confirmed by the perceptions of the participants in the lab study [27]. This requires a more powerful cylinder, as the current one allows a peak support torque of 7.8 N·m at the active joint with 6 bar supply pressure. Considering force, weight, dimensions, and technical feasibility, a new cylinder providing a peak support torque of 12.8 N·m at 6 bar is selected and implemented in the exoskeleton model. Since the kinematic change caused by the new cylinder is small and this study focuses on the optimization potential of the support profile, the 3D models of the exoskeleton arm and the cylinder are not updated in the current multibody model of the exoskeleton.



To detect the work phases and adjust the exoskeleton support according to the detected work phases, a state machine is integrated into the control model (see Figure 7). The arm lifting and lowering phases are detected by the elevation angle and angular velocity of the exoskeleton arm. The phase screw-in is detected by the current of the screwdriver [27] and imported as an external signal into the exoskeleton model. A Support Factor is used to adjust the exoskeleton support. It is a percentage of the maximum support level set via the user interface. The motion detection thresholds and Support Factor are determined based on simulation tuning. The results of the optimized simulation tuning and the support profiles for each task are presented in the next section.



Besides the workload variation between the two tasks and between the working phases, the curves of shoulder elevation torque in Figure 6 also show a difference in amplitude between individuals, related to differences in arm weight and individual push force on the screwdriver. The optimization of the support profile for each individual is possible but not addressed in this work, as the optimization of this work focuses on the workload pattern of each task in terms of the human motion and effort required to tighten the screws. However, it is still possible to scale the overall amplitude of the support profile through the personal setting of the support level.




5. Results


The findings of the two validation studies as well as the optimization study are presented in three subsections. First, a comparative analysis of simulated and measured variables assesses the ability of our approach to represent exoskeleton behavior in response to realistic human motion. Subsequently, the feasibility of our approach for virtual prototyping of exoskeletons prior to physical realization is examined by comparing simulation outcomes based on human motion supported by the exoskeleton and without wearing the exoskeleton. Lastly, the results of the task-specific optimization of the support profile are presented, illustrating the practical use of our approach in the refinement of the exoskeleton control design.



5.1. Comparison of Simulated and Measured Variables


The feasibility of the present model as well as the human-motion-based simulation approach is first verified in two aspects: (1) the exoskeleton motion in response to human motion in respective supported conditions S50/100; (2) the interaction force between the dominant arm and the arm interface.



5.1.1. Exoskeleton Motion


The two passive joints on each exoskeleton arm are critical to the range of motion of the user’s shoulder and, therefore, affect the user’s comfort. Their movements also influence the elevation angle of the exoskeleton arm (active joint). Thus, the passive joint movements are examined first. In response to the human motions in both supported conditions (S50, S100), the simulated passive joint movements from the animation are very similar to the movements in the corresponding videos from the lab study. An example of comparing frames at the same moment of human motion in the animation and the corresponding video is shown in Figure 8. A video demonstration, including simulation animations and the video recording of the lab study, is available in the Supplementary Materials.



The curves of the simulated elevation angles of the exoskeleton arm match those measured during most of the motion (see Figure 9), especially during the work phases of arm lifting, screw-in, and lowering, where support is desired. In some cases, e.g., T1S50 and T1S100 of P1, there is a noticeable difference between the simulation and the measurement when the upper arm is near neutral and not elevated. The MAE and RMSD between the simulated and measured elevation angles of both exoskeleton arms are 4.8° and 7.1° for all simulation cases. Considering only the movements that require support in all cases, from the beginning of arm lifting to the end of arm lowering, the MAE and RMSD are 3.7° and 6.0°, respectively. These MAE and RMSD values are acceptable for the overhead position with shoulder elevation above 90°.




5.1.2. Interaction Force at Arm Interface


The simulated and measured curves of the interaction forces are similar in shape, and both are proportional to the arm elevation angle during the work phases of arm lifting, screw-in, and arm lowering (see Figure 10). The MAE and RMSD are 4.3 N and 5.6 N, respectively, between the simulated and measured interaction force on the dominant side. An outlier is observed in the T1S50 measurement of P3, indicating poor contact between the upper arm and the armrest, which cannot be replicated by the simulation model. The presented simulation of human–exoskeleton interaction is performed under the assumption that the upper arms are in good contact with the arm interfaces. In certain cases, e.g., T1S50 and T2S50 of P1, the measured interaction force is clearly higher than the simulated one during the phase screw-in (between the two black lines in Figure 10). This may be relevant to the participant’s push force on the screwdriver to tighten the screw, which is not part of the simulation here. At the beginning of the arm lowering phase, when the user pushes down the exoskeleton arm, a jump in interaction force is observed in both simulated and measured values. However, the jump in the measured force is more significant than the jump in the simulated force, e.g., T1S100 and T2S50 of P3. A large difference between simulated and measured force is also observed in some cases, e.g., T1S50 and T2S50 of P2, when the upper arm is close to its neutral position and the cylinder is inactive. The interaction model assumes that the contact force between the upper arm and the arm interface is zero when the arm elevation is zero. However, this is not always the case in practice, as shown by the measurement data.





5.2. Comparison of Unsupported and Supported Motion Simulation


The core of the second validation study is to verify the feasibility of the present simulation approach for virtual prototyping of an exoskeleton with human motion without wearing the exoskeleton. In comparison to simulations using human motion from supported condition (S0), those based on human motions from unsupported conditions (S50/100) provide equivalent insights into the exoskeleton’s behavior. The same relationship with shoulder elevation is seen in the curves of the exoskeleton arm elevations and the interaction forces in Figure 11 and Figure 12. Since the duration of each recorded motion cycle is slightly different, the results are time-normalized for comparison. The variance in simulation outcomes between supported and unsupported human motions can be attributed to differences in shoulder elevations observed in these respective conditions. These differences are most apparent during the screw-in phase. Since the elevation angles and interaction forces are nearly constant during the screw-in phase, the average differences in their mean values are calculated. During the screw-in phase, the average difference in exoskeleton arm elevations simulated by supported and unsupported motion is 8.3°. This is almost equal to the variance in shoulder elevation in these respective conditions at 8.2°. What is striking in Figure 11 is that the user’s shoulder reaches a higher elevation angle than the exoskeleton arm under the same conditions, with an average difference of 13.8° during the screw phase. This highlights the importance of simulating the exoskeleton in response to human motion, rather than copying human joint motion directly to the exoskeleton joint.



Interestingly, the interaction forces at the arm interfaces in response to human motion in the conditions S0 and S50/100 are not as obviously different as in the elevations of the exoskeleton arms (see Figure 12). The average difference in the mean interaction force on both sides during the screw phase is 0.66 N between the simulations with supported and unsupported human motion. The difference in interaction force is most noticeable in cases P1T1S100, P1T2S100, and P3T1S100, where the difference in exoskeleton arm elevation between conditions is visibly greater than the difference in shoulder elevation.




5.3. Task-Specific Support Profile


After validation, the current simulation model is used to optimize the support profile for two specified tasks to demonstrate its application potential in the exoskeleton development process. As a result of the simulation tuning, the Support Factor switching according to motion and screw detection is shown in Figure 13 using P3 as an example. The implemented state machine has the capability to recognize the beginning and end of the arm lifting and lowering phases according to the elevation angle and angular velocities of the Lucy arms. The task-specific Support Factors for the key work phases and both sides of the arm are summarized in Table 3. The Support Factors are percentages in decimal form. For example, a factor of one means 100% power of the current support level. The optimizations here are simulated at 6 bar supply pressure, providing a maximum force of 482 N for the new cylinder. At the same pressure, the current cylinder force is 60% of the new cylinder force. The Support Factor for lifting the dominant arm is set higher than for lifting the non-dominant arm due to the weight of the screwdriver. A higher Support Factor is established for the screw-in phase when an increase in shoulder elevation torque is observed. It should be noted that the pressure force in T2 to tighten the screw is applied by both hands, although an increase in the simulated shoulder elevation torque is only seen in the dominant arm. In the DHM simulation, the entire push force is applied to the dominant side because the distribution of the push force between the two hands could not be determined in the previous lab study due to the limitations of the measurement system. For the arm lowering phase, the factor is reduced following the evaluation results from the laboratory study, as explained in Section 4.



As exemplary results of the task-specific optimization, the simulated supporting torques for both tasks based on the motion of P3 are shown in Figure 14. The optimized support torque curves (T_opt.supp.) show a closer match to the curves of shoulder elevation torque (T_shoulder) in terms of work phases when compared to the support torque before the optimization (T_supp.). This is consistent with the design expectations outlined in Section 4. The effect of the optimized support profile on the human body compared to the previous one needs to be investigated in future work in a DHM.





6. Discussion


6.1. Comparison of Simulated and Measured Variables


The similarity between simulated and measured data confirms that the presented exoskeleton model and the simulation approach can reproduce plausible exoskeleton motion and the interaction forces at the arm interfaces, responding to human motions from the same supported condition. The MAE (4.8° for the full motion cycle and 3.7° only for work phases where support is desired) and RMSD (7.1° for the full motion cycle and 6.0° only for work phases where support is desired) between simulated and measured exoskeleton arm elevations are acceptable for the selected shoulder exoskeleton because its primary target support posture is with the shoulder elevated above 90°. This posture has been identified as a high potential risk for muscle fatigue [32,33,34]. Moreover, the resulting variation in support force caused by this deviation in exoskeleton arm elevation is barely perceived by the user. The deviation between the simulated and measured elevation angle of the exoskeleton arm when the upper arm is close to neutral is allowable for this work because the support profile and range of motion are not affected. If the movements of passive joints need to be validated, additional joint sensors can be added to the exoskeleton in the future.



Considering the theoretical support force, the amplitude of the simulated interaction force and its relationship to shoulder elevation are reasonable. The difference between the simulated and measured interaction forces is influenced by the limitations of both the measurement and the model. The measurement is sensitive to inadequate contact at the arm interface and external environmental forces, such as the participant’s push force on the screwdriver during the screw-in phase. The influence of the push force is not addressed here, as the primary focus of the current study is on the exoskeleton’s behavior in response to human motion. In this work, the interaction at the arm interface is modeled as a point contact between solid bodies. It does not accurately reproduce the deformation of the fabric padding at the arm interface and the soft tissues of the human arm, potentially influencing the interaction force. Furthermore, the point contact model assumes constant contact between the upper arm and the physical interface of the exoskeleton. In practice, however, the contact area varies, and the center of the contact area shifts as the user moves. To address these issues, the contact force model of soft bodies with the full contact force should be considered in future work. Moreover, appropriate measurement technology is expected in future work to validate friction and shear forces at the arm interface, which are crucial to user comfort.




6.2. Comparison of Unsupported and Supported Motion Simulation


The comparison of the simulation results with unsupported and supported human motion proves the feasibility of the human-motion-based simulation approach in replicating realistic exoskeleton behavior using human motion without wearing it. This allows not only the pre-development of a new exoskeleton concept prior to its physical implementation, but also the virtual evaluation of an exoskeleton’s application potential for new use cases. The differences between simulation outcomes using unsupported and supported human motion are highly dependent on the variances in the input human motions. It is important to note that the current model cannot simulate changes in human motion caused by exoskeleton support. This is not critical for the Lucy exoskeleton, as a previous study with a sample size of 30 showed that there were no significant changes in shoulder elevation with its support [35]. If the effect of the exoskeleton on human kinematics is unknown, it should be noted that a change in human motion may be observed during the physical implementation and testing of the exoskeleton. Predicting changes in human motion due to exoskeleton support is a potential challenge to be addressed in future work, especially if the changes are crucial to the control design. Dynamic reflex or response models that describe the human response to external forces while attempting to maintain stability could be explored as valuable candidates [10,36,37]. The results also reveal differences between shoulder elevation and the elevation of the exoskeleton arm, emphasizing the positive aspect of the proposed approach in achieving more realistic exoskeleton motion compared to directly applying human joint motion to the exoskeleton joint.




6.3. Task-Specific Support Profile


The simulative optimized support profiles demonstrate the potential of the current exoskeleton model and simulation approach to adapt the exoskeleton support profile for desired tasks using simulated user physical effort (e.g., shoulder elevation torque) and task process information (e.g., screw events). This allows for human-centered and task-specific optimization of the exoskeleton before its physical implementation, eliminating the risk and hassle of testing with human participants. The effect of the optimized support profile on the human body can first be investigated using a DHM. Nevertheless, achieving a smooth user experience requires individualized fine-tuning, a process that cannot be replicated through simulation alone. In addition, motion detection thresholds may need to be adjusted to account for the difference in noise between the simulation results and real sensor data.



Additionally, there are some other limitations of the current model, which can affect the results of the simulative optimization. Kinesthetic and cognitive user responses to the exoskeleton support are difficult to predict and cannot be addressed in the current simulation model. However, kinetic motion prediction can be considered as a compromise in future work. The current exoskeleton model does not simulate body sway, which could affect control decisions for tasks involving forward bending. An inverted pendulum model [38,39,40] could be considered to incorporate upper body motion into the exoskeleton model. In addition, there are typical deviations when translating real human motion to the model, whether it is the scaling of the model, the position of the markers on the model, or the relative motion caused by the influence of soft tissue. These deviations between the real human motion and the recorded or simulated human motion can affect the simulation results of the present model, since it is based on the recorded and simulated human motion.





7. Conclusions


This work has presented a novel approach to simulate exoskeleton behavior in response to human motion imported through marker positions. The main advantage of the presented approach is the ability to simulate the physical human–exoskeleton interaction without building a DHM in the exoskeleton model and the ability to simulate realistic exoskeleton movements based on human motion. In this paper, the simulations are performed using marker positions from a DHM. However, the presented approach also works with marker positions directly from a motion capture system if the markers are placed at the required positions. The results indicate that the presented modeling and simulation of the shoulder exoskeleton and its interaction with the human body are promising for the simulation analysis of exoskeleton behavior. This verified simulation approach is suitable not only for the task-specific evaluation and optimization of existing exoskeletons but also for the pre-development of new exoskeleton concepts in advance of physical realization.



To improve the capability of this approach for simulating human–exoskeleton interaction, further research should address the challenge of predicting changes in human motion caused by exoskeleton support and extending the current contact model to surface contact and soft bodies. The friction and shear forces should also be validated in the future to address user comfort in the simulation. The next step in the simulation-based optimization of the exoskeleton Lucy is to update the new cylinder in the multibody model to analyze the potential changes to the exoskeleton kinematics and its interaction with humans. In addition, the effect of the optimized support profile on the human body will be investigated in a co-simulation model combined with a DHM and compared with the current one.
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Figure 1. Human-motion-based approach for exoskeleton simulation. 
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Figure 2. The exoskeleton Lucy (right) and its multibody model in MATLAB Simscape R2021b (left). 
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Figure 3. Virtual markers for importing the upper arm movements from DHM into the exoskeleton model: (a) four markers on the humerus for motion input, the suffix “rup” stands for right-up, “ldn” for left-down, and so on; (b) two markers on the exoskeleton Lucy as reference points for the LCS. 
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Figure 4. (a) The first rotation (    R   1    ) to align the vector   v   to the x-axis of the LCS; (b) the second rotation (    R   2    ) around the x-axis of the LCS. 






Figure 4. (a) The first rotation (    R   1    ) to align the vector   v   to the x-axis of the LCS; (b) the second rotation (    R   2    ) around the x-axis of the LCS.



[image: Robotics 13 00027 g004]







[image: Robotics 13 00027 g005] 





Figure 5. Contact modeling between exoskeleton arm interface and human upper arm, left side as an example, with the coordinate system of the interaction force acting from the tube to the sphere. 
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Figure 6. Torques for shoulder elevation (dashed lines) without support of the exoskeleton and the supporting torques (solid lines) from the exoskeleton with 100% support level, red for the right and blue for the left side. Shoulder elevations in dotted lines as reference for the user’s arm movement, as well as solid and dash-dotted black lines for the start and end of the screw-in phase, respectively. For graphic titles, P: Participant; T: Task. 
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Figure 7. State diagram for adjusting the exoskeleton support according to the work phases. 
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Figure 8. Comparison between simulation animation and lab video recording of case P1T1S100, lateral views of the exoskeleton’s two passive joint movements at two different positions of the right upper arm: (a) shoulder elevation angel of 39° at 1 s of the motion cycle, (b) shoulder elevation angel of 129° at 6 s of the motion cycle. 
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Figure 9. Simulated elevation angles (solid lines) of the exoskeleton arms in comparison to the measured ones (dashed lines), red for the right and blue for the left side. For graphic titles, P: Participant; T: Task; S: Support Level. 






Figure 9. Simulated elevation angles (solid lines) of the exoskeleton arms in comparison to the measured ones (dashed lines), red for the right and blue for the left side. For graphic titles, P: Participant; T: Task; S: Support Level.



[image: Robotics 13 00027 g009]







[image: Robotics 13 00027 g010] 





Figure 10. Simulated interaction force (solid red lines) between the dominant arm and the arm interface compared to the measured force (dashed blue lines). Shoulder elevations in dotted yellow lines as reference for the user’s arm movement, as well as solid and dash-dotted black lines for the start and end of the screw-in phase respectively. For graphic titles, P: Participant; T: Task; S: Support Level. 
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Figure 11. Comparison of simulated elevation angle of exoskeleton (Exo.) based on unsupported (S0) and supported (S50/100) motion, paired with shoulder elevation angle (Shld.) from unsupported and supported motion. Solid lines represent angle curves for S0 condition and dashed lines for S50/100 condition. Red and blue indicate the right and left arm elevations of the exoskeleton, black and yellow indicate the right and left shoulder elevations of the user. For graphic titles, P: Participant; T: Task; S: Support Level. 
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Figure 12. Comparison of simulated interaction force at arm interface based on unsupported (S0) and supported (S50/100) motion. Solid lines represent angle curves for S0 condition and dashed lines for S50/100 condition. Red for the right arm, blue for the left. For graphic titles, P: Participant; T: Task; S: Support Level. 
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Figure 13. Switching the Support Factor (dashed lines) according to the work phases in T1 and T2, in the example of P3, blue for the left and red for the right side. Elevation angle of the exoskeleton arm (elv.) in dashed line, angular velocity (V_elv.) in solid line. For graphic titles, P: Participant; T: Task. 
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Figure 14. Optimized support torques (T_opt.supp.) for both tasks compared to shoulder elevation torques (T_shoulder) and support torques before the optimization (T_supp.), in the example of P3. For graphic titles, P: Participant; T: Task. 
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Table 1. An overview of the two simulation groups.
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	Simulation Group 1
	Simulation Group 2





	participants
	P1–P3
	P1–P3



	tasks
	T1, T2
	T1, T2



	support conditions
	S50, S100
	S50, S100



	motion input
	human motion from the respective supported conditions S50 and S100
	human motion from unsupported condition S0



	number of

simulations
	12
	12










 





Table 2. The two validation levels.
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	Validation Level 1
	Validation Level 2





	research question
	Is this approach able to reproduce the exoskeleton behavior in response to the human motion recorded with the support of the exoskeleton?
	Is this approach suitable for exoskeleton simulation interaction based on human motion recorded without wearing the exoskeleton?



	comparison group
	simulated data based on supported conditions (S50/S100) vs. measured
	simulated data based on unsupported (S0) vs. supported (S50/100) motion



	compared

variables
	
	-

	
elevation angle of the exoskeleton arm




	-

	
interaction force at the arm interface on the dominant side




	-

	
movements of the two passive joints






	
	-

	
elevation angle of the exoskeleton arm




	-

	
interaction force at the arm interfaces
















 





Table 3. Task-specific Support Factor (percentage in decimal form) for different work phases and arm sides.
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Arm Side

	
Dominant

	
Non-Dominant




	
Work Phases

	
Lift

	
Screw-in

	
Lower

	
Lift

	
Screw-in

	
Lower






	
T1

	
0.6

	
1

	
0.3

	
0.6

	
0.6

	
0.3




	
T2

	
0.7

	
1

	
0.5

	
0.7

	
1

	
0.5
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