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Abstract

:

Exponentially growing technologies such as intelligent robots in the context of Industry 4.0 are radically changing traditional manufacturing to intelligent manufacturing with increased productivity and flexibility. Workspaces are being transformed into fully shared spaces for performing tasks during human–robot collaboration (HRC), increasing the possibility of accidents as compared to the fully restricted and partially shared workspaces. The next technological epoch of Industry 5.0 has a heavy focus on human well-being, with humans and robots operating in synergy. However, the reluctance to adopt heavy-payload-capacity robots due to safety concerns is a major hurdle. Therefore, the importance of analyzing the level of injury after impact can never be neglected for the safety of workers and for designing a collaborative environment. In this study, quasi-static and dynamic analyses of accidental scenarios during HRC are performed for medium- and low-payload-capacity robots according to the conditions given in ISO TS 15066 to assess the threshold level of injury and pain, and is subsequently extended for high speeds and heavy payloads for collaborative robots. For this purpose, accidental scenarios are simulated in ANSYS using a 3D finite element model of an adult human index finger and hand, composed of cortical bone and soft tissue. Stresses and strains in the bone and tissue, and contact forces and energy transfer during impact are studied, and contact speed limit values are estimated. It is observed that heavy-payload-capacity robots must be restricted to 80% of the speed limit of low-payload-capacity robots. Biomechanical modeling of accident scenarios offers insights and, therefore, gives confidence in the adoption of heavy-payload robots in factories of the future. The analysis allows for prediction and assessment of different hypothetical accidental scenarios in HRC involving high speeds and heavy-payload-capacity robots.
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1. Introduction


Industrial robots, from the last fifty years, have been widely used in industrial manufacturing, to the effect of complementing the proficiencies of human workers and relieving them from non-ergonomic, repetitive, uncomfortable, and dangerous tasks. Robot utilization is continuously increasing in industrial environments with a growth rate of about fourteen percent, yearly [1]. Moreover, it is estimated that nearly 2.1 million industrial robots will be deployed around the world in the near future [2]. Conventional industrial robots work with human workers either in a completely separated or in partially shared workspaces. The current exposure of humans with industrial robots is up to a limited extent in the workspace, where the robot is equipped with appropriate safety controls that completely stop the machine in case of any workspace violation. This causes resetting and stoppage actions to be triggered and hinders productive time [3]. With the advent of Industry 4.0, there has been a paradigm shift from automated manufacturing to intelligent manufacturing concepts [4]. In Industry 4.0, industrial robots have shifted from isolation into a collaborative work environment, where humans and robots share workspaces fully without any barriers, termed human–robot collaboration (HRC) [5,6]. A collaborative work environment is a core part of the manufacturing setups involved in Industry 4.0 where both humans and robots are pooling up their specific capabilities. Hand guiding, speed and separation monitoring, and power and force limiting are the level of HRC with partially separated, completely restricted, and fully shared workspaces, respectively. Direct deployment of intelligent robots in fully shared workspaces in HRC increases the possibility of accidents. There is extensive literature on using advances in Artificial Intelligence for safe Human–Robot Interaction to avoid collision, using computer vision [7], an array of sensors and techniques such as Reinforcement Learning [8,9], Digital Twins, and Deep Learning [10]. However, in case of any type of robot failure or cyber-attack intended to cause harm [11], the large amount of impact forces created during accidents can create minor, moderate, and major injury to the human workers. There is also the consideration that converting present industrial robots into interactive ones for safe HRC further increases the risk of accidents [12,13]. Therefore, in the factory of the future, safety will be an intrinsic part of the Collaborative Robotic Cyber Physical Systems. There is a list of reported accidents that includes fatality and non-fatality cases with injury and pain even using the full safety protocols and isolated work environments in developed countries such as China, Japan, the United States, and Germany, where robot use is popular in industry [14]. Environmental conditions, human error, and engineering error could be the reason for the accidents during HRC [15]. Jiang et al. reported thirty-two fatal and non-fatal accidents that occurred due to maintenance error and programming error [16]. Fryman et al. reported thirty-one cases in which workers were injured because of operators’ error and maintenance errors, whereas eight cases were fatal injuries [17]. The Occupational Safety and Health Administration (OSHA) has also reported many fatal as well as non-fatal accidents occurring due to low-, medium-, and heavy-payload-capacity robots working in the non-collaborative environment since 1984. The human body regions that were affected during collisions between humans and robots were the arm, hand, shoulders, chest, neck, head, ribs, fingers, and knuckle [18]. The harm varies from minor injuries to fatal injuries. Therefore, safety issues are of prime importance for safe HRC to minimize the number of accidents. For appropriate safety standards in such systems, new regulations are established for the design and application to allow HRC in industrial environments [19]. Spanish UNE-EN 755, American ANSI/RIA R15.06, ISO 10218, and Technical Specification ISO/TS 15066:2016 are the national and international standards that incorporate robot-associated risks for safe human and robot interaction. In future manufacturing, HRC in the context of smart factories will involve heavy-payload-capacity robots that will increase the chances and magnitude of impacts due to several types of failures [20].



Therefore, for a safe collaborative environment in HRC, it is important to analyze the accidental impact on the human body either by estimating the pain tolerance or by quantifying the level of injury followed by impact. Several methods have been adopted by researchers to measure the tolerable pain level in case of impact in HRC. A pneumatic-cylinder-based actuator was used in one study to deliver impacts on twelve different regions of human volunteers for calculating the tolerable impact forces, but it was suggested to follow a simulations-based approach to include different surfaces of industrial robots [21]. A passive mechanical lower arm, which mimicked human characteristics, was used as an alternative to the human volunteers for evaluating pain level, as presented in [22]. Similarly, the Association for the Advancement of automotive Medicine (AAAM) has divided the human body into different regions for automobile crash-tests for the evaluation of injury level and has proposed standard injury scales such as the Abbreviated Injury Scale (AIS) and Maximum Abbreviated Injury Scale (MAIS) to assess the injury level after impact during HRC [23]



In this work, we assessed the level of injury during human–robot accidental interaction. The Finite Element model of a human hand and a single index finger was selected to simulate the scenarios of human–robot accidents for the purpose of validation, reinforcement, and extension of the Technical Standard TS/15066 standard for Robots and Robotic devices [24]. Different cases of quasi-static and dynamic analysis were performed to estimate the level of damage expected in the case of accidents involving low-, medium-, and heavy-payload-capacity robots. No such analysis has previously been carried out for biomechanical modeling of accident scenarios for different-payload-capacity robots. This work offers insights into the impact of loading conditions and contact velocities on expected injury level, thus boosting confidence in the adoption of heavy-payload-robots in factories of the future.



The paper is organized as follows: In Section 2, we present the details of the finite element model of a human hand and finger, including its geometry, material properties, joints, and meshing. Section 3 describes the conditions of the virtual experiments involving a static analysis and hypothetical high-speed accidental scenarios. Results and Analysis are presented in Section 4. Discussions on some important results as well as the limitations of this study are presented in Section 5, and, finally, Section 6 presents the conclusions and future work.




2. Material and Methods


An adult human hand was selected in this work for quasi-static and dynamic analysis to simulate a human–robot accidental case because of its wide use in daily environments, and there is a list of accidents that involve the human hand in human–robot shared workspaces. A single index finger was also developed to validate the analysis performed in TS/ISO15066 for injury level due to human–robot accidental interaction.



2.1. Design of Finite Element Human Hand Model


The finite element model of the human hand used here consisted of metacarpals, phalanges, joints, and human hand tissue. For unidirectional loading, revolute joints were used to mimic the distal interphalangeal joint (DIP) ranges from −10° to +22°, proximal interphalangeal joint (PIP) ranges from −10° to +90°, and metacarpophalangeal joint (MCP) ranges from −45° to +45°, which fall within the range of motion for an index finger [25]. For cases with mixed loading, the joint was simulated using a spherical joint in ANSYS when DOFs are expected to be significant. The clearance between the bones such as metacarpals and phalanges was introduced to mimic the sliding of bones on cartilage. The 3D model of a human hand and index figure was created using Autodesk ® 3ds Max 2018, edited in Autodesk ® Mesh mixer 2017 and exported in STL file format. Next, the model was imported in ANSYS Discovery SpaceClaim and converted into the required solid bodies for analysis, carried out in ANSYS ® Workbench 2021 R2. Figure 1 shows the FE model of a (a) hand with bones and tissue, and an (b) index finger with degrees of freedom.




2.2. Material of FE Human Hand Model


The material properties of bones, soft tissues, and joints employed for the analysis in this work are presented in Table 1. Several hyperelastic material models are available and have been cited in the literature for the modeling of soft tissue, such as the Neo–Hookean, Mooney–Rivlin, and Ogden hyperelastic material models [26]. Mechanical material properties for skin subcutaneous tissue have been widely studied. The mechanical behavior of soft tissue can be described by a hyperelastic material model, given in Equation (1).


  U =   ∑   i = 1  N    2  μ i     α i 2           λ 1   ¯     α i    +      λ 2   ¯     α i    +      λ 2   ¯     α i    − 3 +  1   D i         J  e l   − 1     2 i      



(1)




where        λ i   ¯     α i      are the deviatoric principal stretches, N is the number of terms used;    μ i    and    α i    are the experimentally determined material parameters,    D i    is the compressibility, and    J  e l     is the elastic volume ratio [27].



Bones and soft tissue of a human hand were defined as an isotropic material and the Ogden hyper-elastic material model using parameters reported by Shergold and Fleck [28] for human skin, respectively. Finger joint characteristics such as stiffness and damping were modeled using parameters reported by Kamper et al. [29]. The correctly modeled human hand model plays a vital role in impact evaluations because this is related with the real-life problem during HRC.




2.3. Meshing


Due to the topological complexity of the FE human hand and index finger model presented in this study, tetrahedral SOLID187 10-node elements were chosen for mesh sensitivity analysis. Tetrahedral elements have frequently been used in finite-element-based studies involving complex human geometry, for example, for FEM analysis of the knee joints [30], shoulder bones [31], tibia [32], and femur [33]. For simulation of articular contacts, 10-node quadratic tetrahedral elements exhibit good performance in terms of computational cost and accuracy [34]. Therefore, tetrahedral elements were used and mesh defeaturing was turned off to ensure proper bonded contact between the hand bone and soft tissues. Mesh independency analysis was also performed under a constant load using ANSYS Static Structural. Initially, a coarse mesh was used to perform a quasi-static analysis. An increasingly fine mesh was then employed to achieve mesh convergence. The final mesh, which offers a balanced tradeoff between performance and accuracy, had 274,247 nodes and 164,813 elements for the full hand model. Additional refinement was added at point(s) of impact for Explicit Dynamics simulations.





3. Virtual Experiment Setup for Human–Robot Collaboration


In this section, the configuration for the quasi-static analysis is presented where a static load is applied to the index in accordance with the experimental conditions detailed in Technical Specification ISO/TS15066. For dynamic simulations, the inertial effect of the robot motion is considered and an effective mass in computed, which is used in subsequent simulations to study impact.



3.1. Setup for Quasi-Static Simulations


A quasi-static structural analysis was carried out on an index finger using ANSYS Static Structural by applying a constant force of 140 N to a flat 1.4 cm by 1.4 cm rigid metal surface with a 2 mm radius on all four edges. Boundary conditions used here were provided by ISO/TS15066 for determining the maximum qualitative values of quasi-static and transient contact between humans and the robot system. A pressure equal to the maximum permissible pressure in ISO/TS 15066 under quasi-static contact was applied on the flat part of the metal surface. The results of the quasi-static analysis, such as the maximum principal stresses and maximum elastic strain, were used as a benchmark for pain-onset threshold as per ISO/TS 15066, and extended Dynamic Analysis involving impact was carried out for accident scenarios. Whereas maximum force was defined as a force, a human body region could bear up to a pain onset level without minor injury. The values of stresses and elastic strain obtained as a result of quasi-static analysis were compared with hand strength threshold values. If the simulated stresses were equal or greater than threshold values, it was termed as a severe injury. On the other hand, if simulated stresses were less than threshold values, they were compared with the pain onset threshold. If they were equal to or greater than the pain onset threshold value, they were termed as unsafe interaction with moderate or minor injury; otherwise, interaction was considered as safe.




3.2. Setup for Dynamic Simulations


For modeling of transient contact/impact in ISO/TS 15066, the maximum permissible energy transfer was estimated as a function of the maximum force or maximum force values found as a result of the quasi-static test described in the previous section. As per ISO/TS 15066, the transient contact was modeled as a fully inelastic contact between a human body region and a robot with effective mass    m R   , which is given by:


   m R  =  M 2  +  m L   



(2)




where  M  is the total mass of the moving parts of the robot and    m L    is the effective payload of the robot system. This is further used to estimate transient contact speed limits.



In this study, the distributed kinetic energy of the links was also considered. The mass of the actuators and the payload of the robot system were assumed to be point masses. The total rotational kinetic energy was calculated for the special case where the robot has its links extended for maximum reach and the shoulder joint, elbow joint, and wrist are operating at an equal angular velocity (   ω 1  =  ω 2  =  ω 3   ), as shown in Figure 2. Typically, robots are not operated in this configuration, with fully extended links, because of singularity concerns where the manipulator loses one or more degrees of freedom [35]. However, this configuration is suitable for the purpose of choosing an appropriate equivalent mass because this represents a harsh operating condition with high effective momentum and tool center point (TCP) velocity.



We define the link-length ratios as:


   r 1  =    l 1   L    ;  r 2  =    l 2   L    ;  r 3  =    l 3   L   



(3)




where   L =  l 1  +  l 2  +  l 3   .



The total kinetic energy of the entire system is equated to the kinetic energy of an equivalent mass    m R   :


   T  t o t a l   =  1 2   m R      L ω    2   



(4)







The resulting equivalent mass of the system is:


   m R  =  m a     r 1 2  + 2      r 1  +  r 2     2  + 1   +    m d   6     r 1 3  + 1 + 3  r 1 2   r 2  + 3  r 1   r 2 2    +  m L   



(5)




where    m a    is the mass of an actuator and    m d    is the total distributed mass of the links, less the actuators. In this study, the effective masses for Universal Robots UR3, UR5, and UR10 were estimated and used in subsequent analysis as examples of Small-, Medium-, and Heavy-Payload-capacity robots, respectively. This approach may be generalized to industrial robots with similar configurations.



Dynamic analysis was carried out for the full hand model as well as the index finger under different loading conditions, as summarized in Table 2. In all cases, a rigid cylindrical object, which represents the effective mass of the robot system, was given an initial velocity, which is the velocity of the end-effector of the robot.



The simulation end time was set at 50 ms. The intent was to capture the stress and strain characteristics as well as the contact forces during the initial moments of the impact. Average human reaction times are around 180 ms; however, unconscious reflex actions are typically much faster at around 50–80 ms [37]. It is assumed that the human subject will not be able to react to the impact stimuli before 50 ms, and the impact event will end as the human subject is expected to move their hand and finger away soon after 50 ms. Collaborative robots, such as the ABB Yumi and Universal Robotics UR10, employ torque sensors and force sensors embedded in joints for collision detection capability [38]. Therefore, the robot may apply the brakes once contact is detected by removing kinetic energy from the system. It may typically take 400 ms for the robot to stop completely; however, the reaction time of the typical HRC systems using lasers, Motion Tracking IMUs, or ultrasonic sensors is around 40–60 ms, which implies that the HRC system may initiate safety protocols after 50 ms [38]. Thus, a simulation time of 50 ms was chosen for all virtual experiments.





4. Analysis and Results


In the preceding section, the results of the quasi-static analysis are first presented to provide a benchmark. Next, results of the dynamic analysis are presented to establish robot speed limits and contact force limitations for low-, medium-, and heavy-payload-capacity robots.



4.1. Quasi-Static Analysis


In accordance with the quasi-static test conditions outlined in ISO/TS 15066, a 140 N force was applied on a small rigid plate, as shown in Figure 3, on the index finger model. The finger was assumed to be resting on a table or a test bench. It was, hence, supported on the opposite side, in the simulation. The results of the simulation are presented in Figure 3. The resulting shear elastic stress and strain in the finger skin/soft tissue were taken as a benchmark for pain onset and safe limits of operation in the dynamic analysis. The loading conditions of the quasi-static test resulted in only minor principal stresses in the bone.




4.2. Dynamic Analysis


Numerous virtual experiments were carried out on the digital model of the index finger and the hand to simulate dynamic impact with small-, medium-, and heavy-payload-capacity robots at different velocities and loading conditions. The purpose of the virtual experiments was validation, reinforcement, and extension of the technical standard. The maximum shear elastic strain and shear stress in the soft tissue, the maximum principal stresses developed in the bones, the contact forces at the point of impact, and the energy transfer between the robot and the human body were important outputs of the simulations. The mechanical strength of human cortical bone has been widely reported in the literature. In our analysis, principal stresses higher than 135 MPa were considered unsafe for the cortical bone [39], whereas the benchmark shear elastic stress and strain values were used for soft tissue.



4.2.1. Case I—Hyperextension


For this series of virtual experiments, hyperextension of the index finger was studied under different angles and velocities of impact. Figure 4 shows the hyperextension of the index finger under impact at 1.8 m/s velocity, at an angle of 30° from the vertical, by a robot with an effective mass of 3.6 kg (UR3 or similar robot). The shear strain exceeded the tissue damage threshold limit of 5.54 MPa at 30 ms. The maximum principal stresses developed in the bone exceeded the fracture threshold at 35 ms and reached a peak value of 171 MPa in the proximal phalange. The strain energy of the index finger reached a peak value of 4.0 Joules, which far exceeds the energy limit value of 0.49 J for the hands and fingers specified in ISO/TS 15066. The maximum contact force developed for this simulation was 273.3 N. Based on the total contact area, this corresponded to an average pressure of 127 N/cm2. This is lower than the maximum permissible pressures specified in ISO/TS 15066. However, the contact area of the cylindrical end effector was much higher than that of the plate used in the quasi-static case described earlier. Additionally, localized pressure at certain points may be higher than the permissible value even if the average pressure is lower.



As the end effector was not a sharp object and the motion of the finger was not severely constrained, it is understandable that the principal stress in the bone might have exceeded fracture limits close to the same time as the shear stress in the soft tissue exceeded permissible values.



Virtual experiments were run for velocities between 1 m/s and 2.2 m/s. Figure 5 and Figure 6 show the maximum shear stress and maximum principal stresses developed in the tissue and bone, respectively. The results of the quasi-static benchmark test were used to highlight the pain onset threshold.



Another set of experiments with hyperextension was carried out, where the cylindrical end effector was given a velocity at different angles, with an initial velocity of 1.2 m/s and an end effector with an effective mass of 7.2 kg and 14.4 kg (corresponding to UR5 and UR10 or equivalent robots). It was observed that shear stress in the tissue as well as principal stress in the bones initially increased with an increase in the moment arm (Figure 7). When the angle of the initial velocity was directed at an angle of greater than 90 degrees, the end effector was effectively free to move past the finger without transferring much of its initial kinetic energy to the finger. As shown in Figure 8 and Figure 9, the shear strain and principal stress did not change markedly with an increase in robot effective mass under these conditions.




4.2.2. Case II—Flexion


A summary of results is presented in Figure 10 for the set of experiments where the cylindrical end effector strikes the index finger from the top, coming vertically downward. The velocity of the end effector was varied from 1.0 m/s to 2.2 m/s, and experiments were repeated for effective mass values corresponding to small-, medium-, and heavy-payload-capacity robots (UR3, UR5, and UR10). Figure 10c shows the contact force at the point of contact of the end-effector with the index finger. Technical Specification ISO/TS 15066 specifies a maximum permissible force of 140 N for quasi-static contact, with a permissible force/pressure multiplier of 2 for transient contact. Our analysis suggests a strong correlation between contact forces and principal stresses. The results suggest that allowing a force multiplier of 2 resulted in exceedingly high principal stresses in the bones.




4.2.3. Case III—Abduction


Impact on a constrained finger from the side results in deformation in the abduction/adduction mode. The DIP and PIP revolute joints allow motion in the flexion/extension direction only. Only the MCP joint can act as a revolute joint within the prescribed limit in this mode of loading. These simulations, as shown in Figure 11, therefore, represent a much harsher scenario where tissue damage as well as bone fracture can occur at lower speeds to the constrained motion of the finger.



Technical Specification ISO/TS 15066 presents calculated transient speed limits as a function of robot effective mass using a simplified elastic collision model. Here, we validated and expanded upon those results using virtual experiments for low- and medium-payload-capacity robots (such as UR3 and UR5, respectively), and the results were further extended to heavy-payload-capacity robots. A summary of estimated speed limits for small-, medium-, and heavy-payload-capacity robots under the three loading modes is presented in Table 3. A high risk of fracture in the cortical bones was used as the failure criteria. The analysis suggests that high-payload-capacity robots (UR10 or equivalent) must be restricted to around 80% of the speed limits of low-payload-capacity robots (UR3 or equivalent) despite having 4 times more effective mass.



A comparison of the three loading conditions and three robot sizes with an impact velocity of 1000 mm/s is presented in Figure 12. The unsafe region of operation is marked in the figure. The figure highlights the importance of the mode of impact and robot payload capacity.




4.2.4. Case IV: Full Hand Model


A series of virtual experiments on the Full Hand Model was additionally carried out. In these simulations, the carpal bones were entirely removed, and fixed supports were added at the location of the carpometacarpal joints, and the location of the wrist. The removal of these joints results in reduced mobility, hence representing a harsher scenario where the motion of the hand is constrained at that location. In comparison with the index finger model, the full hand model can absorb more kinetic energy from the end effector owing to its increased bone and tissue mass.



Figure 13 shows the hyperextension of the digital hand model under impact at 1.0 m/s velocity, by a robot with an effective mass of 14.4 kg (UR10 or similar). The shear elastic strain exceeded the pain threshold limit of 0.85 m/m at 16 ms. The maximum principal stresses developed in the index finger was 104 MPa at 32 ms, around the time where the strain energy of the hand reached its maximum value of 6.17 Joules, i.e., maximum energy is transferred from the robot system to the hand. Overall, the maximum principal stress was observed in the little finger at the position shown in Figure 13d. For impact with a robot with an effective mass of 7.2 kg (UR5 or similar), the peak principal stress in the index finger dropped to 75 MPa at 24 ms. The digital hand model was able to absorb the kinetic energy of the end effector with relative ease.



Figure 14 shows the results for impact of the UR10 end effector at a velocity of 2.2 m/s under flexion. This represents a very harsh condition, with high velocity and high equivalent mass. The maximum principal stresses and shear elastic stress and strain were higher than the acceptable thresholds. The highest principal stress and equivalent (von-Mises) stress occurred at 21 ms from the start of impact, in the first metacarpal bone, in this scenario.






5. Discussion


As addressed above, HRC requires a seamless integration of humans and robots in a shared workspace in industry, which gives rise to new risks of worker accidents that need to be addressed. The approach to mitigate these risks is discussed including the quantification level of injury by collision. Keeping in view the environment whose main objective is to dispense safe HRC, several studies have analyzed the result of human–robot collision on the human body. This question is addressed from two different opinions, pain onset level estimation and quantifying the level of injury. This paper presents a first analysis and simulation setup to assess impact measurements and damage in the smart factory context for accidents due to HRC. However, this study is restricted to the human hand and focuses on different loading conditions on the index finger.



A finite element methods approach is implemented for the simulations that are accomplished within this research. FEM is basically the discretization of spatial structures to anticipate a set of PDEs (partial differential equations) and the solution is carried out more easily with the proposed boundary conditions. To assess the impact level of severity on the human body, the FEM is widely used in the biomechanics field. A three-dimensional model of a human index finger is constructed by using 3D CAD software. The 3D model is consisted of metacarpal phalanx, distal phalanx, and MCP joint and DIP joints. Joints are modeled as revolute joints to introduce one degree of freedom (extension-flexion). Bone is covered with soft tissue. Then, the CAD model is imported in ANSYS software, to analyze the stress distribution in the hand according to the boundary conditions provided in the ISO/TS 15066. Severity of impact is assessed based on the deep somatic pain onset level that a human can tolerate. There are various techniques available in the literature where pain onset level is studied using pinch actuators composed of pneumatic cylinders. Such cylinders can apply localized loads to various body parts to find tolerable forces. In this research, the contact force, principal stresses, and shear stresses are obtained under different loading conditions. A quasi-static analysis is first performed where a constant force not exceeding the maximum permissible force specified in ISO/TS 15066 is applied to the index finger. This results in a maximum elastic strain of 0.85 and a maximum shear stress of 5.54 MPa in the soft tissue. The maximum principal stresses developed in the bones are relatively low, at 46.3 MPa. These results provide benchmark values for shear stress and stress in soft tissue, which are used in subsequent dynamic analysis for impact.



ISO/TS 15066 estimates permissible transient contact velocities using a simplified inelastic collision model. In this study, the angle, direction, and location of the impact, together with geometry and material properties of the digital hand/index finger model, are used to predict permissible robot speeds under different loading conditions for low- and medium-payload-capacity robots, and then extended to heavy-payload-capacity robots. With the ISO/TS 15066 currently under review, further research into biomechanical modeling using the FEM may pave the way for its extension to heavy-payload-capacity robots. In this study, it is observed that the results are strongly dependent on the loading conditions, i.e., the velocity, direction, and location of impact. One of the primary barriers to widespread adoption of Collaborative Robots is the perceived unsafe feeling of operators, especially for heavy-payload-capacity robots [40]. In addition to robot characteristics, factors such as the location of operators and the presence of physical obstacles add to the hazard of human–robot collaboration [41]. An expected result, which is evident from the virtual experiments, is that it is undesirable to have constraints in the permissible motion of the hand. This suggests that HRC systems should designed in a way that the intersection of human hand and robot trajectories is expected in open spaces where there are no constraints on the motion of any joints. Furthermore, chances of impact that cause deformation in the abduction/adduction mode should be minimized. Under hyperextension and flexion, low-payload-capacity robots can have speed limits up to 1530 mm/s and 1360 mm/s, respectively, whereas heavy-payload-capacity robots must be restricted to 1200 mm/s and 1150 mm/s, respectively. The results show that damage severity varies with the velocity, point of impact, and direction. There are many studies on human pose estimation and motion prediction to develop safe HRC systems [10,42]. In a worst-case scenario, where impact is unavoidable, the robot control system may utilize motion and damage severity prediction to implement a policy that minimizes injury.



The preceding discussion suggests that the initial resting position of the hand/index finger may also affect the severity of damage. Moreover, human cortical bone is a very complicated material with mechanical properties specified by their microstructure and orientation, which acclimatizes to unceasingly altered environments and loading conditions. Due to practical consequences, the mechanical properties may slightly vary for cortical bone and skin. The effects of aging can cause variations in the ultimate tensile stress as it is decreased at a rate of about five percent per decade [43]. Additionally, due to the elastic anisotropy property, the human cortical bone is stiffer in the longitudinal direction. Compression strength is higher than tensile strength because of the equivalent modulus in compression and tension.



In future studies, a more robust material model will be used, where fingernails may be included, and human bones may be modeled by considering their anisotropy and including both the cortical bone and cancellous bone with different layers of skin. The effect of the initial resting posture of the hand and the effect of using safety gloves can also be considered. Another future direction of our work is to extend this study to different body parts such as elbows and shoulders, with the aim of extending the results to human-centered safety analysis of cyber-physical systems.




6. Conclusions


The main goal of HRC is the safe collaboration of human worker and robot in different applications on the industrial floor in the shared workspace without passive safety controls. As the number of collaborative robots grows, the risk of accidents is expected to increase, keeping in mind that a large number of conventional, non-collaborative robots are heavy-payload-capacity robots working today in industry worldwide. Their replacement is only possible with intelligent collaborative counterparts, meaning a higher magnitude of risk involved. Thus, in this scenario, it is imperative to build digital twin models of industrial processes with multiphysics capabilities to study multifaceted issues. HRC is one such industrial process involved in automatic and semi-automatic intelligent manufacturing where the occupational safety concern is the largest issue that is limiting the emergence of collaborative heavy-payload-capacity robots to the factory floor. This safety aspect can be studied in detail with such models developed in this paper where the interactions are further modeled and simulated for extreme conditions and cases.



The resulting interactions in this case may lead to accidents causing minor- to severe-level injuries depending upon the level of impact. In this paper, a human hand is modeled to assess the contact loading stress and strain measurements and numerical damage projections in a smart factory context using a commercially available FE software ANSYS. The results are used for the purpose of validation, reinforcement, and extension of the Technical Standard TS/15066. A quasi-static analysis is first performed to benchmark stress and strain values. Dynamic analysis is subsequently performed to establish robot speed limits and contact force limitations for low-, medium-, and heavy-payload-capacity robots.



The current study will form the basis to extend the impact analysis in collaborating with heavy-payload-capacity robots. The point of interest is the level of impact and its predicted outcome on different body parts in terms of pain and onset of injuries threshold, therefore knowing more about the limits for safe use of heavy-payload-capacity robots in a collaborative manner.
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Nomenclature




	  U  
	Strain Energy Potential
	    m R    
	Robot Effective Mass



	        λ i   ¯     α i      
	Principal stretches
	    m L    
	Robot effective payload



	  N  
	No. of terms in hyperelastic model
	    l 1  ,  l 2  ,  l 3    
	Robot link lengths



	   μ i   ,    α i   
	Experimentally determined material parameters
	    r 1  ,  r 2  ,  r 3    
	Robot link-length Ratios



	    D i    
	Compressibility
	  L  
	Sum of robot link lengths



	    J  e l     
	Elastic Volume Ratio
	    m a    
	Robot actuator mass



	  M  
	Total mass of robot moving parts
	    m d    
	Distributed mass of robot links
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Figure 1. (a) FE Model of the human hand; (b) FE Model of the Index Finger. 
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Figure 2. (a) Commercial collaborative robot for accident scenarios [36]. (b) Robot Configuration for calculation of equivalent mass. 
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Figure 3. Quasi-Static test. (a) Maximum Principal Stress (b) Maximum Shear Elastic Strain (c) Maximum Shear Stress. 
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Figure 4. (a) Results for hyperextension of index finger; (b) Maximum Shear Elastic Strain; (c) Maximum Principal Stress. 
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Figure 5. Hyperextension as a function of end effector velocity and robot effective mass, with contour results at the points shown: (a) Maximum Shear Stress; (b) Maximum Shear Elastic Strain. 
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Figure 6. Maximum Principal Stress as a function of end effector velocity and effective mass, with contour results at the indicated point. 






Figure 6. Maximum Principal Stress as a function of end effector velocity and effective mass, with contour results at the indicated point.



[image: Applsci 13 01957 g006]







[image: Applsci 13 01957 g007 550] 





Figure 7. Maximum Principal Stresses vs. Angle of Impact, UR5 and UR10, with contour results at the points shown. 
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Figure 8. Shear Elastic Strain under hyperextension for effective masses (a) 3.6, (b) 7.2, and (c) 14.4 kg. 
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Figure 9. Principal stress under hyperextension for effective masses (a) 3.6, (b) 7.2, and (c) 14.4 kg. 
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Figure 10. Flexion as a function of end effector velocity and effective mass, with contour results at the points shown: (a) Elastic Strain, (b) Principal Stress, and (c) Contact Force. 
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Figure 11. Abduction: Maximum Principal Stress. 
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Figure 12. (a) Maximum Principal Stress (MPa); (b) Maximum Shear Elastic Strain. 
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Figure 13. Impact of UR10 end effector at velocity of 1 m/s under hyperextension. (a) Impact Geometry, (b) Energy Transfer, (c) Shear Elastic Strain, and (d) Principal Stress. 
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Figure 14. Impact of UR10 end effector at velocity of 2.2 m/s under flexion. (a) Impact Geometry, (b) Shear Elastic Strain, (c) Principal Stress, and (d) von-Mises Stress. 
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Table 1. Material properties of human hand bone and soft tissue.
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Bone




	
Young’s Modulus

	
17 GPa




	
Poisson’s Ratio

	
0.3




	
Density,  ρ 

	
2000 kg/m3




	
Skin




	
Material Parameter,    α 1   

	
9




	
Material Parameter,    μ 1   

	
0.11 MPa




	
Compressibility,    D 1   

	
2 MPa−1




	
Density,  ρ 

	
1040 kg/m3




	
Joints




	
Stiffness

	
142 N·mm/°




	
Damping

	
2.4 N·mm·s/°
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Table 2. Design of Virtual Experiments.
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Robot Size/Effective Mass

	
Velocity Range

	
Mode of Loading






	
UR3; Effective Mass: 3.6 kg

	
1000 to 2200 mm/s

	
Flexion




	
UR5; Effective Mass: 7.2 kg

	
Hyper-Extension




	
UR10; Effective Mass: 14.4 kg

	
Abduction
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Table 3. Summary of Robot Speed Limits.






Table 3. Summary of Robot Speed Limits.





	S#
	Robot Size
	Hyperextension
	Flexion
	Abduction





	1
	UR3; Effective Mass: 3.6 kg
	1520 mm/s
	1360 mm/s
	1000 mm/s



	2
	UR5; Effective Mass: 7.2 kg
	1300 mm/s
	1250 mm/s
	850 mm/s



	3
	UR10; Effective Mass: 14.4 kg
	1200 mm/s
	1150 mm/s
	800 mm/s
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