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Lower-limb robotic exoskeletons have become powerful tools to assist or rehabilitate the gait of subjects with impaired walking, even when they are designed to act only partially over the locomotor system, as in the case of unilateral or single-joint exoskeletons. These partial exoskeletons require a proper method to synchronize their assistive actions and ensure correct inter-joint coordination with the user’s gait. This review analyzes the state of the art of control strategies to coordinate the assistance provided by these partial devices with the actual gait of the wearers. We have analyzed and classified the different approaches independently of the hardware implementation, describing their basis and principles. We have also reviewed the experimental validations of these devices for impaired and unimpaired walking subjects to provide the reader with a clear view of their technology readiness level. Eventually, the current state of the art and necessary future steps in the field are summarized and discussed.
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1 INTRODUCTION
Robotic exoskeletons are wearable mechanisms capable of augmenting, restoring, or assisting the function of human limbs by acting in parallel (Pons, 2008). This technology can be applied in many fields, ranging from industrial (Fox et al., 2019) or military (Chu et al., 2006) domains, where the user is empowered to perform a heavy task, to space teleoperation (Lovasz et al., 2017) or health care (Cardona et al., 2020). More specifically, two of the fields in which lower-limb robotic exoskeletons have shown promising results are rehabilitation (Louie and Eng, 2016; Holanda et al., 2017) or assistance (Yan et al., 2015a) of human gait.
In this context, significant research efforts have been made to develop and improve wearable robotic devices that provide proper assistance during gait. A considerable amount of works have addressed different aspects of the design, control strategies, and experimental validation of these devices. To understand and organize the large body of information on this topic, several authors have reviewed the development of lower-limb robotic exoskeletons from multiple perspectives [see (Sanchez-Villamañan et al., 2019) for a complete review of compliant actuators currently used in robotic exoskeletons or (Pinto-Fernandez et al., 2020) for a detailed analysis of performance metrics, for instance].
In terms of control strategies, Tucker et al. provided an overview of the different control strategies for lower-limb robotic prostheses and orthoses and introduced a three-level paradigm controller development (Tucker et al., 2015). This same paradigm was recently updated and completed by Baud et al., who systematically analyzed the control strategies of lower-limb exoskeletons by dividing them into functional units (Baud et al., 2021). Considering these three-level paradigms, Ma et al. performed a deeper review of the high-level controllers responsible for the voluntary control of robotic devices (Ma et al., 2019), while Miscon et al. focused on middle-level controllers, in particular, joint trajectory generation for robotic exoskeletons (Miskon and Yusof, 2014). Low-level controllers responsible for direct actuator control were reviewed by Meng et al. (2015). The review proposed by Yan et al. also focused on control strategies for lower-limb exoskeletons, more specifically, on strategies that assisted user’s gait (Yan et al., 2015a). Similarly, Li et al. also reviewed control strategies for lower-limb exoskeletons but centered on rehabilitation purposes (Li et al., 2021).
Considering the number of actuated joints, robotic exoskeletons can be classified as single-joint or multi-joint (former, if they actuate over one unique joint; latter if more than one joint is assisted) (Yan et al., 2015a). Some authors have focused their reviews on single-joint exoskeleton robots. For instance, ankle robots have been reviewed by Mills et al. (2010) and also by Shi et al. (2019), while Chen et al. analyzed both knee (Chen et al., 2019) and hip (Chen et al., 2020) devices.
In contrast with complete lower-limb exoskeletons, which act over the hips and knees (even ankles) of both limbs, partial exoskeletons act partially over the locomotor system of the wearer by exclusively assisting one joint (single-joint exoskeletons) or one leg of the user (unilateral exoskeletons). Although they present several advantages [they are simpler and lighter than bilateral devices (Baud et al., 2021) and can target the specific function of the assisted joint during gait (Yan et al., 2015a)], they need to ensure proper interjoint coordination, especially with non-actuated joints. Unlike complete exoskeletons, which can impose the appropriate coordination between joints and legs, partial exoskeletons cannot actuate globally in the entire locomotor system; therefore, this interjoint coordination needs to be resolved by the controller of the device. Such coordination requires a dual interaction with humans: cognitive and physical. Proper delivery of the assistance is required to ensure that the user can benefit from the exoskeleton’s assistance, but also, a predictable timing that matches the user’s pre-estimation is required to achieve the exoskeleton’s embodiment. This would lead wearers to assimilate the robot’s action; so the exoskeleton would not be used as a tool but as a part of the user’s body (Li et al., 2021).
Understanding strategies that achieve proper coordination of human and robotic systems has become crucial, especially for those devices which aim to rehabilitate or assist the gait of impaired walking users. Although coordinated operation is crucial for the proper operation of a partial robotic exoskeleton, it has not yet been systematically analyzed in previous works. The main objective of this paper is to perform a comprehensive analysis of the different control strategies that are used to coordinate the action of partial exoskeletons with the user’s gait to ensure proper interjoint coordination. We have also included those strategies initially developed for bilateral or complete exoskeletons, that could be used to synchronize the action of partial exoskeletons. We have paid particular attention to the assessments and validations that the authors have carried out with their devices and strategies. The reported effects of each work on impaired or unimpaired walking subjects have also been summarized in this review. The content of this paper is organized as follows. Section 2 reports the literature search methodology that we followed. Section 3 describes the state of the art, organized into the five main coordination strategies that we identified. Finally, section 4 and section 5 discuss and conclude the main findings of this review.
2 LITERATURE SEARCH METHODOLOGY
We conducted a literature search using two different databases: Scopus and Web of Science from January 2004 until December 2021. To obtain results that cover the coordination issue between humans and robots, especially in unilateral or single-joint devices, we used the following search query in the title, abstract, and keywords:
Topic = {leg OR hip OR knee OR ankle OR foot OR [lower AND (limb* OR extremity OR body)]} AND Topic= (power* OR robot*) AND Topic = [ortho* OR exoskeleton* OR (wearable robot*) OR (portable robot*) OR (robot* suit) OR (robot exosuit)] AND Topic= (control* OR validation* AND Topic= (coord* OR unilateral OR (mono joint) OR (single joint) OR ((sound OR impaired OR paretic) AND (leg OR limb)) OR (hemip*))
Inclusion criteria for this review were as follows:
1) English full-text journal articles or conference proceedings.
2) Studies related to the design and control of a unilateral or single-joint robotic exoskeleton to assist gait.
3) Studies that involved a bilateral exoskeleton whose control strategy could be directly applied to the unilateral or single-joint paradigms.
4) Studies with a description of the experimental validation and assistance results of the devices mentioned above.
Exclusion Criteria Included
1) Documents that only described the mechanical structure of the device or the design of actuators or new materials intended for gait assistance.
2) Documents that described prosthesis or passive and uncontrolled orthosis.
3) Documents that lacked complete methods, results, or discussion sections.
The initial number of articles (844) was reduced to 671 after looking for duplicated documents. After checking the title and abstract, we discarded 467 papers and 204 were selected for full-text reading. Based on the authors’ experience and the bibliography of the reviewed articles, 34 documents that were not included in the initial search were also considered for full-text reading. Then, we selected the 161 documents that fulfilled the inclusion criteria to be reported in this review. Figure 1 shows the flow diagram of the literature search and the document selection procedure.
[image: Figure 1]FIGURE 1 | Flow diagram of the literature search methodology for document selection.
3 STATE OF THE ART
Our analysis of the selected documents was focused on two main aspects: 1) coordination strategies with the actual user’s gait and 2) experimental validation of the devices regarding the subjects (number and pathology) and obtained results. The control strategies were analyzed regardless of the device’s morphology or actuation principle, based on the working principles that ensure proper interjoint coordination between the robotic exoskeleton and the user’s gait. The individual details of each reviewed paper are shown in Supplementary Table S1.
Across the literature, we have identified five strategies to synchronize the action of wearable robotic devices with human gait. The most extended methodology exploits the cyclic nature of human gait by using a finite state machine. Some authors leverage this cyclic property to estimate the continuous gait phase, which is a function that increases monotonically from 0 to 100% between consecutive heel strikes, and use this variable for the timing of the robot assistance. Other methodologies are based on the activity generated by the user, relying on either the movement itself or the muscle activity. Finally, mathematical tools have been developed, as in the case of central pattern generators that simulate the full gait dynamics of a subject. Figure 2 shows a diagram of the proposed classification.
[image: Figure 2]FIGURE 2 | Classification of the different kinds of human-robot coordination strategies identified throughout the systematic review.
3.1 Coordination Based on Finite State Machine
Since human gait is a continuous repetition of the same states and events, some authors have taken advantage of this cyclic nature to coordinate the action of robotic exoskeletons with human locomotion (Blaya and Herr, 2004; Kawamoto and Sankai, 2005; Zhang et al., 2017). Due to its simplicity, authors have used this strategy since the 1960s (Popovic et al., 1991, 1995; Tomovic and McGhee, 1966). Figure 3 represents the conceptual description of this coordination strategy between robot and human gait. This coordination relies on detecting key events and consequent gait division into states. These key-events are related to the joint kinematics (maximum and minimum of the joint angle or the angular velocity) or events about the foot’s contact with the floor (heel-strike, flat-foot, toe-off, etc.,). A common method to follow the sequence of gait events is the use of a finite state machine (FSM) based on angular sensors (such as gyroscopes or potentiometers) (Di Natali et al., 2019; Xia et al., 2020) or pressure sensors (such as insole force resisting sensors—FSR or foot switches) (Blaya and Herr, 2004; Kawamoto and Sankai, 2005; Shorter et al., 2011).
[image: Figure 3]FIGURE 3 | Conceptual representation of the robot-gait coordination based on a finite state machine: each gait state or the transitions between them are associated to a different action in the exoskeleton.
Within this strategy, robot coordination can be achieved by different approaches. Some authors triggered a specific action when a key-event was detected (Kawamoto and Sankai, 2005; Zhang et al., 2017), while others changed the actuation mode of the robot depending on the current gait states determined by the FSM (Blaya and Herr, 2004).
3.1.1 Actuation Mode Depending on the Gait Subphase
The contact of each foot with the floor can be used to divide the gait cycle of each leg into states, defining the stance and swing states for the contact and noncontact stages, respectively. Several authors tailored the actuation mode of their system according to the current gait state in different ways, modifying the impedance of the actuators (Blaya and Herr, 2004; dos Santos et al., 2017), their stiffness (Shamaei et al., 2013; 2014a; 2014b, 2015) or the torque levels (Horst, 2009; Forrester et al., 2016).
The most extended method was to modulate the impedance level of the robotic joint according to the biomechanical requirements of the human joint during each gait state. Typically, a high-impedance model was applied during stance to assist weight acceptance, while a low-impedance model allowed free movement of the leg during the swing state (Blaya and Herr, 2004; Chinimilli et al., 2020; dos Santos et al., 2017; Kim et al., 2015; Shamaei et al., 2013; Villa-Parra et al., 2017; El Zahraa Wehbi et al., 2017; Xu et al., 2019; Zhou et al., 2016).
A different approach consisted of adjusting the torque assistant profile depending on the gait state derived from biomechanical models. Thus, ankle exoskeletons applied plantarflexion torque during weight loading to prevent foot drop, and applied plantarflexion torque during preswing and dorsiflexion torque during swing phase to prevent toe drag (Kim et al., 2011, 2020; Roy et al., 2013; Forrester et al., 2016; Choi et al., 2018). Meanwhile, knee exoskeletons reinforced the extension of the joint during stance and guide the movement during the swing phase of the gait (Horst, 2009; Wong et al., 2012; Stein et al., 2014; Arazpour et al., 2016; Lee et al., 2020; Liu and Wang, 2020).
In other cases, this state-dependent actuation mode was exploited by elastic actuators to store energy during the loading phase and release it afterwards to assist the movement of the joint. Thus, body inertia during the stance phase collaborated to compress an elastic actuator that was decompressed during the swing, releasing the elastic energy and assisting the movement of the leg (Ward et al., 2011; Di Natali et al., 2019).
3.1.2 Action Triggered by the Detection of Key-Events
Some exoskeletons based the timing of their assistance on detecting certain key-events, typically the heel strike. When this event was detected, the device triggered the application of a predefined position and velocity (Kawamoto et al., 2009), torque (Shorter et al., 2011; Sridar et al., 2018, 2020), or work profiles (Mooney et al., 2014a, 2014b, 2014c; Mooney and Herr, 2016). In addition to the heel strike, other foot events could also be used to trigger a different assistive profile, such as push-off (Acosta-Sojo and Stirling, 2022) or flat-foot events (Lerner et al., 2018). A set of different joint events can also be used to trigger different assistive profiles in different gait states (Gomez-Vargas et al., 2021; Lerner et al., 2017b, 2017a; Xia et al., 2020; Yeung et al., 2017, 2021).
To improve the efficacy of the assistance, some authors scaled the duration of the reference profile to the duration of previous steps (Beyl et al., 2011; Knaepen et al., 2014; Jackson and Collins, 2015, 2019; Lim et al., 2015; Witte et al., 2015; Galle et al., 2017; Steele et al., 2017; Zhang et al., 2017; Ma et al., 2018; Malcolm et al., 2018; Wei et al., 2019; Bacek et al., 2021). By doing so, the assistive profile was adapted to different gait velocities and could be used independently of the individual gait features of the user. However, the trigger of these profiles was still limited to the event detection moment.
3.2 Coordination Based on the Real-Time Estimation of the Continuous Gait Phase
For the coordination between wearable robots and human gait, several authors have opted to use the concept of continuous gait phase in their control paradigms (Ronsse et al., 2011; Giovacchini et al., 2015; Awad et al., 2017b; Jin et al., 2017). The gait phase is a continuous function that increases monotonically from 0 to 100% between consecutive heel strikes, so it provides continuous information of the timing inside the current step and can be used to synchronize the robot’s action with the current step timing.
We have identified two main methods to estimate the gait phase in real-time: the first method is based on the duration of previous steps (Awad et al., 2017b; Jin et al., 2017; Ding et al., 2018), while the second method uses adaptive frequency oscillators (also called adaptive oscillators, AOs) to learn features of the gait as a cyclic process, including the gait phase (Ronsse et al., 2011; Giovacchini et al., 2015; Seo et al., 2016). Additionally, a third residual subgroup includes those methods that use kinematic information and machine learning or optimization techniques. In Figure 4, we depict a representation of a coordination strategy based on the gait phase estimated by an AO.
[image: Figure 4]FIGURE 4 | Conceptual representation of the robot-gait coordination based on the gait phase estimation performed by an Adaptive Frequency Oscillator: the AFO estimates the continuous gait phase and uses it to synchronize the application of an assistive profile.
3.2.1 Step Time Based Gait Phase Estimation
The core of this strategy consists of estimating the phase of the gait cycle considering the duration of the last step and the time lapse from the last heel strike. Therefore, it is a quite simple strategy to estimate the continuous gait phase while the step duration remained constant. Once the gait phase is known, it is used to determine the timing of the assistive actions of the robotic exoskeleton (Oymagil et al., 2007; Bae et al., 2015, 2018a, 2018b; Ding et al., 2016a, 2016b, 2017, 2018; Lee et al., 2016, Lee et al., 2017 G.; Awad et al., 2017a, 2017b; Jin et al., 2017; Young et al., 2017; Bougrinat et al., 2019; Huo et al., 2019; Kang et al., 2019; Kim et al., 2019; Siviy et al., 2020; Haufe et al., 2021).
3.2.2 Adaptive Frequency Oscillators
To synchronize the action of a robotic exoskeleton with the human gait, several authors considered the periodic nature of gait-related signals (such as kinematics or muscular activity) and used its features (e.g., amplitude, frequency, or phase) for the control of the robot. AOs are mathematical tools that can be synchronized with a quasi-periodic signal by learning its features as variable states (Ronsse et al., 2013). Although this approach initially worked for quasi-sinusoidal signals, it was extended to non-sinusoidal periodic signals by coupling a pool of AOs to a kernel-based non-linear filter (Ronsse et al., 2011). Once converged, the amplitude, frequency, and phase of the AO corresponded to the amplitude, frequency, and phase of the input signal. If this input was a characteristic gait signal, its features could be used inside the control strategy of a robotic wearable device.
The information provided by the AO could be used only for assistance timing, considering the phase and frequency of the gait (Lenzi et al., 2013; Aguirre-Ollinger, 2015; Yan et al., 2015b; Cempini et al., 2015; Giovacchini et al., 2015; Ruiz Garate et al., 2016; Seo et al., 2016; Parri et al., 2017; Ruiz Garate et al., 2017; Sanz-Morere et al., 2018; Aguirre-Ollinger et al., 2019; Ishmael et al., 2019; Aguirre-Ollinger and Yu, 2021; Talatian et al., 2021; Tricomi et al., 2021), or it could also be used to reconstruct the source signal to use it directly as a reference for the low-level controller (Zanotto et al., 2014) or as filtered information to generate an assistive reference (Ronsse et al., 2011).
Although the input of an AO was usually a kinematic signal, as reported in the mentioned articles, other signals could also be used. Measures from insole pressure sensors (Grazi et al., 2015; van Dijk et al., 2017), the linear envelope of muscular activity (Aguirre-Ollinger, 2013), or joint torques (Han et al., 2019) were also demonstrated to be reliable sources of information to estimate the gait phase with AOs.
An extended approach, called Particularly Shaped Adaptive Oscillator (PSAO), was used to determine the gait phase and frequency from the hip angle (Seo et al., 2016; Lee H.-J. et al., 2017, Lee et al., 2017 S.-H., 2019). In addition, other information such as the user’s speed and the ground inclination was also estimated from the PSAO states and one inertial measurement unit (IMU) located at the user’s back.
3.2.3 Kinematics-Based Gait Phase Estimation
These methods rely on the kinematic information of the joints to estimate the continuous real-time gait phase of the user. For example, the ANdROS prototype compared the movement of both knees and hips with reference trajectories and minimized the difference between them to estimate the current gait phase (Aoyagi et al., 2007; Unluhisarcikli et al., 2011).
Other methods used machine learning techniques to learn the gait features from experimental data. In (Kang et al., 2020), the authors used a neural network model based on hip and thigh angles to estimate the gait phase in real-time. In contrast, in (Li et al., 2011; Zhang et al., 2021), the authors opted for learning a model to characterize the kinematics of the gait and then used a cross-correlation method (Li et al., 2011) or a particle swarm optimization (Zhang et al., 2021) to estimate the continuous gait phase.
3.3 Coordination Based on User Kinetics and Kinematics
This section presents the coordination methodologies that relied on the users’ movements. These techniques calculate the assistance according to the current movement of the limbs and can be divided according to the movements or restrictions that are considered: 1) residual movements of the assisted limb, 2) movements of the unassisted limb, or 3) coupling restriction between joint movements. Figure 5 represents an example of the working principle of these strategies.
[image: Figure 5]FIGURE 5 | Conceptual representation of the robot-gait coordination based on the kinematics of the gait: a flow control imposed restrictions between the movement of hip and knee to generate the assistive profile that is applied by the robot.
3.3.1 Coordination Based on the Movement of the Assisted Limb
Some authors calculated the assistive action of their robotic devices based on the residual movements of the leg that was aimed to be assisted. For example, in (Lai et al., 2013), the authors exploited the strong correlation between the knee angle and hip angular velocity during the swing phase of gait. Other sources of information were the pressure measurements between the thigh muscles and the exoskeleton straps (Wu et al., 2015) for generating a velocity reference profile, or the biological moment of the ankle for generating assistive (Fang and Lerner, 2021; Gasparri et al., 2019; Orekhov et al., 2020, 2021) or resistive (Conner et al., 2020) torque profiles.
3.3.2 Coordination Based on the Movement of the Non-Assisted Limb
The assistance provided by a unilateral exoskeleton can be based on the assumption that the movement of both legs is delayed 180°. This paradigm is called echo-control (Wang et al., 2013) and implies that the movement of one leg can be used to estimate the movement of the contralateral leg to apply an assistive strategy or directly replicate the gait pattern of the non-assisted leg (Nguyen et al., 2013; Kawamoto et al., 2014, 2015; Zhang et al., 2016; Xie and Huang, 2019; Baser et al., 2020; Lora-Millan et al., 2020). The prototype developed by Peng et al. also based its movement on sound limb kinematics, but according to a leader-follower multi-agent system framework (Peng et al., 2020).
Instead of directly using the trajectory depicted by the unimpaired leg, some authors used regression models to estimate the desired position of the impaired limb according to the position of the unimpaired limb. The complementary limb motion estimation (CLME) strategy computed the paretic limb’s targeted joint positions based on the healthy one’s current position by using synergetic information by referencing unimpaired walking subjects (Vallery and Buss, 2006; Vallery et al., 2007, 2009).
This method was extended by Hassan et al., who included the movement of a walking aid (a cane) as an input of the PCA algorithm (Hassan et al., 2012, 2018) to estimate a target trajectory for the hip and knee joints. Nunes et al. also extended the PCA approach, but to obtain the torque primitives that originated the movement and used them as references for their knee exoskeleton (Nunes et al., 2018).
3.3.3 Coordination Based on the Restriction Between the Movements of the Joints
Some authors exploited the inter-joint restrictions to coordinate the assistance provided by a robotic exoskeleton. This is the case for the force-field control that imposed a force field around a healthy foot trajectory in the joint space, so that users could be forced to move the foot inside this trajectory (Banala et al., 2007, 2009). The second version of this controller included a tangential force to the prescribed trajectory to assist the user in the movement (Winfree et al., 2011; Jin et al., 2015, 2018; Srivastava et al., 2015; Hidayah et al., 2020).
Although the path control reinforced the constraints between hips and knees in the joint space during the swing (Martinez et al., 2018), it also allowed the user to modify the step length, because the users were able to control the exoskeleton freely during the stance phase. This controller was expanded by adding a tangential force to the prescribed path to assist the movement across it. This new version was called flow control (Martinez et al., 2019). Although this controller was initially developed for bilateral exoskeletons, it was adapted to be used in a knee exoskeleton in a single-joint flow control paradigm (Martinez et al., 2020).
Considering a complete biomechanical model also leads to restrictions on the joint configuration. This is the case for the controller that considered the virtual pivot point (VPP) as the point above the center of mass through which the ground reaction forces should pass to obtain a stable gait. This controller aimed to apply such joint torques to modify the directions of these forces and ensure a stable gait by guiding them through the VPP (Zhao et al., 2017; Sharbafi et al., 2018).
3.4 Coordination Based on Muscular Activity
Limb movements are inevitably coordinated with the biosignals that recruit the muscles involved in movements. Because of this, some authors used these signals to control their robotic exoskeletons, as represented in Figure 6. Three different approaches have been found in the literature: 1) using muscular activity as a trigger to execute predefined trajectories in the exoskeleton (Kawamoto et al., 2010), 2) calculating the assistive torque proportionally to the muscular activity (the approach called myoelectric proportional control) (Gordon and Ferris, 2007; Nilsson et al., 2014) or 3) employing neuromechanical models to calculate the joint torque from the activity of the muscles involved in the gait (Fleischer and Hommel, 2008).
[image: Figure 6]FIGURE 6 | Conceptual representation of the robot-gait coordination based on the EMG signals from the user: the controller generates an assistance whose timing and amplitude depend on the muscular activity.
3.4.1 Exoskeleton Actions Triggered by Muscular Activity
Similar to detecting certain gait key-events, muscular activity can also be detected and used to trigger a variety of actions in a device. Typically, this controller detects when muscular activity is above a certain threshold to perform an assistive action, such as triggering a torque profile (Kawamoto et al., 2010) or some predefined movements (Nilsson et al., 2014; Watanabe et al., 2014, 2020).
3.4.2 Proportional Myoelectric Control
In contrast to the previous strategy, in which muscular activity is discretely evaluated through a comparison with a threshold, proportional myoelectric control uses information from voluntarily activated gait muscles to continuously assist limb movement. This controller generates an assistance profile that is proportional to the recruitment of these muscles (Nilsson et al., 2014; Sczesny-Kaiser et al., 2019; Tan et al., 2018; Watanabe et al., 2014, 2020). The muscles involved in this controller depends on the morphology of the robotic exoskeleton, while the above mentioned works use flexor/extensor muscles of the hip and knee to assist these joints, soleus and gastrocnemius activity can be used to command an ankle exoskeleton (Cain et al., 2007; Gordon and Ferris, 2007; Sawicki and Ferris, 2008; Kinnaird and Ferris, 2009; Kao et al., 2010; Koller et al., 2017).
Although the myoelectric proportional control usually utilize a fixed gain to calculate the assistance profile, Koller et al. introduced an adaptive gain that is a function of muscular activity (Koller et al., 2015). This adaptive paradigm leads to a more efficient assistive strategy by allowing users to find the optimal gait. An extension of the myoelectric proportional control avoids the co-contraction of pneumatic artificial muscle actuators by inhibiting flexor actuators when the extensor muscle is recruited (Sawicki and Ferris, 2009).
As an improvement of the proportional myoelectric control, the proportional myoelectric propulsion (PMP) controller adjusts not only the amplitude of the assistance but also its timing (Takahashi et al., 2015). The PMP controller generates a torque profile proportional to the muscular activation when the ground reaction force is directed anteriorly to assist the plantar flexion ankle in hemiparetic subjects. In the second version of this controller, exoskeleton assistance is also modulated by gait speed, as a higher gait speed needed higher assistance (McCain et al., 2019).
3.4.3 Neuromechanical Models for Joint Torque Estimation
The muscular activation signal can also be used to estimate joint torque using neuromechanical models. For example, Fleischer et al. developed a biomechanical model to estimate knee torque based on EMG recordings from the knee flexor/extensor muscles and provided it through an exoskeleton to assist the gait (Fleischer and Hommel, 2008). In contrast, Durandau et al. exploited the synergies between muculo-tendom units, so they developed a user-specific neuromechanical model based on 12 units, although measurements of only 8 of them were used (Durandau et al., 2019). This model estimated the joint torque, and a fraction of it was provided to the users to assist the movement of their lower limbs.
3.5 Central Pattern Generators
Following a biomimetic approach, some authors have opted to emulate the central pattern generators (CPGs) responsible for generating coordinated patterns of cyclic activity that play a crucial role in the locomotion of vertebrate and invertebrate animals (Ijspeert, 2008). By mathematically modeling these CPG neural networks, it is possible to obtain robust and rhythmic movement characteristics of bipedal locomotion (Mishra et al., 2013). If CPGs are synchronized with an external signal, typically a kinematic signal, they can also be used to coordinate the assistance provided by a robotic exoskeleton (Figure 7).
[image: Figure 7]FIGURE 7 | Conceptual representation of the robot-gait coordination based on the use of a CPG: it estimates cyclic signals coordinated with the user’s gait that is used to generate the assistive profile for the robot.
For example, Mishra et al. described an algorithm that used a CPG with the movement of the sound leg of a stroke survivor to determine the trajectory of a rehabilitation robot that would assist the movement of their paretic leg (Mishra et al., 2014). In contrast, the CPG proposed for the Curara prototype simulated the excitation and inhibition of neurons of the central nervous system. It used the interaction torque between the robot and the impaired limb to estimate the gait phase and generate an assistive reference trajectory from a predefined pattern (Tsukahara and Hashimoto, 2016; Mizukami et al., 2018). Other authors opted for synchronizing the CPG output with the detection of floor contact events (Dzeladini et al., 2016; Tamburella et al., 2020) or with the estimated knee torque from the knee flexor/extensor EMG (Gui et al., 2017).
3.6 Experimental Validation
Across the reviewed literature, the inconsistency found in the experimental validation of the reviewed control strategies is remarkable. As reported in other reviews (Pinto-Fernandez et al., 2020; Baud et al., 2021), the lack of common validation protocols and metrics makes it extremely difficult to compare results from different devices and reliably assess the benefits of each control strategy. Regarding the reviewed works, we found two main issues that were divergent: 1) the subject population that tested the devices and 2) the evaluated outcomes. Both items are summarized in Supplementary Table S1 for each reviewed paper.
3.6.1 Subjects Involved in the Validation
The validation tests reported in the reviewed literature can be divided into three types. The first concerns the technical feasibility of the proposed device and/or the control method. In this case, some papers presented results in which no subjects were involved in the evaluation. In other cases, the authors reported simulation results (Mishra et al., 2014; Sharbafi et al., 2018) or experimental results on the robot’s ability to follow a prescribed trajectory, reject disturbances, or generate assistive profiles in time (Aoyagi et al., 2007; Unluhisarcikli et al., 2011; Zhang et al., 2016). Similarly, people with unimpaired or impaired walking were involved in other works just because their data were needed for the control strategies to use as input. In these cases, the authors only evaluated the assistance generation and how it was provided, instead of the effects on the unimpaired walking participants (Fleischer and Hommel, 2008; Hassan et al., 2012; Shamaei et al., 2013; Giovacchini et al., 2015; Zhou et al., 2016; Gui et al., 2017) or impaired walking participants involved (Sanz-Morere et al., 2018; Huo et al., 2019; Baser et al., 2020).
In contrast, other studies involved human subjects because they were focused on evaluating the real effects of the exoskeleton’s assistance. Some authors involved unimpaired walking subjects because they were the target users (Mooney et al., 2014b; Galle et al., 2017; Malcolm et al., 2018; Acosta-Sojo and Stirling, 2022), although sometimes they participated as an earlier validation before involving impaired walking subjects (Vallery et al., 2007; Winfree et al., 2011; Hassan et al., 2012; Dzeladini et al., 2016; Seo et al., 2016). Typically, after such an early validation stage, the effects of the devices were evaluated in actually impaired walking subjects (Srivastava et al., 2015; Lee H.-J. et al., 2017; Hassan et al., 2018; Tamburella et al., 2020). On other occasions, these subjects were directly involved in experimental validations to assess the effect of a robotic exoskeleton in this population without the need for previous validations (Bae et al., 2015; Lerner et al., 2017a; Tan et al., 2018).
3.6.2 Assessed Outcomes
As mentioned above, some authors reported technical validation of their devices, in which they evaluated the robot’s ability to follow a prescribed trajectory, reject disturbances, or generate assistive profiles at the correct time (Fleischer and Hommel, 2008; Beyl et al., 2011; Hassan et al., 2012; Shamaei et al., 2013; Zhou et al., 2016). Most of the reviewed articles reported information about how assistance affected those subjects who wore the exoskeleton.
These effects were measured in impaired and unimpaired walking subjects while the robotic devices were assisting their gait. Throughout the reviewed literature, the authors focused on three different aspects during these validations. Most of them assessed how assistance modified the kinematics of the gait to produce a more symmetric gait (Bae et al., 2015; Arazpour et al., 2016; Liu and Wang, 2020) or a pattern closer to natural gait (Kawamoto et al., 2009; Winfree et al., 2011; Srivastava et al., 2015; Martinez et al., 2020; Gomez-Vargas et al., 2021) reduce drop-foot (Blaya and Herr, 2004; Yeung et al., 2017) or crouch gait (Lerner et al., 2017a), improve step length and height (Hidayah et al., 2020), or increase gait speed (Ruiz Garate et al., 2017; Mizukami et al., 2018).
Other authors went beyond and evaluated the physiological effects of the provided gait assistance. Several authors detected changes in the lower limbs’ muscular activity due to the robot’s action, pointing out that the subjects adapted their natural patterns according to the provided assistance (Gordon and Ferris, 2007; Steele et al., 2017; Tan et al., 2018). Similarly, some authors found reductions in the metabolic cost of transport, indicating that robotic assistance led to more efficient gait patterns with lower energetic cost (Koller et al., 2015; Lee H.-J. et al., 2017; Ding et al., 2018).
4 DISCUSSION
In this paper, we have reviewed and classified the main control strategies that aim to synchronize the action of partial robotic exoskeletons with the current gait of their users. The distribution of the analyzed literature is represented in Figure 8. We have grouped the articles in this review according to their coordination strategies. The FSM-based coordination strategy was the most frequent, appearing in 34.8% of the reported articles due to its simplicity and favorable results. The second most common coordination strategy was based on continuous gait phase estimation, which occurred in 28.6% of the total reviewed articles. Among all of them, the methods based on the user’s kinematics were 21.1%, while the approaches based on muscular activity or CPG were only 11.8% and 3.7%, respectively.
[image: Figure 8]FIGURE 8 | Articles distribution according to the strategy proposed to coordinate the action of a partial robotic exoskeleton with the actual user gait.
Regarding the number of devices that have been used in each coordination methodology, Figure 9 represents the ratio of articles per device that have been reported in each strategy. This ratio indicates the average number of papers that reported results with the same device, so a high ratio means that the published articles involved few different devices, and therefore, the application of the control paradigm is not as widespread as it could seem. Remarkably, the highest ratios correspond to the time-based gait phase estimation and the myoelectric proportional coordination strategies. This is because the Soft Exosuit from Harvard University (Bae et al., 2015, 2018a, 2018b; Ding et al., 2016a, 2016b, 2017, 2018; Lee et al., 2016, Lee et al., 2017 G.; Awad et al., 2017a, 2017b; Kim et al., 2019; Siviy et al., 2020) was used in 68.4% of articles that estimated the continuous gait phase using the step time, whereas the HAL prototype (Kawamoto et al., 2010; Nilsson et al., 2014; Sczesny-Kaiser et al., 2019; Tan et al., 2018, 2020; Watanabe et al., 2014, 2020) and the ankle-foot-orthosis from the University of Michigan (Cain et al., 2007; Gordon and Ferris, 2007; Sawicki and Ferris, 2008; Kinnaird and Ferris, 2009; Kao et al., 2010; Koller et al., 2015, 2017) supposed, each one, the 43.8% of articles that reported results using a myoelectric proportional controller.
[image: Figure 9]FIGURE 9 | Average number of articles per device in each of the coordination strategies analyzed.
Figure 10 illustrates the cumulative frequency of articles related to each identified coordination strategy. As previously mentioned, FSM-based methods have been postulated to be the most frequent technique. However, the increasing tendency of algorithms that estimate the continuous gait phase is remarkable, surpassing muscular coordination and kinematics-based techniques, although their use started several years later. This implies the high interest aroused by these algorithms as tools for successfully coordinating the action of partial exoskeletons.
[image: Figure 10]FIGURE 10 | Cumulative frequency of the number of published articles related to each of the identified coordination methodologies between partial exoskeletons and human movements.
Regarding the experimental validations that the authors proposed for their devices, we have identified three main kinds: 1) technical validations that only assessed the generation of the assistance without analyzing its effects, 2) validations where the assistance was provided to unimpaired walking subjects, and 3) validations where the assistance was provided to impaired walking subjects. An overview of the distribution of the experimental validations in the reviewed articles is depicted in Figure 11.
[image: Figure 11]FIGURE 11 | Experimental validations of the proposed coordination strategies. We represent the overall distributions and the detailed distributions for each of the five main coordination methodologies. Each color (red, amber, and green) represents a kind of validation (technical, with unimpaired walking subjects, or with impaired walking subjects, respectively). The lightness of the color indicates the outcome used during the validation: darkest, medium, and lightest correspond to gait kinematics, EMG, and metabolic cost validations, respectively.
Regarding the technical validations, it is a common practice that some authors reported the feasibility of their devices to provide the commanded assistance. However, some of them merely present these technical results without assessing the effects on the targeted population in subsequent studies (Aoyagi et al., 2007; Fleischer and Hommel, 2008; Shorter et al., 2011; Kim et al., 2015; Wu et al., 2015; Zhang et al., 2016; Huo et al., 2019). Therefore, the validations of these exoskeletons are very limited and, although they can generate the desired assistance, they lack the assessment of the main objective of the device, i.e., assisting the gait of the user.
The main difference between experimental validation with impaired and unimpaired walking subjects is remarkable. Device validations with impaired walking subjects were mainly focused on the effects of the gait kinematics, as indicated by the high ratio (78.1%) of papers reporting such results. In contrast, the articles with unimpaired walking subject validations reported this information only in 33.3% of the articles, while focusing equally on muscular response (31%) and metabolic cost (35.7%). Compared to these ratios, the validations with impaired walking subjects reported muscular and metabolic results only in 9.4 and 12.5% of the cases, respectively.
These differences between the validation with impaired or unimpaired walking subjects show that the literature focused on different objectives for different kinds of users. While the assistance of unimpaired walking subjects was intended to reduce their muscular effort and metabolic cost during gait, the assistance of impaired walking subjects focused on the functional aspects of gait. While this is logical because the primary purpose of the assistance for these subjects is to achieve an autonomous and stable gait, it also shows a lack of understanding of how impaired walking subjects react to the assistance provided; especially whether they were able to integrate the robot action and consequently adapted their muscular activity due to the robotic assistance.
Among the validations performed on impaired walking subjects, 73.1% focused on the instantaneous effects of the applied assistance during walking. However, some authors have explored the effects of the robot’s action on the gait of the impaired walking subject after long-term rehabilitation therapies, and 26.9% of the studies that involved impaired walking subjects focused on the therapeutic benefits of using robotic devices. However, these studies focused on six different devices: anklebot (Roy et al., 2013; Forrester et al., 2016), AlterG Bionic Leg (Wong et al., 2012; Stein et al., 2014), HAL exoskeleton (Kawamoto et al., 2009; Nilsson et al., 2014; Sczesny-Kaiser et al., 2019; Tan et al., 2018; Watanabe et al., 2014, 2020), T-Flex (Gomez-Vargas et al., 2021), the first (Banala et al., 2009) and the second version (Srivastava et al., 2015) of the ALEX prototype and the Samsung’s GEMS device (Lee et al., 2019).
The promising results obtained in these studies showed that robotic therapies based on coordinated gait assistance of the impaired limb are valid approaches to rehabilitate subjects with impaired gait. However, the role of these strategies in the muscular recruitment and physiological response of users is not yet clear, although these aspects are quite relevant to the success of rehabilitation therapy. Consequently, more studies are still needed to fully validate rehabilitation therapies that could be performed using the control algorithms and devices detailed in this review.
Another interesting aspect to consider is the number of subjects involved in the experimental validations. As shown in Figure 12, most of the reviewed papers involved a small number of subjects, limiting the level of significance of these works. The average numbers of subjects involved in the experimental validations were 5.6 for unimpaired walking subjects and 7.65 for impaired walking subjects. In this regard, only 11 of the reviewed works involved more than 15 subjects, all involving impaired walking subjects. Using a reduced sample size can be justified in studies that validate a device’s technical approach. However, rehabilitation or motor control studies should include a larger sample size to guarantee the statistical power of the conclusions.
[image: Figure 12]FIGURE 12 | Number of subjects involved in each reported experimental validation grouped by coordination strategies. Light circular markers represent unimpaired walking subjects while dark triangular markers represent impaired walking subjects.
Regarding the differences between the reported algorithms and devices, the variety is remarkable, not only in the coordination strategies, which is the scope of this document but also, in the low-level controllers and their actuation principles. There is a lack of comparative studies that establish the effects of these aspects in the assistance provided to the user. According to the reviewed literature, only a few studies have tried to compare the performance of the proposed device, usually focusing on the therapeutic outcome (Forrester et al., 2016; Lee et al., 2019; Sczesny-Kaiser et al., 2019; Stein et al., 2014; Watanabe et al., 2014, 2020), although other authors have compared the performance of two different controllers with the same device (Cain et al., 2007; Vallery et al., 2009; Koller et al., 2017; Hassan et al., 2018; Martinez et al., 2019). However, it is not yet clear which is the best method to coordinate robot assistance with the user’s gait.
As previously noted by other authors (Pinto-Fernandez et al., 2020; Baud et al., 2021), we have identified a high variability in the experimental validations that authors carried out with their devices. The absence of common protocols to evaluate the effects of robotic assistance makes it extremely difficult to extrapolate the results published by different articles for comparison. In this regard, we encourage following a common benchmark when assessing lower limb exoskeletons and their effects, as Torricelli et al. previously proposed (Torricelli et al., 2015). This would include common clinical scales to evaluate gait quality, as well as concrete assessments to evaluate robot performance, which would also be applicable to the partial exoskeletons reviewed in this document. From this perspective, previous comparisons between robotic devices that did not follow the same validation protocol should be viewed with caution as they could lead to misunderstandings.
A standardization in the assessment of robotic exoskeleton performance is required to ensure proper transition of the exoskeletons from research to clinical and domestic environments. It is necessary the definition of new “Gold-standards” to objectively assess the performance of these devices and the implications in wearer’s activities. These metrics would unify the validation process of robotic exoskeletons and would justify the scientific evidence and clinical relevance of their role in gait assistance or rehabilitation. In this regard, understanding and estimating the torque and force transmission from the robotic device to the user and the biomechanical effects of this interaction is crucial, as it could boost the therapeutic outcomes involving exoskeletons in rehabilitation therapies (Lerner et al., 2017a; George et al., 2021). These methods would enable the comparison between systems as they directly quantify the exoskeleton performance and establish a common paradigm that can be used independently of the evaluated device.
In this document, we reviewed the coordination strategies of partial robotic exoskeletons in a hardware-independent mode. Therefore, we grouped the articles only according to the coordination strategies, without considering the final implementation of the system. In fact, we considered not only single-joint or unilateral exoskeletons, but also strategies that were only related to software development (Mishra et al., 2014; Gui et al., 2017) or implemented in complete (Durandau et al., 2019; Martinez et al., 2018, 2019) or bilateral (Sawicki and Ferris, 2008; Lerner et al., 2017a, 2017b) exoskeletons whose strategies could be adapted to be used in partial robotic exoskeletons. The descriptions of the coordination strategies that we proposed were as general as possible so that other researchers could adapt them to different exoskeleton configurations independently from the original implementation. In this sense, for example, an FSM strategy can be applied regardless of the detected concrete events, or an EMG strategy can be used independently from the muscle measured and involved in the control.
Although these differences in the morphology did not affect the implementation of the coordination methods included in this review, they could affect the results obtained by the assistance. We have found multiple actuator systems and low-level controllers that include DC motors coupled to gearboxes with position (Wei et al., 2019) or impedance controllers (Villa-Parra et al., 2017) and compliant actuators under torque control, such as series elastic actuators (Giovacchini et al., 2015) or cable-driven systems (Siviy et al., 2020). This variety does not affect the implementation of the coordination strategies but still it is relevant for the interaction between the user and the device as well as the outcomes of the assistance.
These actuation and interface differences also highlight the need of common “gold-standard” metrics that globally assess the performance of these devices independently from their concrete implementational details. In this sense, other aspects, such as safety or stability, should also be objectively assessed for these wearable robotic devices, as they are key-factor to consider for a proper translation of these prototypes into real-life devices. Even the control strategies of these devices require to be assessed to ensure the robustness of future commercial robotic exoskeletons.
Independent of these implementational aspects, we can compare the coordination strategies according to each strategy’s working principle and their input and output information. As mentioned above, FSM algorithms are the most common approaches that we found. This is because they are the simplest methods from the processing and sensory points of view. Although simpler, they can adapt the action of the partial exoskeleton to discrete events, ensuring the correct coordination of both systems, human and robot, at specific instants.
In contrast to these methods, the strategies based on the estimation of the continuous gait phase lead to a continuous signal that can be used by other stages of the controller. This signal was a more versatile source of information, as it enabled its use beyond some discrete events. Regarding the methodologies for estimating this phase, the AO based approaches have a more adaptive behavior than the step-time based approaches, as they can instantaneously react to changes in gait velocity, instead of only responding to gait events. In addition, AO methodologies are simpler and require less computational effort than kinematics-based phase estimation approaches that generally rely on previous data analysis or artificial intelligence techniques.
The methods based on muscular activity require the most complex sensory systems, as they need to acquire muscular activity in real time, reject electromagnetic noise, and ensure that the movement of the robot did not interfere with the acquisition process. Additionally, neurological patients who cannot reliably recruit the involved muscles are not suitable to use this approach.
Additionally, if subjects cannot successfully generate movement in the paretic leg, they could not use those devices coordinated by the kinematics of the assisted leg or by coupling restrictions between joints. However, this disability did not interfere with the coordination strategy if it is based on the movements of the non-paretic leg, although these methodologies are more complex and usually require previous experimental data. Finally, strategies based on CPGs that simulate the generation of cyclic patterns by biological organisms are quite promising. However, the complexity of these methods and the reduced number of related papers suggest that more research is needed to completely validate their use.
Although all the reported methodologies have arisen promising results, the previously mentioned differences have implications for the safety and clinical application of these control approaches. The simpler the control algorithm, the safer implementation and wider the range of suitable users, although their performance could be slightly worse. In this sense, FSM and AO algorithms could be suitable for a greater patient typology than EMG based algorithms, although they would imply not considering the muscular activity into the therapy.
The performed review has demonstrated that this technology has reached the readiness level that ensures the proper control of partial exoskeletons. Additionally, reported muscular recruitment and metabolic cost effects are clues that point to the potential of these devices to be integrated into neural gait motor control, especially in unimpaired walking subjects. However, a research effort is still needed to validate this integration in neurologically impaired subjects.
Independent of the synchronization strategy followed, successful coordination between robot action and user’s gait will lead to the embodiment of the technology. Devices capable of matching their action with the one expected by the user will lead in integrating the exoskeleton into the body schema so it will be treated as part of the body instead of an external tool (Li et al., 2021). However, a research effort is required to demonstrate the capability of this technology of being embodied, as it has already been demonstrated for wheelchairs (Arnhoff and Mehl, 1963; Pazzaglia and Molinari, 2016) or prostheses (Penner et al., 2019; Bekrater-Bodmann, 2020).
This embodiment is the necessary next step for these robotic wearable devices. It will maximize the potential benefits of gait assistance, not only during rehabilitation therapies but also in non-supervised environments while assisting daily life activities.
5 CONCLUSION
The reviewed state of the art on coordination strategies between user gait and partial exoskeletons indicates that these techniques are mature enough to generate proper assistance for walking to both impaired and unimpaired walking subjects. More specifically, the algorithms based on FSM were the strategy most frequent, being validated repeatedly. However, the algorithms that estimate the continuous gait phase are being postulated as more robust alternatives, gaining relevance in recent years, especially those methods based on Adaptive Frequency Oscillators, due to their robustness and adaptability to gait speed changes. However, in the current state of the art, there is still a lack of studies that systematically analyze and isolate the role played by these coordination strategies, independent of the physical device on which they were implemented.
Although the theoretical objective of most robotic exoskeletons is to assist impaired walking subjects, there is a lack of information about how these subjects integrate the provided assistance in the gait neural control. Currently, the neurophysiological consequences of robotic assistance in impaired walking subjects remain elusive, including adaptation of muscle recruitment. In this context, research efforts should focus on the final states of the impaired walking users, deepening the understanding of physiological and cognitive interaction with the device, to lead to more effective neurorehabilitation and assistive approaches.
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