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Abstract

:

Robotic exoskeletons that induce leg movement have proven effective for lower body rehabilitation, but current solutions offer limited gait patterns, lack stabilization, and do not properly stimulate the proprioceptive and balance systems (since the patient remains in place). Partial body weight support (PBWS) systems unload part of the patient’s body weight during rehabilitation, improving the locomotive capabilities and minimizing the muscular effort. HYBRID is a complete system that combines a 6DoF lower body exoskeleton (H1) with a PBWS system (REMOVI) to produce a solution apt for clinical practice that offers improves on existing devices, moves with the patient, offers a gait cycle extracted from the kinematic analysis of healthy users, records the session data, and can easily transfer the patient from a wheelchair to standing position. This system was developed with input from therapists, and its response times have been measured to ensure it works swiftly and without a perceptible delay.






Keywords:


gait; trainer; partial weight suspension; induction of movements; disability; exoskeleton; lower body rehabilitation; robotic rehabilitation












1. Introduction


Assisted gait training and rehabilitation have a high impact on healthcare and are characterized by scientific and technical challenges [1,2,3]. Recent research in this field has translated into several devices, ranging from prostheses and orthoses to walkers and gait trainers, that provide users with aids designed to help with particular disabilities.



There is no consensus on which program is best suited for gait rehabilitation or which tools are most useful, especially for spinal cord injury (SCI) [4,5]. However, repetitive movement strategies have proliferated in clinical practice [6,7]. They are designed to stimulate the central pattern generators (CPGs), responsible for generating coordinated movements [5,8]. This manual-therapy-based training is held back by lack of personnel and the physical effort it demands from the therapist, severely limiting its applicability. Robotics-based rehabilitation offers a unique opportunity to solve this problem, improving training intensity and quality. By assisting both the therapists and the patients in performing a rhythmic and synchronized lower body movement, robotic devices have the potential to greatly reduce the physical effort needed, and thus decrease the injuries of therapists derived from this effort.




2. Related Work


Wearable exoskeletons that can induce musculoskeletal movement, and therefore help the user perform a healthy gait pattern, are a very popular way of using robotic devices for rehabilitation. Most of them, like Ekso Bionics [9], HAL [10], Vanderbilt exoskeleton [11], or ReWalk [12] are 4DoF (degrees of freedom) lower-limb exoskeletons, and actuate both the hip and knee on the sagittal plane. Recent studies [13,14] have demonstrated that training using HAL is effective in improving ambulatory mobility for patients with stroke or spinal cord injury. Robotic training led to an improvement in walking parameters and in balance abilities, with increases in the WISCI-II score. Similar results have been achieved using Ekso Bionics [15]. Other devices such as MindWalker [16], CUHK-EXO [17], or XoR2 [18] include hip rotation. These ambulatory exoskeletons need crutches to provide stabilization and control the lateral balance during movement. This setup is infeasible for patients that lack good upper body strength or biomechanical coordination. On top of that, they introduce the risk of falls and produce fatigue. These factors make such exoskeletons impractical for many users.



This problem could be avoided by using PBWS (partial body weight support) solutions that unload part of the patient’s body weight by suspending them. This way, the percentage of body weight that the lower body must support during rehabilitation therapy can be tightly controlled. Such strategies have the potential to improve the locomotive capabilities of people with motor deficit by minimizing the muscular effort required and simultaneously reducing the forces and pressures exerted over the user’s skeletal system [19]. Several studies have proved the huge benefits that PBWS solutions have on clinical practice [20,21].



However, PBWS was traditionally implemented using fixed structures with either treadmill or rigid frames. Recent solutions have seen the introduction of robotic gait trainers that can combine assisted leg movement with partial weight suspension. This way, crutches are not needed and falls can be totally avoided. These two features are considered mandatory for patients with systemic motor deficit.



Devices like Lokomat [22], GaitTrainer [23] LOPES [24], ALEX [25] or C-ALEX [26] integrate an exoskeleton for particular body regions with treadmill and PBWS systems. These solutions enable reproducible and intense therapy sessions while logging objective measures to assess the exercise’s results. These devices are limited in the sense that the patient remains in place, and therefore their proprioception, posture, and dynamic balance systems are not being properly trained and receive conflicting stimuli.



To address these shortcomings, new ambulatory training systems which allow a higher freedom of movement from the patient have been designed, such as WalkTrainer [27] Nature-gaits [28], SUBAR [29], EXPOS [30], the device presented in [31], MLLRE [32], or MOPASS [33]. However, solutions such as these present several drawbacks, like the inability to easily move the patients from their wheelchairs to standing position. On top of that, these trainers cannot generate a gait movement synchronized with the system’s absolute speed or force the patient to maintain a posture conductive to put on an exoskeleton—a process involving important physical effort and lengthy preparation times.



This work tries to bridge this gap by presenting an innovative self-propelled ambulatory system for gait rehabilitation with lower body movement induction, PBWS and body stabilization designed for clinical environments, named HYBRID (Hybrid Technological Platform for Rehabilitation, Functional Compensation and Training of Gait in SCI Patients). Our solution enables practitioners to easily transfer patients from a wheelchair to standing position, suspend their weight, and provide assisted gait patterns extracted from healthy users, all while offering safety and comfort. This system is easy to use for both users and practitioners.



The developed system has been financed by the Spanish Plan Nacional, with support from interested partners like the Hospital Nacional de Parapléjicos de Toledo (HNPT) and the Instituto Nacional de Educación Física (INEF), and has received input from other experts in the fields of rehabilitation and gait analysis, helping to focus on the more relevant design issues.




3. Materials and Methods


The HYBRID device is a gait trainer based on a double support system (Figure 1): a bilateral 3DoF per leg (6DoF total) lower-limb exoskeleton (H1 [34,35,36]) and a PBWS system (REMOVI). The former is an exoskeleton that can perform a prerecorded walking pattern while registering the angular positions of its six actuated joints (ankles, knees, and hips). The latter is an active PBWS system that supports both the exoskeleton and the user through a harness. For the sake of clarity, this section is divided in three parts, with each of the first two devoted to a different subsystem of HYBRID: H1 and REMOVI. Each part is further divided into several smaller subsections that detail the mechanical structure and electromechanical elements, sensors, and software platform of the H1 and REMOVI modules. Finally, the last part details how the communication between the exoskeleton, the PBWS, and the therapist’s computer is achieved.



The H1 lower-limb robotic exoskeleton was created by the Neural Rehabilitation Group (NRG) from the Cajal Institute of CSIC as part of the HYPER project [37]. It is built upon the experience acquired in previous projects [38,39,40,41] and is under active development [42,43]. The H1 is a medical device designed for the clinical environment, to provide training and rehabilitation of gait over ground for patients suffering from several pathologies, such as stroke, spinal cord injury, or cerebral palsy. It can support cadences of up to 0.5 m/s (1.8 km/h) and produce a gait pattern extracted from the kinematic analysis of healthy users. This exoskeleton can also be locked in a forced standing position, stabilizing the patient by blocking the motors.



The REMOVI PBWS system is a new development designed to reduce the physical effort required by both the patient and the practitioner to a minimum. Toward this aim, it needs to be self-propelled, provide a transfer operation that can move the patient from a wheelchair to standing position (and vice-versa), allow the user to freely walk around with partial weight suspension, and interface and integrate with the H1 exoskeleton module.



3.1. H1 Exoskeleton


3.1.1. Mechanical Structure and Electromechanical Elements


Since gait happens mainly in the sagittal plane, the exoskeleton has been designed to actuate over it. Unlike most exoskeletons (commercially available or in the literature), it also has powered ankles. This feature is especially important since the ankle bears high torques during gait [44], is responsible for providing balance and attaining the standing position [45,46], and supports considerable body weight [46]. Additionally, heel contact, toe off, and plantar sensitivity play a very important role in balance proprioception [47], and a proper ankle movement is needed to produce these sensations.



The H1 exoskeleton is comprised of two (one per leg) mechanically independent 3DoF lower-limb orthoses, actuated at the hip, knee, and ankle joints in the sagittal plane. Figure 2 shows that each orthosis is made up of four rigid telescopic bars that correspond to the pelvis, femur, tibia, and foot. They are connected by actuation modules (see Figure 3) that match the location of human joints. Both orthoses are connected through a rigid hip structure and a deformable pelvic module made out of polymer, to better adapt to the user’s waist and abdominal contour. This setup allows for small adduction and abduction non-actuated hip movements. The exoskeleton is adjustable in width, depth, and height to match the user’s characteristics (1.50 m to 1.90 m height, up to 100 kg weight), covering more than 95% of the target population [48].



The exoskeleton’s range of motion (ROM) corresponds to that of a healthy individual [49] and can be seen in Table 1. This ROM allows users to also perform sit-to-stand and stand-to-sit motions. The H1 design and materials selection has taken into account ergonomics and comfort issues.



Attachment to user’s body is achieved via two elements: the pelvic module for the hip, and the cuffs for the leg segments and feet. Both are foamed and fitted with velcro straps. Most of the structure is made of aluminum due to its resistance and low weight: the exoskeleton weights only 13 kg, and its battery adds another 2 kg.



Each orthosis includes three brushless direct current (BLDC) motors (i.e., one for each of the joints), coupled to the axis of the joint. The BLDC motor used for all the joints is a Maxon EC60-100W-24V, 60 mm diameter, nominal speed 4250 rpm, and nominal torque 227 mN·m. The coupling to the output link is done via a Harmonic Drive gearbox: model CSD20-160-2AGR, with a reduction ratio of 160:1. This setup leads to a nominal speed of 26.5 rpm, constant torque of 35 N·m, and peak torque of 180 N·m, providing a high torque and low speed, both suitable to generate the movement on each of the joints [50]. All motors are driven by Advantech AZBH12A8-24 V power drivers, connected to the exoskeleton’s main controller through an analog channel used for pulse width modulation (PWM).




3.1.2. Sensors


The H1 exoskeleton is equipped with kinematic and force sensors [51]. Concerning the former, each joint is equipped with a 10 k Ω  high-precision one-turn potentiometer, by Vishay Spectrol, model 157S103MX, with high linearity and long rotational life. This potentiometer is used as the joint angular sensor. It is directly coupled to the output axis via a transmission belt, providing a direct measure of the joint angle.



The footplates are fitted with two force-sensing resistors (FSRs) each (Interlink Electronics 406) placed under the user’s heels and toes. They allow the detection of four gait events (i.e., initial contact, flat foot, heel off, and toe off), enabling the identification of the different phases of gait.



Finally, the exoskeleton as a whole has an ON/OFF switch and each orthosis has a button that the user can press to perform a step with that leg when the step-by-step mode is activated.



The sensory data are acquired by a custom-made board (see Figure 4), one for each joint, that performs the signal conditioning, acquisition, and digitalization functions and sends the processed data to the main controller through a CAN (Controller Area Network) bus. This board’s microcontroller is a dsPIC30F4013 by Microchip. The FSR data from the footplates is processed by the ankle boards.




3.1.3. Computing Platform and Software


The main controller of the H1 exoskeleton has been programmed to run in a real-time environment on a PC/104 computer. The PC/104 main board module is connected to two Diamond Systems Corporation DMM-32X-AT acquisition boards, with 32 analog input channels (16 bits each, unused), and 4 analog output channels (8 bits each, used to drive 6 motors); a UDP communication board (Advantech PCM-363); a CAN communication board (C2-104); and an Advantech PCM-3910 power supply module.



Figure 5 shows how the sensors, actuators (motors), and electronics (both custom-made and stock boards) fit together to enable the movement of each leg. The PC/104 computer is shared by both orthoses. The UDP module is used to connect the exoskeleton to the REMOVI PBWS subsystem and a PC that the practitioner can use to control and monitor the therapy session.



All the exoskeleton software was implemented using Simulink. The trajectories designed for the H1 match a normalized gait pattern, provided by the Departamento de Salud y Rendimiento Humano of INEF by measuring 29 healthy female and 33 healthy male individuals walking slowly (around 0.25 m/s) using a VICON photogrammetry system. The resulting gait is depicted in Figure 6, with trajectories for ankle, knee, and hip.



These trajectories assume symmetry between both legs and are stored in tables used by a pattern generator module to produce a gait cycle. To implement a continuous gait they play cyclically and simultaneously for both legs, with a 50% offset between them—the normal behavior for a healthy gait [45]. This offset is shown in Figure 7, which depicts only the knee joint for the sake of clarity.



The pattern generator module supports two modes: step-by-step and continuous gait. In both of them the exoskeleton can change its speed from 0.12 to 0.28 m/s.



In the step-by-step mode, the user can perform each step independently by pressing the corresponding button. Each press induces a gentle oscillation movement in the advancing leg that translates into a single step, while the other limb moves slightly to ensure stability. Both movements stop when the advancing leg finally reaches the ground plane. This way, the patient can control pace themselves.



In the continuous gait mode, the gait pace is set and maintained. The movement is not stopped, with both legs performing the full cycle without stops between steps.



When gait is not induced (start, stop, and end of exercise) the H1 exoskeleton assumes a forced standing position, with hip, knee, and ankle at   0 °  .



We implemented a finite-state machine to change between modes with five possible states (lock, left, right, left-stop, and right-stop). The output of this machine tells the pattern generator the selected mode. This translates to the following conditions:




	
Always starts at the lock state; after the user has fitted the exoskeleton and activated it, the H1 stays in the forced standing position. This avoids a fall due to an involuntary movement by the patient.



	
If the continuous gait mode is selected, the session starts with the right leg (to improve the learning curve of the system). This mode uses the left and right states that, when strung together, create a continuous pattern.



	
If the step-by-step mode is selected, the patient can choose which leg to start with. This mode uses the left-stop and right-stop states, which generate a split pattern.



	
Modes can be changed without first reaching the lock state. The system waits until the current state is finished, and then switches to a state appropriate to the new mode (continuous gait or step-by-step).



	
To move out of the left-stop and right-stop states, the patient must press one of the buttons.








To avoid sudden changes in joint positions while shifting modes (lock, continuous, and step-by-step), the maximum difference between joint angular references is set to   3 °  , which translates into a gentle and controlled movement.



Modes are selected by the practitioner using a GUI (graphical user interface) running on a computer connected via WiFi or Ethernet to the exoskeleton. This connection and user interface are detailed later.



The software stack for the H1 exoskeleton is split into:




	
A high-level layer responsible for determining the movement type, defining the joints’ trajectories, synchronizing the three joints of each leg, and coordinating the combined motion of both limbs. This layer uses the stored pattern and implements the previously mentioned state machine.



	
A low-level controller that maps the trajectories defined by the high-level layer to specific joint positions, implemented with a PID (Proportional Integrative Derivative) controller.










3.2. REMOVI PBWS


3.2.1. Mechanical Structure and Electromechanical Elements


The REMOVI PBWS must support patients of similar size and weight to those allowed by the H1 exoskeleton: 1.60 m to 1.90 m height and up to 120 kg weight (including the weight of both the patient and the exoskeleton). Again, these parameters cover more than 95% of the target population [48]. In this case the height is especially important for the design, since the arms’ final positions must leave a clear walking area in front of the patient. Additionally, the wheelchair-to-standing position transfer process needs to be safe and progressive in order for the users not to feel that they are under risk of falling before or during this process. The proposed mechanism has a gentle upwards trajectory that is nonetheless fast enough to avoid anxiety due to the feeling of instability while being raised.



To maximize the feeling of safety provided by REMOVI, this module uses a built-in harness that spans from thorax to perineum and bears the weight of both the user and the H1 exoskeleton. This harness is suspended using a symmetric mechanism in the transverse plane (Figure 8). This setup increases the stability and balance of the patient’s upper body and favors the weight transition from one leg to the other during gait. The REMOVI module also has a wheeled base with two frontal driving wheels, actuated by two direct current (DC) 24 V motors and two rear free wheels. A central column with two turning arms is in charge of the transference from the wheelchair to the standing position and vice versa. These supporting arms are actuated by a 24 V DC linear actuator and also perform the partial body weight support function. There are two hooks at the end of these arms to which the harness and force sensors are fixed.



The turning arms’ trajectories produce two combined movements: elevation (e) and approach (a). Both are shown in Figure 8, and the relationship between them is characterized as follows (where b is the arm’s length):


  e = b · sin α ,  



(1)






  a = b · ( 1 − cos α ) .  



(2)







The wheelchair-to-standing transference can be characterized as two different phases, depicted in Figure 9. Phase I is dominated by elevation, while the opposite happens in phase II, where the approach component grows more quickly. This two-phase transference was designed to reduce the risk of falling and avoid the wheelchair being dragged.



For the harness, after a careful study of several solutions, we selected a thorax and groin Biodex model. Its ergonomics and, more importantly, its capacity to properly distribute weight were the deciding factors. This last feature can be used to avoid having high-pressure points that could disturb the user or even produce sores. This harness can be adjusted to different sizes and thorax perimeters, covering the desired target population.



For this transference process and the weight support modulation we chose a Linak LA345100+0L300041 24 V actuator that can push up to 5000 N, pull up to 4000 N, and has a maximum lifting speed of 10 mm/s with a stroke length of 300 mm. To measure the arms’ angular positions, a potentiometer is affixed to the axis that joins them.



To be capable of self-propulsion, the REMOVI is equipped with two DC Kelvin K80-63.105 24 V tractor motors with a reduction ratio of 53.3:1 and a torque factor of 38.9. The nominal torque is 6.61 N·m, the speed is 69 rpm, and the power 50 W. Put together, they are strong enough to move both platform and user. Each motor’s axis is coupled to an HEDS-5540A11 encoder with a resolution of 500 pulses per lap, tasked with measuring the PBWS speed so it can be controlled.




3.2.2. Sensors


The hooks on the ends of the REMOVI arms also contain two AMTI FS6-500 triaxial force sensors. These sensors can measure force in the X, Y, and Z axes: up to 2200 N for the X axis, and up to 1100 N for the Y and Z axes.These thresholds are sufficient for an expected maximum user weight of 100 kg. The data retrieved by these sensors (X, Y, and Z) are used to monitor the interaction between the user and the REMOVI PBWS during the elevation process and evaluate the swinging produced during the displacement of the whole system once the user is supported. The arms’ angular positions ( α ) are measured with a potentiometer affixed to the axis that connects them.



Figure 10 shows how the relevant force components are extracted, using the following equations:


   F  w e i g h t   =  F r  · cos  ( σ +  θ 0  − α )  ,  



(3)






   F  a d v a n c e   =  F r  · sin  ( σ +  θ 0  − α )  ,  



(4)






   F  l a t e r a l   =  F x  ,  



(5)






  cos  ( σ )  =  F z  /  F r  .  



(6)







The three calculated components are used to determine the weight supported by the structure (to calibrate the partial suspension percentage), the forward advance, and the lateral movements (for balancing purposes). These equations are implemented in a software data acquisition block.



In addition to these forces, in order to properly characterize the interaction between the user (and the H1 they wear) and the REMOVI system, it is paramount to measure the distance between the patient and the platform itself. The advance speeds of the H1 exoskeleton and the REMOVI PBWS can be programmed so that they match each other, but in practice this is not enough to maintain an optimal relative position between both: slightly higher or lower resistance and contribution to movement by the patient, turns, stops, changes in pace and small differences in gait produce errors that add up and must be corrected. Therefore, it is necessary to monitor the real speeds of both modules dynamically, implementing a feedback loop that maintains a proper distance.



To measure this separation we have used an ultrasound UNDK 30U6103/S14 module, with a range between 100 and 700 mm and a 3 mm resolution. This sensor is placed in the uppermost part of the central column, pointing to the user’s waist. The measured analog signal is sent to the on-board computer (another PC/104, different from the one on the H1 exoskeleton) that regulates the REMOVI speed so it acts as a slave subsystem to the exoskeleton (master), adapting the PBWS’s speed to the user’s pace. To measure the PBWS displacement speed, each DC motor’s axis is coupled to an HEDS-5540A11 encoder with a resolution of 500 pulses per lap, whose data are also sent to this PC/104.



Finally, the REMOVI is also equipped with a joystick that provides manual control for the subsystem’s movements, if desired.




3.2.3. Computing Platform and Software


Like the H1 controller, the REMOVI software runs in a real-time environment on a PC/104 computer and was programmed using Simulink. The PC/104 main board module is connected to a Diamond Systems Corporation DMM-32X-AT acquisition board (whose input channels are connected to all the sensors and three of its four output channels are used to control the motors through two custom drivers); a UDP communication board (Advantech PCM-363); and an Advantech PCM-3910 power supply module. The force sensors are also routed trough a Sensorex 3310 signal conditioner, since they need a stable energy supply and their signals must be amplified and filtered before the PC/104 can process them. This architecture is depicted in Figure 11. Again, the UDP module is used to connect the exoskeleton to the REMOVI PBWS module and the therapist’s computer.



The synchronization between the H1 exoskeleton and the REMOVI PWBS is achieved through a feedback loop (implemented using Matlab’s Fuzzy Logic Toolbox) that controls the REMOVI speed. The input to this loop is the distance retrieved by the ultrasound sensor. The accepted range goes from 0 to 100 cm. We have defined three possible zones (near, optimal, and far distance) including this range and three corresponding input membership functions (Figure 12):




	
Near zone: Z-shaped membership function with   a = 13.1   and   b = 29  .



	
Optimal zone: Symmetric Gaussian membership function with   σ = 40   and   μ = 10  .



	
Far zone: S-shaped membership function with   a = 50   and   b = 60  .








In a similar way, we have defined three output membership functions (Figure 13) that determine three output modes:




	
Stop: Z-shaped membership function with   a = 0.2   and   b = 0.4  . Mapped to the near zone.



	
Maintain speed: Symmetric Gaussian membership function with   σ = 0.25   and   μ = 1  . Mapped to the optimal zone.



	
Accelerate: S-shaped membership function with   a = 1.2   and   b = 2  . Mapped to the far zone.








The outputs of these functions range between 0 and 2. This factor multiplies the H1 exoskeleton speed value and applies it to the REMOVI, with the result of increasing or reducing the distance between both subsystems. The maximum factor of 2 was chosen because REMOVI’s maximum speed is twice the exoskeleton’s.



The elevation process is controlled by the therapist using a graphical interface (Figure 14) with three buttons: up, down, and stop. The provided interface also allows the practitioner to input the desired weight support percentage and movement speed (the same for both the H1 and REMOVI subsystems).



The suspension level can be controlled by the patient and/or the practitioner, both before transferring to standing position and during the session.



The provided software automatically manages the wheelchair-to-standing transition (through arm rotation), level of weight support, and HYBRID speed. This is possible thanks to the data retrieved by the sensors of both the H1 and REMOVI, which allow the system to adapt to the patient’s weight. The forces exerted by the user are also stored for later analysis by the therapist. This way, this information is used not only for weight support control, but also to characterize the patient’s gait.





3.3. Subsystems Communication


The H1 exoskeleton, the REMOVI PBWS and a standard computer operated by a therapist comprise a communication network that uses UDP (User Datagram Protocol) as a transport protocol. Using this network, the practitioner’s computer can configure the exoskeleton and PBWS parameters using a graphical user interface (already shown in Figure 14). Both the exoskeleton and the PBWS can be connected using either cabled Ethernet or through WiFi using a router physically mounted on the REMOVI structure.



Table 2 and Table 3 show the information sent by the practitioner’s computer to configure the H1 exoskeleton. Table 4 and Table 5 show the information sent by the same computer to setup the REMOVI PBWS.



The H1 exoskeleton also sends its speed data to the REMOVI PBWS, since the latter needs to adapt its speed to the former’s. These data are sent using the frame described in Table 6 and Table 7.



The H1 exoskeleton sends the data needed to properly monitor and control the session to the therapist’s computer (Table 8 and Table 9). These data are used to compare the actual position of the exoskeleton with the theoretical angles as defined in the programmed gait pattern, and evaluate the force exerted by the patient’s feet.



Finally, the REMOVI PBWS also sends some data to the practitioner’s computer (Table 10 and Table 11). These data are used to monitor and later analyze the master–slave relationship between the two HYBRID subsystems, and the rotating arms’ behaviors.





4. Results


HYBRID is a single solution that provides double assistance: (a) an exoskeleton and (b) a stabilization and weight support system. Both devices are independent but work in unison. Each has its own controller and implements a master/slave relationship, with the REMOVI adapting itself to the H1’s pace thanks to the distance measured using the on-board ultrasound sensor of the former.



Therefore, we must ensure that there is a proper coordination between the two subsystems so that the start process of both does not feel disjointed and there is no perceptible delay between them. On top of that, the distance between the H1 and REMOVI should not vary greatly.



To check if these aims were achieved, we measured the delay between several events. We recorded the delay between the instant the patient pressed the button to activate the joint’s movement and the time at which they actually started moving. We also registered how much time passed between the H1 and REMOVI begininning to move. These experiments were performed with three healthy individuals (height: 176 ± 10 cm, age: 25 ± 2 years, weight: 75 ± 21 kg). These participants were unaffiliated with the project and did not participate in any way in the research and design process of the proposed solution. All three were in the standing position with the suspension harness fitted when they activated the exoskeleton in the continuous gait mode, displacing themselves 3 m in a straight line. This experiment was repeated three times, with a support of 30%, 50%, and 70% of their own weight, respectively.



Figure 15 shows the results for the described tests. The mean delay between the button press and the moment the joints started to move was 21 ± 71 ms. The mean delay between this event and the time the REMOVI started to move was 305 ± 287 ms. Therefore, the mean delay between the button press and the instant the user started to walk was 326 ± 293 ms.




5. Discussion


5.1. H1 and REMOVI Synchronization


After studying the data shown in Figure 15 we identified two transition periods (A and B) and a permanent regime (C) for the REMOVI tractor motors. A corresponds to the transition between the exoskeleton start and the beginning of REMOVI’s movement. B corresponds to the synchronization process between the H1 and REMOVI speeds. During this process the developed system is using the ultrasounds to match both movements. When C is reached, the mean speed of the REMOVI is stable, even if there are some small fluctuations to correct positional drifts. Such drifts are usually a consequence of the user’s movements, posture, and changes in pace due to lengthier strides. However, in some cases the culprits are irregularities in the floor or small wheel slippages. The dynamic range of these fluctuations was quantified as 7 ± 2.58 rpm, while the mean registered speed was 21.2 ± 3 rpm.



Taking these data into account, it can be concluded that the REMOVI properly followed the displacement induced by the H1 without losing stability, even with the added errors due to the terrain and the patient’s movements. The presented values were low enough to be negligible in a rehabilitation environment, with low movement speeds. The users reported that they did not feel a sharp transition and unanimously qualified the starting process as comfortable.



Therefore, our device is also able to provide the promising “repeating without repetition” approach [52], as it permits a variation in the task of gait training. By allowing the patient to wander around the environment, we can avoid the potential loss of adherence due to the boredom that usually arises when walking on a static treadmill. HYBRID also makes the repetitive task more engaging by naturally inducing differences between gait cycles. Such variations within the task have been proven beneficial for the rehabilitation process [53].




5.2. Patient’s Position


It is important to discuss an aspect of the development process that ended up being specially relevant: the position of the patient relative to the REMOVI subsystem. The design of HYBRID takes into account the anthropometric characteristics of the target users and several spatial and temporal features like the stride length, cadence, and speed, which together determine the ideal separation between the user and the PBWS. This separation must be maintained while the patient’s center of gravity is kept inside the support base during both the elevation/approach procedure and the actual gait movement. Stability and maneuverability have also been taken into account. A study of the actual comfort experienced by the user resulted in the addition of hand holds to the main structure. After careful study and consideration, it was decided that the user’s position relative to the REMOVI after the elevation must fit steps that advance between 20 and 40 cm at a speed of up to 0.28 m/s (covering the mean walking speed for patients with supervised walkers [54]).





6. Conclusions


This article introduces the HYBRID ambulatory trainer—a system capable of inducing a gait movement on the lower limbs while displacing at a proper pace, simultaneously providing partial body weight support and stabilizing the patient during the movement. It also features a combined elevation and approach movement that can easily, quickly, safely, and comfortably transfer the user from the wheelchair to the standing position and vice versa.



This work has taken into account the needs of motor-disabled and low-muscle-tone patients as well as the experience of clinical practitioners. The iterative development of HYBRID involved several partners and produced a two-part system that combines a lower limb 6DoF exoskeleton (H1) with a PBWS moving platform (REMOVI). On top of that, the proposed system is more than a gait trainer; it is capable of acquiring and storing the patient’s data to characterize them. HYBRID is also compatible with external photogrammetry devices and other physiological parameter sensors that can synergize with the abundant captured data and characterize the user.



This system improves on the existing devices present in the literature in several ways. First of all, it combines the gait induction and weight support approaches to rehabilitation, integrating them in an ambulatory platform that can properly stimulate the proprioceptive system, posture, and dynamic balance of the patient. HYBRID also offers a novel semiautonomous elevation and transfer system. Moreover, both the H1 exoskeleton and the REMOVI PBWS maintain the features of the most popular solutions and, in some cases, improve upon them (i.e., powered ankle joints, data logging, consideration of anthropometry, gait patterns obtained using photogrammetry, a graphical user interface for the therapist). More importantly, HYBRID offers a high level of security, comfort, and ease of use—aspects paramount to the real use of a device in a clinical environment, where so often time is of the essence.



Table 12 summarizes the main contributions of this work, which is divided into two subsystems, detailed separately in this article.



Table 13 compares the features of the HYBRID system with those of other gait trainers in the literature. In this table, the column “Interaction” specifies how the exoskeleton and the weight support systems interact with each other. The “Exoskeleton” column indicates if the exoskeleton is fixed to a platform. Finally, the “Transfer” column shows if the device has any kind of wheelchair-to-standing position transference system. From this table, it can be seen that HYBRID provides some features not present in any other published device:




	
The exoskeleton is not fixed to an external platform, making a more gradual weight discharge and a greater freedom of movement possible.



	
The PBWS subsystem can support up to 100% of the user’s weight.



	
The exoskeleton and the weight support system maintain distances using ultrasounds, without needing cables or pressure sensors.



	
The system can transfer the patient from a wheelchair to a standing position and vice versa.
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Figure 1. General view of the HYBRID device. 
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Figure 2. Exploded view of the H1 exoskeleton mechanical structure. 
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Figure 3. Exploded view of a joint actuation module. CAN: Controller Area Network. 
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Figure 4. Custom-made boards for the acquisition and transmission of sensor data. (a): Top side and (b): Bottom side of the boards. 
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Figure 5. H1 exoskeleton electronics architecture. UDP: User Datagram Protocol. 






Figure 5. H1 exoskeleton electronics architecture. UDP: User Datagram Protocol.



[image: Sensors 19 04773 g005]







[image: Sensors 19 04773 g006 550] 





Figure 6. Ankle, knee and hip trajectories for the gait pattern. 
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Figure 7. Gait pattern offset. 
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Figure 8. REMOVI mechanical structure. 
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Figure 9. REMOVI mechanical structure. 
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Figure 10. Force component extraction from the sensor measurements. 
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Figure 11. REMOVI electronics architecture. PBWS: partial body weight support. 
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Figure 12. REMOVI distance control input membership functions. 
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Figure 13. REMOVI distance control output membership functions. 
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Figure 14. Therapist configuration graphical user interface (GUI). 
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Figure 15. H1–REMOVI synchronization results. 
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Table 1. Actuated degrees of freedom (DoF) and range of motion (ROM) of H1 exoskeleton joints. Sign criteria: positive for flexion (dorsiflexion for ankle) and negative for extension (plantarflexion for ankle).
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	Joint
	DOF
	Design
	ROM





	Hip
	Flexo/extension
	Actuated
	100°/−20°



	
	Addu/abduction
	Free
	10°/−10°



	Knee
	Flexo/extension
	Actuated
	100°/−5°



	Ankle
	Dorsi/plantarflexion
	Actuated
	20°/−20°










[image: Table] 





Table 2. H1 configuration frame.
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	Lock
	Gait Mode
	Speed










[image: Table] 





Table 3. H1 configuration frame parameters.
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	Parameter
	Value
	Description





	Lock
	0
	Forced standing position disabled



	
	1
	Forced standing position enabled



	Gait Mode
	0
	Continuous mode



	
	1
	Step-by-step mode



	Speed
	0–25
	H1 speed (rpm)
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Table 4. REMOVI configuration frame.
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	Transfer Mode
	Arms Command
	User’s Weight
	Support
	Displacement Mode
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Table 5. REMOVI configuration frame parameters.






Table 5. REMOVI configuration frame parameters.





	
Parameter

	
Value

	
Description






	
Transfer Mode

	
0

	
Therapist manually controls elevation




	
1

	
Therapist uses automatic elevation




	
Arms Command

	
0

	
Move arms upwards




	
1

	
Move arms downwards




	
2

	
Stop arms movement




	
User’s Weight

	
0–100

	
User’s weight in kg




	
Support

	
0–100

	
Percentage of support to apply




	
Displacement Mode

	
0

	
Therapist uses the joystick to manually move the system




	
1

	
Therapist uses automatic displacement
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Table 6. H1 to REMOVI data frame.
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	Advance
	Speed
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Table 7. H1 to REMOVI data frame parameters.
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Parameter

	
Value

	
Description






	
Advance

	
0

	
H1 and REMOVI disabled




	
1

	
H1 and REMOVI enabled




	
Speed

	
0–3

	
H1 speed (m/s)
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Table 8. H1 to PC data frame. FSR: force-sensing resistors.
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	Right Angles
	Right FSR
	Right Pattern
	Left Angles
	Left FSR
	Left Pattern
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Table 9. H1 to PC data frame parameters.
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Parameter

	
Value

	
Description






	
Right Angles

	
−20 to 100/−5 to 100/−20 to 20

	
Measured angles (degrees) for the right hip/knee/ankle




	
Right FSR

	
0 to 5

	
Measured force (V) by the right FSR




	
Right Pattern

	
−20 to 100/−5 to 100/−20 to 20

	
Theoretical angles (degrees) for the right hip/knee/ankle as determined by the gait pattern




	
Left Angles

	
−20 to 100/−5 to 100/−20 to 20

	
Measured angles (degrees) for the left hip/knee/ankle




	
Left FSR

	
0 to 5

	
Measured force (V) by the left FSR




	
Left Pattern

	
−20 to 100/−5 to 100/−20 to 20

	
Theoretical angles (degrees) for the left hip/knee/ankle as determined by the gait pattern
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Table 10. REMOVI to PC data frame.
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	Force X
	Force Y
	Force Z
	Angle
	Distance
	Speed
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Table 11. REMOVI to PC data frame parameters.
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	Parameter
	Value
	Description





	Force X
	0–100
	Measured force (kg) for the X axis



	Force Y
	0–100
	Measured force (kg) for the Y axis



	Force Z
	0–100
	Measured force (kg) for the Z axis



	Angle
	0–90
	Measured angle (degrees) for the arms’ rotations



	Distance
	0–100
	Measured distance (cm) by ultrasounds between the patient and the REMOVI



	Speed
	0–3
	Measured speed (m/s) for the REMOVI
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Table 12. HYBRID system’s main contributions.
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Subsystem and Contributions

	
Aim






	
H1 Exoskeleton




	
Transmission of movement to patient’s joints




	
Gait pattern generation

	
Gait induction




	
Bilateral coordination between lower limbs and joints




	
Gait customization to patient’s needs




	
Forced standing position in a rigid plane

	
Forced standing position




	
REMOVI PBWS




	
Semiautonomous transfer and elevation from wheelchair to standing position

	
Partial weight suspension




	
Partial weight suspension adaptable to load level




	
Ease of balancing movements with upper limb support




	
Increased stability in three planes: sagittal, transversal and frontal

	
Movement support




	
Increased security due to fall avoidance
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Table 13. Comparison between HYBRID and other gait trainers.
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	Device
	Actuated DoF
	PBWS
	Support
	Interaction
	Exoskeleton
	Transfer





	WalkTrainer
	6 DoF pelvis,

3 DoF per leg
	Partial
	Harness
	Potentiometer
	Fixed
	No



	Nature-Gaits
	2 DoF pelvis,

3 DoF per leg
	Partial
	Harness
	No
	Fixed
	No



	SUBAR
	3 DoF per leg
	Only stability
	Waist
	No
	Fixed
	No



	EXPOS
	3 DoF per leg
	Only stability
	Waist
	No
	Fixed
	No



	MLLRE
	3 DoF per leg
	Partial
	Harness
	Pressure
	Fixed
	No



	MOPASS
	3 DoF per leg
	Only stability
	Waist
	No
	Fixed
	No



	HYBRID
	3 DoF per leg
	Full
	Harness
	Ultrasound
	Not fixed
	Yes
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