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Abstract

:

Body weight support (BWS) systems are crucial in gait rehabilitation for individuals incapacitated due to injuries or medical conditions. Traditional BWS systems typically employ either static mass–rope or dynamic mass–spring–damper configurations, which can result in inadequate support stiffness, thereby leading to compromised gait training. Additionally, these systems often lack the flexibility for easy customization of stiffness, which is vital for personalized rehabilitation treatments. A novel BWS system with online variable stiffness is introduced in this study. This system incorporates a drive mechanism governed by admittance control that dynamically adjusts the stiffness by modulating the tension of a rope wrapped around a drum. An automated control algorithm is integrated to manage a smart anti-gravity dynamic suspension system, which ensures consistent and precise weight unloading adjustments throughout rehabilitation sessions. Walking experiments were performed to evaluate the displacement and load variations within the suspension ropes, thereby validating the variable-stiffness capability of the system. The findings suggest that the online variable-stiffness BWS system can reliably alter the stiffness levels and that it exhibits robust performance, significantly enhancing the effectiveness of gait rehabilitation. The newly developed BWS system represents a significant advancement in personalized gait rehabilitation, offering real-time stiffness adjustments and ongoing weight support customization. It ensures dependable control and robust operation, marking a significant step forward in tailored therapeutic interventions for gait rehabilitation.
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1. Introduction


In the modern world, permanent disability is predominantly caused by neurological and cardiovascular diseases, including stroke, spinal cord injuries [1], cerebral palsy [2], and Parkinson’s disease. These conditions affect a significant number of individuals, with an estimated 83 million disabled persons worldwide experiencing long-term challenges in their daily lives. Prolonged bedridden patients often endure substantial changes in muscle and bone mass, especially in the lower limbs. These changes can result in complications such as osteoporosis, spasticity, and bedsores. Facilitating movement and maintaining balance in an upright position is crucial for restoring function in these patients. Treadmill walking with body weight support (BWS) has proven to be an effective approach for initiating early gait rehabilitation in individuals who are unable to bear their full body weight due to impairment. This method allows patients to begin their rehabilitation process while providing necessary support.



With numerous randomized controlled trials supporting its efficacy, BWS treadmill training has emerged as the “gold standard” in gait rehabilitation [3]. During this training, patients are suspended in a specialized harness above a treadmill, which provides support for a portion of their body weight during gait retraining. This innovative approach has been demonstrated to yield superior functional outcomes by reducing the impact of gravitational forces on the body and enhancing stability through external assistance. Notably, Hesse et al. [4] demonstrated the positive effects of BWS training on gait ability and walking velocity in stroke patients.



The study highlighted that treadmill training with partial body weight support can significantly improve these key parameters. Furthermore, Barbeau et al. [5] conducted a comprehensive investigation involving 100 stroke survivors to assess the impact of BWS treadmill training on walking speed, endurance, balance, and motor recovery. The findings concluded that gait training with BWS is an effective method for improving gait and postural abilities. Meanwhile, Miyai et al. [6] employed the near-infrared spectroscopic topography technique and discovered increased brain activity during BWS treadmill training. Their findings suggest that this rehabilitation method stimulates neural activity, potentially contributing to functional improvements in stroke patients. Similarly, Enzinger et al. [7] utilized functional MRI scans on 18 subcortical ischemic stroke patients and observed changes in cortical activation associated with rehabilitation-related improvements in walking abilities.



While BWS systems have become commonplace in clinical settings for locomotor retraining, recent research has identified some issues with their use. Firstly, overhead harness BWS systems mounted on the ceiling can restrict pelvic motion in the horizontal plane, leading to significant deviations in gait kinematics and temporospatial parameters from normative patterns due to variations in sensorimotor feedback and proprioceptive input [8]. Additionally, BWS systems not only provide vertical support against gravity but also offer support in other directions, potentially reducing the challenge and effort required for balance and postural control during walking. Furthermore, walking on a treadmill can result in different gait dynamics compared to over-ground walking, influenced by factors such as additional inertia, friction, weight, greater cadence, forward-tilted trunk motion, and increased vertical acceleration [9,10].



The biomechanical effects of BWS seem to be divergent in different groups. Lewek conducted an analysis of the kinetics and muscle activity of fifteen patients with neurological impairments during treadmill walking in a study.



Unexpectedly, it was found that BWS not only failed to increase their stance time and step length but also impaired their capacity for relearning walking [11]. Dobkin and colleagues studied the gait of patients with spinal cord injury and found the rehabilitative effect was similar between treadmill walking with BWS and other interventions [12]. Van Hedel et al. [13] reported abnormal muscle profile changes, specifically at the rectus femoris, lateral hamstring, and medial hamstring, due to elevated levels of BWS. Similarly, Hicks et al. [14] discovered that treadmill training resulted in significant improvements in treadmill walking for patients with spinal cord injuries while yielding limited improvements in over-ground walking after long-term treadmill training. Among the fourteen patients participating in their study, only five demonstrated an improvement in their over-ground walking post-training, with three of these patients reverting to their initial walking scores at the follow-up assessment. Furthermore, when investigating gait patterns in children with cerebral palsy, Celestino and colleagues reported that BWS combined with over-ground walking led to significant improvements in functional gait outcomes when compared to treadmill walking [15].



The inconsistencies in the biomechanical effects of BWS can be attributed to variations in the devices used in different experiments. Different research groups utilized different harnesses and control systems in their treadmill-based BWS devices, potentially resulting in distinct gait patterns. BWS systems are vital for assisting with weight bearing and propulsion throughout the gait cycle. However, the incorporation of a human–robot system introduces additional factors such as inertia, friction, and weight, which require compensation through control theories and methods. In the past, most BWS systems were either mass–rope static support systems or mass–spring–damping second-order dynamic support systems [16]. The dynamic body weight support over-ground co-walker was designed to provide a variable unloading ratio and motion tracking, allowing for more natural and dynamic movement [17]. The evaluation method of the stability of a cable-driven rehabilitation robot was studied, and the evaluation index of the static stability, the evaluation index of the dynamic stability, and the stability distribution rule of a cable-driven lower-limb rehabilitation robot were given [18]. Consequently, this limitation significantly impacts the rehabilitation process and treatment outcomes for patients. The function of body weight support (BWS) was realized by using a variable-stiffness mechanism (VSM). By controlling the virtual stiffness of the spring system, different levels of BWS were realized. The virtual stiffness of the spring system can be adjusted by using the rigid actuator [3]. A novel BWS system was developed, which is driven by two compact actuators. In addition to the conventional constant-weight force compensation, the proposed trunk motion assistance design also incorporates the impedance-control-type assisted control design, which can assist humans in completing various actions by adjusting the dynamic force [19]. A BWS system based on series elastic actuator principle was designed, and a variable-parameter admittance control strategy based on the BWS system model was proposed to achieve dynamic weight loss and compensation weight loss control effect [20].



Ensuring a precise and consistent unloading force is considered a crucial prerequisite for BWS gait therapy. Each patient, characterized by distinct height, weight, musculature, and body composition, requires a specialized stiffness spring to maintain a constant desired force. In this paper, we present the development of an alterable-stiffness BWS system. The system consists of two active closed-loop controlled electric drives: one is dedicated to generating a steady desired force, while the other facilitates dynamic stiffness adjustment, similar to a virtual elastic spring element. This dual-unit system provides accurate support to patients, making a significant contribution to optimizing gait rehabilitation efficacy for individuals with diverse needs.




2. Methods


2.1. Participants


A total of 5 young adults [1 female, 4 males, mean age: 26.80 (±3.71) years, mean height: 1.71 (±0.10) m, mean weight: 72.04 (±17.08) kg], without any documented musculoskeletal or neurological disorders, voluntarily participated in the study. This research received approval from the Ethics Committee of Hubei University of Technology.




2.2. Body Weight Support System


The overall conceptual design of the online variable-stiffness BWS system is shown in Figure 1. This device seamlessly integrates both active dynamic and passive static weight-unloading principles. It comprises two actively controlled electric drives in a closed-loop configuration. One drive generates the desired force, while the other dynamically adjusts the stiffness, functioning like a virtual elastic spring element. Both force-generating units exert their influence on the patient through a polyester rope connected to a harness worn by the patient. The length of the rope can be adjusted with an electric winch, allowing the system to be tailored to accommodate patients of different sizes.



To ensure a stable force and smooth walking experience for patients, two electric drives are implemented for the real-time adjustment of the suspension rope. The two electric drives are assembled onto the corresponding left and right mounting plates, respectively, using hexagonal screws. Additionally, the pulley components and force sensors are installed on the left and right mounting plates. The lifting rope, wound around the capstan, intricately threads through the pulley components to establish a connection between the two force sensors. The configuration links the lifting rings via the central output pulley assembly, forming the suspension assembly of the device.



The electric drive comprises a servo motor, reduction gear, capstan, and an absolute rotary encoder. The reduction gear is strategically positioned between the capstan and the servo motor. The output of this reduction gear rotates in unison with the flange, securely connected by bolts, thereby driving the capstan to rotate simultaneously. The capstan’s other end is bolted to the bearing support end cover, from which a short shaft extends outward. This shaft connects to the encoder via a coupling, enabling the encoder to record data such as the capstan’s rotation speed. Once this information is transmitted to the host computer, precise instructions are sent to the motor. This orchestrated process allows the host computer to control the drum rotation in real time, enhancing the stability of force for patients during walking.



The entire framework uses an xPC Target real-time kernel to enable real-time data transmission from the BWS system (Figure 2). We selected the YASKAWA-SGM7J-08A servo motor (Yaskawa America, Waukegan, IL, USA), with a rated power of 750 W and a rated torque of 2.39 N·m, for its high efficiency and precision, which are essential for the operation of our BWS system. This choice ensures that the motor can handle the dynamic loads and provide the necessary power for supporting the body weight effectively. The control program for the BWS system is programmed in MATLAB Simulink, with instructions transmitted to the xPC Target computer via a network cable. Simultaneously, data from the motor and force sensor are relayed back to the host PC via National Instruments (NI) acquisition cards. This intricately designed system ensures seamless information flow, fostering effective communication and synchronization between the user interface, control software, and the real-time components of the BWS system.




2.3. Controller


The online variable-stiffness intelligent anti-gravity dynamic suspension system consists of two active drive systems. System 1 employs admittance control to enable the on-line adjustment of the simulated spring stiffness by adjusting relevant parameters in the control system. System 2 provides the stable unloading force of the whole system by determining the relevant parameters in the control system. The realization principles of these systems are introduced below.



For an active dynamic body weight support (BWS) system, the objective is not only to accommodate the static unweighting of the body but also to minimize the inertial forces generated during dynamic processes [19]. Hence, as an effective BWS system, reductions in weight should correspondingly decrease inertial forces, ultimately providing users with a more comfortable experience. The auxiliary force is described as follows:


    F   a s s i s t   w e i g h t   = α ⋅ m g  



(1)






    F   a s s i s t   i m p   = β ⋅ m a  



(2)







In the formula,    F  a s s i s t   w e i g h t     represents the weight compensation;    F  a s s i s t   i m p     represents the inertial force compensation; and  α  and  β  are proportional coefficients that control the size of the required compensation force. For the weight force compensation,  m  represents the mass of an individual;  g  represents the acceleration of gravity; and  a  represents the vertical acceleration of an individual. Note that when  a  is determined, it remains constant and becomes the primary unloading force of the system. Furthermore,    F  a s s i s t   i m p     can be adjusted in response to changes in the acceleration observed in human motion dynamics. Given that the magnitude of  a  is limited during walking, the value of    F  a s s i s t   i m p     falls within a narrow range, primarily ensuring comfort for the subjects. Therefore,    F  a s s i s t   i m p     is crucial in achieving adjustability through the control algorithm.



In our suspension system, the rope passes through a movable pulley output component, winds around a fixed pulley component connected to an S-type tension sensor, and is anchored to a fixed pulley assembly on the short side support plate before winding into the capstan. This arrangement allows for the vertical movement of the rope. These components generate auxiliary forces to compensate for weight and dynamically adjust to human movements or environmental conditions, thereby reducing muscular effort. Since two driving systems act on a traction rope, if the expected driving force is    F d   , the expected driving force of system 1 is    F d 1   , while that of system 2 is    F d 2   . Their relationship with the auxiliary force is as follows:


    F  d 1  =   F  d 2  =   1 2   (   F   a s s i s t   w e i g h t   +   F   a s s i s t   i m p   )  



(3)







Specifically, the desired driving force of the system is controlled by the admittance control algorithm. Admittance control is a force–position control strategy that ensures precise control over the force and position of the load by managing the system’s admittance [21]. This method incorporates an inner loop focused on position control and an outer loop centered on force control; specifically, a desired position generated by the second-order admittance model is adjusted to conform to a predefined position trajectory before being forwarded to the position control’s inner loop for final adjustments. The implementation process is shown in Figure 3.



The core expression of the admittance control module in the flow chart is as follows:


  M     x ¨  d  −   x ¨  0    +  K v      x ˙  d  −   x ˙  0    +  K s     x d  −  x 0    =  F d  − F  



(4)







Among them,   M ,  K v  ,    K s    represent the inertia, damping, and stiffness characteristics, respectively; the dynamic properties of the robot can be altered by adjusting these parameters.      x ¨   d  ,     x ˙  d  ,    x d    represent the expected acceleration, velocity, and trajectory of the target, respectively.      x ¨   0  ,     x ˙  0  ,  x 0    represent the initial expected acceleration, velocity, and trajectory of the target, respectively.    F e    is the difference between the actual contact force  F  and the expected force    F d   . In the control module, the S-type pressure sensor is connected to the fixed pulley assembly, allowing  F  to be measured in real time. The actual output position,  x , is converted by the servo motor encoder.



The transfer function of admittance control is as follows:


      X d  ( s ) − X ( s )    F d  ( s ) − F ( s )    =   1   K s  +  K v  ⋅ s + M ⋅  s 2      



(5)







In order to improve the performance of the admittance control, we added links such as balancing noise, displacement, and speed compensation on the basis of the admittance control, as shown in Figure 4. The purpose of the compensator is to prevent large variations in the displacement and speed of the subject, thereby avoiding discomfort. When the displacement exceeds the prescribed limits, the algorithm will reduce the displacement appropriately, and it maintains the subject within acceptable bounds; when the displacement is within these bounds, the speed will be mildly adjusted to prevent excessive movement of the traction rope. The function of noise balancing is to mitigate minor disturbances in the system.



In this admittance control configuration, the system compliance can be easily adjusted by modifying the values   M ,  K v  ,    K s   . The principle of the position control module in the control chart involves designing a position controller to track    x d   . The position controller used in this study is a proportional–differential (PD) controller. The mathematical expression of the PD controller used for position control is as follows:


  F =  k p     x d  − x   −  k d   x ˙   



(6)







In the formula,    k p    is the proportional gain, which controls the influence of the proportional part.    k d    is the differential gain, which controls the influence of the differential part. Since   M ,  K v  ,    K s  ,  x 0    are known,    x d    in Formula (4) remains the only unknown. Once the reference contact force is set, the above differential equation can be solved. The solution to this differential equation is a time-varying function. Subsequently, the expected position is continuously adjusted via the position closed loop in Formula (6), drawing the driving load mechanism progressively closer to this target value until it stabilizes at the desired position.



In the steady state, the force balance equation of the controller becomes Equation (7), and the stiffness can be adjusted by modifying    K s   .


   K s     x d  −  x 0    = − F  



(7)







Since    K s    and    K v    are adjustable, we can configure two distinct driving systems by setting appropriate parameter values. Therefore, when the relevant parameters in the control system are dynamically adjusted, drive system 1 can be obtained, thus realizing the online adjustment of the simulated spring stiffness. By setting fixed parameters in the control system, drive system 2 can be established, which is designed to deliver a stable unloading force throughout the system. The specific parameters are listed in Table 1.



By integrating admittance control principles with two active drive systems and employing an automatic control algorithm to ensure consistent weight loss, the components—sensor, rope, and active drive system—function cohesively as a unified suspension system. This configuration allows the intelligent anti-gravity dynamic suspension system, equipped with adjustable online stiffness, to synchronize the center of gravity precisely with the user’s gait cycle. Consequently, this system achieves stable force control and dynamic weight management effectively.




2.4. Evaluation


A comprehensive evaluation of the body weight support (BWS) system was conducted, focusing on two primary dimensions: 1. to explore the displacement and force variations in ropes across different participants under various stiffness settings and to observe the system’s real-time performance under conditions of online variable stiffness, assessing its adaptability and responsiveness; and 2. to evaluate the consistency of the weight reduction among the same participants under different stiffness settings, aiming to determine the most suitable stiffness parameters tailored to the unique needs of specified participants.



Prior to the experiment, the system was calibrated using standard weights as an initial step. Subsequently, participants were instructed to walk on the treadmill (Figure 5), and force signals were measured to calculate both the average and maximum unloading errors. The results demonstrated that the system is suitable for patients weighing up to 200 kg, with a maximum dynamic unloading capacity of 150 kg. Upon receiving the automatic unloading control command, the motor engaged, lifting the participant to the desired unloading force. Throughout the walking training session, the system maintained a consistent unloading force with minimal fluctuation. Notably, the required unloading can be adjusted in real time during walking training without interrupting the treadmill activity or physically lifting the patient.



In weight unloading rehabilitation training, it is crucial to gradually reduce the unloading weight mass based on the patient’s recovery progress until they can independently support their own weight without relying on the BWS system. Inadequate weight unloading can lead to muscle injury, whereas excessive weight unloading may fail to achieve the desired rehabilitation effect. In this experiment, five healthy subjects with weights ranging approximately from 50 kg to 100 kg were selected. Half of their body weight was unloaded during the training. The treadmill was set to a walking speed of 4 km/h, and the stiffness of the system varied from 0 to 1000 N/m. NI acquisition cards with a sampling frequency of 2 kHz were employed to capture accurate data. During each experiment, the subjects walked on the treadmill for a duration of 1 min. A pre-written MATLAB program (R2024a) was utilized to record the displacement, tension, and other relevant data during the walking process. To ensure reliability and validity, each experiment was repeated three times, allowing for comprehensive data collection and analysis.




2.5. Safety


To ensure the experiment’s safety, this system incorporated three carefully designed safety measures. Firstly, an emergency stop circuit was implemented. When the therapist or subject activated the emergency stop button, this circuit engaged, causing the winch to lock into its final position. Secondly, a limit swing rod support was strategically positioned on the long side plate at the system’s main structure’s bottom. A magnetic switch mounting base was symmetrically installed to the limit the swing rod support using an internal hexagonal screw. One end of the circular limit rod was hinged to the limit swing rod support via an internal hexagonal screw, while the other end was positioned to make contact with the magnetic switch mounting base. This configuration ensured that if the displacement of the flexible rope end exceeded the predetermined safety limit, it would trigger the circular limit rod, activating the magnetic switch and prompting an urgent system brake. Finally, a manual switch was incorporated on the main system structure’s side. This allowed the user to pull down the manual switch pull rope in case of an emergency, enabling an immediate emergency brake for the system.





3. Results


3.1. The System Realizes Adjustable Support Stiffness


In examining the results of this experiment, we focused on the system’s performance in achieving adjustable stiffness. To substantiate stiffness adaptability, it is essential to examine the correlation between the rope elongation and unloading force. Therefore, we conducted experiments on participants with weights approximating 50, 60, 70, 80, and 100 kg. The rope displacement under varying stiffness levels was determined by converting the data collected from the encoder, as shown in Figure 6.



At 0 stiffness, the rope exhibited characteristics akin to infinite extensibility, thus reaching the maximum displacement, as illustrated by the red curve in Figure 6a. At a stiffness of 100, the rope exhibited a noticeable elastic potential energy, resulting in significant elongation, as depicted by the green curve in the diagram. Subsequently, at stiffness levels of 300, 500, and 1000, the elongation sequentially decreased. This observation leads us to conclude that the system can achieve a rope stiffness from 0 to 1000. In Figure 6b–e, the relationship between the rope displacement and stiffness is distinctly evident. At a stiffness of 100, as the load increased, the rope’s displacement also reached the limit range. At stiffness levels of 300, 500, and 1000, under the same load, the elongation gradually decreased with increasing stiffness. Although the actual rope displacement may deviate due to the fluctuation of the experimenter’s center of mass, there seems to be a linear relationship between elongation and mass, as shown in Figure 6f. In order to further explain this “linear relationship” quantitatively, we use Pearson’s correlation coefficient to verify Hooke’s law theoretically. Pearson’s correlation coefficient is a statistic used to measure the strength and direction of a linear relationship between two continuous variables, and its expression is as follows.


  r =      ∑  i = 1  n      X i  −  X ¯         Y i  −  Y ¯          ∑  i = 1  n        X i  −  X ¯     2          ∑  i = 1  n        Y i  −  Y ¯     2          



(8)




where    X i    and    Y i    are data points, respectively, and   X ¯   and   Y ¯   are the average values of the data, respectively.  n  is the number of samples. If the correlation coefficient is close to 1 or −1, it shows that there is a strong linear relationship between them; if it is close to 0, it shows that there is no obvious linear relationship between them. Therefore, when the stiffness levels were 300, 500, and 1000, respectively, we calculated the Pearson correlation coefficient of elongation and mass, and the values are shown in the following table. Table 2 shows the change in elongation (unit: m) of different objects (50–100 kg) under different stiffness. When the stiffness is 0 and 100, with the increase of load, the displacement of the rope reaches the limit range. Therefore, Pearson’s correlation coefficient in these two cases is not considered.



In the table, we can see that the Pearson correlation coefficient between mass and rope elongation was very close to 1 under different stiffness conditions, which indicates that there was a significant linear correlation between them. In other words, with the increase in application quality, the elongation of the rope also increases, and this increase shows a linear growth trend. The establishment of this linear relationship provides strong statistical support for the further study of the mechanical behavior of ropes under different load conditions.




3.2. Motion Stability of the System When Stiffness Changes


This study investigated the stress dynamics of the rope under varying stiffness settings while maintaining dynamic equilibrium, providing insights into the system’s stability. Our examination tested the stress performance at the rope’s end across various stiffness levels with different subjects. The purpose was to determine the stress experienced at the rope’s end in the system’s dynamic equilibrium state. Focusing on the statistical value of the expected and measured forces at the rope’s end, we used the results from the 50 kg subject as a reference, as shown in Figure 7a–e.



The system’s control goal is to minimize the deviation between the measured and target unloading weights (half of the mass). The observations show that the system’s unloading weight fluctuated around half of the mass across different stiffness settings. To quantitatively assess the system performance, two indicators were selected: root mean square (RMS) and root mean square error (RMSE). Their mathematical expressions are as follows:


  RMS =     1 n     ∑  i = 1  n    x i 2       



(9)






   RMSE  =     1 n     ∑  i = 1  n        x i  −  y i     2       



(10)




where    x i    is the observed value,    y i    is the target value, and  n  is the number of observed values. In our experiment,    x i    is the measured force and    y i    is the expected force, as shown in Figure 7a–e. The ratio of these indicators was used to compute a dimensionless metric, the “Relative Root Mean Square Error (R-RMSE)”. This index, commonly used in data analysis, measures the root mean square error relative to the population. It offers additional insights into error analysis by accounting for the variability of the root mean square error in relation to the data. The R-RMSE is typically used to compare different models’ performance, aiding in model selection and accuracy evaluation [22]. The evaluation indicators’ statistical results are detailed in Table 3, Table 4, Table 5, Table 6 and Table 7. To facilitate comparison, these statistical outcomes are visually presented in Figure 7f, illustrating the root mean square results.



It is important to note that the support reached the maximum elongation at 0 stiffness. Similarly, in the experiments with 60, 70, 80, and 100 kg unloading weights, the maximum displacement occurred at a support stiffness of 100, as shown in Figure 6. Therefore, we will not discuss the force at 100 support stiffness. The experimental results demonstrate that our system control method accurately managed the unloading force. The Relative Root Mean Square Error (R-RMSE), which is the ratio between the RMSE and the RMS, remained consistently below 5% when unloading half the weight at different stiffness levels. As the stiffness varied, so did the RMSE, allowing us to identify suitable stiffness intervals for different subjects. The very small R-RMSE values indicate satisfactory system performance. Smaller error bars indicate better performance. The error bars reveal that the optimal stiffness was around 300 for the 50 kg and 60 kg subjects, around 500 for the 70 kg and 80 kg subjects, and about 1000 for the 100 kg subjects, as marked by the stars in Figure 7f.



Finally, we focused on the subjects’ actual experiences, conducting interviews and investigations. The five subjects reported comfort, aligning with the experimental results. Therefore, in clinical settings, medical staff can adjust the unloading force based on individual patient needs to enhance gait rehabilitation training outcomes [23].



In summary, our system’s adjustable stiffness helps balance control performance and user experience. By adjusting the support stiffness, each subject can find their optimal setting. This offers a new approach to personalized therapy.





4. Discussion


In traditional body weight support (BWS) systems, mechanical designs frequently utilize rope and spring suspensions [24]. This design provides vertical support using ropes or springs, thereby reducing patient weight and facilitating walking or other rehabilitation exercises. For example, M. Frey et al. [25] introduced a BWS system that enhanced the rope suspension system, incorporated spring suspension, and they explored how the system simulated the anti-gravity effect to aid patients in regaining walking abilities. Similarly, Pennycott A et al. [26] employed a BWS system featuring a spring suspension. These studies show that the spring system is very important for gait rehabilitation. Although spring suspensions provide moderate support, their stiffness, once selected, is cumbersome to adjust frequently according to patient needs. By enhancing the traditional mechanical structure, we developed a variable-stiffness weight support system based on admittance control, effectively addressing the issue of stiffness in conventional BWS systems.



As early as 2000, Colombo et al. [27] explored how support stiffness affects gait patterns and movement freedom. Chen G et al. [28] supplemented this research, noting that rigid support might restrict patient movement and impede natural gait. Flexible support allows for greater freedom and more natural gait patterns. Hidler J and colleagues discovered that adjusting the support stiffness can modify patient support levels, where more rigid settings enhance stability and reduce the risk of swaying and falling [29]. In 2012, Moreno J C et al. [30] analyzed how various stiffness settings influence patient support and rehabilitation outcomes. Pennycott A et al. [31] later demonstrated that personalized rehabilitation could be achieved by adjusting support stiffness. Flexible support, requiring greater balance and core stability, may benefit certain patients. During rehabilitation training, support stiffness can be progressively adjusted, allowing patients to reduce the support gradually, increase their weight load, and enhance their capability to return to normal walking [32]. Medical professionals can select the optimal stiffness tailored to each patient’s specific needs and rehabilitation goals, enhancing the overall rehabilitation outcomes. In summary, support stiffness is a crucial parameter in body weight support systems, significantly impacting their performance and effectiveness. Therefore, developing an online adjustable BWS system is essential, as it impacts the support level, stability, freedom, and personalized treatment, aiding patients in gradually regaining their ability to walk. This advancement will significantly enhance both the efficiency of medical staff during rehabilitation processes and patient outcomes.



In our experiments, it was demonstrated that our variable-stiffness weight support system effectively addresses key issues such as variable support stiffness and facilitates online adjustment of support stiffness. By setting different stiffness gradients, a support stiffness that is suitable for diverse user groups can be consistently achieved. The system’s performance and stability have proven excellent across various demographics, and experimenter feedback has been overwhelmingly positive, promising a novel intelligent approach for personalized patient treatment.



However, our variable-stiffness weight support system is still in the initial stage, and its stability and comfort are contingent upon the ongoing development and refinement of the control system. In the future, we need to design a special control algorithm in an unloading system to adjust the support level and offer personalized support. Additionally, sensor technologies like electromyography and motion capture systems will be employed to obtain real-time biofeedback, with the data being integrated into the control algorithm to adjust the support level and gait [33]. Furthermore, virtual reality and augmented reality can be integrated with the BWS system to create a more engaging and effective rehabilitation environment. Experimental evidence indicates that virtual reality training can significantly enhance the gait abilities of stroke patients [34]. Further research will be conducted to expand on these findings. Going forward, more experimental data and interdisciplinary research are needed to further optimize our system’s performance and enhance its robustness.




5. Conclusions


Given the complexities associated with adjusting support stiffness in traditional BWS systems, which typically employ either a mass–rope static support or a mass–spring–damping dynamic support system and often lead to abnormal gait training, we have developed a BWS system featuring variable online stiffness based on admittance control and confirmed that the support stiffness could be adjusted through design experiments. Moreover, it was demonstrated that the system can simulate the unloading amount under various stiffness settings, which facilitates unloading weight gait rehabilitation training for patients and offers suitable stiffness for different experimenters. The system enables medical staff to select the supporting stiffness suitable for individual rehabilitation training based on the needs of diverse patient groups and to adjust the stiffness in real time based on patient condition, thereby facilitating personalized rehabilitation therapy.
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Figure 1. The online variable-stiffness BWS system. 
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Figure 2. Overall framework of BWS system. 
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Figure 3. Working process of admittance control algorithm of system 1 and 2. 
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Figure 4. Admittance control module. 






Figure 4. Admittance control module.



[image: Actuators 13 00304 g004]







[image: Actuators 13 00304 g005] 





Figure 5. BWS system test by a participant. 
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Figure 6. The rope displacement of different subjects under different stiffness. (a) The rope displacement of 50 kg test object under different stiffness. (b) The rope displacement of 60 kg object under different stiffness. (c) The rope displacement of 70 kg test object under different stiffness. (d) The rope displacement of 80 kg test object under different stiffness. (e) The rope displacement of 100 kg test object under different stiffness. Among them, stiffnesses of 0, 100, 300, 500, and 1000 correspond to the rope displacement of red, green, black, magenta, and yellow lines. (f) Mean value statistics of rope displacement under different stiffness in steady state. 
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Figure 7. The experimental results are given at different unloading weights with feedback from the experimenters. (a) Expected force and measured force of the rope end of 50 kg experimental object under 0 support stiffness. (b) Expected force and measured force of the rope end of 50 kg experimental object under 100 support stiffness. (c) Expected force and measured force of the rope end of 50 kg experimental object under 300 support stiffness. (d) Expected force and measured force of the rope end of 50 kg experimental object under 500 support stiffness. (e) Expected force and measured force of the rope end of 50 kg experimental object under 1000 support stiffness. (f) RMS (bar) and RMSE (black line on the bar) of measuring force, and the stars in the figure are suitable stiffness for different objects. 
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Table 1. Parameters setting of the BWS system.
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	Parameters
	Value
	Unit





	  α  
	adjustable
	-



	  β  
	adjustable
	-



	    K s 1    
	adjustable
	N/m



	    K s 2    
	2000
	N/m



	    K v 1    
	adjustable
	N·s/m



	    K v 2    
	20
	N·s/m



	    M 1    
	   α · m   
	kg



	    M 2    
	   α · m   
	kg



	   V _ G a i  n 1    
	1000
	-



	   V _ G a i  n 2    
	1000
	-



	   P _ G a i  n 1    
	20,000
	-



	   V _ G a i  n 2    
	20,000
	-



	    M v 1    
	0.001
	kg·s/m



	    M v 2    
	0.001
	kg·s/m



	   p o s − l i m i t   
	1.5
	-



	   n e g − l i m i t   
	−0.9
	-










 





Table 2. Pearson’s correlation coefficient of elongation and mass.
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	Index
	0
	100
	300
	500
	1000





	50
	0.5028
	0.4939
	0.1789
	0.1092
	0.0535



	60
	0.5035
	0.4995
	0.2231
	0.1303
	0.0661



	70
	0.5046
	0.5020
	0.2702
	0.1652
	0.0814



	80
	0.5048
	0.5016
	0.3179
	0.1897
	0.0940



	100
	0.5062
	0.5037
	0.4004
	0.2391
	0.1190



	Pearson’s r
	N/A
	N/A
	0.9995
	0.9979
	0.9993










 





Table 3. Rope stress data of a 50 kg person.
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	Index
	0
	100
	300
	500
	1000





	RMSE
	N/A
	10.3466
	10.1231
	11.0853
	11.2804



	RMS
	251.003
	249.8023
	248.8576
	253.2986
	252.2806



	R-RMSE
	N/A
	0.0414
	0.0407
	0.0438
	0.0447










 





Table 4. Rope stress data of a 60 kg person.
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	Index
	0
	100
	300
	500
	1000





	RMSE
	N/A
	7.5541
	8.2116
	10.6678
	11.1545



	RMS
	297.0648
	300.3044
	300.8485
	301.3381
	302.3433



	R-RMSE
	N/A
	0.0252
	0.0273
	0.0354
	0.0369










 





Table 5. Rope stress data of a 70 kg person.
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	Index
	0
	100
	300
	500
	1000





	RMSE
	N/A
	10.5425
	10.4742
	7.9869
	9.0861



	RMS
	345.5677
	352.6990
	352.4646
	351.5654
	348.4651



	R-RMSE
	N/A
	0.0299
	0.0297
	0.0227
	0.0261










 





Table 6. Rope stress data of an 80 kg person.
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	Index
	0
	100
	300
	500
	1000





	RMSE
	N/A
	9.0368
	9.6629
	9.0899
	10.2428



	RMS
	397.6971
	398.4660
	396.4011
	397.4395
	397.6344



	R-RMSE
	N/A
	0.02277
	0.0244
	0.02299
	0.0258










 





Table 7. Rope stress data of a 100 kg person.
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	Index
	0
	100
	300
	500
	1000





	RMSE
	N/A
	6.2892
	9.1674
	8.3617
	7.8158



	RMS
	496.3725
	497.2675
	497.4571
	498.1311
	498.5157



	R-RMSE
	N/A
	0.0126
	0.0184
	0.0168
	0.0157
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