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Abstract

:

The lower limb exoskeleton investigated in this work actively supports the knee and hip and is intended to provide full motion support during gait. Parallel elastic actuators are integrated into the hip joints to improve the energy efficiency in gait. The prototype was tested in sit-to-stand and gait trials, in which the actuators were cascade-controlled with position trajectories. The compliant actuation of the hip in gait experiments proved to be more efficient; the peak torque was reduced by up to 31% and the RMS power was reduced by up to 36%.
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1. Introduction


Motion support for the lower limbs of patients suffering from limited motor function is an active field of research. Consequently, the development of exoskeletons has been greatly advanced in recent years. In the following, various lower limb exoskeletons and, subsequently, compliant actuators are presented to provide an overview of the state of the art. The exoskeleton prototype introduced in this paper is intended to be used for paraplegic patients in the long term. Therefore, the overview focuses on related applications. Table 1 summarizes eight exoskeletons for the support of the lower extremity. All presented exoskeletons presented in Table 1 provide hip and knee actuation with electric motors but differ in the power ratings, gait velocity and usage. Except for the REX exoskeleton (Rex Bionics Ltd., Auckland, New Zealand), all other systems require auxiliary equipment, such as crutches [1]. This ability of hands-free operation results from the low gait velocity of 0.1 m/s [2]. The Lokomat has the highest limitation in terms of free walking, as it is fixed to a treadmill [3]. Both the peak torque and the continuous torque ratings are important for the operation of an exoskeleton. Peak torques are particularly relevant for non-cyclic tasks, such as sit-to-stand, while the nominal values are significant for continuous gait operation. Exoskeletons with requirements analogous to this prototype weigh between   m  e x o    = 17.7 kg and 50 kg [1,4]. The usual maximum weight including the patient in this motion support application is assumed to be 100 kg [2]. The maximum torque is often limited by the mechanical components. The prototype of Zhang et al., for instance, can withstand a maximum transmission torque of 110 N·m due to the gearbox selected [5]. This matches the maximum peak torque specified for other exoskeleton prototypes, such as the Mina exoskeleton [6]. The peak torques realized are in some cases far higher than required. The requirement, for instance, defined for the Mindwalker exoskeleton is 150 W but the motor of the prototype can provide about six times that output [7]. The analysis of the systems presented will be used to substantiate the design requirements of the hardware proposed.



Regarding the topology of the actuators of the motion support systems, it is apparent that conventional rigid coupled actuators (RA) are used to a large extent. In our overview, only the Mindwalker prototype contains serial elastic actuators (SEAs), which introduce a compliant element between the actuator and load to decouple the robot from the load for smoother human–machine interaction [7]. The serial compliance in the mechanical design, furthermore, causes a bandwidth limitation of the system, which has to be compensated by additional design modifications, such as the capability of stiffening the elastic element [9]. However, in rehabilitation robotics, including applications where strong patient activity is not expected, for example, for paraplegics, rigid drives have often been used to date (see Table 1). In our work, we investigate the parallel elastic actuators (PEA) and postulate that the efficiency of such drives in cyclical motion tasks, such as gait, can be increased by employing an elasticity acting in parallel to the actuator (PE). In addition, there are clutched PEAs (CPEA), where the neutral position of the elasticity can be changed via a clutch. The different actuator topologies are summarized in Figure 1.



Mummolo et al. [10] and Masood et al. [11] proposed PEAs for assisting workers in carrying and lifting weights while reducing the actuator’s peak electrical torque and accelerating its reaction. Plooij et al. showed for cyclical tasks that the energy consumption could be reduced by up to 65%; however, this example is not from the field of rehabilitation robotics. A maximum energy saving of 73% was determined simulatively for an artificial periodic application for the same actuator [12]. Aftabi et al. [13] placed a bent leaf spring parallel to human hip joints to relieve hip muscles during running at 2.5 m/s. Employing treadmill experiments, they have shown that the metabolic cost was reduced by 8% using a PE. In a theoretical study, Wang et al. showed that an ideal PE can reduce peak flexion/extension torque and root mean square (RMS) power at the hip by up to 66 and 50% for gait velocities from 0.8 to 1.2 m/s, respectively. At the same time, no significant improvement in RMS power consumption or peak torque during flexion/extension of the knee joint in gait was observed [14]. Therefore, The use of a PE seems to be well suited for supporting the flexion/extension of the hip joint in the human gait. We have shown in experiments on a test bench with a pendulum and a gait trajectory of the hip that the RMS power and the peak torque in this configuration could be reduced by 30% and 26%, respectively [15]. However, in that report, the verification of the improvement by a PEA in the human gait’s motion support was still pending. In another PEA prototype experiment, the load profile of the hip joint was realized by a second actuator. Li et al. demonstrated that a spring constant of 16 Nm/rad projected on the load side, optimized for 10 kg body weight, could reduce the RMS power by 10.3% in this simulated gait experiment [16]. A unique detail of this prototype is that the elasticity is located as a spiral spring between the motor and gearbox. In a subsequent paper, Li et al. simulatively determined a maximal reduction of the RMS power of 57.5% [17].



To summarize, the application of CPEA for the hip joint appears promising in terms of energy efficiency and peak torque. Motivated by these findings, the exoskeleton we present in this paper consists of two different actuators, an RA for knee flexion/extension and a CPEA for hip flexion/extension. Requirements are that the patient should be fully supported in gait and partially in sit-to-stand by the motion support system. The following paper starts with a section on the mechanical design of the actuators and exoskeleton (Section 2). The subsequent section introduces the experimental setup and the experimental procedure (Section 3). Finally, the results of the experiments are presented and discussed (Section 4), and a conclusion is given (Section 5).




2. Mechanical Design


In the following section, the design of the actuators and structure of the exoskeleton is introduced.



2.1. Design Requirements


The exoskeleton is designed for the support of paraplegic patients. This results in various requirements. The motion must be completely provided by the exoskeleton. In Germany, the average height of a person is about 1.8 m and the average bodyweight is 77 kg [18]. The length of the structure of the exoskeleton should be adaptable by 5% in both directions in order to be able to fit other users without exchanging parts. Wu and al. conducted a study to investigate the effects of a slow gait velocity on joint torques in healthy volunteers. Maximum normalized knee and hip joint torques of 0.27 and 0.34 Nm/kg, respectively, were found for a gait speed of 0.6 m/s. For a self-selected speed, the maximum hip and knee joint moments increase to 0.45 and 0.51 Nm/kg, respectively. For a maximum subject mass of 100 kg, this results in a nominal actuation torque required of about 50 Nm for both joint units [19]. Torque peaks of twice the nominal torque are to be expected. The range of motion in the sagittal plane for knee and hip joint during gait is   φ 3   = 0 to 1.05 rad and   φ 2   = −0.2 to 0.5 rad, respectively, where flexion is assumed to be a positive joint angle [20]. For sit-to-stand, the range of motion in the sagittal plane for the knee must be from 0 to 1.5 rad and for the hip from 0 to 1.8 rad [21]. Mechanical end stops are used to limit this movement range. The assisted gait’s maximum velocity is 0.8 m/s; thus, a minimum joint speed of 3.2 rad/s must be provided. The nominal power, including a safety factor of 1.2, should be at least   P n   = 150 W [22]. A target weight of 20 kg is set for the exoskeleton in relation to the designs summarized in Table 1, whereby the system is to be operated only stationarily with a fixed power supply. A battery must be used instead for future tasks that extend to sit-to-stand and walk on the treadmill. Regarding the topology of the actuators, CPEAs are planned for the hip and RAs for the knees. The ankle joint is not actuated. However, a support can be realized by the orthotic joints used via adjustable passive compliant components.




2.2. Actuator Design


Our exoskeleton, the L   2  EXO-PE, utilizes two different actuators: CPEAs for the hip joints and two RAs for the knee joints. The CPEA has already been presented in [15]. Both actuators, presented in Figure 2, share the same motor module, consisting of the motor shaft  [image: Actuators 10 00075 i001], the motor mounting  [image: Actuators 10 00075 i005] and an EC90 flat frameless motor  [image: Actuators 10 00075 i004] (Maxon Motor AG, Sachseln, Switzerland). A Harmonic Drive HFUS-2SO reduction gear (Harmonic Drive AG, Limburg an der Lahn, Germany)  [image: Actuators 10 00075 i006] with a transmission of 50/1 is used in both cases. The integrated cross roller bearing also serves as a joint bearing for the hip and knee. The limitation of the joint angles of the actuators is realized by a two-sided mechanical end stop, which acts between the gearbox output  [image: Actuators 10 00075 i006] and the gearbox mounting  [image: Actuators 10 00075 i003]. Thus, the knee movement is limited from 0 to 2.1 rad, and the hip movement from −0.3 to 1.8 rad. The leg connection  [image: Actuators 10 00075 i002] is designed as a link between the reduction gear or motor attachment  [image: Actuators 10 00075 i003] and an aluminum profile. In the case of the CPEA, the gearbox mounting  [image: Actuators 10 00075 i003] is encased by a cable drum supported by a four-point bearing and can be locked by a 30 W switching magnet HMB-2218s  [image: Actuators 10 00075 i013] (Tremba GmbH, Hallbergmoos-Goldbach, Germany). Coil springs  [image: Actuators 10 00075 i014] are mounted on both sides of the cable drum  [image: Actuators 10 00075 i013] with a wire rope, thus, realizing a parallel elasticity. Four different coil springs, 1.82, 3.76, 5.49 and 11.96 N/mm, (Gutekunst + Co. KG, Metzingen, Germany) are selected to realize a spring rate of 10.2, 21.1, 30.8 or 67 Nm/rad, respectively, for the PE. The PE provides a maximum torque of   τ  m a x    ≈ 21 N·m for the spring rate of 30.8 Nm/rad and a maximum deflection of 0.7 rad in both directions. A mass of 3 kg for one actuator was not exceeded for either the CPEA or RA.



The actuator specifications are summarized in Table 2. The actuators realized are shown in Figure 3; the 30 Nm/rad compliance is installed here, which acts directly on the output side of the gear box. The springs can be preloaded by moving the lower spring mounting.




2.3. Exoskeleton Design


The exoskeleton L   2  EXO-PE, as shown in Figure 4, is equipped with four actuators, two CPEAs  [image: Actuators 10 00075 i007], each as a hip joint, and two RAs  [image: Actuators 10 00075 i008], each as a knee joint. Thus, only the hip joint has a parallel stiffness, which is mounted on the exoskeleton’s thigh part. The thigh Section  [image: Actuators 10 00075 i011] consists of an aluminum profile (item Industrietechnik GmbH, Mühlhausen, Germany). The linking parts for the lower leg and hip part  [image: Actuators 10 00075 i010] are made of cold formable sheet steel (1.4301). These sheet metal parts can be adapted to the anatomy of a subject in the frontal plane to fit individual knock-knees or bow legs. The thighs, lower legs and hip parts are fitted to a test person size of   l  B o d y    = 1.81 m. The distance from the ankle to the knee joint   l 1   and from the knee to the hip joint is   l 2   = 430 mm each. The length of the lower leg, thigh and hip links can be modified by ±20, ±22 and ±13 mm, respectively. This adjustment would correspond to a height range of   l  B o d y    = 1.72–1.90 m [23]. Other connecting links can be installed for further adjustments.



The shells for thighs, femurs and hips are formed from 4 mm thick polyethylene plates  [image: Actuators 10 00075 i009] (Streifeneder KG, Emmering, Germany). The shells are fastened with hook-and-loop tape, which is attached to the shells with 4 mm rivets. The foot part  [image: Actuators 10 00075 i012] is made of carbon fiber and is equipped with a Nexgear Tango ankle joint (Otto Bock HealthCare Deutschland GmbH, Duderstadt, Germany). The latter is prepared so that it can be spring- or damper-actuated. The material of the foot plates is about 3 mm thick; therefore, they can be worn in the shoes of the test subjects. The complete exoskeleton without an integrated power supply weighs 17.2 kg, of which 11.2 kg is attributed to the actuators.





3. Materials and Methods


3.1. Experimental Setup


In order to operate and control the L   2  EXP-PE, four Escon 50/8 motor controllers (Maxon Motor AG, Sachseln, Switzerland) are used for the motor modules for the knee and hip. Additionally, two solenoid modules with self-made relay control units are implemented for activating and deactivating the parallel elasticity. A real-time computer (MicroLabBox (MLB), dSPACE GmbH, Paderborn, Germany) is used to control all subordinate control units and record measurement data. The control topology during the experiments is summarized in Figure 5.



Four parallel connected SDR-480P-48 power supplies (MEAN WELL Enterprises, New Taipei, Taiwan) are used to supply the actuators. This configuration provides a nominal voltage and current of 48 V and 36 A, respectively. Regarding the safety of the test subject during the experiments, the power supply units are connected to the power grid via a PSR relay module (Phoenix Contact GmbH & Co. KG, Blomberg, Germany) so that there are two emergency stop buttons to disconnect the power supply. In addition to disconnection from the mains, operating the switch also disables all motor control units. Since it is not possible to recycle the power grid voltage by the DC power supply units used, two DSR 70/30 brake choppers (Maxon Motor AG, Sachseln, Switzerland) were utilized to protect the power supply units. This effectively prevents an overvoltage at the power supply units, only leading to a deactivation of the power supply in the worst case.



The current, speed and Hall sensor signals are measured in the L   2  EXO-PE. The actuator train is not compliant, since both the CPEA and RA motors are connected to the load solely via a harmonic drive transmission. Therefore, the load position can be derived directly from the motor position via the gear reduction. The motors have P = 11 pole pairs and three phases   p h   = 3, resulting in 33 positive and negative edges in the Hall sensor’s signal during one motor turn. Taking into account the gear ratio of   n  H D    = 50:1, an accuracy of the load position of


  Δ φ =  π   n  H D   · P · p h   ≈ 0.002  rad  



(1)




can be achieved. Additionally, the Hall signals are used to determine the speed in the real-time system. The speed at the load is defined by the time between two edges   t  s w    and the angular displacement


  ω =   Δ φ   t  s w    .  



(2)







It follows from the discretization of the angular resolution that the speed changes only when an edge is detected. This behavior can also be observed at the output of the motor controller. If the time between two edges is longer than the previous   t  s w , l a s t    when braking the motor, the running time until the next edge can be used to estimate the speed. Therefore, the current waiting time   t  s w    for the next edge is applied in Equation (2). At a motor speed of 5 rad/s, for example, 0.02 s elapse between two edges. This procedure was used to enable a smooth operation of the actuator even without the use of an additional high-resolution position sensor.




3.2. Actuator Control


A position control system was selected since the target use of this exoskeleton is to support paraplegic patients. A cascaded control is used for this, as shown in Figure 6. The innermost current controller runs on the motor controller with a sampling rate of 53.6 kHz. This electromechanical subsystem of the motor has a time constant of about 1.3 msec; since the other delay sources, such as the PWM with power electronics, react faster, the system can be approximated as a first-order system. The current controller was adjusted using the Escon Studio software (Maxon Motor AG, Sachseln, Switzerland).



For speed and position control, the subject must also be considered as a mechanical load. The exoskeleton and human leg have a joint moment of inertia of about 5.2 kg·m   2   in the swing phase. Where the subject was assumed to be 1.8 m in height and 100 kg in weight. The mass distribution within the leg was assumed according to [23]. For the friction in the entire system, we know the coefficients of friction for the gearbox. According to the data on the gearbox in rated operation, a linearized coefficient of viscous friction of 1.6 Nm·s/rad was assumed. The non-linearity due to the lifting of the masses was neglected in the controller design. The speed and position controllers were designed sequentially based on the model for optimum amplitude. The exoskeleton without human interaction was operated with small step-shaped position references, and the controllers were manually tuned to minimize overshoot. For speed control, the control parameters   K  P , s    = 16 A·s/rad and   K  I , s    = 50 A/rad were selected, for position control   K  P , p    = 20 A·s/rad and   K  I , p    = 4 A/rad. Both superposed controllers are implemented in the real-time system with a sampling rate of 10 kHz.



In the real system there are several restrictions of the system operation. The current must not exceed 8 A, the speed should not exceed 4.4 rad/s and, most importantly, in contact with the subject, no unphysiological joint positions should be achievable (see Section 2.1). The speed and position limits were implemented as saturations in the control system. A limitation of the maximum motor current to 8 A is implemented in the motor controller, which allows a maximum torque of about 55 Nm. Based on these limitations, a windup effect is to be expected. Therefore, both PI controllers were equipped with a clamping according to the permissible values.



In order to implement an emergency stop function in the control layer as well, all motor controllers are activated via a digital enable signal. Redundantly, the emergency switches of the power supply also interrupt the enable line via a relay.



The clutches (bistable solenoids) of the CPEA are locked or released by current pulses of 0.1 s. It should be noted that in the experiments presented, the clutch was only used between experiments to fix the neutral position of the PE during the gait experiments.




3.3. Simulation of Sit-to-Stand


Before testing the exoskeleton in gait experiments, a simulation of the sit-to-stand and sit-down tasks is provided. The reason is that the actuators (max. 49.4 Nm) cannot fully provide the high torques required during these tasks (max. 90 Nm). Crutches or equivalent assistive devices must be used to achieve this movement task. The simulation indicates the effort a paraplegic patient would have to spend to stand up with the L   2  EXO-PE.



Four healthy male volunteers (age: 31.25 ± 9.3 years, weight 72.9 ± 9.5 kg, body height 1.78 ± 0.08 m) were analyzed in the motion laboratory of Franziskus Hospital, Department of Geriatrics, University Hospital Aachen, to define reference trajectories for the sit-to-stand and sit-down movement tasks. Each of the test subjects had to stand up six times and sit down on a footstool. During the experiments, the subjects were equipped with markers according to a calibrated anatomical system technique (CAST) [24]. The trajectories of the markers were recorded with ten Qualisys OPUS 5+ cameras and the software Qualisys Track Manager 2018 (Qualisys AB, Gothenburg, Sweden) at a frame rate of 120 Hz. The joint angles were determined in Visual3d (C-Motion, Inc., Germantown, MD, USA) with a CAST pipeline from the marker trajectories. The data measured were centered and averaged; see Figure 7. The speed of standing up is comparable to norm values from other literature [21].



In order to approximate the knee (  φ 2  ) and hip (  φ 3  ) trajectories, sigmoid functions


      φ 2   ( t )      =  p 0  +   p 1   1 +  e   p 2  ·  ( t −  p 3  )      ,     



(3)






      φ 3   ( t )      =  p 4  −   p 5   1 +  e   p 6  ·  ( t −  p 7  )      +   p 8   1 +  e   p 9  ·  ( t −  p 10  )      ,     



(4)




where   p 0   to   p 10   are to be parameterized by the fitting, were used. Regarding the hip and knee trajectories, the root mean square error (RMSE) is 0.004 rad and 0.013 rad for the motion process, respectively. Due to the closeness to the reference, the approximations are not added to Figure 7.



Since the ankle joint of the proposed L   2  EXP-PE prototype is not actuated, no reference trajectory was generated for it. Instead, a trajectory for the simulation of standing up and sitting down was determined for the ankle joint so that the zero moment point can be set at a specific point in the support polygon of the feet. It is assumed that the knee and hip joints move synchronously during this movement task. Thus, the kinetic model is defined, as shown in Figure 8.



A mechanical model is required to estimate the torques of all joints. Since the ankle joint is not actuated, a suitable feed forward control of the joint angle must be used, which corresponds to the ankle joint work done by therapists or healthy volunteers. The static center of gravity point must stay within the foot support area to balance the exoskeleton and volunteer during the sit-to-stand task [25]. A function needs to be found for the model shown in Figure 8 with the controlled knee and hip joints that calculates the center of gravity as a function of   φ 2   and   φ 3  . The feet are assumed to be in permanent contact with the floor, and the feet and floor are connected with very high friction. Regarding the calculation of the total center of gravity (COG) position, the vector   r x  


      r x  =      s i n  (  φ 1  )  ·  d 1        s i n  (  φ 1  )  ·  l 1  + s i n  (  φ 1  −  φ 2  )  ·  d 2        s i n  (  φ 1  )  ·  l 1  + s i n  (  φ 1  −  φ 2  )  ·  l 2  + s i n  (  φ 1  −  φ 2  +  φ 3  )  ·  l 3           








of individual centers of gravity is calculated, where   d i   and   l i   denote the length of the links and the position of the center of mass within each link. The links are reduced in the mass points   m i  . The position   x COG   of the center of gravity


   x COG  =  ∑  i = 1  3     m i  ·  r  x , i      m 1  +  m 2  +  m 3     



(5)




is the weighted center of all masses. In order to calculate the ankle angle required    φ 1  = f  (  φ 2  ,  φ 3  ,  x COG  )   , Equation (5) was rearranged in Maple 2018 (Waterloo Maple Inc., Waterloo, ON, Canada), where the position of the center of gravity desired   x COG   is maintained. A model was derived to calculate the joint torques according to the Lagrange formalism from the abstracted mechanical system shown in Figure 8. We note that the potential energy of the three point masses   m i   is given by


   E  p o t   =       d 1  · c o s  (  φ 1  )  · g ·  m 1         (  l 1  · c o s  (  φ 1  )  +  d 2  · c o s  (  φ 1  −  φ 2  )  )  · g ·  m 2         (  l 1  · c o s  (  φ 1  )  +  l 2  · c o s  (  φ 1  −  φ 2  )  +  d 3  · c o s  (  φ 1  −  φ 2  +  φ 3  )  )  · g ·  m 3       ,  



(6)




where the angles   φ i   represent the generalized coordinates. The kinetic energy of the three point masses   m i   is defined by


     E  k i n , 1      =   φ ˙  1 2   d 1 2    m 1  2        E  k i n , 2      =    (  l 1    φ ˙  1  c o s  (  φ 1  )  +  d 2   (   φ ˙  1  −   φ ˙  2  )  c o s  (  φ 1  −  φ 2  )  )  2  +   (  l 1    φ ˙  1  s i n  (  φ 1  )  +  d 2   (   φ ˙  1  −   φ ˙  2  )  s i n  (  φ 1  −  φ 2  )  )  2     m 2  2        E  k i n , 3      = (   (  l 1    φ ˙  1  c o s  (  φ 1  )  +  l 2   (   φ ˙  1  −   φ ˙  2  )  c o s  (  φ 1  −  φ 2  )  +  d 3   (   φ ˙  1  −   φ ˙  2  +   φ ˙  3  )  c o s  (  φ 1  −  φ 2  +  φ 3  )  )  2           +   (  l 1    φ ˙  1  s i n  (  φ 1  )  +  l 2   (   φ ˙  1  −   φ ˙  2  )  s i n  (  φ 1  −  φ 2  )  +  d 3   (   φ ˙  1  −   φ ˙  2  +   φ ˙  3  )  s i n  (  φ 1  −  φ 2  +  φ 3  )  )  2   )    m 3  2  .     



(7)







The Lagrangian function is defined as the sum of all vector entries   L =  ∑  i = 1  3   (  E  K i n , i   −  E  P o t , i   )    from Equations (6) and (7).



The equations of motion for the three degrees of freedom are determined by derivation of the Lagrange function    d  d t     δ L   δ   φ ˙  i     −    δ L   δ  φ i     =   Q i   , where   Q i   are external generalized torques. The equations of motion of the system are provided in Appendix A.1.



In order to simulate the effect of crutches during exoskeleton support, a vertical crutch force is added at the shoulder above mass   m 3  , which is represented by   F c   in Figure 8. The torque acting on the individual joints as a result of a crutch force is defined by


      τ c  =       ( s i n  (  φ 1  −  φ 2  +  φ 3  )  ·  l 4  + s i n  (  φ 1  −  φ 2  )  ·  l 2  + s i n  (  φ 1  )  ·  l 1  )  ·  F c        −  ( s i n  (  φ 1  −  φ 2  +  φ 3  )  ·  l 4  + s i n  (  φ 1  −  φ 2  )  ·  l 2  )  ·  F c        s i n  (  φ 1  −  φ 2  +  φ 3  )  ·  l 4  ·  F c       ,     



(8)




where a positive torque points in a positive coordinate direction; see Figure 8. Complete support of the sit-to-stand is not possible with the actuator presented in this study without significant joint torque overload. The simulation is intended to determine the crutch force that would be required to enable the user to stand up with the exoskeleton realized. Research on this exoskeleton is intended to provide long-term advantages for the support of paraplegics, although it can also be assumed that this target group has sufficiently healthy upper body muscles. Since the sitting phases are not modeled in the simulation, the movement is reduced to a bend of the knees in which the upper body does not straighten up after taking a seat. This simplified motion with the second term removed in Equation (4) will also be used later for the sit-to-stand experiments. Torque trajectories with and without crutch force   F c   can be compared with the trajectories defined by Equations (3) and (4) and a weight partition according to [23] (see Figure 9). The joint torques for knee and hip can be significantly reduced by an additional crutch force.



The crutch force   F c   in the simulation is a maximum of 30% of the subject’s weight. The knee torque is higher during sit-to-stand, and the reduction due to the crutch forces is also lower. The maximum knee torque of    τ 2  =   1.25 Nm/kg is reduced to    τ 2  =   0.60 Nm/kg by a crutch force associated with approximately   30 %   of the body weight. This crutch force also reduces the maximum torque load on the hip actuator from 1.7 to 0.35 Nm/kg. Assuming the nominal torque of 49.4 Nm from Table 2, this would make it possible to support people weighing up to about 82 kg.




3.4. Gait Experiments


The gait of a healthy volunteer was recorded to define gait trajectories for the experiments. The volunteer was labeled with reflective markers according to the CAST scheme. For motion recording, Qualisys OPUS 5+ cameras (Qualisys AB, Gotheburg, Sweden) with the framerate 120 Hz were used. Two minutes of constant and normalized gait velocity were recorded on a treadmill. The joint angles and torques were determined in Visual3d (C-Motion, Inc., Germantown, MD, USA). All individual steps of the course sequence were averaged, and the standard deviation was determined. The standard deviation of the position reference is smaller than 0.023 rad, as shown in the first row of Figure 10. This shows the periodicity of the gait pattern. The joint torques, which are given in the second row of Figure 10, help to determine an optimal constant of the parallel spring [14,15].



In order to obtain a continuous and smooth reference of the joint angles, the Fourier sequence is determined to reconstruct the gait data


   φ  i , F o u r i e r    ( t )  =  c 0  +  ∑  k = 1  ∞   c k  · c o s  ( ω · k ·  ( t + c  p k  )  )  ,  



(9)




where  ω  is the base frequency, which is calculated as the inverse of the average gait cycle time   T  G C   . The variables   c  p k    represent a phase offset of the individual frequencies,   c 0   a constant component and   c k   the magnitudes at the individual frequencies. The RMSE


   e  R M S   =    1  T  G C     ∫  t = 0   T  G C      (  φ  i , F o u r i e r    ( t )  −  φ i   ( t )  )  2   d t   ,  



(10)




was used to estimate the quality of the fitting. The parameters determined are summarized in Table 3. The knee trajectory of a gait velocity of 0.19 m/s proved to be the most erroneous in the approximation. The RMSE is 0.011 rad with a fifth-order Fourier sequence; with the fourth-order approximation, the RMSE (0.022 rad) is still almost double. For the hip trajectory, the RMSE for a fifth-order approximation is about 0.005 rad for all three velocities. Reducing the order by one and two increases the RMSE of the approximated hip trajectory to 0.007 and 0.012 rad, respectively. The right and left joints are each shifted by half a gait cycle for the reference trajectories.




3.5. Ethics Committee (EK190-19)


The experimental protocol was reviewed by RWTH Aachen University Hospital’s ethics committee (EK190-19), and no concerns were raised.





4. Results


Results with active motion support for sit-to-stand and gait experiments are provided below.



4.1. Results of Sit-to-Stand Experiments


Regarding the experiments, the exoskeleton supported a healthy volunteer (height: 1.8 m, age: 33 years, weight: 78 kg) in standing up and sitting down; see Figure 11. To determine the additional force that a test person must apply, a rope attached to the ceiling was equipped with a PSD-S1 force sensor (Pushton electronic instruments Co., Zhengzhou, China); See Figure 12. The subject held on to the rope during the tests, and the rope force data were recorded. The subject performed the experiment a total of 22 times, and the data were averaged over all experiments as the shape of the torque trajectories was always the same. The maximal rope force average was about 350 N, which corresponds to approximately 43% of the weight of the test subject. When supporting the volunteer, the maximum joint torque average of the exoskeleton was approximately 23 Nm and 33 Nm for hip and knee, respectively.



In the phase between lowering and lifting, the modeling deviates from the experimental results. A lower torque was required in the experiments, since the test person automatically tilted slightly forward during the tests. In view of both results, however, it can be concluded that the exoskeleton can provide support in sit-to-stand tasks.



As documented in Table 2, the actuators can provide a continuous torque of about 50 Nm, from which friction losses are subtracted. The gearbox installed has a maximum allowable torque of 98 Nm [26]. This limits the maximum torque of the actuator. The motor and motor control unit allow a short-term torque overload of the motor to approximately double the torque (100 Nm). The motor current has been limited to 8 A to protect the gearbox, resulting in a load-related maximum motor torque of 55 Nm. Regarding future work, an actuator prototype has already been developed that can provide up to 105 Nm (35 Nm + 70 Nm) through the parallel combination of SEA and direct drive [27]. In the future, this actuator must be optimized and integrated into the exoskeleton to provide full support when raising a paraplegic patient. Nevertheless, the exoskeleton can already support a test subject considerably in the movement task. Even if the seat height is reduced [28] or the speed of movement is increased [21], the actuator torques available are in an appropriate range, so no modification of the design is required for operation with patients.




4.2. Results of Gait Experiments


In order to analyze the L   2  EXO-PE performance, the gait of a healthy volunteer (height: 1.8 m, age: 33 years, weight: 78 kg) on a treadmill was recorded at three different settings. The volunteer walked as passively as he could during the trials. One hip actuator was operated as RA, the other as CPEA. Springs with 10.2, 21.1 and 30.8 Nm/rad were used for the realization of the CPEA. Velocities according to Table 3 (0.19, 0.31 and 0.42 m/s) were implemented. At least four minutes were recorded at each of the three settings in each of the gait experiments, so that 89, 123 and 144 complete gait cycles were recorded for the different velocities. All measurement data were averaged over the number of gait cycles.



It was observed during the gait tests that the mean trajectories follow the reference with a time delay of a maximum of 0.05 s. In Figure 13, this effect was more noticeable at faster gait velocities due to shorter cycle times, but the absolute shift was consistent. The standard deviation is not shown due to the small deviation. The deviation of the mean trajectories of CPEA and RA is in the range of the angular resolution. A comparison of the joint torque and power consumption is justified since the two position trajectories of the two actuators overlap.



The graphs in Figure 14 visualize the averaged hip torque of the gait trials. It should be noted that the gait velocities realized are low. Therefore, a relatively low joint torque and power consumption is to be expected, which is also in accordance with the observations of other studies [19,29,30]. In this application, however, a higher velocity would also lead to a relatively higher improvement due to the PE. The maximum torque at the RA was 15.1, 21.8 and 26.5 Nm for the gait velocities 0.19, 0.31 and 0.42 m/s, respectively. These values can be reduced to 13.8, 16.1 and 18.4 Nm, respectively, by using a PE. The results of the joint torque measurements show that the maximum torque can be reduced by the PE by at least 20%.



We recall that the power consumption of the motor can be calculated from the motor current and the motor voltage, which is the sum of the ohmic losses and the induced voltage


   P  e l e c t r .   = i ·  (  R  M o t o r   · i +  K  M o t o r   ·  ω  M o t o r   )  ,  



(11)




where   R  M o t o r    = 0.29  Ω  is the motor resistance,   K  M o t o r    = 0.136 Vs/rad is the motor constant,   ω  M o t o r    is the motor speed and i is the motor current. When examining the power consumption over the data averaged, it is observed that the maximum torque (see Figure 14) correlates with the maximum power consumption (see Figure 15). This metric is also where the greatest relative reduction can be found due to the PE. The application of the PE reduces the maximum power consumption from 7.6, 25.7 and 33.2 W to 5.8, 14.7 and 16.5 W, respectively. The design of the springs was based on the position and torque characteristics of a spring, which only indirectly aimed at minimizing the maximum power consumption.



In addition to the maximum power consumption, the step energy required is also important. The negative power components in Figure 15 during the experiments are dissipated by the brake choppers. Therefore, the exoskeleton in the current realization is not able to recuperate energy, and only positive values


   P  H i p  +  = m a x  ( 0 ,  P  H i p   )   



(12)




of the power are considered in the energy calculation. The energy required for one step is calculated as the integral of the power consumption   P  H i p  +   during one step


   E  S t e p   =  ∫  0   T  G C     P  H i p  +  d t .  



(13)







Due to the use of the PE, the step energy decreases from 5.4, 7.8 and 8.3 Ws to 4.5, 6.3 and 7.4 Ws, respectively. This can reduce the power consumption of one actuator for an hour of operation from 1.91 to 1.61 Wh, from 3.90 to 3.18 Wh and from 4.79 to 4.25 Wh for the gait velocities 0.19, 0.31 and 0.42 m/s, respectively.



The configuration of the balance point of the PE was shown in [14,15]. Figure 16 provides the angle and torque characteristics experimentally determined for the three gait velocities, including the spring configurations realized for each case. It is important to note that different spring elements are required to realize different spring stiffnesses. Implementing new spring constants would, therefore, require a reconfiguration of the actuator. Theoretically optimal PE can, therefore, hardly be implemented practically in the prototype. However, the intended effect of the PE can already be verified in the experiments, as the characteristics in Figure 16 clearly show.



Finally, the various advantages in the gait experiments are summarized. For this purpose, the different reduction rates due to the PE for peak power, RMS power, peak current (electric torque) and step energy are presented in the bar chart Figure 17. The lowest improvements are achieved for the lowest gait velocity. With increasing gait velocity, the maximum torque (Figure 14) also increases, which leads to higher improvements.





5. Conclusions


This study demonstrated that partial support for sit-to-stand can be provided by our exoskeleton prototype. Assuming that the patient needs to use crutches for gait stability, these can provide an additional force for standing up. However, additional experiments with impaired individuals are required to verify whether this torque deficiency leads to a deficit in movement tasks. Alternatively, a mechanical design already exists for increasing the torque of the actuator during sit-to-stand [27].



The gait experiments have shown that the power design of the actuators is appropriate, since a maximum torque of about 30 Nm was recorded and the speed range is defined as required by the motion task. This finding is also in line with the results of other studies [3,5]. The experimental validation of the increase in efficiency of the upright gait of an exoskeleton through the use of a PE is a new finding. The optimal efficiency advantages determined simulatively by Wang et al. could not be reached, but they are predicted at gait speeds at least twice as fast, which severely limits comparability [14]. In particular, the reduction of the peak torque by up to 31% is a major advantage that directly affects the mass of the actuator required in the electromechanical design. The reduction of the RMS power by up to 36% allows for a longer lifetime or a smaller design of the battery pack in future autonomous gait experiments. These could be important steps in the realization of a clinical prototype.



The hip actuator is designed to meet the performance requirements of the motion tasks such as RA and CPEA. The prototype design with its actuators achieves a similar power to mass ratio as the exoskeletons in Table 1. Based on the study conducted and the requirement changes that arise, a lightweight version of the hip actuator can be designed.



These experimental results make the exoskeleton prototype promising for clinical application. Clinical studies with paraplegic patients are needed to investigate how the efficiency of powered gait can be increased by the PE and whether all motion tasks can be realized by means of the exoskeleton.
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Appendix A. Lagrange


The source code is from a Matlab Function. The joint angles   φ i   are combined in the vector Q. The derivatives    φ ˙  i   and    φ ¨  i   are combined into the vectors Qdot and Qdotdot. The model expects masses   m i   in kg, lengths   l i   and   d i   in m, all angles Q are in rad and the gravitational acceleration g is assumed to be 9.81 m/s.



Appendix A.1. Joint Torques


% Calculation of gravitational Torques



G(1) = g*d1*sin(Q(1))*m1+sin(Q(1))*g*l1*m2+sin(-Q(2)+Q(1))*g*d2*m2 ...



+ sin(Q(1))*g*l1*m3+sin(Q(1)-Q(2))*g*l2*m3 + sin(Q(3)+Q(1)-Q(2))*g*d3*m3;



G(2) = -sin(Q(1)-Q(2))*g*d2*m2 - sin(Q(1)-Q(2))*g*l2*m3 ...



- sin(Q(3)+Q(1)-Q(2))*g*d3*m3;



G(3) = sin(Q(3)+Q(1)-Q(2))*g*d3*m3;



GM = G;



% Calculation of Coriolis Matrix



C(1,1)= 2*Qdot(2)*d3*l1*m3*sin(Q(2)-Q(3)) + 2*Qdot(2)*l1*l2*m3*sin(Q(2)) ...



+ 2*Qdot(3)*d3*l2*m3*sin(Q(3)) - 2*Qdot(3)*d3*l1*m3*sin(Q(2)-Q(3)) ...



+ 2*Qdot(3)*d3*l2*m3*sin(Q(3)) + 2*Qdot(2)*d2*l1*m2*sin(Q(2));



C(1,2)= -Qdot(2)*d2*l1*m2*sin(Q(2)) - Qdot(2)*l1*l2*m3*sin(Q(2)) ...



- Qdot(2)*d3*l1*m3*sin(Q(2)-Q(3)) + 2*Qdot(3)*d3*l1*m3*sin(Q(2)-Q(3)) ...



- 2*Qdot(3)*d3*l2*m3*sin(Q(3));



C(1,3)= -Qdot(3)*d3*l1*m3*sin(Q(2)-Q(3)) + Qdot(3)*d3*l2*m3*sin(Q(3));



C(2,1) = -Qdot(1)*d2*l1*m2*sin(Q(2)) - Qdot(1)*l1*l2*m3*sin(Q(2)) ...



- Qdot(1)*d3*l1*m3*sin(Q(2)-Q(3)) - 2*Qdot(3)*d3*l2*m3*sin(Q(3));



C(2,2) = 2*Qdot(3)*d3*l2*m3*sin(Q(3));



C(2,3) = -Qdot(3)*d3*l2*m3*sin(Q(3));



C(3,1) = Qdot(1)*d3*l1*m3*sin(Q(2)-Q(3)) - Qdot(1)*sin(Q(3))*d3*l2*m3 ...



+ 2*Qdot(2)*sin(Q(3))*d3*l2*m3;



C(3,2) = -Qdot(2)*sin(Q(3))*d3*l2*m3;



% Calculation of Coriolis torques



CM=C*Qdot;



% Calculation of Mass Matrix



M(1,1) = -d1   2  *m1 - d2   2  *m2 - d3   2  *m3 - l1   2  *m2 - l1   2  *m3 - l2   2  *m3 ...



- 2*d3*l2*m3*cos(Q(3)) - 2*d2*l1*m2*cos(Q(2)) - 2*l1*l2*m3*cos(Q(2)) ...



- 2*d3*l1*m3*cos(Q(2)-Q(3));



M(1,2) = d2   2  *m2 + d3   2  *m3 + l2   2  *m3 + 2*d3*l2*m3*cos(Q(3)) ...



+ d2*l1*m2*cos(Q(2)) + l1*l2*m3*cos(Q(2)) + d2*l1*m2*cos(Q(2)) ...



+ l1*l2*m3*cos(Q(2)) + d3*l1*m3*cos(Q(2)-Q(3));



M(1,3) = -d3*l2*m3*cos(Q(3)) - d3*l1*m3*cos(Q(2)-Q(3)) - d3   2  *m3;



M(2,1) = d2   2  *m2 + d3   2  *m3 + l2   2  *m3 + 2*d3*l2*m3*cos(Q(3)) ...



+ d2*l1*m2*cos(Q(2)) + l1*l2*m3*cos(Q(2)) + d3*l1*m3*cos(Q(2)-Q(3));



M(2,2) = -d2   2  *m2 - d3   2  *m3 - l2   2  *m3 - 2*d3*l2*m3*cos(Q(3));



M(2,3) = d3*l2*m3*cos(Q(3)) + d3   2  *m3;



M(3,1) = -d3*l1*m3*cos(Q(2)-Q(3)) - d3*l2*m3*cos(Q(3)) -d3   2  *m3;



M(3,2) = d3   2  *m3 + d3*l2*m3*cos(Q(3));



M(3,3) = -d3   2  *m3;



% Calculation of inertial Torques



MM = M*Qdotdot;



% Jointtorques



Ankletorque = GM(1) + CM(1) + MM(1);



Kneetorque = GM(2) + CM(2) + MM(2);



Hiptorque = GM(3) + CM(3) + MM(3);
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Figure 1. Three classes of actuators for hip and knee support: (a) Rigid actuator; (b) Variable stiffness serial elastic actuators (SEAs); (c) Clutched parallel elastic actuators (PEAs). 






Figure 1. Three classes of actuators for hip and knee support: (a) Rigid actuator; (b) Variable stiffness serial elastic actuators (SEAs); (c) Clutched parallel elastic actuators (PEAs).



[image: Actuators 10 00075 g001]







[image: Actuators 10 00075 g002 550] 





Figure 2. Sectional view of the RA (a) and clutched parallel elastic actuator (CPEA) (b) generated by computer-animated design. 
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Figure 3. Photos of the RA (left) and CPEA (right) including the 30.8 Nm/rad PE integrated in the hip and knee joint. The numbering according to Figure 2 is still applied. 
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Figure 4. Photos of the exoskeleton prototype: frontal and oblique view. 
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Figure 5. Schematic diagram of the experimental setup using the four actuators. 
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Figure 6. Schematic diagram of the experimental setup using the four actuators. The index i represents the description of the actuator under consideration (hip/knee, right/left). 
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Figure 7. Mean value and standard deviation of joint angles and for hip and knee during sit-to-stand (left) and stand-to-sit (right), measured on four healthy volunteers. 
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Figure 8. Visualization of a reduced model for sit-to-stand and stand-to-sit motion modeled as a triple inverse pendulum with point masses, with the assumption that both hip and knee joints move synchronously. 
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Figure 9. Simulation results of joint torques for knee and hip in dependence on the additional crutch force   F c  . The forces and torques are normalized to the subject’s weight. 
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Figure 10. Reference angle and torque profiles for hip and knee joint in gait on the treadmill. These are averaged data. The shaded areas represent the standard deviation. 
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Figure 11. Actuator torques and joint positions measured during the sit-down and stand-up movement task. 
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Figure 12. Rope force measured during sit down and stand up experiments. 
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Figure 13. Angular position for the hip joint at three different gait velocities for an RA and CPEA. 
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Figure 14. Joint torque for the hip at three different gait velocities for an RA and CPEA. 
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Figure 15. Power for the hip joint at three different gait velocities for an RA and CPEA. 
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Figure 16. Angle and torque characteristics for the hip joint at three different gait velocities for an RA and CPEA. 
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Figure 17. Reduction of the characteristic values due to the parallel elasticity in the hip joint for three different gait velocities. 
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Table 1. Active exoskeletons for the lower extremity for paraplegic patients.
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	Exoskeleton
	Gait Velocity
	Joint Torque

(Hip|Knee)
	Joint Power (Hip|Knee)
	Mass
	Reference





	REX
	0.1 m/s
	
	150 W|150 W (nominal)
	50 kg
	[1]



	Mina (V2)
	0.29 m/s
	110 N·m|110 N·m (peak)
	355 W|355 W (nominal)
	34 kg
	[6,8]



	ReWalk
	0.71 m/s
	
	
	30 kg
	[2]



	Ekso GT
	0.44 m/s
	83 N·m|83 N·m (peak)
	
	23 kg
	[2,4]



	Indego
	0.36 m/s
	80 N·m|80 N·m (peak)
	
	17.7 kg
	[2,4]



	Zhang et al.
	0.8 m/s
	40 N·m|-(nominal)
	90 W|-(nominal)
	9.2 kg
	[5]



	Lokomat
	0.8 m/s
	50 N·m|30 N·m (nom.)
	150 W|150 W (nominal)
	
	[3]



	Mindwalker
	0.8 m/s
	100 N·m|100 N·m (peak)
	960 W|960 W (peak)
	28 kg
	[7]










[image: Table] 





Table 2. Technical data of both actuators.
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	Actuator
	CPEA
	RA





	Nominal torque
	49.4 Nm
	49.4 Nm



	Nominal speed
	3.7 rad/s
	3.7 rad/s



	No load speed
	4.4 rad/s
	4.4 rad/s



	Rated motor power
	260 W
	260 W



	Mass
	3.0 kg (including 30 Nm/rad springs)
	2.6 kg



	Axial length
	105 mm
	105 mm



	Spring rate
	10–67 Nm/rad (Mass: 50–360 g)
	–



	Spring type
	Steel tension springs (EN 10270-1)
	–



	Clutch actuator
	Bistable solenoid (30 W)
	–
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Table 3. Coefficients and RMSE for a Fourier representation of the gait of the knee and hip joint trajectories at different gait velocities. The RMSE is indicated for the Fourier sequence given.






Table 3. Coefficients and RMSE for a Fourier representation of the gait of the knee and hip joint trajectories at different gait velocities. The RMSE is indicated for the Fourier sequence given.














	Joint
	
	Knee
	
	
	Hip
	





	Gait Velocity
	0.19 m/s
	0.31 m/s
	0.42 m/s
	0.19 m/s
	0.31 m/s
	0.42 m/s



	  T  G C    (s)
	2.814
	1.993
	1.740
	2.814
	1.993
	1.740



	  c 0   (rad)
	0.352
	0.387
	0.407
	0.150
	0.192
	0.209



	  c 1   (rad)
	0.221
	0.309
	0.339
	0.138
	0.176
	0.187



	  c  p 1    (rad)
	0.091
	0.073
	0.079
	−1.139
	−1.177
	−1.225



	  c 2   (rad)
	0.153
	0.211
	0.226
	0.055
	0.049
	0.043



	  c  p 2    (rad)
	0.075
	−0.010
	−0.038
	−1.142
	−1.070
	−1.010



	  c 3   (rad)
	0.104
	0.115
	0.107
	0.029
	0.031
	0.032



	  c  p 3    (rad)
	−0.050
	−0.161
	−0.178
	−0.564
	−0.266
	−0.212



	  c 4   (rad)
	0.063
	0.044
	0.030
	0.014
	0.015
	0.012



	  c  p 4    (rad)
	−0.151
	−0.301
	−0.332
	−0.406
	0.124
	0.197



	  c 5   (rad)
	0.032
	0.011
	0.008
	0.009
	0.005
	0.005



	  c  p 5    (rad)
	−0.070
	0.255
	1.334
	0.187
	0.671
	1.754



	  e  R M S    (rad)
	0.011
	0.009
	0.010
	0.005
	0.005
	0.005
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