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Abstract

:

Robotic legs, such as for lower-limb exoskeletons and prostheses, have bimodal operation: (1) within a task, like for walking (high speed and low force for the swing phase and low speed and higher force when the leg bears the weight of the system); (2) between tasks, like between walking and sit–stand motions. Sizing a traditional single-ratio actuation system for such extremum operations leads to oversized heavy electric motor and poor energy efficiency at low speeds. This paper explores a bimodal actuation concept where a hydrostatic transmission is dynamically reconfigured using custom motorized ball valves to suit the requirements of a robotic leg with a smaller and more efficient actuation system. First, this paper presents an analysis of the mass and efficiency advantages of the bimodal solution over a baseline solution, for three operating points: high-speed, high-force, and braking modes. Second, an experimental demonstration with a custom-built actuation system and a robotic leg test bench is presented. Control challenges regarding dynamic transition between modes are discussed and a control scheme solution is proposed and tested. The results show the following findings: (1) The actuator prototype can meet the requirements of a leg bimodal operation in terms of force, speed, and compliance while using smaller motors than a baseline solution. (2) The proposed operating principle and control schemes allow for smooth and fast mode transitions. (3) Motorized ball valves exhibit a good trade-off between size, speed, and flow restriction. (4) Motorized ball valves are a promising way to dynamically reconfigure a hydrostatic transmission while allowing energy to be dissipated.
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1. Introduction


When designing legged robots and exoskeletons, the requirements can be very different for torque and speed depending on the task or within different phases of a task. This often limits the capabilities of a robotic device. For example, the Sarcos Guardian XO full-body exoskeleton can amplify human loading capacity but is limited for natural walking or running [1]. In contrast, Harvard’s cable-driven soft exosuit can assist for loaded walking [2] but has limited force assistance. For a legged robot, the feet need to move quickly through the air during a fast gait or to balance the system. The ideal robotic leg actuator must have good acceleration and maximum velocity capability for the swing phase (foot in the air). Lightly-geared actuators and direct-drive electric motors (EM) have been used for creating highly dynamic legged robots [3,4]. On the other hand, during the stance phase (foot on the ground), the leg must apply large forces to bear the weight of the robot and its payload. Without large reduction ratios, EM actuators exhibit poor torque density and poor efficiency at low speeds [3,5].



Thus, they are not well suited for stance phase requirements, especially when the robot needs to lift and carry heavy payloads. Alternatively, using EM with large reduction ratios to meet the stance phase requirements would limit the maximum velocity and increase the inertia and the friction [6], thus penalizing the performance of the swing phase. Hence, designing a robot that can be used for all these operating points is not trivial and leads designers to compromise between multiple characteristics, as illustrated in Figure 1, when using a fixed reduction ratio.



Dynamically changing the reduction ratio, like most car powertrains, would allow a designer to avoid this performance compromise. As shown in Figure 2, if a robot leg actuator can downshift to a large reduction ratio during the stance phase (operation point 1), and upshift to a small reduction ratio for the swing phase (operation point 2), then the electric motor does not need to be oversized to achieve both operation points and would stay within an effective operating range. In recent decades, actuators leveraging variable transmission have been sporadically explored by researchers in the field of robotics. For instance, Hirose relied on two parallel motors of different reduction ratio and an electromagnetic clutch to create a dual-mode transmission mechanism for an articulate prismatic leg [7]. Bell proposed a dual-motor design for which the geared motor is electrically disconnected for high-speed motions to prevent back-emf power dissipation, but the geared motor inertia stays coupled to the output which limits the possible reduction ratios [8]. Jeong et al. presented a single-motor two-speed transmission based on twisted string actuation (TSA) and a dog clutch that is light and compact, but with many limitations in the operating conditions [9]. Lee et al. proposed a compact dual reduction actuator with a latching mechanism for a knee joint exoskeleton adapted for the walking phase and sit-to-stand phase, but without dynamic switching capabilities [10]. For seamless transitions, Jang et al. developed a continuously variable transmission (CVT) based on TSA, two motors, and a differential gearbox, but is limited by the range of reduction ratios. Other serial dual-motor architectures were investigated, requiring a differential and a brake that can be used to conduct seamless transitions, and shown the mass and energy advantages over single-ratio actuators [5,11,12].



All in all, despite promising results, many challenges remain: (1) the trade-off between the complexity (and size) of the variable transmission and its ability to change the ratio in terms of range, speed, seamlessness, and operating conditions in which it is possible to change the reduction ratio [13]; (2) the need for a lightweight and energy efficient device for robots that carry their own payload. A lightweight device that allows a fast and seamless switch between a small and a large reduction ratio in any operating conditions would be a breakthrough for many applications, especially for robotic legs.



Previously proposed variable ratio designs for robotics were mostly based on mechanical components like gears and brakes. However, others have proposed variable ratio concepts leveraging a hydrostatic transmission as a way to delocalize the motor of the moving linkage rather than being on distal joints. The advantage of hydrostatic transmissions are mainly easy routing through complex kinematics [14], good force density, and increased backdrivability [15]. In this sense, Sugihara et al. proposed a reconfigurable hydrostatic circuit to allow a variable ratio using fast hydraulic switching with extra valves and cylinders, but much remains to be explored regarding this kind of hybrid hydrostatic approach [16].



This article presents a multimodal actuation based on simple valves dynamically reconfiguring a hydrostatic transmission. As illustrated in Figure 3, motorized ball valves are used to dynamically reconfigure the system between two operating modes tailored to the swing phase and stance phase. The concept is similar to the two-speed architecture explored by Verstraten [12] and Girard [5], but in the fluidic domain. The salient feature is that ball valves replace the high-force brake and the differential that were required in the mechanical domain, reducing the number of cumbersome components while increasing the flexibility in terms of conditions in which the system can downshift. This article is built on preliminary results presented in a conference paper [17], which analyzed opportunities to save mass and increase efficiency of actuation system using multimodal hydrostatic transmissions. Here, a thorough analysis of one of these opportunities is presented: using high-speed/high-force mode switching. The mass saving analysis is expanded with an exploration of the trade-off between size, speed, and flow for the valves. Furthermore, this article presents a working prototype, experimental results on a 2-DoF leg test bench as shown in Figure 4, control challenges and solutions, practical issues, and limitations, which were not discussed in the preliminary conference paper.



The novel contributions of the present study are the following: (1) a mass delay–flow trade-off analysis for motorized ball valves plus a more detailed mass-efficiency analysis of the overall system; (2) an experimental assessment of the ability of the system to switch seamlessly under load; (3) first experiments giving an insight on the actuator capability to match the needs of robotic legs in terms of force, speed, and compliance.



The materials and methods are split through the manuscript sections for better readability. Section 2 explains the working principle and details the equations of motions of the proposed bimodal hydrostatic system. Section 3 presents the mass and energy gain potential of the configuration to achieve extreme operating points for the case study of a robotic knee joint. Section 4 presents the built prototypes and test bench, the control scheme used for coordinating the motor and the valves, and the experimental results. Finally, the modeling approach for estimating the mass and efficiency of the components involved is presented in the Appendix A.




2. Working Principle


The proposed two-speed architecture consists of a lightly geared electric motor (EM1) and a highly geared electric motor (EM2) which are coupled to high- and low-pitch ball screws, respectively, that actuate two hydraulic cylinders. Those two cylinders—called leader cylinder 1 (L1) and leader cylinder 2 (L2)—are connected to a follower cylinder (output) on the leg, through a flexible hydraulic line. This results in a kinematically redundant system: the displacement of both the leader cylinders adds up to create a displacement at the follower cylinder (neglecting compressibility of the fluid) but the pressure is shared in the circuit. Additionally, two hydraulic valves can close the path to the lightly geared L1. Hence, this architecture permits two main modes of operation: a high-speed mode (HS) for fast movement and backdrivability when the valves are opened (Figure 3a) and a high-force mode (HF) when the valves are closed (Figure 3b). When valves are open, both L1 and L2 can contribute to the output motion. This results in high-speed capability and a low reflected inertia at the output, but with force limited by EM1. When valves are closed, only L2 contributes to the output since L1 is connected to a reservoir and can move freely. This results in high-force low-speed capabilities, as the configuration leads to a direct coupling of the highly geared piston to the follower piston. Furthermore, it is possible to generate large forces at high-speed using partial opening of the valves to restrict the flow in order to brake the system. Therefore, it is possible to reach operating points 1, 2, and 3 shown in Figure 2.



Equations of Motion


Here, we present simplified equations of motion (EoMs) describing the system behavior for all operating modes, based on the lumped-parameter approach illustrated in Figure 5 (a single-action system is illustrated for simplicity). If we consider that the fluid in the circuit is incompressible, then the combined flow of L1 and L2 is equal to the incoming flow in the follower cylinder. When all cylinders areas are equal, it leads to the following kinematic relationship between the pistons velocities and the motor velocities:


   v o  =  v 1  +  v 2  =  T 1  − 1    ω 1  +  T 2  − 1    ω 2   



(1)




where   v o  ,   v 1   and   v 2   are the linear velocity of the cylinders,   ω 1   and   ω 2   are the angular velocities of EM1 and EM2, and   T 1   and   T 2   are the transformation ratios from motor angular motion to piston linear motion, given by:


   T i  =   2 π  R i    φ i    



(2)




where   φ i   is the ball screw lead and   R i   is the reduction ratio between the motor shaft and the screw. Considering the inertial properties associated with the moving parts, the passive dissipative forces and the active forces at all pistons, a 2 DoF dynamic model is constructed using the linear velocity of the output    v o  ˙   and the linear velocity of L1    v 1  ˙   as state variables.


     H       v o  ˙        v 1  ˙       ︸   I n e r t i a l   +         b 2  +  b 0         b 1  −  b 2       ︸   D i s p .  f o r c e s   =    B      I 1       I 2       ︸   m o t o r s   −       0      b ( ϕ )      ︸   t h r o t t l i n g   −        f e      0     ︸   e x t .    



(3)




where


    H    =        m o  +  m 2  +  J 2   T 2 2        − (  m 2  +  J 2   T 2 2  )         − (  m 2  +  J 2   T 2 2  ) .        m 1  +  J 1   T 1 2  +  m 2  +  J 2   T 2 2            



(4)






    B    =      0       k 2   T 2           k 1   T 1        −  k 2   T 2            



(5)




with   m o  ,   m 1   and   m 2  , representing piston masses plus the inertial contribution of the transmission fluid in linear units at the piston;   J 1   and   J 2   represent the inertia of the motors;   b o  ,   b 1  , and   b 2   represent speed-dependent dissipative forces acting on the output, the L1 piston, and the L2 piston (friction in the seal, the ball screw, and head loss in the fluid lines), respectively;   I 1   and   I 2   represent the electrical currents in the motors;   k 1   and   k 2   represent the motor torque constants;   f e   represents an external force acting on the output; and   b ( ϕ )   represents a dissipative force acting on the L1 piston caused by partial closing of the ball valve. This controllable dissipative force can be modeled with:


  b  ( ϕ )  =  1 2  s g n  (  v 1  )  k  ( ϕ )  ρ  v 1 2      A  L 1    3     A b   2    



(6)




where  ϕ  is the valve angle,   A  L 1    and   A b   are the bore areas of L1 and the ball valve, respectively,   k ( ϕ )   an experimental mapping between the ball angle and a loss coefficient [18], and  ρ  is the fill fluid density.



During HF mode, L1 is disconnected and no flow from L1 contributes to the output motion. Setting    v ˙  1   to zero in (3), the model can be reduced to:


   [  m o  +     m 2  +  J 2   T 2 2   ︸    m A   for  HF   ]    v ˙  o  +  b o  +  b 2  =  k 2   T 2   I 2  −  f e   



(7)




where   m A   is the reflected inertia due to the actuation. For HS mode, both motor can contribute to the output motion. However, when isolating    v ˙  o   in (3), it can be seen that some terms related to the motion of L2 are negligible if    m 2  +  J 2   T 2 2  ≫  m 1  +  J 1   T 1 2    (which will be the case for the concept because   T 2   is designed to be an order of magnitude greater than   T 1  ), and the equation describing the motion of the output can be approximated by:


   [  m o  +     m 1  +  J 1   T 1 2   ︸    m A   for  HS   ]    v ˙  o  +  b o  +  b 1  =  k 1   T 1   I 1  − b  ( ϕ )  −  f e   



(8)







All in all, with the approximation, the EoM of each mode have the same structure with the exception of an additional controllable dissipative force for HS mode. Equations show that the distinctive dynamic behavior of each mode is fundamentally due to the mechanical advantage difference between   T 1   and   T 2  . Indeed, in HF mode with a large   T 2  , large forces can be applied (term    k 2   T 2   I 2    in (7)) and all terms not multiplied by   T 2   become negligible. The behavior is mostly a motor fighting its own internal inertia (and friction) unaffected by the load parameters and the external forces.





3. Mass and Efficiency Analysis


The proposed bimodal configuration can lead to mass and energy savings even though the design includes more components than a traditional single-motor configuration. The next section presents sets of requirements for a generic robotic knee, and a baseline actuator that are used for comparing the actuation solutions.



3.1. Two-Speed Design Advantage for a Robotic Knee


For the purpose of conducting a parametric analysis, the complex requirements of a robotic knee are simplified into three main required operating points, shown in Figure 2:




	
High-force low-speed (HF) operating point;



	
High-speed low-force (HS) operating point, with low inertia;



	
High-power braking operating point, with low inertia.








In many situations, robotic legs should feel transparent to interact with the environment/ground or with human limbs. This constraint on backdrivability is simplified into a constraint on reflected inertia from motorization. Table 1 summarizes the operating points relative to a parameter  λ  used as a way to scale a wide range of possible specifications.



The situation in   λ = 1   describes a low-force robotic knee that is fast enough for motions like walking. Larger  λ  represents a knee  λ  times stronger but at a limited speed for less dynamic motions such as lifting a load. The output power of both HS and HF modes stays equal.  λ  is thus defined as the relative force ratio between the two operating modes, i.e.,   λ =  τ HF  /  τ HS   .



The baseline torque, speed, and inertia were selected based on human knees, exoskeletons, and prostheses: (1) 20   N m   torque for a partially assisting (<  50 %   typ.) knee exoskeleton for walking; (2) 9.4 rad/s for a human walking speed increased by a factor of 1.5 to ensure natural motion at any time; (3) 0.07   k g  m 2    based on the low-inertia knee prosthesis design presented in [20]. The required  λ  ratio and exact specifications highly depend on the application. For the exoskeleton knee in [10], for sitting-to-standing and for walking, the  λ  is 2.8. For the legged robot in [7], for dual-speed designs for switching between the stance and swing phases of walking,  λ  equals 13. In the case of the knee prosthesis in [21], the  λ  is 5.4.



The proposed two-speed design (Figure 3) is compared with a baseline hydrostatic one (Figure 6), which inspiration is drawn from [22,23]. Mass and efficiency analyses are conducted for both designs meeting the requirements of all three operating conditions. The mass is found through the following steps: (1) computing the most advantageous reduction ratio for each configuration given the requirements, (2) computing the individual requirements (force, speed, power) of the components (cylinders, valves, ball screws, and motors) for each configuration; (3) using the scaling laws for estimating the mass of components. The approach, hypotheses, and inputs are detailed in Appendix A.



Figure 7 shows evaluated mass of the baseline and the two-speed solutions as a function of the ratio between operation points 1 and 2. The middle plot is the result for the specifications of Table 1. Note that resulting baseline masses may look high compared to state-of-the-art exoskeletons or prostheses because the calculation includes hydrostatic transmissions and cylinders, which negatively increases system weight but positively delocalize the mass in the back of the user. Many designs also do not have an inertia requirement, leading to systems feeling less transparent but having higher reduction ratios. To verify the analytical design, it can be compared with the transparent knee prosthesis in [20] which has a 57 Nm continuous torque (  λ = 2.85  ) and a 0.0696 kg.m² output reflected inertia. The authors selected a 22:1 planetary gearbox and use the frameless ILM 85 × 26 motor kit from RoboDrive, whose mass is 0.67 kg. For the same torque and inertia requirements, the modeling Equation (A4) used here finds a 22.4:1 reduction ratio and a 0.70 kg motor mass, which is relatively close to the motorization design of [20]. Their gearbox cannot be compared here since it is not a ball screw.



If the high-force operation point is limited (  λ < 2.5  ), then the results show that the two-speed design is not recommended due to its mass overhead from the extra components (motors, valves, pistons, ball screws). However, it is promising for high ratios (  λ > 2.5  ), for example, for a sit-to-stand motion from a low chair for which the human knee torque is 100   N m   (  λ = 5  ) (assuming continuous torque) but at slow speeds. In this case, it would be 4.6 kg lighter than the baseline solution. The left and right plots of Figure 7 were computed to show the effect of changing the HS operating point on the results.



The crossing point is sensitive to the HS mode torque and inertia because the required motor size strongly depends on the torque-to-inertia required to fulfill all operating conditions. The crossing is less sensitive to the target speed here but in other cases (which depend on the motor family and target specifications), the speed may constrain the design before the reflected inertia.



Regarding efficiency, Figure 8a,b show the results for the HF mode (a) and the HS mode (b). Joule’s losses in the motor winding are scaled with motor torque and a fixed 90% ball screw efficiency is used. The motor of the baseline solution is operating at a low inefficient velocity for the HF mode. For this mode, the two-speed solution is thus more efficient. Note that in this analysis, the scaling laws are based on a very efficient (>90% at nominal torque) and low-inertia motor series (Robodrive TQ frameless motors [24]). The efficiency advantage in HF mode would be higher if using less efficient motors instead. In HS mode, the energy efficiency of each solution is similar as motors operate close to their nominal velocity but the baseline solution is slightly better since bigger motors are more efficient. Note that the energy losses due to shifting between operating modes were not modeled. Finally, Figure 8c shows the efficiency for the high-power regenerative braking condition, considering no loss at the electronics and battery. The baseline solution can actively regenerate most of the mechanical energy, whereas the two-speed solution must dissipate most of the energy through the valve.



All in all, this analysis outlines an important point: for highly strong and transparent robotics, single-ratio actuators using standard motors becomes heavy. This is where variable-speed actuators can be promising for robotics, especially regarding mass savings. For proper comparison, a designer shall include all extra components required for the variable-speed design, such as the motorized valves for the proposed actuator topology. The next section presents the design trade-offs of custom motorized ball valves and how their mass can be estimated based on a semi-empiric equation.




3.2. Valve Unit


In order to meet the application requirements, the valve unit requires the following characteristics: (1) fast cycle, for tasks that require fast transitions such as between stance and swing phases of walking and running; (2) small, in terms of mass and volume; (3) low-pressure drop when fully open, for efficiency and backdrivability of the HS mode. No off-the-shelf valves are designed for such requirements.



Servo ball valves (also butterfly) are commercially available, but they are designed for industrial applications and are very heavy, cumbersome, and too slow to be used in a dynamic situation like a walking gait. Fast servo valves have been used in mobile robots for their flow modulation accuracy, high bandwidth, and lightness, for instance Boston Dynamics’s robots [25]. The main drawback of these servo valves is their inherent inefficiency and non-backdrivability since the modulation is based on restricting the flow [26]. Piloted cartridge valves have been used in digital hydraulics due to their small volume and their high speed of actuation. However, challenges remains on valve leakage and energy efficiency [27]. Solenoid type cartridge valves have been used for a long time in automobiles’ anti-lock braking systems (ABSs) [28]. The downside is that solenoids tend to be inefficient, as they required a constant supply of energy to stay open, which generates Joule’s losses, while a permanent magnet latching solenoid can mitigate this issue, it is sensitive to vibration which is inherent to dynamic systems [29]. While industrial servo ball valves are not sufficient, they demonstrated a potential use in robotic applications mainly because they are compact (with respect to the line diameter) and they exhibit a very low pressure drop when fully open [30]. An analysis is thus conducted here to determine the viability of using servo ball valves for the application, and analyzing the trade-off between the size of the valve (mass), the pressure drop when open (bore diameter), and how fast can the valve open and close (cycle time).



Equation (9) estimates the mass of a servo ball valve as a function of the desired cycle time   Δ t   and its bore diameter d, using a semi-empiric model given by:


      m valve   ( d , Δ t )   ︸  total  =     π τ   2 α Δ t   ︸  motor  +    τ β  ︸  gearbox  +     ρ  R e       R e  ρ    r e f    m b   ︸  body   



(9)




with


    τ    ≈ 132 d − 0.2     



(10)






     m b     ≈ 41 d − 0.07     



(11)







This is based on estimating individually the mass of the valve body, the electric motor actuating it and the gearbox connecting them. The mass of the electric motor is determined by the 90° cycle time   Δ t  , the breakaway torque  τ  of the valve, and the electric motors’ specific power  α . Furthermore, an empiric relationship between the breakaway torque and the bore diameter d based on experimental measurements on 6.35–12.7 mm commercial brass ball valves is used (Equation (10)). The model assumes conservatively that the motor must apply the breakaway torque on the whole 90° stroke. The mass of the gearbox is estimated based on a torque-to-weight ratio. Specific power  α  is estimated to 600 W/kg and specific torque  β  to 10 Nm/kg, both based on commercially available Maxon components in the range of 10–100 W. The mass of the valve body is estimated using a regression based on the valve bore diameter d (Equation (11)) using data on brass three-way ball valves (ranging from 6.35 mm to 19.05 mm) taken from the manufacturer’s catalogue [31]. A ratio of material specific strength is used to predict the mass of hypothetical optimal valves made of high-strength materials. Figure 9 shows the mass prediction when using aluminum 7075. These values are only valid for valves rated at 3.45  MPa  and it does not take into account the effect of increased pressure on the valve actuation torque. Tendencies show that custom servo ball valves could meet the requirements with reasonable mass. The bore diameter has more impact on the total mass than the actuation speed for a cycle time over 75 ms. According to Equation (9), this is because the gearbox and valve body have non-negligible masses and vary only with diameter. Thus, this implies that minimizing diameter will have a more noticeable effect on mass reduction than trying to be conservative on actuation speed. However, for the same flow rate, designers should consider that viscous friction head losses increase by a factor of   d  − 5   , which can be problematic.





4. Experimental Assessment


This section presents the experimental analysis of a custom actuation system and a robotic leg test bench.



4.1. Prototypes and Test Bench


A prototype of two servo-actuated ball valves was designed and built, as shown in Figure 10a. Standard brass T-pattern flow 3-way ball valves (Valworx, 536903, Cornelius, NC, USA) were used and each valve is driven by a high torque servo motor (Savöx, SB2262SG, Salt Lake City, UT, USA), through a custom single stage of spur gears for faster switching (1:1.33). The servo motor was chosen for its high torque (3.2 Nm), speed (16 rad   ·   s    − 1   ), and small volume (41 × 20 × 26 mm).



The mass of the valve unit prototype is 415 g and it reaches a maximum speed of 12.2 rad   ·   s    − 1    (130 ms of cycle time). In comparison, for brass, Equation (9) predicts 447 g (including printed components) which is 8% more than the prototype. This corresponds to a mass reduction of 82% compared to equivalent commercial motorized valves [32] and it could be optimized. Indeed, as shown in Figure 10c, the valve body accounts for 52% of the total valve mass. By choosing a light body material such as aluminum, Equation (9) predicts a mass of 172 g for an equivalent unit (9.52 mm bore, 0.130 s cycle time). In this case, the total mass reduction would be 93% compared to commercial motorized valves.



The complete two-speed concept was built using custom valve unit and commercially available components as shown in Figure 11.



One 200 W nominal motor (Maxon RE50, Sachseln, Switzerland, operated up to 2.6× the nominal current) and one 102 W nominal motor (Maxon DCX32L, Sachseln, Switzerland) are used for EM1 and EM2, respectively. EM1 is coupled to a 20 mm ball screw lead (NSK MCM05025H20K00, Tokyo, Japan) while EM2 is coupled to a 5 mm ball screw lead (NSK MCM06025H05K02, Tokyo, Japan) through a 28:1 planetary gear head (Maxon GPX32, Sachseln, Switzerland). Hydraulic cylinders (Bimba H-093-DUZ, University Park, IL, USA, rated 3.45 MPa) are used and equipped with pressure sensors (Measurement Specialties, MSP300, Hampton, USA). Propylene glycol is used as the transmission fluid for its non-toxicity, low viscosity, and anti-corrosive properties. The prototype actuates a custom robotic leg test bench shown in Figure 4. The robot main links are made of thick carbon fiber tubes. The tibia link is 483 mm long with a 26.6 mm outside diameter tube that is 2.5 mm thick. The femur link is 394 mm long with a 43.5 mm outside diameter tube that is 3.4 mm thick. The robotic leg is attached to a cart (where steel plates can be installed as a payload) fixed to vertical linear guides. The bidirectional actuation of the knee can either swing the leg in the air, when the cart rests on the bottom of the linear guide, or lift the cart and payload vertically when the foot touches the ground. The hip joint of the leg is deactivated. The prototype capabilities are shown graphically on Figure 12.



The maximum generated output force, using the maximum motor currents, is 350 N in HS mode and 2880 N in HF mode, which means the leg can sustain a payload of about 7.6 kg in HS mode and about 62 kg in HF mode. The maximum theoretical speed limit based on    T i  − 1    w i    with the maximum motors velocities are 0.8   m  s  − 1     in HS and 0.025   m  s  − 1     in HF.




4.2. Control Architecture


Three elements are controlled on the actuator: EM1, EM2, and the valve unit. EM1 is current controlled, which is closely related to the generated output pressure, since this line has a small reduction ratio whereas EM2 is speed controlled since it fights its own internal inertia and friction due to the large reduction ratio. The valve is controlled by imposing its position with the servo motor using its internal closed loop. Figure 13 summarizes the control scheme proposed to handle the different operating modes.



Here, since the two valves move simultaneously for all transitions, only one variable is shown for simplicity. A high-level controller specifies the mode and a reference (current in HS and velocity in HF) to a state machine. For demonstrating the capabilities of the actuator, the high-level controller is a hard-coded sequence of motion, with the exception of the downshift transition that is triggered by a ground contact detection using a combination of conditions on the knee joint encoder signal and the pressure signal in the follower cylinder.




4.3. State Machine and Transitions


Achieving smooth transitions when changing modes in dynamic situations is not trivial. For a robotic leg, when it hits the ground in HS mode, the total force generated at the output cylinder needs to be maintained, otherwise the leg may collapse. Furthermore, during that period, there is a transition time where the output force and speed are subjected to fluctuations due to the closing of the valves. Hence, valve tests are conducted to find good control strategies between operating modes. Linear positions and velocities are displayed since the measurements are taken directly at the pistons. For this purpose, Figure 14 shows the effect of closing the valves on the output speed and on the calculated dissipative force using the prototypes of Section 4.



The robotic leg is held so it does not come into contact with the ground during the sequence. Between 0% and 50% valve closure, the output speed and L1 speed are directly correlated and the dissipative force is negligible. However, at 50% valve closure, L1 loses its authority: its speed stays constant while the output speed starts decreasing. This behavior can be explained by the generated dissipative force, which starts to increase exponentially, as predicted through Equation (6). Around 90% valve closure, the output speed reaches zero, meaning that from this value, the local losses are sufficiently high to block the contribution of L1. Hence, these observations suggest that EM1 should provide a continuous torque until at least 50% valve closure in order to provide initial payload support before EM2 can generate sufficient force at the output. Finally, between 90% and 100%, the output speed becomes negative, which can cause oscillations.



To minimize these oscillations, three control strategies are compared during a downshift sequence, as shown in Figure 15.



Each sequence starts in HS mode, where both L1 and L2 contribute to the output speed. Then, at 0.2 s, the valve closing sequence is initiated. Finally, at 0.33 s, the downshift is completed and the sequence ends in HF mode. Strategy 1 consists of keeping L1 speed constant during the entire valve closing sequence. Strategies 2 and 3 both consist of reducing L1 speed before the end of the valve closing sequence. However, the former uses a speed command while the latter uses a current command. Looking at the output speed, strategy 1 causes slight negative value at the end of the closing sequence. As for strategy 2, the output speed fluctuates, which translates into worse performance. Finally, strategy 3 shows the best performance since the output speed slows rapidly before the end of the closing sequence. By looking at the position, it enables a smooth downshift in less distance and without oscillations. The switching conditions are detailed in Figure 16.



Following calibration tests, the optimal conditions on the position of the valve necessary for a change of control of the motors for a downshift and an upshift were set at 50° and 80°, respectively. Note that, due to stroke limitations, it is desirable to have both leader cylinders stroke as close as possible to the follower cylinder stroke. Thus, in HF mode, EM1 is commanded to follow L2 position and vice versa in HS mode.




4.4. Experimental Results for Controlling a Robotic Knee


The two-speed hydrostatic principle is tested here by addressing the transitions between the HS and HF modes upon contact with the ground as well as the braking capabilities. The tests have been visualized in the video S1 attached to the paper.



4.4.1. Downshift and Upshift between HS and HF Modes


Figure 17 illustrates a test sequence analogous to a complete gait cycle: starting from rest, the leg first swings at high-speed in HS mode (a) then the foot hits the ground at high speed. The actuator detects this impact and downshifts in HF mode by closing the valves (b). Then, the leg moves up then down, lifting a   10  k g   payload (c). Finally, valves are opened (d) to allow the leg to be retracted quickly using the HS mode (e). Control signals from the experiments are shown at Figure 18. Note that the net output force signal (at output cylinder) is derived from the localized pressure sensor.



Results show pressure oscillations that lead to observable second order behaviors. Before ground contact (swing acceleration), the first resonant peak of force (400 N) reveals the compliance of the transmission, neglected in the model and coupled to the inertia of the leg. Then, a second peak of external force (730 N) occurs at the impact with the ground again due to the transmission compliance and the sudden deceleration of the motor inertia. Without anticipation of this impact, this peak force cannot be mitigated easily by control but the low actuation and robot inertia minimize these effects. Furthermore, it can be seen that, during the downshift process, the output force does not drop and is maintained around 300 N, the capability of HS mode, until the valves are fully closed and EM2 can start bearing the whole weight. The downshift and upshift are conducted in about 0.130 s.




4.4.2. Throttling the Valve for High Braking Forces


Here, it is demonstrated that the valve itself can be used to create large braking forces (in quadrants II and IV; see Figure 12) during HS mode. Figure 19 shows the motion sequence analogous to a landing. Starting 0.25 m above ground with valves halfway closed (constant 45° position) (a), the robotic leg is dropped. Upon ground contact, energy is dissipated by the valves generating high braking force (b). Then, the carriage reaches the stopper and the systems comes at rest (c). Figure 20 shows that a braking force over 1500 N was generated at a high velocity during HS mode by throttling the ball valve, using the dissipative force   b ( ϕ )   shown in Equation (3). The robot is dropped with a total payload of 17 kg, including leg mass. The peak braking power here is 960 W, which is largely over the maximal power of HS and HF modes. Using   k ( ϕ )   and Equation (6), it would be possible to dissipate even more energy by throttling the valve dynamically.






5. Conclusions


In this paper, a novel bimodal hydrostatic architecture that uses motorized ball valves to dynamically reconfigure the system between two operating modes of a robotic leg is presented. First, the working principle and equations of motion for the hydrostatic architecture are detailed. Then, potential gains in terms of mass and energy saving of the hydrostatic two-speed design were analyzed for three operation points and a custom switching valve unit is presented with an insight on the design trade-offs between the mass, delay, and flow. Control strategies for upshift and downshift are detailed and tested on a robotic leg prototype having completed a sequence similar to a walking gait. At last, the high braking capabilities of the valves are demonstrated.



In the context of a knee exoskeleton, compared to a baseline configuration using one motor, mass analyses show that a two-speed solution is promising when high force is necessary. Furthermore, the two-speed architecture proved to be more efficient in HF mode. Experimental results show that (1) motorized ball valves can make transition between operating modes; (2) the proposed operating principle and control schemes allow for the actuator to maintain a constant force during transition after an impact with the ground; (3) the proposed actuator topology can meet the needs of a leg bimodal operation in terms of force, speed, and compliance.



The bimodal actuation of a robotic system using motorized ball valves is possible and is to be considered for switching between tasks (e.g., between slow lifting and walking). For switching within a task (e.g., between stance and swing phases), in terms of cycle time, it is not clear if the actual motorized valve prototype would be fast enough. Still, its simplicity in terms of downshift and upshift control and its ability to maintain forces during transitions show potential compared to previous developed solutions, where specific conditions and additional components were required to shift. The general concept presented and tested could be applied to any system other than a robotic leg. However, many aspects of using bimodal hydrostatic architecture still need to be addressed. In terms of the proposed architecture, an optimized design of the proposed actuator, including the valve unit, is yet to be developed to prove that it is really suitable to embedded mobile robotic legs. Finally, transition control could be fine-tuned based on pressure signals and force transmitted.
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Appendix A. Mass Modeling Using Scaling Laws


This section presents the mass modeling of the main components in the designs. Their properties are scaled using scaling laws which give a general trend of the main properties y of system components based on geometric and materials similarity. The form is given by   y = k  x a   , where the reference parameter is x and the scaling parameters are k and a. Scaling laws were used for simplified design purposes just like in [3,33,34]. Scaling parameters are summarized in Table A1 with details in the next subsections.





 





Table A1. Scaling law parameters used for modeling,   y = k  x a   .
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	Component and Property y
	Scaled from x
	k
	a
	Units
	Ref.





	Electric motor (M)
	   τ M   
	
	
	   N m   
	[24]



	Mass
	
	0.25
	0.99
	   k g   
	[35]



	Nominal speed
	
	487
	−0.54
	    s  − 1     
	



	Rotor inertia
	
	3.06   ×  10  − 5    
	1.46
	
	



	Joule’s coeff.
	
	17.6
	−1.62
	   W /   N m  2    
	



	Diameter OD
	
	0.07
	0.235
	  m  
	



	Ball screw (BS)
	   F BS   
	
	
	  N  
	[36]



	Force density
	
	15,000
	0
	   N k  g  − 1     
	



	Hydraulic cylinder
	   F  cyl .    
	
	
	  N  
	[37]



	Force density
	
	977
	0.26
	   N k  g  − 1     
	








(1) Reduction ratio selection: The selection of the best reduction ratio N for an application depends on the desired torque, speed and reflected inertia from the gear motor. Inertia is amplified by   N 2   through the transmission,    J i  =  J M   N 2   . Then, the maximum ratio is either limited by motor inertia   J M   or by motor nominal speed   ω M  :


  N = min        J i  /  J M           ω M  /  ω i         



(A1)






   τ M  =  τ i  /  (  η BS  N )   



(A2)




where   J M   and   ω M   are scaling functions from Table A1 depending on motor torque   τ M   which also depends on N, on the transmission efficiency and on the joint torque. From Equations (A1) and (A2), the unknowns N and   τ M   can be found from the output torque, speed, and inertia requirements.



(2) Motors: When coupled with lightly geared transmissions, brushless DC in-runner motors with large diameters are torque-dense with reasonable reflected inertia [3]. In this paper, the 48 V frameless torque motor series from TQ Systems is used as a reference (ILM and ILM-E series) [24,35]. The scaling laws found are plotted in Figure A1 as an example. For each model, the winding that allows the maximum speed was used. Joule’s losses are at 25 °C and would be 30% higher at 100 °C. Iron losses (proportional to speed) are neglected.
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Figure A1. Scaling laws found for the TQ Systems motor family used with extrapolation up to 100   N m  : mass (  k g  ) in black, nominal speed (   s  − 1    ) in blue, rotor inertia (  k g  m 2   ) in red, Joule’s coefficient (  W /  N  m 2    ) in green, and outside diameter ( m ) in yellow. 
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(3) Ball screws: Ball screws are torque dense rotational-to-linear mechanisms with high forward and reverse efficiency (   η BS  >   90% for lead angles higher than 5°) [36,38]. For scaling small stroke assemblies, screw and nut mass must be considered, as well as extra screw length due to the nut. Scaling laws were fit on NSK ball screws (RNFTL model, [36]) for a 100   m m   stroke. The total force density found is about constant with 15   k N k  g  − 1     for a 0.5–15   k N   range.



(4) Hydraulic Cylinders: For same work per stroke, high-pressure cylinders are lighter and less flow is required, so smaller hoses can be used. The LCS series from KNR Robotics is selected. Their force-to-weight ratio is given for a   Δ  x  cyl .   =   100 mm linear stroke [37] and we fit a scaling law on it. For a maximum 160° angular stroke for the knee [10], a    R  eff .   =   36 mm effective radius of action is thus required. The required cylinder force is thus given by Equation (A3)


   F  cyl .   =    τ i   R  eff .     Δ  x  cyl .      



(A3)







The scaling law from Table A1 is then used to find the cylinders mass based on this required force.



(5) Motorized ball valves: The mass   m valve   of the two motorized ball valves for the two-speed design is based on Equations (9)–(11). For an 8 mm diameter valve and a 100 ms switching time, the mass is 0.14 kg each.



(6) Example: A baseline power unit mass calculation is given here as an example. For   λ = 4  , the target speed and torque are 9.4 rad/s and 80 Nm, respectively. Based on Table A1 parameters and Equations (A1) and (A2), the maximum reduction ratio is 9 for the inertia and 27 for the speed, so   N = 9   and    τ M  =  ( 80  Nm )  /  (  ( 0.9 )   ( 9 )  )    = 9.9 Nm. Furthermore, Equation (A3) gives a 2230 N cylinder force   F  cyl .    and ball screw force   F BS  . The total power unit mass is then:


   m  tot .   =     k M     τ M    a M    ︸  motor  +     F BS    k BS     F BS    a BS     ︸   ball  screw   +     2  F  cyl .      k  cyl .      F  cyl .     a  cyl .      ︸  cylinders   



(A4)






   m  tot .   =    0.25   ( 9.9 )   0.99    ︸  motor  +    2230  15000   ( 2230 )  0    ︸   ball  screw   +     2 ( 2230 )   977   ( 2230 )   0.26     ︸  cylinders   



(A5)







The total mass is    m  tot .   = 2.4 + 0.15 + 2  ( 0.31 )  = 3.17  kg  .
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Figure 1. Trade-offs of geared motors with a fixed reduction ratio: direct drive and lightly geared motors on the left and highly geared motors on the right. 
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Figure 2. The three targeted operating points of the proposed multimodal design. 
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Figure 3. Bimodal actuation principle of the proposed hydrostatic architecture. (a) High-speed mode; (b) high-force mode. 
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Figure 4. Bimodal demonstration on a robotic knee: swing phase (high-speed phase), stance phase (high-force phase). 
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Figure 5. Model of the proposed hydrostatic architecture. 
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Figure 6. The baseline configuration used for analytical comparison. 
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Figure 7. Predicted mass of the baseline (solid lines) and the two-speed (dashed lines) concepts. The middle curves are the analysis based on the nominal specifications. The left and right curves show the sensitivity of the mass when the high-speed mode specifications are changed. 
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Figure 8. Efficiency comparison of the baseline configuration (solid black) with the proposed two-speed solution (dashed black). (a) High-speed mode; (b) high-force mode; (c) high-force mode. 
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Figure 9. Mass mapping for aluminum motorized ball valves as a function of the bore diameter and 90° cycle time: (a) 3D view of the map; (b) 2D view of the map. 
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Figure 10. Motorized valve unit prototype built with two commercial three-way ball valves and servo motors. (a) Actual prototype overview; (b) top and bottom cut views; (c) mass distribution. 






Figure 10. Motorized valve unit prototype built with two commercial three-way ball valves and servo motors. (a) Actual prototype overview; (b) top and bottom cut views; (c) mass distribution.



[image: Actuators 12 00452 g010]







[image: Actuators 12 00452 g011] 





Figure 11. Hydrostatic actuator components layout. 
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Figure 12. Bimodal system operating regions in terms of force and speed. 
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Figure 13. Actuator control structure based on state machine and PID controllers. 
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Figure 14. Contribution of leader cylinder (L1) on the total output speed (top) and theoretical dissipative force (bottom) when closing the valves. 
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Figure 15. Comparison of three switching strategies for a downshift. 
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Figure 16. State machine of the controller. 
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Figure 17. Motion sequence for the downshift and upshift transition test. The labels (a) to (e) are described in the text. 
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Figure 18. Results for the downshift and upshift transition test under load. The labels (a) to (e) are described in the text. 
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Figure 19. Motion sequence for the landing test. The labels (a) to (c) are described in the text. 






Figure 19. Motion sequence for the landing test. The labels (a) to (c) are described in the text.



[image: Actuators 12 00452 g019]







[image: Actuators 12 00452 g020] 





Figure 20. Drop test sequence showcasing the brake capacity of the valve when positioned at 45°. The labels (a) to (c) are described in the text. 
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Table 1. Robotic knee nominal parameters used for the analysis.






Table 1. Robotic knee nominal parameters used for the analysis.





	Operating
	Cont. Torque    τ i   
	Speed    ω i   
	Inertia    J i   





	Point i
	(N m)
	(s−1)
	(kg m2)



	(1) High-force (HF)
	   20 λ   
	   9.4 / λ   
	-



	(2) High-speed (HS)
	20
	9.4    ★  
	0.07    ★  



	(3) Braking
	   20 λ   
	9.4
	0.07



	   ★   Reference
	-
	[10]
	[19]
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