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Abstract

:

Specifications of actuators when interacting with biological systems such as the human body are entirely different from those used in industrial machines or robots. One important instance of such applications is assistive devices and prostheses. Among various approaches in designing prostheses, recently, semi-active systems attracted the interest of researchers. Even more, some commercial systems benefit from designs such as implementing an adjustable damper in the ankle prosthesis to increase range of motion. The main reason for adding damper is to assist amputees’ walking locomotion on slopes (especially downward). In this paper, we introduce a hydraulic damper design for use in the transtibial prosthetic foot. In the fabricated hydraulic prosthetic foot, two one-way flow control valves are exploited to tune the damping ratio in the plantar flexion and dorsiflexion, independently. Using the carbon prosthetic foot in series to a damper and spring could improve mimicking intact foot movement. First, we present the details of the damper and the prosthesis mechanical design. Then, we introduce experiment-based modeling for the damper’s conceptual design in the proposed prosthesis using SIM-Hydraulic and MATLAB. This device is fabricated and tested in a pilot experiment. The compact design with reduced weight and size of the prosthetic foot are additional advantages of the proposed prosthetic foot.
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1. Introduction


During the last few decades, the rapid increase in the number of amputations [1] has motivated the researcher to provide solutions to overcome lost mobility. As a result, several assistive and rehabilitation devices have been developed to recover the mobility of people struggling with lower limb disabilities such as amputation. Thus far, the simple and low-cost passive prostheses have been widely presented to the market. ESR (energy storage and return) prosthetic foot is a compelling example of these conventional mechanically passive devices [2].



In the first generation of ESR prosthetic feet, most of them had stiff, fixed, and rigid attachments to the prosthetic shank [3]. These passive devices provide a limited range of motion (RoM) which makes them unable to prepare the foot for stable ground contact on uneven terrains (e.g., rough terrains and obstacles) [4,5,6] and attain the smooth rollover dynamics (smooth rotation of the shank) [7,8]. These features can cause clinical issues for users [9,10].



To cope with these issues, the visco-elastic property of intact foot [11] inspired researchers to design prosthetic feet to provide more safety and stability during walking in various surface conditions. An adaptation of the stiffness and damping of these feet can be used to increase RoM for improving rollover dynamics and adapting to different surface conditions (especially slopes) and undesired disturbances. In addition, the increased RoM of these feet allows for an increased stride length and more dynamic maneuvers. To allow an increased RoM compared to ESR feet, developers thought about solutions, including ESR feet augmented by visco-elastic elements. Hence, the addition of passive hydraulically controlled articulation (damper, e.g., with a hydraulic unit) at the point of attachment was proposed [12].



ESR feet that incorporate ankle devices with hydraulically controlled, passive articulation at the point of attachment, have become clinically available (e.g., Mauch [13], Endolite Echelon [14], Ossur Proprio Foot [15], Kinterra [16], Konsiuk [17]), Elan [18], and Motion Foot MX [19]). In these devices, the accurate adjusting of spring stiffness and damping coefficient may result in mimicking the normal visco-elastic behavior of natural unimpaired feet [6,20]. Some biomechanical advantages, decreased metabolic rate, and improved gait safety to individuals with lower-limb amputation were reported when patients using the hydraulic passive prosthetic feet [21,22,23]. In addition, these devices are able to adapt to the center of pressure (CoP), and allow increased RoM compared to their daily life non-articulated ESR feet. These capabilities would improve the stability and balance on sudden/uneven environments [6,11,24].



The benefits above occur during early and midstance. However, these hydraulic devices can not affect an increase in propulsion during push-off (late stance) [21,22]. In addition, there are two major concerns regarding these hydraulic prostheses. First, the addition of a hydraulic component to a prosthetic foot increases the device’s weight at least about 500 g. Second, the hydraulic damper absorbs energy and reduces the energy return from springs of the ESR foot. Therefore, the design and fabrication of light-weight hydraulic prosthesis, which can increase both the RoM during early stance and energy recycling during late stance, is a challenging research problem with significant advantages for assisting amputees.



To address a solution for the mentioned challenge, first, the hydraulic circuit, its components, and their locations in the hydraulic unit should be carefully designed to reduce the weight and volume of the prosthesis. Second, a mechanism should be designed to store and recycle an increased amount of energy in push-off (late stance) while preventing dissipation of energy by locking/disengaging the damper [25,26].



The design goal is to develop a hydraulic damper that can be mounted on the top of the carbon foot to emulate the natural ankle’s visco-elastic behavior and provide adequate push-off power. We hypothesize that passive mechanical elements such as spring and damper can replicate significant physical properties of the sound ankle. In this study, we aim to present a Hybrid-Hydraulic Ankle Prosthetic (H2AP) foot in which a passive damper is located parallel with an extension spring, as a compliant attachment to a carbon prosthetic foot [27]. In the proposed design, first, the mentioned damper contains hydraulic rotary flow control valves that are associated with a novel mechanism to adjust the flow rate. Second, a hybrid mechanism is utilized to separate the damper and extension spring activity. This hybrid mechanism can prevent the dissipation of recycling energy, stored in the carbon foot and extension spring. The system configuration of the H2AP design can be seen in (Figure 1).



We introduce a new passive hydraulic damper customized for an H2AP in the following article. First, the design concept, the working principle, and the mechanical design of the H2AP foot will be inaugurated in detail (Section 2.1). Second, the simulation model of the proposed design will be presented to identify the hydraulic damper specifications (Section 2.2 and Section 2.3). This device is constructed (Figure 1c), and preliminary tests support the functionality, which is described in Section 2.4. The results section (Section 3) presents the outcomes of simulations and a brief presentation of findings in amputee walking in a pilot experiment. Finally, Section 4 discusses with pilot experiment results, and Section 5 concludes the study sheds light on future directions.




2. Methods


2.1. Hybrid-Hydraulic Ankle Prosthetic (H2AP) Foot


We aimed at developing a bio-inspired model based on the mechanical properties of the natural ankle in a level-ground walking to design the H2AP. First, the intact ankle biomechanics was described to categorize the ankle functionality; then, a biomechanical model was proposed with passive mechanical parts to replicate the ankle behavior. Finally, the H2AP, a passive device, was fabricated.



2.1.1. Ankle Biomechanics


As shown in Figure 2, level-ground walking can be divided into four sub-phases and six states. The human stride was divided into three sub-phases for the stance phase beside the swing phase. The stance sub-phases, 1. Controlled plantar flexion (CP), 2. Controlled dorsiflexion (CD), and 3. Powered plantar flexion (PP), in addition to the swing phase (SW), were used to analyze human ankle behavior during the level-ground walking [28].



1. Controlled plantar flexion: Controlled plantar flexion starts with a neutral ankle position at the heel strike and ends at the foot flat when the foot sole is completely placed on the ground. During CP, the ankle has the task of absorbing the shocks due to weight acceptance. In addition, it modulates CoP, which enables the foot to adapt to the different inclined surfaces [6,29,30].



2. Controlled dorsiflexion: Controlled dorsiflexion starts at the end of the CP and ends at the beginning of the powered plantar flexion. During CD, the ankle reaches its maximum dorsiflexion. This sub-phase can be divided into early dorsiflexion (ED) and late dorsiflexion (LD). During ED, state II to state III, the primary function of the human ankle is to provide smooth rollover and facilitate forward rotation of the shank [31].



During LD, state III to state IV, the ankle tends to store energy in passive element (Achilles tendon) to help propel the foot during the following sub-phase [29,30,32].



3. Powered plantar flexion: Powered plantar flexion starts after CD and ends with toe leaving the ground. During PP, the positive ankle work (generated by the active element, muscle fibers) is used for push-off [32,33,34].



4. Swing: The swing phase starts at toe-off and ends with the heel strike. During SW, the ankle position is modulated until the foot prepared for the next step [17].




2.1.2. Mechanical Representation


The data reported from people without walking-related physical impairments [35] reveal that the net ankle power is negative during CP and ED. Since the ankle is not generating power during these sub-phases, some significant features of the ankle behavior during level-ground walking can be replicated using passive mechanical components such as springs and dampers [11]. The bio-inspired mechanical model was developed (Figure 1a) considering the following mechanical representations:




	
CP mechanics can be modeled as a linear spring in series to a linear damper [11,13,23].



	
During ED, the ankle can be modeled by a linear spring in series to a linear damper [11,23,36].



	
During LD, the ankle mechanics can be described as linear springs [37].



	
In the passive design, the ankle push-off can be realized by linear springs [37,38,39].



	
In the passive design, SW mechanics can be modeled as a linear spring [11,13].









2.1.3. Mechanical Design


A prosthetic foot was designed by adapting simple physical systems (e.g., spring–damper–mass system) to the developed biomechanical model. Figure 1b shows the critical parts of the H2AP. This prosthesis includes a commercial carbon foot in addition to a hydraulic damper and an extension spring. The carbon foot comprises three interlocked springs: the heel, the midfoot, and the forefoot springs (Figure 1b,c). The passive hydraulic damper is coupled between the pyramid adaptor and the carbon foot. The pyramid adaptor is the standard fixture screwed to the hydraulic damper and coupled with a socket to receive the amputee’s residual shank. The hydraulic damper constituents are:




	
Chassis: The chassis includes a hybrid railway mechanism to engage and disengage the piston movement (latching/unlatching the damper) during different moments of the gait cycle. The rotary motion of the artificial ankle is converted to the piston’s reciprocating linear movement by damper arm (Figure 1b). A chassis is screwed to the midfoot spring.



	
Hydraulic block: The hydraulic block acts as a housing for the piston and the rotary flow control valves. The piston is reciprocally embedded in the hydraulic block and comprises the upper piston and the lower piston. The piston divides the cylinder, located in the hydraulic block, into upper and lower chambers on the opposite side of the piston. The cover and flange screwed to the hydraulic block to maintain the components’ location inside the hydraulic block.



	
Rotary Flow Control Valves: Two rotary flow control valves integrated with check-valves (Figure 3) are manually adjusting the damping coefficient of the plantar flexion (PF) and dorsiflexion (DF) dampers, independently. The upper cylinder chamber connects to the lower cylinder chamber by two independent hydraulic lines. Each hydraulic line has the rotary flow control valve integrated with a check-valve. The presence of the check-valve in each hydraulic line allows the fluid to flow through only one line. Screws are used to keep the rotary flow control valves in their housing and prevent them from being fully closed.








The extension spring (Figure 1b) is placed between the chassis and the hydraulic block. The loose attachment to the chassis is designed to engage the spring during dorsiflexion when the ankle angle becomes smaller than the ankle angle during standing (neutral position).



During early stance (CP and ED, 25% of the gait cycle), a combination of the carbon foot spring and the hydraulic damper is used to provide the benefits (increased RoM and improved rollover dynamics) of the hydraulic prosthetic feet. During late stance (LD and PP, from 25% of the gait cycle to the end of the stance phase), a combination of carbon foot and extension springs is exploited to increase the stored energy. The railway mechanism is contrived to lock the damper while the energy is recycling in the form of plantar flexion push-off work by the springs. The hydraulic damper and extension spring are engaged and disengaged during different sub-phases of the gait cycle, as indicated in Figure 4.





2.2. Experiment-Based Design


The design constraints/limitations are presented in Table 1. These constraints are attributed to the biomechanical behavior of intact gait. The maximum angular velocity, peak pressure profiles, maximum ankle moment from the requisite GRF, and the safety factors are indexes considered for the hydraulic damper design:




	
The maximum angular velocity of the artificial ankle joint is determined based on the intact ankle biomechanical behavior during the first 25% of the gait cycle (when the damper is active) [11].



	
The maximum ankle moment is observed from healthy able body data (  G R  F V    and   G R  F H   ) during the first 25% of the gait cycle [40,41,42].



	
The maximum allowable pressure specified based on the industry sealing standards [43].



	
The ultimate safety factors determined by contemplating the following factors: 1. material, 2. stress, 3. geometry, 4. failure analysis, and 5. reliability [44].









2.3. Hydraulic Damper Specification


Two critical parts of the H2AP (carbon foot and hydraulic damper that are located in series) were simulated using the SIM-Hydraulic toolbox of MATLAB to define the hydraulic damper specification and performance. The carbon foot was modeled by using the torque-angle transfer function proposed in [45]. The hydraulic damper was modeled as a closed-circuit (without accumulator) with an incompressible fluid (Oil- 30W), Figure 5. A double-acting double rod-end piston with a constant piston area and rotary flow control valves were selected for the hydraulic damper circuit since the entry and exit fluid should be the same when the fluid passes between the cylinder chambers. Different symbols are described in Table 2. The mean of the ankle angle, the ankle angular velocity, and the ankle torque reported from 21 intact subjects in level-ground walking (1.1 m/s) [35] were used as the reference data for performing the simulation. The piston mass and area were defined as reported by Parker sealing solutions [43]. The rotary flow control valves’ flow discharge coefficient was determined using the correlating equation recommended for a flow control valve [46]. The check-valves’ maximum passage area was selected based on the standard data related to the fabricated ones [27].



2.3.1. Damper RoM


The reference ankle torque [35] was used as an input to the simulated model. By applying the ankle torque to the carbon foot torque-angle transfer function (Equation (1), [45]), the carbon foot deflection (  θ  C F   , the carbon foot contribution in providing ankle angle) can be determined during one stride. Equation (2) shows the torque and angle relation between the carbon foot and hydraulic damper. The hydraulic damper RoM (  θ D  , the ankle motion provided by the damper) was defined (Figure 6) by comparing the carbon foot deflection and the reference ankle angle (  θ A  ):


   θ  C F    ( z )  =  z  ( 13.97 + 101.082 ) z − 101.082    τ A  + 1.47  



(1)






         θ A  =  θ  C F   +  θ D            τ A  =  τ  C F   =  τ D      



(2)







The piston stroke (the distance that the piston can travel through the cylinder) was determined based on the damper RoM (Equation (2)) and the damper arm (  r D  , Figure 1b) through Equation (3):


   S p  =  r D   θ D   



(3)








2.3.2. Valve Optimal Diameter


The reference ankle torque (Equation (2)) was implemented to the simulated hydraulic circuit to determine the hydraulic damper velocity. The goal is to mimic the ideal damper velocity that can be obtained from the damper RoM via time derivative. The input torque (piston force, Equation (4)) causes a pressure difference between the piston sides (regions 1 and 2 in Figure 5a) as shown in Equation (5) [46]:


   F p  =   τ A   r D    



(4)






   (  P 1  −  P 2  )  =   F p   (  A p  −  A d  )    



(5)







Mass flow rate through the flow control valves was measured by the hydraulic flow rate sensor and determined as follows [46]:


          m ˙   A c t u a l   =   C  A v     1 −  β 4       2 ρ (  P 1  − P 2 )            β =   D l   D v       



(6)







Adjusting the plantar flexion and dorsiflexion flow control valves’ diameter can affect the flow rate in the upward and downward movement of the piston separately. The piston velocity was defined utilizing the actual mass flow rate and the piston geometry [46]:


   V p  =    m ˙   A c t u a l    ρ (  A p  −  A d  )    



(7)







In addition, the correlation equation recommended for a piston velocity was derived by combining Equations (5)–(7) as indicated in Equation (8) [46]:


         V p  = C   A v   ρ (  A p  −  A d  )    1   1 −  β 4        2 ρ  F p    (  A p  −  A d  )              V p  = C  A v  K   F p   ,  w h e r e : K =  1  ρ (  A p  −  A d  )      2 ρ    (  A p  −  A d  )   ( 1 −  β 4  )         



(8)







It is demonstrated in Equation (8) that the piston velocity is related to the piston force by 1. a constant (K) corresponds to fluid properties, the piston geometry, and the hydraulic line diameter, 2. the flow control valve geometry (  A v  ), and 3. an empirical discharge coefficient (C) that is inherently a function of piston velocity [46].



The hydraulic damper velocity can be acquired from the piston velocity (Equation (8)) and the moment arm that the damper acts on the ankle joint. The comparison between the ideal damper velocity and the hydraulic damper velocity was performed. An iterative process was used to minimize the deviation between these two velocities. The theoretical mass flow rate and the theoretical piston velocity were utilized (the approach is presented in [46]) to determine the flow control valves’ diameter as the initial guess.



In addition, the same comparison between the ideal and the hydraulic damper velocity was performed by hand-tuning the flow control valves’ diameter to find a range of possible diameter for the flow control valves. As long as the mean absolute difference between the hydraulic damper velocity and the ideal damper velocity was less than 30% of the ideal peak velocity, the flow control valves’ diameter is acceptable. The mentioned range of the mean absolute difference was considered to include the ideal velocity from different walking speeds (from slow to moderate speed (50% to 75% PTS, in which PTS is defined as the preferred transition speed between walking and running).



Figure 6 describes the flowchart algorithm belongs to determining ideal damper velocity and hydraulic damper velocity.




2.3.3. Hydraulic Damper Performance


The hydraulic damper performance was evaluated by comparing the simulated ankle torque-angle profile (damper contribution) and the ideal template. The ideal torque-angle pattern derived from the required (ideal) damper RoM (Section 2.3.1) and the input reference torque [35]. The simulated ankle torque-angle relation was obtained by adjusting the optimal diameter for the plantar flexion and dorsiflexion control valves. The simulated damper torque was determined by multiplying the moment arm, the pressure difference, and the piston area (Equations (4) and (5). The simulated damper angle was identified by dividing the piston stroke (Section 2.3.1) to the moment arm (Equation (3)).




2.3.4. Hydraulic Damper Material


The stress analysis of the hydraulic damper’s critical components was carried out to select proper material. The critical forces exerted to the hydraulic damper’s constituents were derived from the maximum operating pressure. The maximum pressure was determined by applying the reference ankle torque [35] to the simulated hydraulic circuit and adjusting the control valves’ diameter to the minimum possible diameter (since they can not be fully closed, Setion Section 2.1.3). In addition, this maximum pressure was measured by the hydraulic pressure sensor within the simulation. The critical components’ stress analysis is elaborated in the following:




	
Hydraulic damper’s pins stress: The hydraulic damper’s pins (  P i  n A   ,   P i  n B   , and   P i  n C   , Figure 1b) stress were calculated contemplating the pins’ geometry and the critical forces. The critical forces applied to the pins occur at the moment of the vertical ground reaction force first peak (Table 1).



	
Piston stress: The piston and rod diameters were determined using Equation (5) and the Parker Hydraulics Corporation catalog of metric rod wipers and piston seals [47]. The piston stress was calculated based on the mechanical handbook design [48]. The eye-bolt plunger, the piston thread-locks, and the edge of the piston, where the piston seal is located, identified as the critical parts of the piston. The force exerted to the eye-bolt plunger is equal to the force considered to design   P i  n B   .



	
Hydraulic block stress: The hydraulic block sizing (the cylinder diameters and thickness and the hydraulic line diameter) was determined to perform the stress analysis. The hydraulic cylinder’s internal diameter was considered to be equal to the piston ring’s diameter (Figure 5b). Then, the lame’s equation (Equation (9), [49]) was utilized to define the outside diameter of the cylinder. In addition, the cylinder thickness was computed using Equation (10):


  O  D  c  2  =     (  D p  −  D r  )  2   (  P  M a x   +  (  P 1  −  P 2  )  )    (  P  M a x   −  (  P 1  −  P 2  )  )    



(9)






  t =   O  d c  − I  d c   2   



(10)







The hydraulic line size was calculated exploiting the standard nomogram (industry standards for sizing hydraulic lines [50]), as presented in Equation (11):


   D l  =      m ˙   a c t u a l   × 0.4081   ρ  V  p i s t o n       



(11)







The hydraulic bock critical stress was specified with the help of ABAQUS [51]. The ABAQUS model was assumed to be symmetric and pretty simplified due to the complexity of the hydraulic block for partitioning and meshing. The mesh independence study (evaluate the stress convergence) was performed by implementing several simulations with different meshes’ size to determine proper mesh size. The top end (the flange location, Figure 1a) and the hinge joint (the artificial ankle location, Figure 1a) of the block were considered cantilever and pinned support, respectively. The maximum operating pressure (derived within the simulation study) and the critical forces exerted by   P i  n A    at the artificial ankle joint served as inputs to the model. Block static stress analysis was performed with a safety factor of 1.88 (Table 1) to include the dynamic conditions (the dynamic pressure and forces applied to the hydraulic block during 25% of the gait cycle).










2.4. Pilot Level-Ground Walking Experiment


A pilot level-ground walking experiment was conducted with one subject having a transtibial amputation (Age: 28 yrs, Mass: 85 kg, Height: 1.79 m) to evaluate the applicability of the proposed hydraulic damper. The study was approved by the ethics committee of Tarbiat Modares University. The subject provided written informed consent before participation. Within this experiment, the subject walked at his preferred walking velocity. During walking, the rotary flow control valves’ diameter (damping level) was adjusted (hand-tuned) to optimize the prosthesis for the subject based on his feedback. The plantar flexion (PF) and the dorsiflexion (DF) damping ratios were set to the low-level and high-level, respectively, and were unchanged throughout the gait cycle. The PF damping regulation can adapt the foot to the slope without slapping the ground and feeling the hard heel. The DF damping adaption can prevent the braking effect and fall forward.



A motion capture system (Vicon-MXT40S, Vicon, 120 Hz, Culver City, CA, USA) was utilized to define ankle angle and ankle angular velocity of the prosthetic limb. Two markers were placed on the toe and the heel of the foot shell, and two additional markers were placed on the artificial ankle joint and the pylon. The ankle angle was determined using the VICON 3D motion analysis software (Vicon Bodybuilder) and the inverse kinematic. In addition, the ankle angular velocity was computed from the ankle angle and the recorded stride period via time derivative. The mean of five strides was calculated and used for the analysis. The H2AP ankle angle (during a gait cycle) and ankle angular velocity (during 25% of the gait cycle) were compared to the reference ankle angle and ideal damper velocity, respectively [52].



The mean absolute difference (MAD) of the ankle angle and the ankle angular velocity during CP and ED was determined for comparing the biomechanics’ similarity between the prosthetic limb and the reference/ideal data. These MAD values were normalized to the prosthetic limb angle excursion and the ideal damper peak velocity, accordingly. In addition, Pearson’s correlation value (Equation (12) [53]) of the ankle velocity was reported to compare the ideal velocity and the simulated/experimental data. Correlation values have a range from 0% to 100%, with 100% indicating a perfect linear correlation. With the H2AP, we aimed for a correlation of close to 100% for the velocity during 0–25% of the gait cycle.


  C o r r  ( r , e )  =   ∑   (  r i  −  r ¯  )  ·  (  e i  −  e ¯  )      ( ∑   (  r i  −  r ¯  )  2  · ∑   (  e i  −  e ¯  )  2      



(12)




where r and e are reference and experimental/simulated data, sub-index i denotes the   i t h   data, and   x ¯   is used to show the mean value for the variable x.





3. Results


3.1. Hydraulic Damper Specification


The identified parameters in this section are used in the detailed design of the hydraulic damper.



3.1.1. Damper RoM


Figure 7a reveals that, during CP and ED of the level-ground walking (1.1 m/s), the damper should provide 8   ∘   plantar flexion and 2   ∘   dorsiflexion with respect to the neutral position (zero ankle angle). In order to satisfy the range of motion, both observed in Figure 7a and needed to supply adequate deflection in the extension spring (during LD and PP, [27]), the damper RoM is defined to be 10   ∘   plantar flexion and 7   ∘   dorsiflexion away from the neutral position for the initial design.



Figure 7c reveals that the required piston stroke in the downward and upward direction is 2 mm and 4 mm concerning the neutral position, respectively. Thus, 6 mm is considered for the piston stroke.




3.1.2. Valve Optimal Diameter


It is found from the simulation that the minimum possible diameters are 1.6 mm and 0.4 mm for the plantar flexion and the dorsiflexion control valves, respectively, by considering the acceptable pre-defined mean absolute difference. In addition, the maximum allowable diameter for the plantar flexion valve is 2.8 mm, and it is 1.7 mm for the dorsiflexion control valve.



The hydraulic line diameter of 3 mm is acceptable for designing the hydraulic circuit (Figure 5a) embedded in the fabricated hydraulic block (Section 2.1.3). In theory, if the diameter of the rotary flow control valves exceeds 3 mm, it does not affect the hydraulic circuit flow rate. In addition, as introduced in Section 2.1.3, these valves were designed in a way not to reach a fully-closed position. Hence, 0.1 mm to 3 mm is determined for the rotary flow control valves’ operational diameter.



In the simulated model, the optimal values for the flow control valves were discovered using an iterative diameter adjusting of the control valves (Section 2.3.2). The optimal diameters for the plantar flexion and dorsiflexion rotary flow control valves are found to be 2.5 mm and 0.8 mm, accordingly.




3.1.3. Hydraulic Damper Performance


Figure 7d demonstrates the ideal and simulated ankle torque-angle profiles during 0–25% of the gait cycle. As indicated in Section 2.3.3, only the hydraulic damper is considered to generate these patterns. During CP, when low flexion torque is applied/generated, the outcome of the simulated pattern has deviation compared to the ideal profile. The increased ankle extension torque in ED results in improving the alignment of these two patterns. The mean absolute difference between these two graphs is 11% of the ideal peak torque.




3.1.4. Hydraulic Damper Material


Figure 7b shows that the maximum gauge pressure applied to the hydraulic line is 15 MPa. The piston and cylinder dimensions are determined as:   D p   = 39.5 mm,   D r   = 29 mm,   I  D c    = 40 mm,   O  D c    = 58 mm, t = 9 mm, and   D l   = 3 mm.



Table 3 presents the   P i  n A   , the   P i  n B   , the   P i  n C   , the eye-bolt plunger, and the piston critical stress.



In addition, Figure 8a shows a simplified model of the hydraulic block with a suitable mesh size. Figure 8a shows the hydraulic block stress analysis. The critical stress is located on the housing of the valves and the flange cap thread (Figure 1b). The maximum stress of von Mises is 126 MPa. By applying the block safety factor (Table 1), the minimum yield strength of the selected material should be 302.4 MPa for designing the hydraulic block.



AL_7075_T6, Aluminum alloy was selected to fabricate the H2AP hydraulic damper based on the critical stress defined for each hydraulic damper components (Figure 7b, Figure 8b, and Table 3). The corresponding yield strength and ultimate strength for this material are 485 MPa and 540 MPa. Moreover, low-density, proper mechanical specification, and the convenient machining process are the benefits of this aluminum alloy.





3.2. Pilot Level-Ground Walking Experiment


The ankle angle and the ankle angular velocity comparison between the H2AP and the reference/ideal data are presented in this section. This evaluation is performed to assess the applicability of the H2AP in providing the required RoM and smooth rollover in the level-ground walking. In general, the plantar flexion and dorsiflexion damping coefficients/ratios regulate the rate of ankle rotation and control the required RoM in both directions.



3.2.1. Ankle Angle


In order to get an insight regarding the functionality of the H2AP in providing the required RoM, the ankle angle during one gait cycle (rather than considering 25% of the gait cycle) is presented. Figure 9a shows the ankle angle comparison between the prosthetic limb and the reference healthy walking data [35]. The ankle angle of the H2AP has a prolonged plantar flexion in CP (extended by 7% of the gait cycle) and a delay in dorsiflexion increase during ED compared to the reference data (reference data dorsiflex faster). While there is a close match between the maximum dorsiflexion ankle angle of the H2AP and the reference data (increased by 6% in the H2AP), there is an excessive plantar flexion in the H2AP (increased by 76%). Due to the passive nature of the H2AP, the ankle angle becomes zero in the swing phase. The mean absolute difference between the prosthetic limb and the reference data are 30% of the H2AP angle excursion.




3.2.2. Ankle Angular Velocity


Figure 9b presents the ankle angular velocity comparison between the H2AP, the simulated hydraulic damper, and the ideal damper velocity derived from the unimpaired reference data (Section 2.3.2). Within the simulated model, Pearson’s correlation value of 99% between the ideal damper velocity and simulated hydraulic damper velocity shows that, in theory, the hydraulic damper can mimic the ideal damper velocity in CP and ED perfectly. However, the simulated model has a lower peak of plantar flexion velocity (83% of the ideal data) and a higher peak of dorsiflexion velocity (increased by 21%) compared to the ideal damper velocity. The mean absolute difference of ankle angular velocity between the ideal damper velocity and the simulated model is 11% of the ideal damper peak velocity.



The experimental data show that the H2AP has a lower peak of both plantar flexion velocity (75% of the ideal data) and dorsiflexion velocity (54% of the ideal data) compared to the ideal one. These deviations result in the mean absolute difference of 32% of the ideal damper peak velocity. Nevertheless, Pearson’s correlation value of 91% reveals that the H2AP can roughly mimic the ideal damper velocity during early stance sub-phases (CP and ED).






4. Discussion


This study aimed at designing a prosthetic ankle-foot to mimic the visco-elastic behavior of an intact ankle during early stance (CP and ED) and provide adequate push-off during late stance (PP). The sound ankle’s physical properties were considered as a reference target to propose a bio-inspired mechanical model. Simple passive mechanical elements such as springs and dampers were adapted to the developed biomechanical model, and a hydraulic prosthesis (H2AP) was designed and fabricated based on this model. The hydraulic dampers (dorsiflexion and plantar flexion damper), the extension spring, and the carbon foot were the three main components of the H2AP.



Hydraulic feet that have an increased range of motion can especially be advantageous at conditions that require an increased range of motion, such as walking on slopes [11]. Within the existing hydraulic prosthetic feet, there is a challenge to develop light and compact design that can provide a safe and smooth rollover during early stance. In addition, there is a need to increase push-off power and energy return during late stance. In this study, we aimed at proposing a novel adjustable damper design for hybrid passive ankle prosthesis to increase RoM. We designed customized rotary flow control valves embedded in the passive hydraulic damper to reduce the prosthesis’s weight and volume. The unprecedented mechanism of the flow control valves eliminates additional constituents (i.e., ball-bearings, dynamic piston seal, and lever-type handle/knob) incorporated in the commercial rotary flow control valves. In addition to the lighter hydraulic damper mechanism, a novel passive mechanism designed for the H2AP that mechanically engages the dampers in 0% to 25% of the gait cycle. In addition, the extension spring (K = 35 N/mm) was added to the system to increase the energy storage and return in the 25% to 60% of the gait cycle.



The highlights and challenges of both the hybrid and hydraulic mechanisms, implemented in the H2AP, are summarized as follows:




	
The contrived hybrid railway mechanism (four-bar linkage) latches and unlatches the dampers in different sub-phases of the gait cycle without exploiting any additional elements such as clutches, sensors, motors, and batteries. Since employing dampers disrupts energy-returning during late stance, this mechanism can provide significant advantages compared to other passive hydraulic prosthetic feet.



	
The mechanism for converting the ankle joint’s rotary motion to the linear movement of the piston raises the issue of fluid leakage in the hydraulic feet. As the piston should be aligned with the cylinder, the hydraulic sealing parts’ placement has to be carefully designed. Utilizing a curved cylinder can remove the potential of fluid leakage [54].



	
The multiple sealing components were considered for the flow control valves, embedded in the hydraulic damper, not only guarantee the valves’ functionality but also provide frictional torque (between the valves and their housing) to restrict any sudden movement of the control valves.



	
The design of flow control valves, customized for the hydraulic damper, may result in developing light and optimized prosthetic foot. The usage of flow control valves rather than the piston orifice (hollows carved on the piston surface) results in an ease of valve changing for the maintenance purpose. In addition, this mechanism makes it possible to couple motorized components to the valves and produce a variable damper.








The H2AP was simulated during CP and ED sub-phases to determine the mechanical design parameters and the hydraulic damper’s performance. These parameters were initiated based on the specifications derived from the foot motion patterns in normal level-ground walking (1.1 m/s). Based on the theoretical outcomes from the simulation model, the dampers of the H2AP were designed with the rotary flow control valves that their operational diameter can be adjusted from 0.1 mm to 3 mm. The generated PF and DF damping coefficients can be adapted from 0.1 N.m.s/deg to 6.4 N.m.s/deg. Within the simulation, it can be inferred that the H2AP’ hydraulic damper is capable of emulating the ideal torque-angle behavior (Figure 7d) when the optimal diameter is set for the control valves.



The hydraulic damper’s parameters were modified after the first round of tests by experiments with one subject having a transtibial amputation. The initial flow control valves’ diameter was set to the optimal value derived in Section 3.1.2. For familiarization and to tune the valves of both dampers individually, the subject was asked to walk along the laboratory’s walkway. For sub-optimal damping properties, we expect the following adaptations. While too high damping coefficients should limit the plantar flexion in early stance, too low values could slap the foot on the ground (quick plantar flexion). A too high damping coefficient in the dorsiflexion may result in braking forces and limited the rollover, while a too low damping coefficient could cause reduced safety (due to no resistance) during the rollover. The PF damping was adjusted to avoid experiencing a foot slap and a too stiff heel based on the subject’s feedback. Furthermore, the user reported that the H2AP felt too soft within the first part of the stance. Thus, the DF damping was adjusted in a way to increase the resistance. Walking experiments were performed with the individually tuned damping coefficients (PF and DF damping coefficients were 0.5 N.m.s/deg and 5 N.m.s/deg, respectively).



We compared the H2AP’s ankle angle and ankle angular velocity to the reference/ideal data. Since the hydraulic damper is dominant in providing the ankle velocity (steep slope of damper angle vs. moderate slope of carbon foot angle, as indicated in Figure 7a), the experimental velocity data are considered to associate with the hydraulic damper. We found the addition of the hydraulic damper to the carbon foot can generate the required RoM reported from the intact people (Figure 9a). The correlation value determined in Section 3.2 justifies that the H2AP’s dampers are able to mimic the ideal damper velocity during CP and ED (the period that the damper is active). We believe that the identified angular velocity in the level-ground walking and the advantage in a range of motion of the H2AP demonstrate the benefits of the proposed concept. However, within the level-ground walking experiments, we found deviations between the H2AP ankle angle and the reference data (Figure 9a). The differences for the H2AP exist due to (1) an increased and prolonged ankle plantar flexion in CP, (2) a delay in dorsiflexion increase, (3) an increased ankle dorsiflexion in late stance, and (4) a sudden hump appeared in the ankle angle during ED (21% to 24% of the gait cycle). In the following, we describe the pros and cons of the mentioned differences. In addition, the methods to improve the performance of the H2AP’s dampers are presented:




	
The subject preferred to set a low damping coefficient for the PF damper to have a more compliant heel strike. However, this low coefficient can cause an excessive and prolonged negative angle in CP compared to the reference data. Although the pilot experiment was performed based on the damper coefficients’ subject-specific tuning, a higher-viscosity fluid or an increased damping ratio (manually tuned) can be used for the PF damper to increase the resistance during CP.



	
A possible reason for the delay in dorsiflexion increase (in ED) may belong to the high damping coefficient for the DF damper. This damping ratio was adjusted to increase resistance (preventing forward fall over), and provide smooth rollover (smooth transition between CP and ED).



	
The reason for the increased ankle dorsiflexion during late stance (compared to the initial design, 7   ∘   in dorsiflexion) can be due to the incorrect static alignment of the prosthesis in the anterior-posterior direction. A methodological approach (e.g., 3D L.A.S.A.R Posture from Otto Bock) should be used to check and optimize the individual static alignment in anterior-posterior.



	
A possible reason that can explain the observed hump in ED may be due to fluid leakage. As the fluid can be lost during the experiment, which can change the H2AP damper’s behavior, the fill level of the dampers should be checked to ensure the intended performance within the tests.









5. Conclusions and Future Work


In this paper, we propose a hydraulic passive damper embedded in the H2AP, Hybrid-Hydraulic Ankle Prosthetic, in order to provide the benefits of hydraulic feet. The data reported from the intact people reveal that, during early stance sub-phases (CP and ED), the net ankle power is negative (dissipative) [55]. The negative power during these sub-phases can be replicated using passive components such as springs and dampers. The main reason for designing a hydraulic damper for the H2AP is to increase RoM and provide a smooth rollover dynamic.



A detailed design of the hydraulic damper was carried out using the parameters derived from the simulation study. Pilot walking experiments were conducted to evaluate the performance of the hydraulic damper. In the first stage, the developed H2AP was tested with the able-bodied human subject to ensure the device’s safety and functionality (the results are not presented in this work). Then, it was tested on a subject with amputation. In addition to light and compact design features, the pilot experiments support the predicted advantages of the proposed device.



The presented results are from an early stage of this research. In order to get a better idea regarding the performance of the proposed device, 1. the experiments should include more subjects, and 2. the users should be allowed to become accustomed and adapted to the new device in future evaluation. In the future, we aim to make the H2AP a semi-active device to enable the prosthetic foot to be used at different walking speeds. As different damping coefficients correspond to different walking speeds (slow, moderate/preference, and fast), the PF and DF damping levels should be adapted for different walking speeds. By utilizing variable damper in a prosthetic foot, methods have to be investigated to improve the damping coefficients’ subject-specific tuning based on the users’ characteristics. Humans in the loop optimization should be taken into account to track the prosthetic behavior online, adjust the damping coefficients, and include the users’ characteristics in the design process.
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Figure 1. Spring and dampers structure in a simple mechanical model (a), CAD representation (b), final fabricated model (c) of the H2AP. The hydraulic block included DF and PF dampers. DF and PF stand for dorsiflexion and plantar flexion, respectively. The carbon foot comprises three interlocked springs. Ankle torque and ankle angle are shown by   τ A   and   θ A  , accordingly. 






Figure 1. Spring and dampers structure in a simple mechanical model (a), CAD representation (b), final fabricated model (c) of the H2AP. The hydraulic block included DF and PF dampers. DF and PF stand for dorsiflexion and plantar flexion, respectively. The carbon foot comprises three interlocked springs. Ankle torque and ankle angle are shown by   τ A   and   θ A  , accordingly.



[image: Actuators 09 00074 g001]







[image: Actuators 09 00074 g002 550] 





Figure 2. Sub-phases and states during the gait cycle used to obtain the ankle behavior in the level-ground walking. 
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Figure 3. Exploded view (a) and final CAD and fabricated model (b) of the proposed rotary flow control valve embedded in the H2AP hydraulic damper. 
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Figure 4. Working principle of the H2AP during the gait cycle. 
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Figure 5. Closed-circuit symbol (a) and CAD representation (b) of the hydraulic damper. Rod area, piston area, piston force, and piston velocity are shown by Ar, AP, FP, and VP, accordingly. The flow control valve’s area (Av) regulates the PF (black arrow) and DF (white arrow) flow rate (   m ˙   A c t u a l   ) and causes a pressure difference between the piston sides (P1 − P2). The cylinder thickness, outer diameter, and inner diameter are represented by t, ODc, and IDc, correspondingly. Dl and SP stand for the hydraulic line diameter and the required piston stroke, respectively. 
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Figure 6. The flowchart algorithm for determining the rotary flow control valves’ diameter range for operating in the simulated hydraulic circuit and optimal diameter to adjust optimal flow rate. 
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Figure 7. Carbon-foot deflection (green, virtual rotational spring at the H2AP artificial ankle joint) and required damper RoM (purple) derived from the sound ankle angle pattern (blue, 1.1 m/s, [35]) (a), hydraulic line gauge pressure by adjusting the control valves’ diameter to the minimum possible diameter (b), piston stroke (c), and ankle torque-angle profile (d) during the first 25% of the gait cycle. The simulated H2AP, reference data, and ideal damper data are colored in black, blue, and purple, respectively. 
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Figure 8. A simplified model associated with a suitable mesh size (a) and stress analysis (b) of the hydraulic block. The stress analysis was performed using ABAQUS. 
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Figure 9. Subject with transtibial amputation level-ground walking experiments using the H2AP, including ankle angle and ankle angular velocity. Prosthetic limb data include the mean and standard deviations of multiple strides. (a) comparison of the ankle angle during one gait cycle between the prosthetic limb (black, 1.01 m/s) and the reference data (blue, 1.1 m/s). The zero angle is the ankle angle at heel strike; (b) comparison of the ankle angular velocity during 25% of the gait cycle between the prosthetic limb (black, 1.01 m/s), simulated model (green, 1.1 m/s), and ideal damper velocity (purple, 1.1 m/s). 
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Table 1. Design limitation.
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	Criterion
	Definition
	Value





	   P  M a x    
	Maximum allowable pressure
	20 [MPa]



	   τ  M a x    
	Maximum ankle moment
	1.2   [   N . m  Kg  ]  



	   G R  F V    
	Vertical ground reaction force
	1839 [N]



	   G R  F H    
	Horizontal ground reaction force
	368 [N]



	    θ ˙   M a x    
	Maximum angular velocity
	150   [    ∘  s  ]  



	   S  F  B l o c k     
	Hydraulic block safety factor
	2.4



	   S  F  D a m p e r     
	Hydraulic damper components safety factor
	1.88










[image: Table] 





Table 2. System variables.
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	Symbol
	Description
	Unit
	Symbol
	Description
	Unit





	   τ A   
	Ankle torque
	[Nm]
	  ρ  
	Fluid density
	[   m 3  Kg  ]



	   θ A   
	Artificial ankle angle
	[rad]
	   I  D c    
	Cylinder inner diameter
	[mm]



	   θ  C F    
	Carbon foot deflection
	[rad]
	   O  D c    
	Cylinder outer diameter
	[mm]



	   θ D   
	Damper angle
	[rad]
	t
	Cylinder wall thickness
	[mm]



	   r D   
	Damper arm
	[mm]
	    A l  /  D l    
	Hydraulic line Area/Diameter
	[  mm 2  ]/[mm]



	   S p   
	Piston stroke
	[mm]
	    A v  /  D v    
	Control valve Area/Diameter
	[  mm 2  ]/[mm]



	   F p   
	Piston Force
	[N]
	    A p  /  A r    
	Piston/Rod area
	[mm]



	   V p   
	Piston Velocity
	[  m s  ]
	    m ˙   A c t u a l    
	Actual mass flow rate
	[  Kg s  ]



	    P 1  ,  P 2    
	Piston pressure in region 1,2
	[Pa]
	C
	Empirical discharge coefficient
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Table 3. Hydraulic damper’s components stress.






Table 3. Hydraulic damper’s components stress.





	Critical Components
	Critical Stress (Von Mises) [MPa]
	Critical Stress (Considering Safety Factor) [MPa]





	   P i  n A    
	263.5
	495



	   P i  n B    
	223
	419



	   P i  n C    
	190.5
	398



	Eye_bolt plunger
	156.1
	293.5



	Piston
	133.6
	251.2
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