

  applsci-11-05328




applsci-11-05328







Appl. Sci. 2021, 11(12), 5328; doi:10.3390/app11125328




Article



Design of a Semi-Active Prosthetic Knee for Transfemoral Amputees: Gait Symmetry Research by Simulation



Zhewen Zhang 1,2,3, Hongliu Yu 1,2,*, Wujing Cao 3,*[image: Orcid], Xiaoming Wang 1,2, Qiaoling Meng 1,2 and Chunjie Chen 3[image: Orcid]





1



Rehabilitation Engineering and Technology Institute, University of Shanghai for Science and Technology, Shanghai 200093, China






2



Shanghai Engineering Research Center of Assistive Devices, Shanghai 200093, China






3



Guangdong Provincial Key Lab of Robotics and Intelligent System, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China









*



Correspondence: yhl98@hotmail.com (H.Y.); wj.cao@siat.ac.cn (W.C.)







Academic Editors: Martin J.-D. Otis and Alexandre Robichaud



Received: 30 March 2021 / Accepted: 11 May 2021 / Published: 8 June 2021



Abstract

:

Featured Application


Development of novel microprocessor-controlled prosthetic knee.




Abstract


The key technology of the prosthetic knee is to simulate the torque and angle of the biological knee. In this work, we proposed a novel prosthetic knee operated in semi-active mode. The structure with ball-screw driven by the motor and the passive hydraulic damping cylinder was presented. A four-bar linkage was adapted to track the instantaneous center motion of human knee. The mathematical models of hydraulic cylinder damping and active torque were established to simulate the knee torque and angle. The results show that the knee torque symmetry index is smaller than 10% in the whole gait. The knee angle symmetry index value is 34.7% in stance phase and 11.5% in swing phase. The angle in swing phase is closer to the intact knee. The semi-active prosthetic knee could provide similar torque and angle of the biological knee in the simulation. It has shown good potential in improving the gait symmetry of the transfemoral amputee.
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1. Introduction


Thousands of people lose their lower limbs due to circulatory and vascular problems, diabetes complications, cancer, or trauma every year. Among them, some people lost part or all of their lower limbs and the ability to walk need to be restored by lower limb prosthesis [1]. Transfemoral amputees often face more difficulty in the walking ability reconstruction since both the knee and ankle joints are lost. The prosthetic knee is the most important joint components of the lower limb prosthesis for transfemoral amputee [2].



The gait parameters are important for the safe design of prosthetics and orthotics [3,4]. The transfemoral amputees often more relied on intact side due to the distrust of prosthetic limb. The daily ambulation requires the prosthetic knee to accommodate for force, speed, or terrain alterations. The limited and abnormal gait, decreased safety, and higher energy expenditure were observed of transfemoral amputees. The performance of the prosthetic knee decides the life quality of the transfemoral amputee.



The prosthetic knee can be divided into three categories according to structures and knee torque realization methods. They are mechanical passive, variable damping, and dynamic active prosthesis [5]. The performance of conventional mechanical passive knee joints is limited due to the lack of sensing and driving. Transfemoral amputees often have asymmetrical gait and have to walk more slowly than able-bodied people. This leads to more metabolic energy being consumed [6].



The major commercial microprocessor-controlled prosthetic knees are variable damping. The typical damping types are pneumatic, hydraulic, and magnetorheological [7]. Chin et al. conducted a comparative study of energy expenditure and walking speeds between able-bodied people and young users of pneumatic Intelligent Prosthesis (IP). This study showed that the pneumatic IP could improve the walking performance of the users. However, the pneumatic IP just had electronic control of the swing phase and the energy expenditure of users increased by 24% compared to able-bodied people [8]. Lura et al. determined the differences in knee flexion between the Genium and C-Leg microprocessor-controlled hydraulic knees while walking on level ground and ramps [9]. The Genium and C-Leg are able to electronically control the hydraulic damping in both swing and stance phase. However, they still could not provide active torque during upstairs or stance extension. Bellmann et al. conducted comparative biomechanical evaluation of Rheo Knee with magnetorheological damper and C-Leg [10]. Although the passive variable damping prosthetic knees have advantages in weight and clinical application, the common defect of variable damping prosthetic knees is difficult to extend the leg during active knee torque phase due to its lack of any active actuator. Their performance is difficult to improve during stair ascent or upslope because of the lack of active knee torque [11].



Many researchers have focused on the research of active prosthesis which can inject power to the knee joint. A powered knee-ankle prosthesis was developed by the team of Vanderbilt University. The motor and ball-screw were adapted to transmit the active torque [12,13]. Elery et al. presented the design of a powered knee-ankle prosthetic leg, which implements high-torque actuators with low-reduction transmissions [14]. Mendez et al. presented a powered knee and ankle prosthesis with indirect volitional swing control enables level-ground walking and crossing over obstacles [15]. However, the powered prosthesis is often heavy and consumes significant energy [16]. The weight of active knee-ankle prostheses is still over the clinically acceptable level due to the large motor and heavy transmission mechanism.



Compared with the mechanical passive knee joint, the variable damping prosthetic knee has the advantages of providing different damping torque, enhancing the stability, adapting to environmental changes, and the walking speed adaption [17]. It improves gait symmetry and reduces musculoskeletal degeneration of transfemoral amputees to a degree [18]. The power prosthetic knee enables amputees to perform activities such as walking up stairs and standing from a sitting position. However, the active prosthetic knee is energy-intensive and requires a large actuator, which increases the weight of the prosthetic knee and reduces the battery life. The biological knee provides active and passive torque during walking [19]. Active or passive microprocessor-controlled prosthetic knees cannot simulate the hybrid work mode. The prosthetic knee with active-passive control is a solution to solve the problem. Thus, the prosthetic knee combines the advantages of powered and variable damping prosthetic knees—namely semi-active prosthetic knee, which has shown good potential for improving the walking performance and ensuring wearability. Lambrecht et al. proposed the design of a semi-active knee prosthesis. The power was added to a hydraulic knee by a pump driven by an electric motor. The active torque and passive damping were adjusted by a hydraulic pump and variable position valve. A compact, low power system while providing the benefits of an active device was achieved by the hybrid design [20]. Pillai et al. presented a design for a knee-ankle prosthesis which ultimately controlled two linear hydraulic actuators using a single pump. The hydraulic nature of the prosthetic allows it to function in a semi-active mode [21]. Awad et al. characterized the dynamic coupling interaction between the thigh and an electrical semi-active above knee prosthesis. The prosthetic knee worked as a passive knee in part of the gait cycle phases and as an active knee prosthesis during other parts [22]. Park et al. presented a prosthetic knee operated in the semi-active and active modes. The semi-active mode is achieved from a flow mode magnetorheological (MR) damper, while the active mode is obtained from an electronically commutated (EC) motor [23]. These studies provided a helpful method to the design of semi-active prosthetic knee.



Our team proposed several designs of hydraulic damping prosthetic knees and tested their performance in different walking conditions [24,25,26]. In this work, we proposed a prosthetic knee for transfemoral amputees operated in semi-active and variable damping modes. A four-bar structure was used to simulate the instantaneous center motion of the human knee joint. The active torque was provided by the ball-screw driven by the motor and the variable damping was provided by a hydraulic cylinder. In the passive mode, the adjustable hydraulic damping is used for the control of swing flexion and extension. The active torque is provided to realize the stance extension and ascending stairs in the active mode. By the hybrid drive mode, the knee joint can better simulate the torque changes of the knee joint and improve gait symmetry.



The major contributions of this work are as follows:




	(1)

	
A novel prosthetic knee structure operated in semi-active mode was presented.




	(2)

	
The semi-active prosthetic knee could provide similar torque and angle of the biological knee in the simulation.




	(3)

	
The gait symmetry of the prosthetic knee was realized by simulation.










2. Materials and Methods


2.1. The Division of Human Gait Cycle


A complete gait cycle of normal people during level walking is shown in Figure 1. It usually begins with the heel striking the ground and ends with the heel striking the ground again. When the heel strikes the ground, the knee angle is approximately 4° from the time the heel strikes the ground until the knee stops flexing. This is called initial standing or stance flexion. The middle standing is from the toe of the side leg off the ground to the heel landing. The end of standing is from the maximum knee flexion to the full extension of the knee. The power source of the knee during stance extension is the hip or the opposite lower limb push or forward body impulse. When the knee is standing and straightened, it is flexed again to prepare for the swing phase. From flexing again until the toe is off the ground, this is called pre-swing. The pre-swing phase of one leg usually begins after the opposite leg hits the ground with its heel. The period when both legs touch the ground and support the body is called the bipedal support phase.



The main purpose of the prosthetic knee is to restore the motor function of the amputated knee by mimicking the behavior of the biological knee. Figure 1 shows the knee angle and torque curve of a normal person during a gait cycle. In this figure, the stride cycle begins and ends when the heel strikes the ground. As shown in the figure, toe off the ground occurs approximately 62% of the stride period. The initial flexion and extension of the knee joint keeps the center of gravity of the body relatively vertical and horizontal. The net power during the swing phase is basically negative, but the positive power output of the prosthesis is needed during the stance extension phase of the natural gait. The positive power output occurs in about 14% to 30% of the gait cycle, whereas the active torque cannot be provided by mechanical passive or variable damping prosthetic knee.



The key design objectives of the semi-active prosthetic knee are as follows:




	(1)

	
The structure should have the ability to simulate the biological knee motion.




	(2)

	
The active torque and passive damping should be provided alternately.




	(3)

	
The weight, size, and energy consumption should be reduced compared to powered prostheses.










2.2. Bio-Inspired Design of the Knee Joint


The biological structure of the human knee joint is shown in Figure 2a. It consists of medial and lateral femoral condyle, tibial plateau, patella, anteriorly crossed ACL ligament, and PCL ligament. The shape of the contact surface between the lower end of femur and the upper end of tibia is irregular, and there is rolling and sliding between the two surfaces during flexion and extension. The trajectory of the curvature center of the horizontal rotation axis of the knee (Instantaneous Centre of Rotation (ICR)) is a J-shaped curve. The rotation center of single axial prosthetic knees cannot simulate the motion of the natural knee. In normal walking, the feet and the ground need a certain gap to avoid collision. To maintain this distance, many patients have to tilt their body during the swing phase, allowing the prosthesis to draw an arc on the horizontal plane. There is a tendency for prostheses to be shorter than healthy human legs when assembled with transfemoral amputees, and these methods not only affect the symmetry of the human gait but also have a significant impact on the stability of the human body. To solve this problem, the prosthetic knee joint designed in this paper adopts a four-bar mechanism. Due to the change of the ICR of the four-bar mechanism, the effective leg length of the prosthetic limb is shortened when the knee joint is bent, as shown in Figure 2b. Thus, amputees with intelligent bionic legs improve stability when walking on uneven surfaces, ramps, or stairs. The instantaneous center trajectory of the knee joint was the optimization objective; the multiaxis knee joint structure was optimized by using the multivariable optimization design method. The structural characteristics of the multiaxis knee joint, the swing angle range of the knee, and the requirements of the flexibility in the swing period were considered. The J-curve motion, which was the same with biological knee, was realized by the four-bar mechanism.




2.3. Design of the Semi-Active Prosthetic Knee


The active and passive structures of the prosthetic knee are shown in Figure 3. The thigh connector is connected to thigh socket in the upper side. The lower side is connected with the four-bar linkage. The upper piston rod is connected with the four-bar linkage by a drive link. For the variable damping control, the provided hydraulic system (Figure 3b) had one fan rotation valve, namely designed throttle valve, to generate joint resistance for the flexion and the extension movement. The position of the fan valve plate was controlled by the motor 1. The flow resistance could be continuously adjusted from low to high values by the rotation of the fan valve plate. When the piston rod moved down during knee flexion, the oil flowed through the throttle valve and one-way valve 1a in the flexion channel. The oil could not flow through the extension channel due to the unidirectional cutoff characteristic of the one-way valve 1b. The knee flexion damping could be regulated by the position change of the fan valve plate. The steel spring was stretched during knee flexion by the displacement of the upper piston. For the knee extension, the piston rod moved up and the oil flowed through the throttle valve and one-way valve 1b in the extension channel. The oil could not flow through the flexion channel due to the unidirectional cutoff characteristic of the one-way valve 1a. The knee extension damping was also adjusted by the position change of the fan valve plate. The energy stored by stretch of steel spring was released. This could provide assistance for knee extension. For the powered mode, the throttle valve is completely open. This means the passive hydraulic damping is free. The lower piston rod is driven by the ball screw. The vertical displacement of the ball screw is controlled by the synchronous belt connected to the motor 2. When the lower piston moved up, the upper piston was pushed up and the active knee torque was provided by the four-bar linkage. A hole exists on the lower piston rod to ensure that the oil flow is not affected by the up and down motion of the lower piston rod. The detailed structure of the hydraulic system and the prototype are shown in Figure 4.



The work scheme of the semi-active prosthetic knee is shown in Figure 5. At the beginning of stance in the human gait, the heel touches the ground. The calf quadriceps need to concentric contraction to increase the center of gravity and prevent the lateral foot in the swing phase from touching the ground. The knee joint provides positive work. We connect the motor 2 with the synchronous belt to output the active torque and transfer it to the ball screw. The transmitted torque of the ball screw is controlled by adjusting the speed of the motor 2. Therefore, the torque needed by the human body to do positive work is outputted by the motor 2. When the knee joint enters the swing flexion phase, the side leg touches the ground and the hip joint begins to flex. At this time, the hydraulic damping cylinder works. The pressure between the upper and lower oil chambers of the hydraulic cylinder is changed by the position change of the fan valve plate. The real-time damping torque was provided by this operation. During the swing extension phase, the extension damping torque was provided to slow the foot movement to the initial velocity of contact with the ground. Due to the fact that the prototype is currently in the processing state, the sensor system is not completely determined. In terms of control, the design mentioned in this paper will mainly use angle sensor, IMU, and force sensor to identify the gait cycle and control the position of the rotating valve. The sensor system can consider our previous work [24].




2.4. Mathematical Model of the Hydraulic Damping and Active Torque


The damping of the hydraulic system of the prosthetic knee is composed of spring damping and hydraulic fluid damping. The adjustment of the hydraulic damping is the core of the control of the prosthetic knee. In order to obtain the ideal hydraulic damping force, it is necessary to establish the calculation model of the hydraulic damping system to determine the relationship between the output damping force and the flow area of the throttle valve. In the case that the structure of the hydraulic damping cylinder and the nature of the hydraulic fluid are certain, the output damping force is related to the velocity of the upper piston in the cylinder and the flow area of the throttle valve [27]. When the prosthetic knee joint rotates, the hydraulic damping cylinder produces the real-time changed damping force. The prosthetic knee provides appropriate hydraulic damping force for the knee flexion and extension in the different gait phases of the transfemoral amputee.



The actual knee joint damping torque generated by the hydraulic damper is M


   M k  =  (   F  M R   +  F S   )  L =  (   F  M R   + k ∆ x  )  L  



(1)







K is the elastic coefficient of the extensor spring, ∆x is the compression of the spring, L is the length of the real-time moment arm, ∆P is the pressure difference between upper and lower chamber, and the effective acting area of the piston is A.



The force transmission of the prosthetic knee is shown in Figure 6.



The hydraulic damping force can be calculated as


   F  M R   = ∆ P A  



(2)







The velocity of the damper piston is V, the effective flow area of the hydraulic oil flow through the valve is    A 0   , the flow coefficient is    C d   , and the hydraulic oil density is ρ, then


  ∆ P =   ρ  A 3   V 2    2  C d 2   A 0 2     



(3)




and


     M K  =  (    ρ  A 3   V 2    2  C d 2   A 0 2    + k ∆ x  )  L  



(4)







When the active torque is provided by the prosthetic knee joint, the throttle valve of the hydraulic cylinder is in a fully open state. According to the torque change curve of the human knee joint, it can be seen from Figure 1 that the torque change is nonlinear. Thus, the torque provided by the motor to the ball screw should be accelerated in variable motion.



When the ball screw mechanism accelerates, the axial load of the ball screw mechanism in the operation process comes from the movement resistance or external axial force of the guide surface of the inverted rod mechanism (such as linear guide rail and linear bearing). Axial load of ball screw can be calculated as


     F D  =  F A  + μ m g + f + m a  



(5)




where      F A    is the external axial force acting on the nut (e.g., cutting force, etc.). When the system is only used for the reciprocating movement of the workpiece, there is no external axial force acting on the workpiece.  m  is the mass of the load slider (including the workpiece).  f  is the motion resistance of linear guide pair without load.  μ  is the friction coefficient of linear guide pair.



The driving torque required by a motor in constant speed motion is      T L   


     T L  =  (         F D   P B    2 π      η   1    +      μ 0     F 0     P B    2 π    )   1 i  ×   10   − 3    



(6)




where,    P B      is the lead of the lead screw.        η   1    is the transmission efficiency of the ball screw pair, and  i  is the deceleration ratio of the motor to the screw.



The torque required to accelerate the motion      T K   


     T K  =  T a  +  T L   



(7)







The formula for calculating the torque provided by the ball screw and the motor speed n is:


     T K  =   9550 P  n    ·    η   



(8)




where  P  is motor power;  η  is the transmission efficiency of synchronous belt


     M D  =  F D  L  



(9)







In the active stage, the damping cylinder cannot provide the active torque. In order to better adapt to the movement of human body, the adjusting valve of the hydraulic cylinder is fully open in the stage when the active torque is needed. The movement of the piston is driven by the lower piston connected by the ball screw to provide the active torque of the upper piston to the knee joint, and the moment is


  M =  M D  +  M K   



(10)







In the passive stage, the lower piston is separated from the upper piston, and the valve opening of the hydraulic cylinder is adjusted according to the damping torque provided. The hydraulic cylinder only acts as a damping cylinder to provide passive damping torque for the knee joint, and the moment is


  M =  M K   



(11)








2.5. Simulation Process


The ADAMS software was used to conduct the simulation. The parameters and values of the hydraulic cylinder are shown in Figure 7 and Table 1. To obtain the torque provided by the prosthetic knee, the piston velocity V and arm L in a gait cycle should be calculated by simulation firstly. The angular velocity curve of the knee joint in the normal gait [28] was transformed into spline curve to add driving force to the prosthetic knee for motion simulation. The velocity curve of the upper piston in the prosthetic knee joint, V (mm/s), and the real-time moment arm L (mm) of the prosthetic knee joint were obtained, as shown in Figure 8. The piston rod speed was smooth and the length change of the knee moment arm was in the range. The torque simulation process in the ADAMS and human body parameters setting are shown in Figure 9 and Table 2.




2.6. Performance Evaluation Parameters


Normal gait is a cyclic and symmetric process depending on the continuous and complex transfer of energy among the body segments [29]. Symmetry appears to be a relevant aspect for differentiating a normal and pathologic gait; lower limb amputees experience pathological gaits which are often asymmetric and less stable than non-amputees. The gait symmetry compares the kinematics and kinetics of the intact side and prosthetic side. It is a key index of the performance of the prosthetic knee [30]. The gait symmetry quantification used three indices introduced by Karaharju-Huisman et al. [31].








	(1)

	
Symmetry Index (SI)











  S I =   2  (   X I  −  X P   )     X I  +  X P    × 100 %  



(12)




where    X I    is the intact side data and    X P      is the corresponding data for the prosthetic side.   S I = 0   represents perfect symmetry and +/− showing limb dominance.








	(2)

	
Ratio I











   R I  =    X I     X P     



(13)




where    R I    = 1 represents perfect symmetry.








	(3)

	
Ratio II











   R  I I   =    (   X I  −  X P   )    max  (   X I  ,  X P   )     



(14)




where    R  I I     = 0 represent perfect symmetry.





3. Results


3.1. Symmetry of Knee Torque


Combined with MATLAB software solution and the mathematical model, the torque provided by the prosthetic knee was calculated (Figure 10). The active torque and passive torque could be provided alternately. The active phase is about from 15% to 30% and the other is passive phase. The work mode was similar to the normal knee joint. The symmetry indices data calculated of the knee torque are shown in Table 3. The number values of SI were smaller than 10% in the whole gait. The knee torque symmetry of swing phase was higher than the stance phase. The dominance was prosthetic knee in stance phase while it was the intact knee in swing phase. It means the active torque and hydraulic damping can simulate the active-passive working principle of the biological knee.




3.2. Symmetry of Knee Angle


The knee angle was also obtained by simulation. The knee angle acquirement scheme is shown in Figure 11. The equivalent model was established in Adams (MSC software). The normalized hip angle (θ) and the prosthetic knee torque obtained by simulation were set as the driving source in the Adams simulation environment. The active torque and passive torque provide corresponding drivers for simulation model in the active and passive stages in the gait cycle, respectively.



Figure 12 shows the normalized angle and the prosthetic knee angle during a gait cycle. The angle change trend of the prosthetic knee is basically consistent with the normal knee in the hybrid drive mode. The symmetry indices data calculated were shown in Table 4. The SI value is 34.7% in stance phase and 11.5% in swing phase. The angle in swing phase is closer to the intact knee. The prosthetic knee angle is smaller than the intact knee in stance phase. This means the angle range of stance extension is smaller than that of the prosthetic knee.





4. Discussion


This work presented a novel semi-active prosthetic knee with ball-screw driven by the motor and variable hydraulic damping cylinder. The model established can be applied to simulation for the performance estimation of the prosthetic knee. The torque and angle symmetry were realized of the proposed prosthetic knee in simulation. The semi-active mode is biological of intact knee and beneficial for energy saving.



The pneumatic IP just adjusted damping in swing phase [8], while both the stance and swing phases were controlled by the motor and variable hydraulic damping cylinder alternately for the proposed semi-active knee. Compared with the structures of the typical hydraulic damping prosthetic knees Genium and C-leg [9], the proposed semi-active knee can provide active torque, which is important for the stair ascent and slope up. The active knee-ankle prosthesis proposed in [12,13,14,15] are too heavy for clinical use. The energy consumption of purely active prosthetic knees [14,15,16,17] is also higher than the proposed semi-active prosthetic knee in this work. Although the prosthetic knees in [20,21,22] were semi-active by hydraulic system, the hydraulic pumps were still too heavy. The work [23] presented a semi-active knee with a magnetorheological damper and a motor. The active torque was provided by the motor coaxial to the knee joint, while the ICR motion was simulated by four-bar mechanism in this work.



Although the semi-active prosthetic knee is novel, a number of limitations of this work exist. The work was conducted in simulation. The physical prototype is currently in the processing state. The physical experiment data has not been tested yet. The human test will be done in the following work. The evaluation parameter was not enough. We will test the speed adaption ability of the semi-active prosthetic knee.




5. Conclusions


In this work, a prosthetic knee for transfemoral amputees that can be operated in semi-active and variable damping modes was proposed. The instantaneous center motion of the human knee joint is reproduced by the four-bar structure design. The active torque and the variable damping can be adjusted by the semi-active prosthetic knee. The control of swing flexion and extension is realized by the variable hydraulic damping cylinder. The stance extension torque is provided by the ball-screw driven by the motor. By the hybrid drive mode, the knee joint can better simulate the torque changes of the knee joint and improve gait symmetry. It has good potential to improve the life quality of the transfemoral amputee.
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Figure 1. A complete gait cycle. The relationship of knee angle and torque. 
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Figure 2. Bio-inspired design of the knee joint. (a) The biological structure of the human knee; (b) Four-bar mechanism. 






Figure 2. Bio-inspired design of the knee joint. (a) The biological structure of the human knee; (b) Four-bar mechanism.



[image: Applsci 11 05328 g002]







[image: Applsci 11 05328 g003 550] 





Figure 3. The active and passive structures of the prosthetic knee. (a) The 3D model of the prosthetic knee; (b) The active and passive working principle. 
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Figure 4. The detailed structure of the semi-active system and the prototype. 
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Figure 5. The work scheme of the semi-active prosthetic knee. 
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Figure 6. The force transmission of the prosthetic knee. 
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Figure 7. The parameters of the hydraulic cylinder. 
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Figure 8. The velocity of the upper piston and the real-time moment arm of the prosthetic knee. 
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Figure 9. The torque simulation process in the ADAMS. 
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Figure 10. The prosthetic knee torque and intact knee torque. 
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Figure 11. The knee angle acquirement scheme. 






Figure 11. The knee angle acquirement scheme.



[image: Applsci 11 05328 g011]







[image: Applsci 11 05328 g012 550] 





Figure 12. The intact knee angle and the prosthetic knee angle. 
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Table 1. The values of the parameters in simulation.
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	Parameters
	Numerical Value





	Bore sizes of cylinder (   R  M R    )
	   9.5    mm    



	Diameter of lower piston rod (   R D   )
	   5    mm    



	Diameter of upper piston rod (   R d   )
	   3    mm    



	Inner diameter of piston rod (   R s   )
	   5    mm    



	Piston rod length (   l D   )
	   5    mm    



	Piston rod length (   l d   )
	   5    mm    



	Hydraulic cylinder length (   l  M R    )
	   46    mm    



	Hydraulic fluid density ( ρ )
	   870    kg  /  m 3    



	Flow coefficient (   C d   )
	   0.7   
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Table 2. Human body parameters setting in ADAMS.






Table 2. Human body parameters setting in ADAMS.





	Body Paragraph
	Size/mm
	Quality/Kg
	Mass Center/mm
	    Rotational   Inertia / ( Kg      mm   2  )    





	Head and neck
	323.7
	5.9
	127.8
	32,866.1



	Truncus
	523
	30
	235.4
	447,026.8



	Arms
	696.3
	3.5
	359.1
	16,403.8



	Left thigh
	489.2
	9.8
	362.3
	163,719.1



	Left leg
	395.6
	3.1
	230.6
	25,751.1



	Right thigh (amputation)
	244.2
	4.9
	180.8
	81,859.5



	Stump socket
	245
	0.3
	122.5
	1311.4



	Prosthetic knee
	187.7
	1.4
	109.4
	11,629.5



	Crus tube
	207.9
	0.8
	103.5
	3497.1



	Left feet/Right false feet
	257.2
	0.9
	39
	3934.3
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Table 3. The knee torque symmetry.
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Item Type

	
Gait Phase

	
    S I    

	
     R I     

	
     R  I I      






	
Torque

	
Stance

	
−9.9%

	
1.01

	
0.35




	
Swing

	
3.7%

	
0.77

	
−0.46
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Table 4. The knee angle symmetry.
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Item Type

	
Gait Phase

	
    S I    

	
     R I     

	
     R  I I      






	
Angle

	
Stance

	
34.7%

	
1.38

	
0.29




	
Swing

	
11.5%

	
1.16

	
0.11
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