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ABSTRACT It is necessary to develop an effective knee prosthesis to recover the lost mobility of amputees. 

Variable-damping knee prostheses utilizing hydraulic dampers offer several advantages, but current 

researches are limited in approaching healthy knee behavior. To improve the gait symmetry, this study 

proposed a variable-damping knee prosthesis with a novel hydraulic damper using neural network predictive 

control (NNPC) scheme during swing phase. The external fan valve structure of the hydraulic damper can 

not only realize independent and continuous adjustment of flexion and extension damping by a single motor, 

but also can effectively avoid the damping adjustment failure caused by excessive load. NNPC was proposed 

as a controller to control the novel hydraulic damper during swing phase. The online simulation is carried out 

based on MATLAB utilizing the workbench composed of knee prosthesis prototype and self-built gait 

simulation and evaluation platform, so as to preliminarily verify the online feasibility and effectiveness of 

the algorithm at different speeds. The offline gait symmetry experiments are designed to more intuitively and 

effectively compare the performance of NNPC with the fuzzy logical control proposed in previous work. The 

results show that NNPC improves the gait symmetry from the fuzzy logical control at different walking 

speeds as the values of symmetry indices are significantly decrease in the range of 5.13% to 33.96%. These 

results indicate that the proposed variable-damping knee prosthesis can make a good performance on 

improving the approximation of healthy gait characteristics and meet the fundamental requirements of 

walking at various walking speeds. 

INDEX TERMS Variable-damping knee prosthesis, hydraulic damper, neural network predictive control 

(NNPC), gait symmetry 

I. INTRODUCTION 

Every year, thousands of people all over the world lose their 

lower limbs because of vascular diseases, traumata, and 

tumors [1]. It is necessary to develop an effective prosthesis 

to recover the lost mobility of amputees and assist them to 

participate in daily activities. With recent advances in 

computer and sensor technologies in the last few decades, the 

use of robots for various applications has increased 

enormously [2-3], and a technological revolution in the 

prosthetic industry has taken place. The knee prosthesis is 

one of the most important part of lower limb prosthesis, 

which can be classified into three types: mechanically 

passive, variable-damping, and powered knee prostheses [4]. 

The mechanically passive knee prosthesis can operate 

without power supply, but it can only generate knee damping 

for one constant walking speed. The variable-damping knee 

prosthesis is superior to the passive knee in terms of energy 

consumption, stability, adaptability to environmental 

changes, and ability to respond to walking speed [5-8]. 

Powered knee prostheses have mechanisms that generate 

positive energy and damping forces, enabling amputees to 

perform more complex activities, such as standing up from a 

sitting position and walking up stairs [9-10]. However, this 

kind of knee prosthesis requires a large actuator and 

consumes a high level of energy, resulting in increased 

weight and reduced battery life [11]. To sum up, variable-
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damping knee prosthesis is still the mainstream of current 

research, as the proportion of the knee joint acting as a 

damper is much higher than that of the actuator in the normal 

walking process. 

A gait cycle contains a stance phase and a swing phase. 

The stance phase aims to provide sufficient damping force to 

ensure the stability of the gait, without requiring high 

adaptability to different walking speeds. The swing phase 

aims to ensure the flexibility of the gait, which requires a 

rapid response to the changes in walking speed and 

environment [12]. Hydraulic damper, which can satisfy both 

the stability of stance phase and the flexibility of swing phase, 

is widely used in variable-damping knees [13]. Hydraulic 

variable-damping knee prostheses are nonlinear and strong 

coupling underactuated systems, so it is very important but 

difficult to control the prostheses to track the planned gait 

trajectory. Cao et al. [14-15] of our team proposed a fuzzy 

logical speed adaptive control scheme based on maximum 

flexion angle during swing phase to realize the automatic 

adjustment of damping, but the walking speed need be 

classified and a knowledge base containing the mapping 

relationship between the walking speed and the valve 

opening need be established, which led to the limitation of 

speed adaptive. Preitl et al. [16] presented PI-fuzzy 

controllers based on Iterative Feedback Tuning (IFT) and the 

Iterative Learning Control (ILC), which, like the research of 

Cao et al. [14-15], also had the same limitation of 

establishing an offline knowledge base when applied to 

control knee prosthesis. Chen et al. [17] proposed a new 

control strategy for a class of underactuated systems that can 

treat the various constraints including actuated and 

unactuated state constraints and the constraints on some 

specific composite variables. The good performance of this 

method was verified by applying it to two examples where 

the constraint is invariant when the target location is 

determined. The proposed method may not be suitable for 

controlling the trajectory of the knee prosthesis, because the 

state constraint during walking is equivalent to the 

contralateral knee trajectory, which will change with the 

change of walking speed, road conditions and other 

uncertainties. Seid et al. [18] designed a variable-damping 

controller for a single-axis knee prosthesis with hydraulic 

damper during swing phase. However, the controller did not 

perform well in terms of ground clearance because it caused 

the prosthetic knee angle to be significantly different from 

the healthy angle. Richter et al. [19] developed a virtual 

controller for a variable-damping knee prosthesis that can 

determine the valve positions to make the actual torque 

approximate to the healthy knee torque. Although the 

simulation results indicated that the controller can realize 

angular trajectory tracking, the specific valve structure was 

not proposed, and the simulation was only carried out on the 

basis of conceptual design. For variable-damping knee 

prostheses, the gait symmetry depends mainly on the 

accuracy of the damping control of swing phase. Therefore, 

it is of great significance to design a valve structure that is 

easy to adjust and a speed adaptive control strategy that can 

realize accurate angle tracking during swing phase. 

This research proposes a novel valve structure for 

variable-damping knee prosthesis, which can continuously 

adjust the flexion and extension damping by a single motor, 

and proposes a control strategy using neural network 

predictive control (NNPC) during swing phase based on the 

proposed valve structure, with the ability to predict future 

knee angle and adapt to different walking speeds [20]. 

Compared with the traditional optimal control, which 

requires global optimization to realize the calculation of 

feedback control, the proposed neural network predictive 

control method has two main features, namely local rolling 

optimization and predictive ability, so it can realize real-time 

control with less calculation and can generate optimal 

damping forces in advance to compensate for errors due to 

hydraulic damper response time, model uncertainty, and 

external interference. In this paper, a coupling modeling of 

knee prosthesis consist of a double pendulum dynamics 

model, and a hydraulic damping numerical model was 

established. The simulation was carried out based on 

MATLAB platform utilizing the coupling model of 

workbench composed of knee prosthesis prototype and self-

built gait simulation and evaluation platform, so as to 

preliminarily verify the online feasibility and effectiveness 

of the algorithm at different speeds. The offline gait 

symmetry experiments were designed to more intuitively and 

effectively compare the performance of NNPC with the 

fuzzy logical control proposed in previous work [14]. The 

main contributions of this paper are as follows. 

1) This paper first applies predictive control to the damping 

control of hydraulic knee prosthesis, and its good 

performance on improving the approximation of healthy 

gait characteristics at various walking speeds is proven by 

gait symmetry experiments. 

2) The novel external fan valve structure of the hydraulic 

damper can not only realize independent and continuous 

adjustment of flexion and extension damping by a single 

motor, but also can effectively avoid the axial load acting 

on the motor in the damping cylinder. 

3) The proposed control method can be extended to solve the 

control problem of a class of nonlinear and strong 

coupling underactuated systems that need to generate 

optimal control variables in advance to compensate for 

errors due to actuators response time, model uncertainty, 

and external interference.  

 
II.  PROSTHESIS DESIGN AND SWING PHASE 
COUPLING MODELING 

A.  DYNAMIC MODEL OF DOUBLE PENDULUM 
COUPLED WITH HYDRAULIC DAMPER 

The connection between ankle, foot and leg tube of the lower 

limb prosthesis system can be equivalent to rigidity 
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connection, so the system can be simplified as a double 

pendulum dynamics model, which represents the motion of 

thigh and calf in the sagittal plane respectively [18]. When 

assembling the actual prosthetic model, static and dynamic 

alignment should be carried out first to make the gravity line 

on the prosthetic side coincide with the gravity line on the 

healthy side, so as to minimize the error between the desired 

torque and the actual torque. Therefore, the deviation in the 

position of the center of gravity caused by the simplified 

model can be ignored. The double pendulum dynamics model 

coupled with the hydraulic damper used to simulate swing 

phase of knee prosthesis is shown in Fig. 1. The specifications 

and values of the parameters are shown in Table Ⅰ, where 

median percentiles of anthropometry dimensions of Chinese 

male adults are obtained based on the Chinese National 

Standard of China GB/T 10000-1988 [21]. 

 

FIGURE 1.  Dynamic model of double pendulum coupled with hydraulic 
damper. 

TABLE I 

PARAMETERS OF THE DOUBLE PENDULUM DYNAMICS MODEL 

Para- 
meters 

Specification Value 

m1 Thigh mass 9.900 kg 

m2 Shank mass 2.600 kg 
a1 Distance of the thigh mass center from the 

hip joint 

0.267 m 

a2 Distance of the shank mass center from the 
knee joint 

0.176 m 

I1 Thigh moment of inertia 0.031 kgm2 

I2 Shank moment of inertia 0.032 kgm2 

l1 Thigh length 0.550 m 

l2 Shank length 0.400 m 

s Offset between the knee center and location 
of attachment of damper piston on the thigh 

0.016 m 

b Distance between the knee center and 
location of the damper attachment on the 

shank 

0.128 m 

θt Absolute angle of thigh from the horizontal variable 

θs Absolute angle of shank from the vertical variable 

θk Knee angle variable 

ld Length of the damper variable 

T1 Hip torque variable 

Assuming that there is no friction force, the double 

pendulum dynamics model can be expressed as below by 

using Lagrange formula [18]. 

𝐷(𝜃)𝜃̈ + 𝐶(𝜃, 𝜃̇)𝜃̇ + 𝐺(𝜃) = 𝛤                   (1) 

The inertial matrix 𝐷(𝜃) can be expressed as 

𝐷(𝜃) = [
𝑚1𝑎1

2 + 𝐼1 +𝑚2𝑙1
2 −𝑚2𝑙1𝑎2𝑐𝑜𝑠⁡(𝜃𝑡 + 𝜃𝑠)

−𝑚2𝑙1𝑎2𝑐𝑜𝑠⁡(𝜃𝑡 + 𝜃𝑠) 𝑚2𝑎2
2 + 𝐼2

]   (2) 

The Coriolis and centrifugal terms 𝐶(𝜃, 𝜃̇)  can be 

expressed as 

𝐶(𝜃, 𝜃̇) = [
𝑚2𝑙1𝑎2(𝜃̇𝑠)

2𝑠𝑖𝑛(𝜃𝑡 + 𝜃𝑠)

𝑚2𝑙1𝑎2(𝜃̇𝑡)
2𝑠𝑖𝑛(𝜃𝑡 + 𝜃𝑠)

]              (3) 

The gravity vector 𝐺(𝜃) can be expressed as. 

𝐺(𝜃) = [
𝑚1𝑔𝑎1𝑠𝑖𝑛(𝜃𝑡) + 𝑚2𝑔𝑙1𝑠𝑖𝑛⁡(𝜃𝑡)

𝑚2𝑔𝑎2𝑠𝑖𝑛(𝜃𝑠)
]          (4) 

The hip and knee input parameter matrices matrix 𝛤 can 

be expressed as 

𝛤 = [
𝑇1 + 𝐹𝑑𝑏𝑠𝑖𝑛(𝜃𝑠 − 𝛽)
−𝐹𝑑𝑏𝑠𝑖𝑛(𝜃𝑠 − 𝛽)

]                        (5) 

The thigh and calf angle vector matrix 𝜃 can be expressed 

as 

𝜃 = [
𝜃𝑡
𝜃𝑠
]                                       (6) 

The torque generated at the knee joint during swing phase 

can be calculated by 

𝑀𝑘
, = 𝑚2𝑎2

2𝜃𝑠̈ −𝑚2𝑙1𝑎2𝜃𝑡̈ cos(𝜃𝑡 + 𝜃𝑠)                          (7) 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡+𝑚2𝑙1𝑎2(𝜃̇𝑡)
2
𝑠𝑖𝑛(𝜃𝑡 + 𝜃𝑠) + 𝐼2𝜃𝑠̈ +𝑚2𝑔𝑎2𝑠𝑖𝑛(𝜃𝑠) 

B.  NOVEL VALVE STRUCTURE DESIGN AND 
HYDRAULIC DAMPING NUMERICAL MODEL 

The aim of the hydraulic damper used in the knee prosthesis is 

to provide a good approximation of the behavior of a healthy 

knee, by supplying the same torque characteristic as a healthy 

knee joint during swing phase [22]. As shown in Fig. 2, a 

spring is arranged in the hydraulic cylinder. When the knee 

flexes, the piston rod moves downward, and the spring 

compresses and stores energy. When the knee extends, the 

spring releases energy. The upper and lower ends of the 

hydraulic cylinder respectively lead out two hydraulic oil 

channels with one-way valve in different directions, forming a 

flexion hydraulic oil circuit and an extension hydraulic oil 

circuit. An electrically controlled valve can simultaneously 

adjust the hydraulic oil flow in both circuits, so as to adjust the 

flexion and extension damping torque dynamically. 

 
FIGURE 2.  The schematic diagram of the hydraulic damping system. 
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As shown in Fig. 3, the two oil channels mentioned above 

coincide with two valve grooves of the fan valve respectively 

two notches on the valve respectively. The fan valve rotates 

continuously to adjust the overlap area between the valve 

grooves and hydraulic oil channels. Varying the valve angle 

between the primary positions adjusts the impedance to flow. 

 

FIGURE 3.  Principle and internal structure of the novel valve. 

The hydraulic damper is a spring/damper system. Damping 

torque (𝜏𝑘𝑑) of the hydraulic damper at knee prosthesis can be 

obtained as 

𝜏𝑘𝑑 = (𝐹𝑑 + 𝑘∆𝑥)𝐿                            (8) 

where 𝐹𝑑 is the resistance of the hydraulic cylinder, 𝑘 is the 

elastic constant of the compression spring, ∆𝑥  is the 

displacement of the piston rod, and 𝐿 is the length of the 

effective moment arm which can be obtained as 

𝐿 =
𝑏𝑠 𝑐𝑜𝑠(𝜃𝑠−𝜃𝑡)

√𝑏2+𝑠2+2𝑏𝑠𝑠𝑖𝑛(𝜃𝑠−𝜃𝑡)
.                         (9) 

The resistance of the hydraulic cylinder can be represented 

as 

𝐹𝑑 = ∆𝑃𝐴                                     (10) 

where A is an effective flow area of the cylinder and ∆P is 

the pressure of the cylinder which can be represented as 

∆𝑃 =
𝜌𝐴2𝑉2

2𝐶𝑑
2𝐴0

2                                   (11) 

where V is the speed of the piston rod, A0 is the flow area of 

the fan valve channel, C𝑑 is the flow coefficient of the valve 

and 𝜌 is the density of hydraulic oil. 

The length of the damper 𝑙𝑑  is a variable during the 

motion which can be expressed as 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑙𝑑 = √𝑏2 + 𝑠2 + 2𝑏𝑠 ∙ 𝑠𝑖𝑛(𝜃𝑠 − 𝜃𝑡)              (12) 

so the speed of the damper piston V can be expressed as 

𝑉 = 𝑙𝑑̇ =
𝑏𝑠∙𝑐𝑜𝑠(𝜃𝑠−𝜃𝑡)(𝜃𝑠̇−𝜃𝑡̇)

√𝑏2+𝑠2+2𝑏𝑠∙𝑠𝑖𝑛(𝜃𝑠−𝜃𝑡)
                  (13) 

The flow area of the fan valve channel A0  can be 

determined by 

𝐴0 = 2∫ √(
𝑑

2
)2 − 𝑡2

𝑑

𝑟[𝑐𝑜𝑠(55°−𝛼)−𝑠𝑖𝑛35°]
𝑑𝑡         (14) 

where 𝛼 ∈ [−35°, 35°] is the rotation angle of fan valve , 𝑟 

is the radius of fan valve and 𝑑  is the diameter of the 

extension and flexion channels.  

In this paper, ⁡𝑟 =5 mm, 𝑑 =2.50 mm, 𝜌 =870 kg/m3, 

𝐴=5.37×10-4 m2, C𝑑=0.7, 𝑘=1.4×103 N/m. 

From (8) and (14), the torque at knee can be written as 

𝑀𝑘 = (
𝜌𝐴3𝑏2𝑠2𝑐𝑜𝑠2(𝜃𝑠−𝜃𝑡)(𝜃𝑠̇−𝜃𝑡̇)

8𝐶𝑑
2[∫ √(

𝑑

2
)2−𝑡2

𝑑
𝑟[cos(55°−𝛼)−𝑠𝑖𝑛35°] 𝑑𝑡]

2

[𝑏2+𝑠2+2𝑏𝑠𝑠𝑖𝑛(𝜃𝑠−𝜃𝑡)]

+

𝑘∆𝑥) ∙
𝑏𝑠𝑐𝑜𝑠(𝜃𝑠−𝜃𝑡)

√𝑏2+𝑠2+2𝑏𝑠𝑠𝑖𝑛(𝜃𝑠−𝜃𝑡)
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                    (15) 

Equation (15) shows the relationship between the torque 

at knee and the valve rotation angle can be obtained by 

measuring the hip angle and knee angle when the structure 

parameters of knee prosthesis and human parameters are 

given [23]. 

C.  SIMULATION OF SWING PHASE COUPLING MODEL 

Ideally, the DC motor controls the rotation of the fan valve 

in real time to provide the same damping torque as the 

healthy knee, which can be expressed as 

𝜏𝑘𝑑 = 𝜏𝑘                                     (16) 

The desired knee angle data (𝜽𝒌(𝒅𝒆𝒔𝒊𝒓𝒆𝒅) ) and absolute 

angle of thigh from the horizontal (𝜽𝒕 ) and the desired 

trajectory of the limb end were measured by a gait and motion 

evaluation system (Noraxon MR3, Noraxon CO., LTD., USA) 

at slow speed of 0.6m/s, medium speed of 1.1m/s and fast 

speed of 1.6m/s. The subject walked on a treadmill at each of 

the three specific speeds. Four marks were pasted on the waist, 

hip, knee and ankle joints of the subject, and two markers were 

pasted on the edge of the treadmill to serve as a benchmark. A 

high-speed camera with a resolution of 1920×1080 pixels and 

capable of recording 150 frames per second was used to record 

lower limb movements and to obtain kinematic data by 

averaging 50 consecutive gait cycles. Fig. 4 shows the 

example of desired knee angle data (𝜽𝒌(𝒅𝒆𝒔𝒊𝒓𝒆𝒅) ) of three 

walking speeds and raw images that were captured from the 

system.
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FIGURE 4.  Desired knee angle of one gait cycle at different speeds.

The valve rotation angle in ideal state during swing phase 

(𝛂𝒊𝒅𝒆𝒂𝒍) were calculated in MATLAB, as shown in Fig. 5. 

The results show that the required valve rotation angle is 

always within the range of -35° to 35° at different walking 

speeds, and it can flexibly provide the required bidirectional 

damping torque in the swing phase and can switch smoothly 

between flexion and extension damping without suddenly 

rotating a large angle to avoid the slow response of the motor, 

indicating that the valve structure meets the design 

requirements. 

 

FIGURE 5.  The valve rotation angle in ideal state during swing phase at 
different speeds. 

III.  NEURAL NETWORK PREDICTIVE CONTROL IN 
SWING PHASE 

Considering that the knee prosthesis is a nonlinear and 

strongly coupled system, in order to ensure the gait symmetry 

of the wearers, NNPC is proposed to realize the adaptive 

damping control of the knee prosthesis. NNPC can predict 

future variables and adopt corresponding control strategies 

[24-25]. 

A.  ALGORITHM OVERALL STRUCTURE 

Fig. 6 shows the structure block diagram of NNPC, 

consisting of the nonlinear auto-regressive with external 

input (NARX) neural network model and the optimization 

block. The aim of the controller is to calculate a suitable 

valve rotation angle for the hydraulic damper to generate 

appropriate torque at the knee and enabled the knee 

prosthesis to accomplish near to healthy swing phase 

trajectory. The input of NNPC is the desired knee angle 

(𝜃𝑘(𝑑𝑒𝑠𝑖𝑟𝑒𝑑)) and measured knee angle (𝜃𝑘), and the output is 

the control valve rotation angle (𝛼). To achieve the purpose 

of predictive control, NNPC needs an algorithm to estimate 

the future knee angle trajectory when the fan valve rotates at 

a set angle. Thus, the NARX neural network model is 

contained in NNPC to complete this task, in which the 

measured knee angle and the valve rotation angle are input 

to predict the future knee angle. In each prediction horizon, 

the optimization block determines the optimal value of the 

valve rotation angle. Throughout each control interval, the 

measured knee angle information (𝜃𝑘) is fed back to NNPC 

to achieve closed-loop control [24]. Considering the time 

delay in the regulation of hydraulic damping, the prediction 

horizon was determined to be 20 ms after testing the response 

time of hydraulic damping and motor. 

 

FIGURE 6.  Structure block diagram of NNPC. 

NARX is a dynamic neural network composed of TDL 

delay layer, input layer, output layer and hidden layer, as 

shown in Fig. 7 [26]. The signal vector data applied to the 

multilayer perceptron input layer are as follows: input signal 

outside the network and its delay: 𝑢(𝑛) , 𝑢(𝑛 − 1) , … , 

𝑢(𝑛 − 𝑞 + 1); output signal and its delay: 𝑦(𝑛), 𝑦(𝑛 − 1),…, 

𝑦(𝑛 − 𝑞 + 1). The dynamic behavior of NARX is described 

by 𝑦(𝑛 + 1) = 𝑓(𝑦(𝑛),⋯ , 𝑦(𝑛 − 𝑞 + 1), 𝑢(𝑛),⋯ , 𝑢(𝑛 −
𝑞 + 1), where 𝑓() is a nonlinear function of its independent 

variable [27]. 
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FIGURE 7.  Topology of NARX neural network. 

B.  NNPC PREDICTION PROCESS 

To determine the appropriate valve rotation angle, NNPC has 

a mechanism to simulate the knee prosthesis movement at any 

valve rotation angle. It uses the NARX neural network model 

to get predicted knee angle in each process of iteration 

optimization to obtain the optimal valve rotation angle. The 

NNPC prediction principle of the knee joint angle during 

swing phase is shown in Fig. 8. 

 

FIGURE 8.  NNPC prediction principle of the knee joint angle during 
swing phase. 

The calculation process of the NARX neural network in 

NNPC is shown in Fig. 9. At time t, the valve rotation angle 

(𝛼) and the measured knee angle (𝜃𝑘) are used as the inputs of 

the NARX neural network model. The model first predicted 

the knee angle at time t+1, and then take the knee angle 

predicted at time t+1 and the random valve rotation angle as 

the input data of the model, thus predicting the knee angle at 

time t+2. 

 

FIGURE 9.  Calculation process of NARX neural network. 

In Fig. 9, 𝜃𝑘(𝑡) is the measured knee angle at time t, 𝐴(𝑡) 
is the random valve rotation angle at time t, and 𝜃𝑘

′ (𝑡 + 1), 
𝜃𝑘
′ (𝑡 + 2) , and 𝜃𝑘

′ (𝑡 + 3)  are the predicted knee angle at 

time t+1, t+2, and t+3, respectively. The loop proceeds in this 

way until the maximum prediction horizon is reached. NNPC 

optimizes these valve rotation angle signals and chooses the 

one with the least error. 

IV.  IMPLEMENTATION 

A.  KNEE PROSTHESIS PROTOTYPE AND GAIT 
SIMULATION AND EVALUATION WORKBENCH 

The prototype of the knee prosthesis uses similar frame to our 

previous hydraulic knee design [14] to reduce development 

cost and time, as is shown in Fig. 10. The novel hydraulic 

microprocessor-controlled damper is installed in the external 

housing. The top of the piston rod is coaxially connected to the 

thigh section of the knee prosthesis, and the bottom of the 

hydraulic cylinder is coaxially connected to the shank section. 

A DC motor (Maxon Motor DCX10L, 4.5V, 1.5W, gear stage 

16:1) acts as the power source for the fan valve rotation. A 

load cell (HBM, JHBM-H3) is installed in the ankle pylon to 

measures the ground reaction force data. An angle encoder 

(MIRAN, WOA-C) is installed on the knee rotation axis to 

measure the knee angle data. A miniature 9-axis inertial sensor 

(LPMS-ME1, ALUBI) attached to the ankle joint is used to 

measure the trajectory of the prosthetic limb end. 

The total weight of the knee prosthesis is estimated as 1489 

g, which includes the hydraulic microprocessor-controlled 

damper (928 g), the outer structure and tube adapter (445 g), 

and a battery (116 g), which is lighter than the most similar 

and advanced commercial variable-damping knee prosthesis, 

C-Leg 4® (2.47 kg, Otto Bock Healthcare, GmbH, Duderstadt, 

Germany). 

 

FIGURE 10.  Prototype of the knee prosthesis. 

The final knee prosthesis prototype is assembled on a self-

built gait simulation and evaluation workbench to implement 

the proposed control method and quantitatively evaluate 

overall system performance. The principle and prototype of 

the workbench are shown in Fig. 11. The mechanical structure 

of the proposed platform is composed of healthy leg module 

and prosthetic leg module. The workbench has two main 

functions: (1) Simulating and measure normal hip and knee 
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angles in real time at different speeds; (2) Simulating the 

driving force of hip joint on the prosthetic side to evaluate the 

performance of the knee prosthesis. Angle sensors are used to 

record the knee angle data of the healthy and prosthetic leg. 

 
(a)                                                           (b) 

FIGURE 11.  The principle and prototype of the workbench. (a) 
Prototype, (b) Design principle. 

C.  ONLINE SIMULATION OF NNPC DURING SWING 
PHASE 

In order to preliminarily verify the control effect of the 

algorithm at different speeds, the simulation was carried out 

based on MATLAB platform. The predicted knee angle (𝜽𝒌
′ ) 

and control valve rotation angle (𝜶) during swing phase were 

simulated and analyzed at slow speed of 0.6m/s, medium 

speed of 1.1m/s and fast speed of 1.6m/s. 

1)  SIMULATION SET UP 

The simulation system is constructed by MATLAB Simulink 

and consists of the NNPC controller and the coupling model 

of workbench, as shown in Fig. 12. In the coupling model of 

workbench, the hip and knee joints of the healthy side and 

the hip joint of the prosthetic side are driven by motors 

according to the desired knee angle data (𝜃𝑘(𝑑𝑒𝑠𝑖𝑟𝑒𝑑)) and 

absolute angle of thigh from the horizontal (𝜃𝑡) measured in 

Section III-C, so as to simulate actual hip or knee trajectories 

of the subject at different walking speeds. The knee joint of 

the prosthetic side, the knee prosthesis, is controlled by the 

NNPC controller, which has a constraint that the knee angle 

cannot go below 0. 

In the NNPC controller, the NARX neural network is used 

to construct the prediction model, which is set as the 

parameters in Table Ⅱ. The training dataset includes two 

inputs of knee angle and valve rotation angle, and one output 

of future knee angle. In order to generate the training dataset, 

the hip joint on the prosthetic side of the workbench runs 

according to the set trajectory, the valve rotation angle of the 

knee prosthesis changes randomly every 20 ms in the range 

of -35° to 35°. The training dataset including 600 inputs and 

outputs of NARX model is finally generated. The dataset is 

randomly divided into three groups, which are composed of 

training data, validation data and test data in the ratio of 

60:20:20.  
TABLE Ⅱ 

PARAMETERS FOR NARX 

Parameter Value 

Input delay module 3 

Feedback delay module 3 

Number of hidden layer neurons 10 
Training algorithm Trainlm (Levenberg-Marquardt) 

Error function setting Mean Squared Error (MSE) 

 

 

FIGURE 12.  NNPC simulation system. 
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(a)                                                                                                 (b) 

FIGURE 13.  Convergence states of models. (a) NARX, (b) NNPC. 

The Levenberg–Marquardt algorithm [28] is applied for 

training. The error function is set at the mean square error 

(MSE). The training process will stop when the MSE value 

does not significantly decrease within 5 iterations or reach 

the maximum number of iterations (set to 200). The NARX 

model and the overall NNPC model are optimized for 

convergence respectively, and the convergence states are 

shown in Fig. 13. The mean squared errors of the NARX 

model and the overall NNPC model reach 10-12 and 10-6 

respectively, reaching the target requirements. 

2)  SIMULATION RESULTS 

The results of NNPC during swing phase are shown in Fig. 

14. The position in which the two channels are free is set to 

the initial position of the fan valve, and the counterclockwise 

rotation is the positive direction of the valve rotation. As 

shown in Fig. 3, the valve rotation angle is 35° when the 

flexion channel is blocked, -35° when the extension channel 

is blocked, and -70° when the two channels are blocked. 

Table Ⅲ shows the normalized root mean square errors 

(NRMSE) of the control model at three different walking 

speeds. The error results of the controller are collected as the 

mean value from stable runs out of 50 runs. 
TABLE Ⅲ 

NRMSE OF NNPC MODEL AT THREE DIFFERENT WALKING SPEEDS 

Walking Speed [m/s] NRMSE [%] 

0.6 1.04 

1.1 1.92 

1.6 2.89 

From the simulation results, it can be seen that the knee 

angle obtained by NNPC has a high approximation to the 

desired healthy knee angle at different speeds, but the error 

rate of the predictive control model increases as the speed 

increases. 

 
(a)                                                                              (b)                                                                                (c) 

     
                                          (d)                                                                               (e)                                                                               (f) 

FIGURE 14.  Valve rotation angle and knee angle obtained by simulations at three walking speeds during swing phase. (a) Knee angle at 0.6m/s, (b) 
Knee angle at 1.1m/s, (c) Knee angle at 1.6m/s, (d) Valve rotation angle at 0.6m/s, (e) Valve rotation angle at 1.1m/s, (f) Valve rotation angle at 1.6m/s. 
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V.  OFFLINE GAIT SYMMETRY EXPERIMENTS 

In order to more intuitively and effectively compare the 

trajectory tracking performance of NNPC with the fuzzy 

logical control proposed in the previous work [14], and 

verify that NNPC can improving the approximation of 

healthy gait characteristics, a knowledge base containing the 

mapping relationship between walking speeds and valve 

rotation angles is established to realize the offline closed-

loop control. The diagram of the gait symmetry experiments 

is shown in Fig. 15. 

 

FIGURE 15.  The diagram of the gait symmetry experiments. 
Since the major function of the knee prosthesis during 

stance phase is to support the body weight and ensure 

stability, the flexion damping is adjusted to the highly 

damped state when the valve rotates 30 degrees during this 

phase. The division of stance phase and swinging phase can 

be realized by the load cell in the ankle pylon. The pressure 

signal greater than 0 means entering the stance phase, and 

the pressure signal means entering the swing phase. The 

force signal greater than 0 means entering the stance phase, 

and equal to 0 means entering the swing phase. The gait 

symmetry is the gait parameters which contain the 

information of gait characteristics selected from the gait 

cycle to calculate the gait differences between the healthy 

and prosthetic legs, representing the adaptability to speed 

changes of the variable-damping knee prosthesis using 

neural network predictive control [29]. Four indices 

introduced by Błażkiewicz et al. [30] are used to evaluate the 

gait symmetry. Assuming that XL < XR, where XR and XL are 

the values of the defined parameter for the healthy and 

prosthetic limbs. 

(1) RI (Ratio Index): RI = (1 −
𝑋𝐿

𝑋𝑅
) ∙ 100% 

RI = 0 indicates complete symmetry, while RI ≥ 100% 

indicates asymmetry. 

(2) SI (Symmetry Index): SI =
|𝑋𝐿−𝑋𝑅|

0.5∙(𝑋𝐿+𝑋𝑅)
∙ 100% 

SI = 0  indicates complete symmetry, while SI ≥ 100% 

indicates asymmetry. 

(3) GA (Gait Asymmetry): GA = ln (
𝑋𝑅

𝑋𝐿
) ∙ 100% 

GA= 0 indicates complete symmetry, while GA ≥ 100% 

indicates asymmetry. 

(4) SA (Symmetry Angle): SA =
45°−𝑎𝑟𝑐𝑡𝑎𝑛(

𝑋𝐿
𝑋𝑅

)

90°
∙ 100% 

SA = 0 indicates complete symmetry, while SA ≥ 100% 

indicates asymmetry. 

Fifty gait cycles that were effectively divided into stance 

phase and swing phase by the load cell were selected to 

evaluate the symmetry indices between healthy and prosthetic 

angles at different speeds. The angles of healthy and prosthetic 

knee were transformed in the same gait cycle to show the 

periodicity. The healthy and prosthetic limb end motion curves 

and knee angle trajectories at 0.6 m/s, 1.1 m/s and 1.6 m/s, 

respectively, are shown in Fig. 16 and Fig. 17. Table Ⅳ shows 

the values of symmetry indices calculated at these three 

walking speeds. It shows that there is a significant difference 

in symmetry between stance phase and swing phase and the 

gait is more asymmetrical during stance phase than during 

swing phase. This is due to the valve maintains a fixed high 

flexion damping position during stance phase, which results 

in the standing flexion angle of the knee joint smaller than the 

normal value. Since this paper mainly studies the control 

method of swing phase, it focuses on the gait symmetry of 

swing phase rather than stance phase. During swing phase, the 

four indices are all smaller than their boundary values at 

different walking speeds, RI<12, SI<13, GA<13, SA<4. As 

the speed increases, the value of the indices increase, which is 

the same as the simulation result based on MATLAB. 

 

FIGURE 16.  The motion curves of the healthy limb end and prosthetic limb end. 
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FIGURE 17.  The knee angle of the both sides at different walking speeds. 

 
TABLE Ⅳ 

SYMMETRY INDICES DATA CALCULATED UNDER DIFFERENT SPEEDS 

Walking 
Speed 

[m/s] 

Gait 

Phase 
RI [%] SI [%] GA [%] SA [%] 

0.6 
stance 29.71 35.25 35.70 11.09 

swing 6.35 6.68 6.70 2.12 

1.1 
stance 27.80 30.65 31.13 9.61 

swing 8.51 9.06 9.42 2.99 

1.6 
stance 89.06 60.54 78.88 17.62 

swing 11.65 12.08 12.67 3.99 

VI.  DISCUSSION 

The variable-damping knee prosthesis with a novel hydraulic 

damper using the neural network predictive control scheme 

during swing phase was proposed in this paper. The novel 

hydraulic damper is provided with an external fan valve 

structure. In the previous work of our team, two needle valves 

were respectively controlled by two linear motors [15], in 

order to fix this shortcoming, we designed a built-in butterfly 

valve structure controlled by a single motor [14]. However, 

when the oil is compressed in the chamber, the motor will 

suffer a great axial load, which will lead to out-of-step and 

inability to reach the specified position during the adjustment 

process, seriously affecting the performance of the damping 

adjustment of the prosthesis. In this paper, the external fan 

valve structure of the hydraulic damper can not only realize 

independent and continuous adjustment of flexion and 

extension damping by a single motor, but also can effectively 

avoid the axial load acting on the motor in the damping 

cylinder.  

NNPC is proposed to use as a controller to control the novel 

hydraulic damper during swing phase. The simulation was 

carried out based on MATLAB platform utilizing the coupling 

model of workbench composed of knee prosthesis prototype 

and gait simulation and evaluation platform, so as to 

preliminarily verify the online feasibility and effectiveness of 

the algorithm at different speeds. In the previous work of our 

team [14], a fuzzy logical speed adaptive control scheme 

based on maximum flexion angle during swing phase was 

designed to realize the automatic adjustment of damping, but 

the walking speed need be classified and a knowledge base 

containing the mapping relationship between the walking 

speeds and the valve opening need be established. In order to 

more intuitively and effectively compare the trajectory 

tracking performance of NNPC with the fuzzy logical control, 

a knowledge base containing the mapping relationship 

between walking speeds and valve rotation angles is 

established according to results of the online simulation of 

NNPC, and the results of the offline gait symmetry 

experiments show that symmetry degree is in the normal range. 

The knee joint trajectories obtained by the similar gait 

symmetry experiments of fuzzy logical control can be seen in 

[14], and the calculated indices values of swing phase using 

the same four indicators as in this paper are shown in the Table 

Ⅴ. Fig. 18 shows the comparison of the symmetry indices 

values between NNPC and fuzzy logical control. 
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TABLE Ⅴ 
SYMMETRY INDICES DATA IN SWING PHASE USING FUZZY LOGICAL 

CONTROL 

Walking 

Speed 

[m/s] 

RI [%] SI [%] GA [%] SA [%] 

0.6 9.40 8.63 10.12 3.21 
1.1 11.50 11.83 11.88 3.75 

1.6 12.28 12.98 15.85 5.57 

The results indicate that NNPC improves the gait symmetry  

from the fuzzy logical control at different walking speeds as 

the values of symmetry indices are significantly decrease in 

the range of 5.13% to 33.96%. This is because fuzzy logical 

control can only adjust the valve angle twice when entering 

the swing flexion and swing extension phase, and cannot 

accurately track the angle trajectory of healthy knee joint, 

whereas NNPC has the ability to determine a suitable value 

rotation angle during each control interval, thus providing 

better gait symmetry. 

       
(a)                                                                                               (b) 

        
(c)                                                                                               (d) 

FIGURE 18.  Histograms of values of the RI, SI, SA and GA symmetry indices using NNPC and fuzzy logical control. (a) RI values, (b) SI values, (c) GA 
values, (d) SA values. 

 
VII . CONCLUSION 

This study proposed a variable-damping knee prosthesis with 

a novel hydraulic damper using neural network predictive 

control (NNPC) scheme during swing phase. The external fan 

valve structure of the hydraulic damper can not only realize 

independent and continuous adjustment of flexion and 

extension damping by a single motor, but also can effectively 

avoid the damping adjustment failure caused by excessive 

load. NNPC was proposed to use as a controller to control the 

novel hydraulic damper during swing phase. The simulation 

was carried out based on MATLAB platform utilizing the 

coupling model of workbench composed of knee prosthesis 

prototype and self-built gait simulation and evaluation 

platform, so as to preliminarily verify the online feasibility and 

effectiveness of the algorithm at different speeds. In order to 

more intuitively and effectively compare the trajectory 

tracking performance of NNPC with the fuzzy logical control 

proposed in previous work of our team, the offline gait 

symmetry experiments are designed to observe its 

performance by evaluating symmetry indices based on the 

workbench. The values of symmetric indices obtained by the 

two control methods are compared. These results indicate that 

NNPC can mimic knee trajectory of a normal gait and 

generates better results compared to the fuzzy logical control. 

To sum up, the proposed variable-damping knee prosthesis 

can make a good performance on improving the 

approximation of healthy gait characteristics and meet the 

fundamental requirements of walking at various walking 

speeds. In the future work, online control and optimization 

will be realized by running NNPC on microcontrollers. 
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