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Abstract

:

This paper presents a microcontroller-based solution for generating real-time normal walking knee angle of a powered transfemoral prosthetic leg prototype. The proposed control algorithm was used to determine the prosthetic knee angle by utilizing seven hip angle movement features generated from only the inertia measurement unit (IMU) deployed on the prosthetic socket on the thigh of the same side. Then, a proportional–integral–derivative (PID) controller is developed to control the motor to reach the desired knee angle in real time. Furthermore, a novel parallel four-bar linkage-based master–slave validation framework combining a motion capture system was introduced to evaluate the performance of the knee angle generation on a speed-adjustable treadmill with able-bodied subjects. In the framework evaluation, 3 different walking speeds were applied to the treadmill to validate different speed adaptation capabilities of the prosthetic leg control system, precisely 50 cm/s, 60 cm/s, and 70 cm/s. Through the proposed 4-bar linkage framework, the prosthesis’s movement can simulate able-bodied subjects well with maximum RMSE never exceeding 0.27° in the swing flexion phase, 4.4° to 5.8° in the stance phase, and 1.953° to 13.466° in the swing extension phase. The treadmill results showed that the prosthetic leg is able to perform a normal walking gait following different walking speeds of the subject. Finally, a corridor walking experiment with a bypass adapter was successfully performed to examine the feasibility of real prosthetic walking situations.
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1. Introduction


Transfemoral prosthetic legs are necessary technical aids for above-the-knee amputees, partially fabricated regarding artificial knee mechanics [1,2,3]. Conventional transfemoral prosthetic legs are pin-joint-based designs or polycentric designs. Various efforts to obtain a higher performance in achieving a normal gait for powered transfemoral prosthetic legs have been reported. To achieve a normal gait walking, the transfemoral prosthesis system should be able to detect or predict the current gait phase based on the input information from the amputee. Then, a proper knee angle motion can be generated based on the detected or predicted gait phase. Thus, the motion of the healthy and the amputated side could become synchronized. It is crucial to maintain the balance of the amputee during walking.



To adapt to joint movement, the microprocessor-controlled prosthetic legs are modern prostheses that use the sensor information to obtain natural knee function for transfemoral amputees. In general, there are two main types of microprocessor-controlled prosthetic legs [4]: passive (variable damping) and active (powered). Compared with the passive prosthetic leg, the active prosthetic leg allows the amputee to perform more powered-demanding tasks with less effort using the powered supply or battery. In recent years, some novel prosthesis leg designs have been proposed. Yu et al. [5] presented the ankle prosthesis design to achieve the ability of smooth and instant switching between passive and active modes in terms of an integrated electrohydrostatic solution. Moreover, Zhu et al. [6] presented a portable high-torque robotic knee prosthesis, and their performance (agile and high-demanding activities) was confirmed via three able-bodied subject experiments. Additionally, clutchable series-elastic actuators [7] and high-torque and low-impedance actuators [8] were also practical for prosthetic knee and ankle design. In addition to novel prosthesis design, simple and low-cost microprocessor-controlled prosthetic legs [4] are also capable of sensing information to obtain normal knee function for transfemoral amputees to achieve dynamic adaptation in controlling joint movement. Authors in [9,10,11] used non-IMU sensors, e.g., pressure sensor, uniaxial force transducer, and proposed rules to compare axis force or knee angle to adjust walking speed. On the other hand, some powered prosthesis patents [11,12,13] are equipped with an IMU sensor, allowing researchers to record the position and orientation of the prosthetic leg in the world reference frame and information on step height and step length. These patents show the feasibility of the practical use of IMU for real-time data collection and further computation.



Furthermore, the control strategies used in microprocessor-controlled prosthetic legs still have room to discover. Lee et al. [1] reported transfemoral prosthetic knee design issues, especially when performing natural human knee motions. The mobility of above-knee amputees is limited by the lack of available prostheses that can efficiently replicate biologically accurate movements. Hence, Rouse et al. [7] designed a clutchable series-elastic actuator (SEA)-actuated powered knee prosthesis, and Elery et al. [8] presented the design and validation of a powered prosthesis. Their powered knee and ankle prostheses effectively used high-torque and low-impedance actuators. Galey et al. [14] designed an E-Knee prototype and built a decision control matrix to identify the swing control methods. However, the experiment was limited due to the satisfying condition of each feature. It is also crucial to control the prosthetic leg to identify the phases of the gait cycle based on the information sensors provide. Thatte et al. [13] proposed a robust and adaptive stance control scheme for lower limb prostheses. Gait phase estimation was effectively realized via the extended Kalman filter. The study focused on phase prediction and control of the stance proportion in a gait cycle, not allowing to parameterize both the stance and swing behaviors. Dey et al. [15] also demonstrated a successful continuous prediction of joint angular positions and timing. Their approach was desired to perform an active knee-ankle prosthesis control strategy by recognizing movement intention for powered-leg prosthesis users. Their approach utilized deep generative models with data augmentation techniques to improve the learning robustness. Because of the gap between the able-bodied subject and prosthesis, online learning was utilized by dynamically adding trees to adapt to the new training data. However, data acquisition is not feasible in real-life conditions, and the robustness of the model is heavily dependent on input factors. The detection of gait events was also performed by Skelly et al. [16]. The authors attempted to detect gait events for paraplegic functional electrical stimulation (FES) walking in real time, and force-sensitive resistors were deployed on the sole of the foot to provide input. The proposed fuzzy algorithm was utilized to estimate and detect gait events. Although achieving considerable results, the learning- or rule-based methods required high computational complexity or training large data to perform natural walking gait.



Given the capability of estimating different gait events, transfemoral prosthetic legs must be designed with self-adaptation for further actions. In particular, the critical artificial knee angle trajectory under various walking speed settings must be generated automatically. Lenzi et al. [17] proposed a speed adaptation control approach for robotic transfemoral prostheses. Their work employed ten IMUs and one ground reaction force (GRF) sensor as the input devices, and an able-bodied subject conducted their experiments with a bypass adapter and a prosthetic leg to test five different walking speeds. Mendez et al. [18] proposed an indirect volitional prosthetic control mechanism for above-knee amputation. Their study aimed to achieve the control of prostheses adaptable to different walking speeds when walking over obstacles. Wen et al. [19] investigated the influence on the gait symmetry of human wearers based on a robotic transfemoral prosthesis. Tommaso et al. [20] utilized the shank orientation derived from the accelerometer combined with the knee and ankle angles of the prosthetic leg to estimate the walking speed. Meanwhile, Quintero et al. [21] and Kevin et al. [22] transformed the gait cycle into a single variable, and the model could be trained with able-bodied joint trajectories under various tasks and speeds to generate desired joint angles as a function of the phase variable. However, most studies focused on designing a control framework that utilized information collected from multiple sensors. For algorithms with low computational complexity considerations, Naber et al. [23] developed a low-cost embedded system for myoelectric pattern recognition. Their solution was based on stationary wavelet processing and data imputing for real-time prosthesis implementation. Tran et al. [24] proposed a new active variable transmission (AVT) to adjust speed and torque for different ambulation activities in terms of a hierarchical control system with three nested layers.



Besides the advantages in stability, gait, or metabolic rate of prosthetic legs, the high cost is also essential, making prosthetic devices inaccessible to most amputees. Through surveys of commercial prostheses [25], Ossur Power Knee can range from 70,000–90,000 USD for a complete solution. The Ottobock C-Leg Bionic Knee costs 40,000–50,000 USD (including the socket, prosthetic foot, and all extra fees). The Ottobock Genium X3 Knee typically is more than 100,000 USD (including the socket, prosthetic foot, and other fees). Therefore, a simple and light computational solution by configuring an IMU and a low-cost microcontroller equipped with a motorized above-knee prosthetic leg to perform natural walking patterns is desirable for developing a low-cost solution.



To evaluate the validity of the algorithm, most current studies utilize bypass sockets to verify the result by healthy participants for the performance evaluation of the prosthetic legs. Some researchers have been working on the design of an open-source, low-cost bypass socket [26,27], allowing more convenient simulation. However, this tool lacks the simultaneous reference of the actual walking pattern, which may lead to inaccuracy of comparison between natural and prosthesis-assisted walking. To analyze the walking gait, some motion-capturing frameworks were introduced. Goldfarb et al. [28] proposed an open-source toolkit to ingest, parse, and analyze Vicon mocap data and perform gait analysis. Moreover, Refs. [29,30] took advantage of the vision system for gait spatial–temporal parameters. However, these frameworks only analyze human gait. To pursue a more convincing evaluation, tools that allow synchronized walking trajectory tracking on both the human leg and prosthetic leg are desired. Thus, this paper introduced a novel parallel four-bar linkage-based prosthetic master–slave validation framework, which can verify the similarity between the prosthetic leg and natural human leg walking patterns. According to the importance of prosthetic gait model classification and self-adaption, this study proposes a simple yet sufficient method to control the prosthesis while performing a normal walking gait motion and being able to adapt to different walking speeds automatically.



In general, this study aims to design an empowered transfemoral prosthetic leg prototype, which is manipulated by a control framework to extract seven hip movement features extracted from only the attached thigh’s IMU sensor. The proposed control framework is based on the definition of phase in a normal gait cycle, which only requires a relatively small dataset for investigating patterns and low-cost computational complexity. Moreover, the proposed novel parallel four-bar linkage-based prosthetic master–slave validation framework is desired to connect able-bodied subjects and the distal prosthetic leg module, and such an assessment mechanism is able to quantitatively evaluate the synchronization and trajectory tracking between the subject’s knee angle and the prosthetic knee angle exactly with a motion capture system. Finally, the overall structure of our proposed control framework and the proposed four-bar linkage-based prosthetic validation framework is illustrated in Figure 1.




2. Materials and Methods


2.1. Characteristics of Knee and Hip Angles


2.1.1. Knee Angle Characteristics of Normal Walking


In this paper, since the hip angle is the primary input of our system to generate the knee angle, it is essential to comprehend the characteristics of the hip angle during a normal walking cycle. Generally, the patterns of hip angle during normal walking are similar, and only the amplitude and the frequency are slightly different in each person [31]. The walking gait cycle involves two main phases: the stance phase (60% of the gait cycle) and the swing phase (40% of the gait cycle) [32]. The leg posture of each event during a gait cycle is shown in Figure 2.



The walking gait cycle has traditionally been divided into eight events or periods [33]. Five events occur during the stance phase, and three events occur during the swing phase. The stance phase events are heel strike, foot-flat, mid-stance, heel-off, and toe-off. It is noted that the push off indicated in Figure 2 represents a combination of the heel-off and toe-off events. The swing phase events are early swing (or acceleration), mid-swing, and late swing (or deceleration). According to [34], the resultant force experienced by the hip joint depends on an individual’s body weight and muscle strength. During the act of walking, this force has been estimated to be approximately three times the individual’s body weight. The highest magnitude of force occurs when the foot is flat on the ground, while the force is at its minimum during the swing phase.



To investigate the eight gait events for identification, the hip and knee angles of normal walking gaits collected from able-bodied subjects were experimentally arranged. Two walking cycles were investigated, as shown in Figure 3a, with each gait event corresponding to the data in Figure 2 labeled with a blue circle, starting from number 1 to number 8. The identification was performed heuristically during normal walking to find the related angle relationships shown in the graph. The main aim of the proposed algorithm is to generate a proper knee angle value based on the hip angle value. In this paper, the knee angle pattern sequences are divided into essential parts to ease the construction of our algorithm. Then, a comprehensive exploration of the role in each part is performed. Finally, an appropriate and feasible algorithm is constructed to generate the knee angle. Therefore, this study divides the knee angle pattern into three main parts, as shown in Figure 3b, including stance, swing flexion, and swing extension phases.



Based on this categorization, the target knee angle can be divided into two essential sections: the maximum straight when the knee angle is 0 degrees and the maximum swing angle. During the stance phase, angle variations are found in the knee angle pattern. The angle variation is due to the heel strike phase, the transition from single-support to double-support, and the mid-stance phase when the entire body mass rests on the stepping leg. Since external factors cause the angle variation, our system does not need to calculate or produce such an angle variation. Consequently, the proposed system only needs to give the default angle for the stance phase. The maximum swing angle needs to be calculated by the walking speed.



Along with the change in the walking speed and the maximum swing angle, the speed of the actuator could be adjusted to achieve an appropriate gait phase at the right time. However, in the proposed system, the instruction to perform the swing flexion phase begins at the heel-off phase, and it occurs two phases earlier than the swing phase during normal walking, as mentioned previously. The reason is that when the prosthesis shank moves from a stationary position and the direction of motion against gravity, there will be a delay of several milliseconds during the acceleration time of the actuator. Therefore, if the swing flexion instruction is given at the toe-off phase, the lagging swing phase will be longer, and the prosthesis movement will not be appropriate.



Another important aspect is determining when to give the target knee angle instructions.



From Figure 4, the heel-off phase begins when the following conditions are satisfied: (1) hip angle is decelerating; (2) thigh direction is swinging backward; and (3) hip angle is smaller than 0°. In addition, the swing extension phase begins if the following conditions occur: (1) hip angle is decelerating; (2) thigh direction is swinging forward; and (3) hip angle is greater than 0°.



Based on the previous descriptions, a finite-state machine (FSM) representing the conditions could be desirable. Therefore, a threshold is added to divide the thigh position into two parts: the front and rear. This threshold value is set initially to be smaller than 0° to prevent reading errors of the deceleration conditions. The reason is that one’s thigh can generally still move a few degrees greater or less than 0° while standing or at the stance phase. The proposed finite-state machine (FSM) diagram is shown in Figure 5.




2.1.2. Hip Angle Features According to Walking Phases


Based on the FSM, the essential features of the hip angle could be extracted for the target knee angle and the actuator speed limit calculation. The definitions of hip and knee angles are illustrated in the left part of Figure 6. In addition, the positions of the markers for the motion-capturing system are mounted on the hip, knee, and ankle joints of the subject’s right leg and the prosthetic leg, as shown in the middle and right parts of Figure 6. Therefore, there are seven essential features to be extracted from the hip angle, as illustrated in Figure 7:




	1.

	
Smallest hip angle;




	2.

	
Largest hip angle;




	3.

	
The peak-to-peak value of the hip angle (  H i  p  p − p    );




	4.

	
Gait period (  Δ t  );




	5.

	
Average angular velocity of the hip swing (    ω ¯   h i p    );




	6.

	
The starting point of deceleration in the backward direction;




	7.

	
The starting point of deceleration in the forward direction.









The smallest and the largest hip angle features are used to calculate the hip’s peak-to-peak value (  H i  p  p − p    ). The other feature is the angular velocity or     ω ¯   h i p     of the hip angle during the swing forward, which is essential to find the speed limit for the actuator. This feature is affected by the   Δ t   value and   H i  p  p − p     value. The primary purpose of setting this speed limit value is to consider the actuator’s PID control for practical considerations. By giving a limit value for the maximum speed of the actuator, the speed of the actuator will not surpass the limit value. This limit speed value will always be the initial speed for the actuator when the target knee angle changes. The speed value will then change until the accumulated speed that results from each PID gain is smaller than the limit speed value. Finally, starting points of backward hip deceleration and forward hip deceleration are shown as Features 6 and 7. The backward hip deceleration feature represents deceleration when the thigh direction is swinging backward, while the forward hip deceleration feature represents deceleration when the thigh direction is swinging forward, as mentioned previously. These features indicate the beginning of the swing flexion phase and the swing extension phase. The timing of performing the swing phase is needed to make foot clearance during the swing phase, and such foot clearance is also a vital factor in the swing phase to prevent stumbling [35].



The   H i  p  p − p     value is also used to calculate the target knee angle (   A  k n e e    ). This consideration is based on the observation that when the walking speed increases, the knee angle amplitude and the hip’s peak-to-peak value also increase. Thus, the ratio between the knee angle amplitude and the hip peak-to-peak value in both walking and running patterns is similar, as shown in Figure 8 and Table 1. In detail, Table 1 shows that the ratio values during walking and running are close, and the empirical ratio is approximately 1.82, which is the average ratio of the sample data. Consequently, this value can be further used to calculate the target knee angle or the amplitude knee value.





2.2. Knee Angle Generation and Prosthetic Control


2.2.1. Knee Angle Amplitude and Actuator Speed Limit


By knowing the ratio between the hip’s peak-to-peak value and knee amplitude value, this ratio value can be used as a parameter with a constant value to calculate the target knee angle. To ease the use of the calculated ratio parameter, the ratio value is named as   C  A  k n e e     constant in this study. Since an individual’s physical posture and walking habits are different, the ratio between the hip’s peak-to-peak and knee angle amplitude of each person could be different. Thus, the   C  A  k n e e     value could be adjusted to obtain the best fit for the walking gait habit of the user.



The target knee angle    A  k n e e     can be calculated by multiplying the hip’s peak-to-peak value (  H i  p  p − p    ) with the   C  A  k n e e     value, as expressed by the following:


   A  k n e e   = H i  p  p − p   × C  A  k n e e    



(1)







To calculate the speed limit for the actuator, it is necessary to know the correlation between the given motor’s PWM value of the brushless DC motor as well as the angular velocity of the hip swing (    ω ¯   h i p    ). To obtain the required PWM to actuate the knee angle from a straight position to the maximum swing flexion angle, several pieces of information, such as the maximum angular velocity value of the brushless DC motor, the total gear reduction ratio, the lead value of the ball screw, and the kinematics of the prosthesis, must be known. For example, the required PWM value to actuate a knee angle from 0 to 60° in 400 ms is 135 in a 255 PWM range value. The     ω ¯   h i p     value of the hip swing in the same gait cycle is 4.4 deg/0.1 s. Then, the correlation value is the ratio between the required PWM value and the     ω ¯   h i p     value, and the result can be used as a parameter with a constant value to calculate the speed limit for the actuator. This parameter is called   C  M  l i m    , which is expressed as follows:


  C  M  l i m   =   P W M     ω ¯   h i p      



(2)







If the   C  M  l i m     value is known, the maximum limit speed (   M  l i m    ) of the actuator can be calculated as follows:


   M  l i m   =   ω ¯   h i p   × C  M  l i m    



(3)







Since this value is set as the PWM value for a practical motor driver, the minimum and maximum values cannot surpass the system’s minimum and maximum PWM values. In this system, the maximum PWM value is 255; thus, if the    M  l i m     value is greater than 255, the value of    M  l i m     will be set as 255.




2.2.2. Whole Process Integration


The proposed system is shown in Figure 9, consisting of (a) the software architecture and (b) the system block diagram. For the software architecture, two subroutines are implemented. The first subroutine executes at a high frequency (1 kHz), and it deals with the data collection of hip angle (via an IMU) and knee angle (via an encoder) as well as the PID knee actuator (via a DC brushless motor) control. The second subroutine is executed at a frequency of 100 Hz, and it addresses the knee angle generation and speed limitations. Two subroutines collect sensor data and generate knee angle control commands. A timeout timer is desired to prevent the prosthesis from staying in a swing flexion position if the user stops their thigh movement in the swing flexion position. If this occurs, the timeout timer can send the parameter values, resulting in the desired knee angle of 0°; hence, the prosthesis will be straightened. Moreover, when the target knee angle and speed limit value have been determined, the next step is deploying those values to the PID controller as the information to actuate the knee angle, as indicated in the first subroutine. The following describes the details of generating the target knee angle and the maximum speed limit for the DC motor, as indicated in (4) to (6).


  d e c e l =  {      1 ,   ⃒      θ ¨    h i p   < 0       0 ,   ⃒      θ ¨    h i p   ≥ T        



(4)







  d e c e l   is a variable that indicates the detection status of the deceleration event of the hip angle,      θ ¨    h i p     is the deceleration of the hip angle, and  T  is the threshold close to 0.


   M  l i m   =  {             M  l i m   ,   ⃒    (  θ ≥ T  )  ∧  (  d i r = 1  )  ∧  (  d e c e l = 1  )          ω ¯   h i p   × C  M  l i m   ,   ⃒    (  θ < T  )  ∧  (  d i r = 0  )  ∧  (  d e c e l = 1  )         



(5)






   A  k n e e   =  {                  0 ,   ⃒    (  θ ≥ T  )  ∧  (  d i r = 1  )  ∧  (  d e c e l = 1  )        C  A  k n e e   × H i  p  p − p   ,   ⃒    (  θ < T  )  ∧  (  d i r = 0  )  ∧  (  d e c e l = 1  )         



(6)




  d i r   represents the swing direction of the thigh; its value will be 0 if the thigh is backward swinging and 1 for forward swinging. Such an operation follows the system block diagram shown in Figure 9b.




2.2.3. Design of the Prosthetic Leg Prototype


Although prosthetic gait model classification and self-adaption are the major research topics, a physical transfemoral prosthesis prototype is still necessary for practical validation. Hence, this work designed and fabricated a 4-bar linkage artificial knee mechanism driven by a DC brushless motor and a ball screw with a 15 mm pitch. The combination of a gearbox and timing pulley was used to increase the torque of the motor with a reduction ratio of 1:22.4. The overall mechanical structure of the prosthesis consists of three main sections: the knee section, the actuator section, and the suspension section. The knee section consists of a knee joint, an absolute encoder, a thigh-to-knee connector, a shank-to-knee connector, and a lever arm for connecting the ball screw. The knee part is designed to perform knee angles ranging from 0° (straight posture) to 90°. The rotor of the absolute encoder (12-bit data output resolution) should be the same angle as the knee joint angle. The actuator section consists of a Maxon motor with a gearbox and ball screw (Maxon EC-4pole/309757/320247) which is able to run longer at higher power values without overheating; a Maxon motor control 1-Q-EC amplifier DEC module 50/5 (380200) is able to drive EC-motor with power up to 250 W and a maximum speed of 1 pole pair EC-motor up to 80,000 rpm and a timing pulley. The suspension section consists of extension springs, lever arms for connecting springs, and spring extension tuners. Most of the parts for the mechanical structure of the prosthesis are made of aluminum alloy, where the mass and length of the powered transfemoral prosthetic leg are 3 kg and 350 mm, respectively. The design details can be seen in Figure 10. Since the prosthetic prototype is attached to amputee’s thigh using a bypass, the actuator section of the prosthetic is used to generate a target knee angle when amputee starts moving. Thus, the proposed prosthetic prototype has 1 degree of freedom (DOF) in X-axis, as illustrated in Figure 11.



An IMU sensor (MPU6050) should be mounted on the top of the knee part to read the hip angle of the prosthesis. The IMU sensor data is the information used to generate the target knee angle. The knee angle is obtained via an absolute encoder mounted on the knee joint. The primary design theme is to produce a real-time (100 Hz in this study); hence, each sensor data point is individually processed by a slave microcontroller to reduce the processing burden of the main microcontroller so that the response and processing time of the prosthesis can be faster and more efficient. The acquired sensor values will then be sent to the main microcontroller through serial communication. The main tasks of the main microcontroller are signal processing, target knee angle calculations, and actuator control. The main microcontroller uses a 32-bit Arduino with an 84 MHz processing speed.



The prosthesis control scheme uses a three-interrelated-level control architecture, including low-level, mid-level, and high-level controllers. In the low-level controller, the combination of the PID control and the feedback knee angle from the absolute encoder is used to control the knee angle toward the calculated target knee angle. In the mid-level controller, a finite-state machine (FSM) determines the timing to activate the stance, swing-flexion, and swing-extension phases and evokes the PID control system. Finally, in the high-level controller, the target knee angle and speed of the gait are generated. The algorithms for this controller’s level are the core focus of this paper, and the details are elaborated on in the following sections. The final mechatronic integrated fabrication with the deployments of sensors and microcontrollers is shown in Figure 12.






3. Results and Discussion


3.1. Experimental Setup


To validate the natural walking gait simulation from hip angle data, the experiment will be assisted by a mechanical thigh connected to a rigid aluminum frame by a 1 DoF (Degree of Freedom) revolute joint in the X-axis. The thigh motion of the prosthesis leg will be controlled by an able-bodied subject walking on a treadmill. The able-bodied subject’s thigh motion will be transferred to the mechanical thigh of the prosthesis rough an aluminum bar. The connections of the aluminum bar are 2 DoF for rotation in Z-axis and X-axis; thus, only the motion in the Y-axis direction will be transferred to the mechanical thigh. The prosthesis’s electronic connection and sensor alignment also needs to be appropriately set. The environment setup for the experiment is shown in Figure 13.



The experiment involves 5 able-bodied subjects, including young males and females from 21- to 27-year-olds, whose body height ranges from 160 to 185 cm and weight ranges from 50 to 80 kg, with 172.67 cm and 62.91 kg on average and 1.498 cm and 5.418 kg in standard deviation, respectively. The biometric information of experimental subjects can be found in Table 2.



According to Section 2.2.1, there are two critical parameters that need to be set for the prosthesis leg: knee amplitude gain   C  A  k n e e     and motor limit value   C  M  l i m    . To establish a proper value for each parameter, it is necessary to know the walking characteristics of able-bodied subjects. Hence, motion data acquisition, as shown in Figure 14, is required to find the best value parameters. IMU sensors are placed on the link of the target limb. The microcontrollers will receive the angle data from IMU and then send it to PC. In this experiment, Matlab software was used to process the angle data and obtain the joint angle of the target limb (   A  k n e e    ):


   A  k n e e   =  θ  x 1   −  θ  x 2    



(7)







Then, the estimated   C  A  k n e e     and   C  M  l i m     can be obtained by Equations (1) and (2). For   C  A  k n e e     value, it is acceptable if it has a small difference between the theoretical value and actual values, as long as the main purpose of the knee motion during walking has been fulfilled. The   C  A  k n e e     value may differ for each person, even when performing at the same walking speed, because of the person’s physical posture and walking habits. Therefore, to verify our proposed methods, we chose able-bodied subjects with similar walking behaviors in similar biometric information, as described in Table 2. In this paper, we select the   C  A  k n e e     is 1.8.



Moreover, according to the proposed finite state machine of the prosthesis in Section 2.1, to determine the interchanging moment between the stance phase (straight leg) and swinging phases, a threshold is defined iteratively. In particular, the threshold value is required to be less than the peak-to-peak value of the hip angle (  H i  p  p − p    ), i.e., around half of   H i  p  p − p    , and will be updated in every step cycle. The current threshold value will be applied to the knee angle calculation for the next walking cycle.




3.2. Experimental Results without Using a Bypass Adapter


For the first experiment, we are going to validate that the actuated prosthetic knee pattern can follow the subject’s knee pattern well. It is challenging for most researchers because it is difficult to obtain the ground of the prosthetic knee pattern when the experiments are applied to a healthy subject wearing a bypass adaptor or to an amputee wearing a prosthetic socket. Our paper proposes a four-bar linkage measurement solution. The construction of the four-bar linkage mechanism connecting an able-bodied subject and a distal prosthetic leg module is able to quantitatively evaluate the synchronization and trajectory tracking between the subject’s knee angle and the prosthetic knee angle with a motion capture system. Hence, the experiment constructed with a four-bar linkage mechanism configuration provided strong evidence of the knee angle following and synchronization performance based on confident knee pattern ground truth.



The preliminary experiments were conducted by an able-bodied subject walking on a powered treadmill. A parallel four-bar linkage was constructed for master–slave operation. During the experiment, the prosthesis was hung on a mechanical thigh with one degree of freedom to revolute the joint at the hip joint, as shown in the top part of Figure 15. The parallel four-bar linkage connects the subject’s thigh limb and the upper link of the powered transfemoral prosthetic leg module so that the pose of the subject’s thigh limb would be the same as that of the upper link of the powered transfemoral prosthetic leg module. Such an experimental setup is convenient and helpful for validating the synchronization of knee angle generation and control of the powered transfemoral prosthetic leg module without using any bypass adapter dressing on the able-bodied subjects.



Validation of the transfemoral prosthetic leg’s knee angle motion can be performed by comparing the able-bodied subject’s knee angle trajectory via a conventional motion capture system PhaseSpace System, powered by PhaseSpace Inc., San Leandro, CA, USA. Six LED trackers were mounted on the subject’s lower limb and the transfemoral prosthetic leg to dynamically calculate the synchronization of the subject and transfemoral prosthetic leg knee angles.



The experimental protocol is as follows. The subject connects his thigh limb to the parallel four-bar linkage to form a mechanical master–slave operational mechanism. Hence, the thigh motion of the prosthetic leg will be controlled by the distal able-bodied subject walking on a treadmill. The subject’s thigh motion will then be transferred to the mechanical thigh of the prosthesis through an aluminum bar. The treadmill’s speed is controlled by a microcontroller using a PID control scheme; thus, the treadmill’s speed could be stable for validation. This experiment was programmed to have 3 levels of speed: 50 cm/s, 60 cm/s, and 70 cm/s. The speed of the treadmill was changed manually, but no resetting parameter values of the prosthesis were needed for the different walking speeds. The performance of the prosthesis was evaluated using the aforementioned motion capture system. The root mean squared error (RMSE) was evaluated between the subject knee angle and the prosthetic knee angle. The video for this experiment can be found at https://youtu.be/1nBAY_vKAwI (accessed on 3 November 2022).




3.3. Treadmill and Real-Taking Experiment Using a Bypass Adapter


Although the four-bar linkage configuration experiment provided a confident ground comparison for the actuated knee angle, real walking with a bypass adaptor is still necessary to know the actual walking performance from the investigation of walking. Hence, two bypass adaptor walking experiments are arranged on both treadmill and in-doorway experiments. To examine the performance of wearing the powered transfemoral prosthetic leg for able-bodied subjects, a bypass adapter was produced along with a transfemoral prosthetic leg for real walking validation and then was worn on the right leg of the experiment subject. The validations were performed by walking on a treadmill and in a corridor. The time-lapse captured video of the bypass adapter prosthesis walking experiment on a treadmill, as shown in Figure 16, was recorded via a video available at https://youtu.be/4QpOG4WMoXg (accessed on 3 November 2022).



Another natural walking experiment was conducted in a corridor. The able-bodied subject wore a transfemoral prosthetic leg with a bypass adapter and walked at non-specified speeds. Hence, this experiment investigated the transfemoral prosthetic leg’s knee angle generation and speed adaptation in a real walking scenario. The time-lapse captured video of the bypass adapter prosthesis walking experiment in a corridor environment with a total of 20 m walking distance is shown in Figure 17. The experimental process was recorded by video, which is available at https://youtu.be/39bIanPwsIQ (accessed on 3 November 2022).





4. Discussion


4.1. Discussion of Experiment with Four-Bar Linkage Mechanism


This experiment aims to evaluate the performance of the transfemoral prosthetic leg prototype in performing natural walking gait motions based on the hip angle motion input given by the distal subject. The results collected from commercial motion capture system LED trackers were evaluated to simultaneously calculate the hip and knee angles of the subject and the prosthesis. Figure 18 shows the results of 3 different walking speeds of 50 cm/s, 60 cm/s, and 70 cm/s with the same 330 data frames. It is noted that the walking speeds are referred to as 0.55 steps/s, 0.6 steps/s, and 0.65 steps/s, respectively. From these comparison charts, the prosthetic knee angle tracked the subject’s knee angle well, representing RMSEs of 9.9°, 11.3°, and 13.0°, respectively. The results prove that our proposed four-bar linkage mechanism helps the actuated prosthetic knee pattern to follow the able-bodied subject’s knee pattern well on the same side when walking on the treadmill.




4.2. Discussion of RMSE Investigations on Knee Actuator Speed Limitation and the Initial Knee Angle Offset


The knee angle tracking data show that a higher walking speed results in a larger RMSE. Such a phenomenon is mainly due to the performance limitation of the DC brush motor and the ball screw actuators. The combination of a 1:22.4 speed reduction and a 15 mm ball screw pitch limits the maximum speed of the prosthetic knee. In addition, it might be caused by several other factors, such as parameter settings, the initial posture of the prosthesis, and variations in the subject condition. The error induced by the parameter setting is crucial—the calculation to obtain the parameters only considered specific known factors. Nevertheless, practically speaking, many factors could affect the prosthesis’s performance, such as friction on the lead screw, gravity, moment, and inertia during the motion and power supply.



The other factor is the initial posture difference between the subject’s knee and prosthetic knee angles [36]. The initial posture of the prosthesis during the experiment was not straight or at 0°. This was due to the shock damper placed between the knee angle limiter on the knee part, with such a condition illustrated in Figure 19b. This condition caused the initial angle of the knee to become more than 0°, as indicated by the motion capture result shown in Figure 19a. In this figure, the initial knee angle of the prosthesis is approximately 16.15°, and the initial knee angle of the subject is approximately 9.55°; hence, the difference between the knee angle of the prosthesis and the knee angle of the subject is approximately 6.6°. Since this initial knee angle offset is not a system bias parameter, it would not affect the target knee angle calculation. This was why the prosthesis’s maximum swing flexion angle was almost the same as the maximum swing flexion angle of the subject. If this error value roughly subtracts the RMSE value of each walking speed, then the RMSE error could be smaller than 6.6°. Particularly, the calculation of the RMSEs on three separate phases of stance, swing flexion, and swing extension in the abovementioned experiments are also evaluated, as indicated in Table 3. The table discussed the original RMSE value and compensated RMSE with 6.6° to see the tracking performance of actuated prosthetic knee angles. The performance of the swing flexion phase is good, with a maximum RMSE never exceeding 0.27°; the RMSE of the stance phase is relatively consistent, around 4.4° to 5.8°. Nevertheless, the RMSE of the swing extension phase increases with the walking speed, ranging from 1.953° to 13.466°. Because of actuating more significant strokes in a limited time interval, the speed limit of the motor results in significant effects on the actuated tracking performance.




4.3. Discussion of Experiment with Using a Bypass Adapter


We have analyzed the knee angles of the prosthetic side (i.e., wearing a bypass socket side) and healthy limb side (i.e., not wearing a bypass socket side) for comparisons based on the treadmill experiment with wearing a bypass adopter. The purpose is to evaluate the gait similarity of both sides. The knee angles of both sides are measured from the video frames with marked feature points, and some possible label error would be possible. The knee angle definition of labeling in the video is different from Figure 18 and Figure 20. The angle ranges from 160° around (straight) to 80° around (maximum flexion). Such a definition differs from 0° to 60° around addressed in Figure 18, Figure 19 and Figure 20. It is noted that the data shown in this figure are processed by a curve smoothing operation.



Moreover, the evaluation of the gait similarity of both side legs is illustrated in Figure 21. The results with the offset knee angles represent a high degree of similarity of gait patterns of both sides, which shows the Pearson correlation coefficient of 0.6866. With the high similarity of the gait patterns on both sides of the legs, it makes the prosthetic prototype generate the appropriate knee angle at different speed levels, helping amputees use less force during the gait loading stage (the second stage in the stance phase, i.e., Figure 2) [37,38].




4.4. Limitation and Future Work


This study proposes an algorithm regarding the desired knee angle as the multiplication of the peak-to-peak value of the hip angle   H i  p  p − p     and   C  A  k n e e     constant. Although this method ensures an extremely low computational complexity, the constant comes from the average value of the subjects, meaning that the value might not be suitable for every subject. Additionally, the current experiment contains a limited variety of experimental subjects with similar ages and lengths of legs, and the amputees have not been considered in the experiment yet.



For future work, the multiplier may be considered a tunable parameter and can be optimized based on the physical information of the different users of the prosthetic legs. Additionally, the prosthetic legs should be tested on a wider variety of amputees to ensure the actual performance of the natural walking of practical users. Moreover, adopting computational simulation [39,40] in improving prosthesis legs should be the potential further study since it brings several benefits, such as giving low-cost and rapid results compared to designing experimental tests.





5. Conclusions


This paper investigated the relationship between hip and knee angle trajectories during normal walking to form an algorithm that can dynamically generate natural walking gait patterns. In the lightweight microprocessor-control prosthetic leg prototype, we proposed to use a simple IMU to obtain the hip angle and an absolute encoder to obtain the current prosthetic knee angle as inputs for calculation. This study evaluated the overall prosthetic control system’s performance using an adjustable-speed treadmill with a master–slave validation configuration. Such a master–slave validation configuration can be obtained by directly driving the thigh part of the prosthetic through a parallel four-bar linkage mechanism to synchronize with the able-bodied subject’s motion. At the walking speeds of 50 cm/s, 60 cm/s, and 70 cm/s, the RMSE values of prosthetic knee angle tracking are 9.9°, 11.3°, and 13.0°, respectively. However, the fabricated powered transfemoral prosthetic leg is a prototype used only for validation, and a higher walking speed results in a larger RMSE due to the saturation phenomenon resulting from the combination of a 1:22.4 speed reduction and a 15 mm ball screw pitch that limits the maximum speed of the prosthetic knee. Therefore, a revised powered prosthesis could be designed and fabricated in future work to improve the knee angle tracking performance. The initial knee angle difference (i.e., initial offset) could be given consideration to further reduce the RMSE during a small knee angle operation range. Moreover, implementing computational simulation for improving prosthesis legs could be a potential future work since its benefits compared to designing experimental tests.
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Figure 1. Overall structure of our proposed control framework and the proposed four-bar linkage-based prosthetic validation framework. 
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Figure 2. Normal walking phases in a gait cycle. 
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Figure 3. (a) Gait events for identification from the hip and knee angles. (b) Important pattern periods of the knee angle of a normal walking gait, 1 indicates the Stance Phase, 2 indicates the Swing Flexion Phase, and 3 indicates the Swing Extension Phase. 
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Figure 4. Illustration of deceleration on the hip angle, indicating the periods of swing flexion and swing extension. 
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Figure 5. Finite-state machine operating the proposed control system. 
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Figure 6. Definition of hip angle and knee angle (left); marker on the subject’s leg (middle); markers on the prosthetic leg (right). 
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Figure 7. Important features of the hip angle in a normal walking gait. 
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Figure 8. Walking and running pattern samples. 
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Figure 9. Overall system architecture: (a) architecture of the software; (b) block diagram of the system. 
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Figure 10. Overall mechanical design of the self-fabricated powered transfemoral prosthetic leg design (a), including the knee (b), actuator (c), and suspension (d) sections. The knee joint extreme operation angles are indicated in (e). 
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Figure 11. The degree of freedom schematic of our prosthetic prototype. Our prosthetic leg has 1 DOF at knee joint. 
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Figure 12. Different views of the fabricated powered transfemoral prosthesis prototype. The pictures from left to right are right, rear, front, and left views. 
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Figure 13. The experimental setup with the designed prosthesis hanging on the rigid aluminum frame. 
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Figure 14. (a) Motion acquisition setup and (b) IMU sensor positioning. 
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Figure 15. Environment setup with a convenient parallel four-bar linkage connecting the subject’s thigh limb and the powered transfemoral prosthetic leg module. 
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Figure 16. Time-lapse captured video of bypass adapter prosthesis walking experiment on a treadmill. This video is available at: https://youtu.be/4QpOG4WMoXg (accessed on 3 November 2022). 
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Figure 17. Time-lapse captured video of bypass adapter prosthesis walking experiment in a corridor environment with total 20 m walking distance, where the time scale in seconds is also indicated. This video is available at https://youtu.be/39bIanPwsIQ (accessed on 3 November 2022). 
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Figure 18. Hip and knee angle comparison results for evaluating the walking speeds of 50 cm/s (top), 60 cm/s (middle), and 70 cm/s (bottom) between the subject and the prosthesis. 
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Figure 19. Initial knee angle of the prosthesis and subject investigation: motion capture trajectory (a) and the picture of the initial posture of the prosthesis and shock damper position (b). 
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Figure 20. The knee angle of a prosthetic leg in the bypass adaptor walking experiment with the walking speeds of 50 cm/s (top), 60 cm/s (middle), and 70 cm/s (bottom) on a treadmill. 
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Figure 21. Evaluating the gait similarity of both sides for the experiment of walking on a treadmill while wearing a bypass socket. 
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Table 1. Knee angle amplitude and hip angle peak-to-peak ratio in a particular subject in two walking patterns, each pattern includes three gaits.
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Features

	
Walking Pattern (Degree)

	
Running Pattern (Degree)






	
Hip angle

	
Highest angle

	
25.47

	
25.20

	
24.13

	
33.01

	
32.80

	
32.60




	
Lowest angle

	
−11.22

	
−13.33

	
−13.76

	
−10.93

	
−8.10

	
−11.64




	
   H i  p  p − p     

	
36.69

	
38/53

	
37.89

	
43.94

	
40.90

	
44.24




	
Knee angle

	
Highest angle

	
64.92

	
64.81

	
65.20

	
84.41

	
83.66

	
77.69




	
Lowest angle

	
0 *

	
0 *

	
0 *

	
0 *

	
0 *

	
0 *




	
    A  k n e e     

	
64.92

	
65.81

	
65.20

	
84.41

	
83.66

	
77.69




	
  Ratio   (  A  k n e e   / H i  p  p − p    )

	
1.77

	
1.68

	
1.72

	
1.91

	
2.05

	
1.76




	
Average Ratio

	
1.82 (empirical setting in this paper)








* Notice that due to the limitation of the prosthetic leg that the minimum knee angle value is 0°, the lowest knee angles recorded in the table are all set to 0° for evaluation.
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Table 2. The biometric information of experiment subjects.






Table 2. The biometric information of experiment subjects.





	Number of Subjects
	Gender (M/F) *
	Age
	Thigh Length (cm)
	Shank Length
	Body Height (cm)
	Body Weight (kg)





	5
	4/1
	21–27
	43–53
	35–43
	160–183
	48–76







* M stands for male subjects, and F stands for female subjects.
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Table 3. The evaluation in root mean square error (RMSE) between the actual subject’s knee angle and the prosthetic’s knee angle in three walking phases based on different walking speeds.






Table 3. The evaluation in root mean square error (RMSE) between the actual subject’s knee angle and the prosthetic’s knee angle in three walking phases based on different walking speeds.





	Speed
	Stance Phase
	Swing Flexion Phase
	Swing Extension Phase





	50 cm/s
	12.484/5.884 *
	6.856/0.256 *
	8.553/1.953 *



	60 cm/s
	12.029/5.429 *
	6.331/0.269 *
	14.478/7.878 *



	70 cm/s
	10.913/4.313 *
	6.862/0.262 *
	20.066/13.466 *







* Notice that the values in each field indicate the original RMSE value and compensated RMSE with 6.6°, respectively.
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