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 The push-off phase is a critical part of initiating movement during walking, and it requires a significant 
amount of energy. Recent research has shown that the passive use of springs in parallel with the leg 
can harvest the push-off energy and reduce the total metabolic energy of walking for healthy subjects. 
In this study, we present the design of a prosthetic leg with a passive-based mechanism to reduce 
walking energy consumption for above-knee amputees. The mechanism stores energy during the 
stance phase of the gait cycle and releases it to support the prosthetic leg during locomotion. The 
known polycentric knee joint 3R36 and the ankle-foot joint ESAR were chosen and adopted for this 
study. We also utilized a ratchet clutch that connects with a spring and rope from the pylon to the foot 
which regulates movement and saves energy. Our simulations demonstrate that the spring stores elastic 
energy from approximately 22% of the gait cycle and reaches its maximum energy storage at 
approximately 50% of the walking cycle. The energy is then released at approximately 58% of the 
stride cycle during the push-off phase. The motion of the proposed prosthetic leg for individuals with 
transfemoral amputations mimics the normal walking pattern of healthy individuals well. 

© 2023 Growing Science Ltd.  All rights reserved. 
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1. Introduction 

      
       Walking is the only way to get locomotion in the harsh topography of the land because of the difficulty of transportation 
by wheeled vehicles. The legs are basic and necessary parts of the body that move and travel the body from one place to 
another in all our routine life. The activities of daily living are being greatly expanded by perpetual walking and minimal 
energy consumption. Therefore, improving gait is of economic benefit to society and individuals. In spite of the fact that the 
human walking manner is naturally well-tuned (Collins et al., 2015). Nevertheless, it has space for upgrading principally when 
devices and mechanisms of the exoskeleton are improved for serving human locomotion. 

  

     As it's known, the ankle produces half of the demanded amount for mechanical energy during push-off (Farris & Sawicki, 
2012 b), therefore, some researchers took up the study of ankle-foot exoskeleton and mechanisms during the last two decades. 
Various proposed devices have been designed, which are powered and unpowered, to help the walkers in the push-off phase 
to reduce energy consumption (Sawicki & Ferris, 2008).  

     Despite the ankle-foot orthoses having the potential for assisting during gait, these devices overwhelmingly are used for 
patients who are suffering from leg diseases for augmentation of their mobility capability (Blaya & Herr, 2004). Ankle-foot 
exoskeleton increases ankle movement efficiency by wearers, dissimilar to ankle-foot orthoses (Dollar & Herr, 2008).  
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     Ankle-foot exoskeleton devices are classified into two groups depending on the actuation method: passive and active ankle-
foot exoskeleton. All devices of active ankle-foot exoskeleton used outer energy sources for supplying bioequivalent levels 
and decreasing the demanded energy from muscles during walking (Malcolm et al., 2013). Some of the smart mechanisms 
are modified to transform the power of the motor into a torque about the ankle-foot joint. An autonomous exoskeleton was 
designed in (Mooney et al., 2014) and (Mooney & Herr, 2016), which consists of struts arranged in a triangular frame. It was 
actuated by a winch. Also, it obtains the torque for the ankle-foot joint by the pulling force. Some researchers used pneumatic 
muscles that have a distinct advantage over electric motors due to their lightweight nature and structural resemblance to a 
muscle-tendon unit. This makes them highly suitable for use in the design of active devices, including exoskeletons created 
for elderly individuals by different researchers such as (Ferris et al., 2005, 2006; Kao et al., 2010; Sawicki et al., 2005;Galle 
et al., 2014, 2017). 

      Although the design of active devices has the potential to provide the necessary energy required, they do have some 
drawbacks. One of the significant concerns is that their force profiles and onset timing are dependent on the individual's gait 
pattern. Thus, it is crucial to detect gait stages accurately, which requires the use of electronic sensors to identify all types of 
gait events. Furthermore, the exoskeleton must be compliant enough to accommodate the full range of motion of the ankle 
joint during the swing phase without hindering normal human movement. Not being able to move the foot upwards (dorsiflex) 
without hindrance can cause a significant metabolic cost (Wiggin et al., 2011). The distal mass presents another challenge. 
Circuit-based sensor-control systems and power sources can add extra weight to the system, making it less comfortable to 
wear. Additionally, the circuit may be damaged by shocks while walking. As a result of these concerns, passive exoskeletons 
have been developed as a substitute. 

      In contrast to powered exoskeletons, some researchers have recently focused on studying passive exoskeletons because 
they do not require a power source and use a control system based on circuits. To enhance walking efficiency, elastic elements 
such as springs and elastic cables are typically utilized to store energy from the human body and release it to help users move 
faster (Grabowski & Herr, 2009). Farris and colleagues (Farris & Sawicki, 2012a) created an exoskeleton that included a 
suspended spring running parallel to the calf muscles. However, because there were no means of identifying the gait pattern, 
the resting length of the spring had to be customized for each individual. Smart clutches (Collins et al., 2015; Diller et al., 
2018; Diller et al., 2016; Yandell et al., 2019) have been developed to mechanically control the engagement of elastic 
components and provide assistance at the appropriate time in order to detect the gait cycle without the use of electronic sensors. 
Collins and colleagues (Collins et al., 2015) developed a clutch that utilizes the ratchet-pawl mechanism to control the spring 
linkage by adjusting the timing of the pawl latch and release. 

      Transfemoral leg amputation is one of the most frequently occurring types of amputation in the human population 
(Sarvestani & Azam, 2013). This condition disrupts the natural coordination of the legs and considerably impairs the mobility 
of amputees (Gailey et al., 2008). They may experience a less efficient, less stable, slower gait that requires more effort and 
energy to complete it (Schmalz et al., 2002; Lamoth et al., 2010). In cases of an above-knee amputation, the biological ankle 
and knee joints are typically replaced with prosthetic joints that cannot perform all of the functions of the missing leg joints 
(Goldfarb, 2013). The limited functional mobility provided by currently available prosthetic limbs significantly impacts the 
quality of life for millions of individuals worldwide (Moxey et al., 2011). Any issues that arise with the musculoskeletal 
system or its coordination pattern can increase the metabolic rate (Westerterp, 2013). To ensure the satisfaction of amputees, 
it is crucial to consider not only the development of new active prostheses but also the use and improvement of well-
established passive prostheses, which can offer a viable solution to these limitations. The availability and affordability of 
passive devices are also compelling reasons to continue their use and advancement (Major & Fey, 2018).  

       As a solution, a passive mechanism is required for the transfemoral prosthetic leg to meet the basic energy consumption 
requirements during walking for above-knee amputees. The ideas of clutches developed with spring in exoskeletons can be 
used and incorporated in the field of prosthetic legs; because amputees who have had an amputation above the knee rely on 
their remaining leg, back, and hip muscles to walk, which requires a considerable amount of metabolic energy.  

      We introduced a novel prosthetic leg design incorporating a passive-based mechanism aimed at reducing energy 
consumption for above-knee amputees. The mechanism effectively stores energy during the stance phase of the gait cycle and 
subsequently releases it to provide support during locomotion. In this study, we opted for the well-known polycentric knee 
joint 3R36 and the ankle-foot joint ESAR, which were carefully selected for their compatibility. To optimize energy usage, 
we incorporated a ratchet clutch that connects a spring and rope from the pylon to the foot. Our design offers two distinct 
modes: one for energy storage during the stance phase and another for unrestricted rotation during the swing phase. An 
exceptional characteristic of our design is its reliance on purely passive components, eliminating the need for motors or 
electronic control. This not only removes the necessity for an external power source but also ensures a lightweight and easily 
portable prosthetic. Furthermore, this design accurately replicates the inherent mechanism of elastic energy storage and 
subsequent release that takes place during the normal walking motion of the human body. 

      Thus, this paper is organized into the following sections: It deals with the energy transfer systems of transfemoral 
amputees, and the conceptual design of polycentric knee, spring-loaded five-bar foot, and energy-saving mechanism. Then, 
the detailed design of the new transfemoral prosthesis mechanism, including its components and features, is described. This 
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encloses a discussion of the ratchet clutch mechanism. Following that, the results of the containing energy storage and return, 
and typical motion patterns. 

2. Energy systems for Prosthesis 
 

     The study of the walking energy system of transfemoral amputees is important in order to harvest the most efficient energy 
during motion and to continue it. The mechanical system for steady-state walking comprises energy inputs, outputs, storage, 
and transfers within the system. In all instances, any chemical or electrical energy input is ultimately released as heat because 
the average mechanical energy of the system remains constant and no useful work is carried out on the body or the 
surroundings. As per the strict definition, energy efficiency is zero in every case since all the input energy is eventually 
released as heat. Thus, the measure of energy effectiveness or energy economy is expressed in terms of 'cost of transport', 
which refers to the amount of energy utilized per unit weight for each unit of distance traveled. 

 

Pr
os

th
es

es
 (t

ra
di

tio
na

l) 

 

 
 (a) 

En
er

gy
-s

av
in

g 
Pr

os
th

es
es

 

 

  
   (b)  Active                                                                       (c) Passive 

 
Fig. 1. Energy system graph for transfemoral amputees during walking. (a) Prostheses (traditional), (b) Active energy-

saving prostheses, (c) Passive energy-saving prostheses. 

 

2.1 Prostheses (traditional) 

     The metabolic energy used by hip muscles serves multiple purposes, including creating and absorbing mechanical work 
and carrying out other tasks such as generating force or activating the muscles. Therefore, all of the metabolic energy is 
directed toward the system. When energy is lost in muscles, it is expressed as heat. The prosthesis in the mechanical system 
swaps energy to both the muscles and the body. Energy exchange also takes place between the different segments of the body 
(including the prosthetic leg) through kinetic and gravitational potential energy, and this process is highly efficient in terms 
of mechanics. The dissipation of mechanical energy in body segments occurs primarily through damping during collisions, 
which is a minor factor. Additionally, there may be some energy loss due to friction caused by the prosthetic feet slipping on 
the ground, deformation of the ground, or air resistance, but these factors are insignificant in normal situations. Fig. 1 (a) 
shows the energy system for transfemoral amputees walking. 

2.2  Active Energy-saving Prostheses 

     Another source of energy (active energy) can be introduced in the form of electricity, for instance. Although the human 
may bear a smaller proportion of the total energy input (and eventual dissipation) of the system, the overall energy economy 
may suffer if the total energy input increases. This has been observed with powered devices that aim to decrease the metabolic 
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energy expenditure of individuals with transfemoral amputations. Although a powered device has the potential to improve the 
overall energy economy, this has not always been the case in practice. Two potential ways in which a powered device could 
improve the overall energy economy have been identified in theory. The first method involves the powered device functioning 
similarly to an unpowered device, with minimal electricity used only to regulate the timing of mechanical components like 
clutches. The second method involves the motor doing the work with higher efficiency, which could replace positive 
mechanical work from muscles. Fig. 1 (b) shows the energy system for transfemoral amputees walking with a powered 
actuator (active energy). 

2.3 Passive Energy-saving Prostheses 

     In contrast to the powered case, there is no extra energy supply available. Therefore, the only approach to reducing 
metabolic energy consumption is by reducing the overall energy dissipation of the system, or alternatively, by enhancing the 
overall energy efficiency of the system. It is important to note that the only change in energy flow for individuals with 
transfemoral amputations is the inclusion of components such as springs that store and transfer mechanical energy (passive 
energy) within the system. Therefore, decreasing the metabolic rate using passive parts is similar to altering the person's 
morphology in a way that makes locomotion more energy-efficient. Fig. 1 (c) shows the energy system for transfemoral 
amputees walking with an unpowered actuator (passive energy). The idea of our research depends on this energy system 
which is suitable for completing all research aims. 

3. Conceptual Design 
 

      This mechanism has been created to incubate the prosthetic leg in a manner that allows energy to be stored and released 
during walking. The study concentrated on famous prostheses to enhance the fundamental movements of amputees. Below, 
the fundamental principles of the design and the diverse functional capabilities of different components of the prosthetic leg 
are illustrated. 

3.1 Polycentric knee 

      The knee joint is the most crucial component of the prosthetic leg when an amputation occurs above the knee (Soriano et 
al., 2020). As a result, the prosthetic knee became essential for conducting a study and evaluating its function and performance 
primarily (Mohanty et al. 2020; Phanphet et al. 2017). The functioning mechanism of the prosthetic knee is analyzed and 
assessed to establish a connection with the suggested prosthetic leg and combine it together with the new energy-saving 
mechanism. 

 

 
 
 

 

(a) (b) 

Fig. 2. (a) The bending synthesis and instantaneous knee center of the knee, (b) The flexion angles of the polycentric knee. 

     There are three types of four-bar linkage mechanisms that are utilized in lower limb prosthesis, as explained in reference 
(El-Sayed, Hamzaid, & Abu Osman, 2014): (1) the four-bar linkage with elevated ICR, (2) the four-bar linkage with hyper-
stabilization, and (3) the four-bar linkage with voluntary control. For individuals who have limited ability to control stability 
or for geriatric amputees, it is recommended to use the four-bar linkage with elevated ICR, as depicted in Fig. 2 (a) and 2 (b). 
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       This mechanism has a long anterior link and a short posterior link, which have been designed to provide maximum 
stability during heel contact. The ICR is situated behind the load line, which allows for full extension during heel contact 
without requiring the amputee to exert a hip extension moment. During push-off, the amputee generates a hip flexion moment 
and can move the load line behind the ICR. The initiation of knee flexion requires minimal effort. 

3.2 Five-bar foot with Springs 

     Prosthetic feet are designed to restore the daily activities and functional capabilities of lower-limb amputees to their pre-
amputation levels (Ventura et al., 2011). The mobility of the lower-limb amputee is a crucial indicator of the quality of the 
prosthetic foot (Shepherd et al., 2018; Wurdeman et al., 2018).  

     The prosthetic foot, which stores energy and returns it while walking, behaves like a Spring-loaded Five-bar foot, as shown 
in Fig. 3. Based on conceptual analysis, it consists of five links (a, b, c, d, and e) and two compressed springs (1 and 2). In the 
heel strike, spring 1 is in a state of compression (100%), while spring 2 is uncompressed, as shown in Fig. 3 (a).  Half of the 
compressed energy is transmitted from Spring 1 to Spring 2, and thus both springs are compressed (50%) in the mid-stance, 
as described in Fig. 3 (b). In the case of heel-off, the rest of the compressed energy is transferred to Spring 2 (compressed 
100%) and the energy starts to release, as explained in Fig. 3 (c). Both springs 1 and 2 are uncompressed in the swing phase, 
as described in Fig. 3 (d). 

 

 
   

 
(a) (b) 

 

 
 

 
(c) (d) 

Fig. 3. The schematic of the Spring-loaded Five-bar foot during some phases of the gait cycle. (a) Heel strike, (b) Mid 
stance, (c) Heel off, (d) Swing position. 

 

3.3 Energy-saving mechanism (pylon spring & ratchet clutch mechanism) 

     The energy-saving mechanism is composed of a schematic structure where the polycentric knee is connected to the spring-
loaded five-bar foot through the pylon. Additionally, the clutch is connected to the pylon, and a rope (Kevlar strands) extends 
from the clutch to the spring, which is then connected to the foot. Fig. 4 displays the schematic of the energy-saving 
mechanism for the transfemoral prosthetic leg. 

      The purpose of the schematic is to understand the way energy is stored and released during the standing phases and also 
the movement of the parts successively within the gait walking cycle. This helps us to conclude and visualize the mechanism 
in a clear and uncomplicated way and to realize any overlap between the parts of the prosthetic leg. It is a recognized fact that 
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the onset of movement occurs when energy is transferred from the stump to the various parts of the prosthetic leg. As a result, 
the body moves forward within the scope of one step. 

      It is well-established that individuals who have undergone an above-knee amputation depend on a healthy back and the 
energy provided by a healthy leg. Therefore, it requires a huge amount of energy to maintain their mobility. The energy supply 
principle involves selecting a foot that stores energy in one stage and releases it during another stage. Furthermore, a concept 
has been introduced in which a tension spring and clutch are utilized during the standing stage of the walking gait cycle. 

  

Fig. 4. The schematic of the energy-saving mechanism for the transfemoral prosthetic leg 

      The design of a ratchet-clutch mechanism with the spring is to the natural leg (including the natural foot) to reduce 
metabolic energy. As well known, the spring-loaded five-bar foot behaves like the natural foot. Energy storage inside the 
compressed spring (in the spring-loaded five-bar foot) starts from the heel strike until the heel off. On the other hand, the 
energy saving inside the tension spring begins after flat foot until before toe-off, as shown in Fig. 5. We note that the value of 
Kc is greater than the value of Kt. Therefore, every spring is working alone without any interface or obstacle between them. 
Finally, the tension spring adds extra energy to the prosthetic leg which reduces the energy of muscle during walking. 

 

Fig. 5. Store and release energy for the pylon tension spring and foot compression spring during the gait cycle. 
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4. Detailed Design 
 

     It is created with the intention of offering various functional enhancements. The enhancements aimed to decrease the 
energy required for walking and replicating the behavior of a natural leg. The design for each part of the prosthetic leg is 
detailed below and the mechanism for attaching them together. 

4.1 Knee assembly 

      For the current research, the commonly used prosthetic knee joint is referred to as 3R36. As well known, the prosthetic 
knee (3R36) is a famous knee, a passive knee, and a polycentric knee; these reasons made it very convenient for choosing it 
in the mechanism design of the prosthetic leg. Also, some transfemoral amputees can replace knee 3R36 with what suits them 
from passive prosthetic knees. 

      The assembled 3R36 comprises two sets of components: lower and upper, as shown in Fig. 6 (a) and 6 (b). These parts 
are interconnected using linkage bars (anterior and posterior). The posterior linkage bars are of lesser length than the anterior 
linkage bars. The linkage extremities of the bars are mainly connected by specifically designed internal screws and pins. These 
connections can provide greater mobility while in motion. A distinct component of the upper part of the 3R36 knee joint 
connects the entire joint with the socket, whereas another component of the lower part of the 3R36 knee joint connects the 
entire assembly with the pylon.  

      As per the identifications provided by the Ottobock Company for the 3R36 knee joint, the greatest flexion angle of the 
knee is approximately 110 degrees, which is selected and demonstrated in Fig. 6  (c). The spring present within the 3R36 knee 
joint manages and regulates the swing phase, while the kinematic analysis of the Instantaneous Center of Rotation (ICR) plays 
a fundamental role in maintaining the stability of the stance phase (Al-Maliky & Chiad, 2021). 

 

(a)               (b) 

 

(c) 

Fig. 6. The polycentric prosthetic knee joint assembly (3R36). (a) Whole view, (b) Explosion view, (c) The bending angles 
of the 3R36 knee. 
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4.2 Ankle and Foot Assembly 

     The mechanical function of prosthetic feet significantly affects important aspects of mobility, such as walking energy 
expenditure and stability (Major et al., 2014, 2016). The ESAR (Energy Storing and Return) prosthetic ankle-foot is 
characterized as the contemporary and renowned foot design. The ESAR prosthetic foot has been chosen for the prosthetic 
leg mechanism design, for the current study, due to its shock-absorbing capabilities, high plantarflexion and dorsiflexion 
range, ability to store and return energy during gait, widespread usage, and passive nature. The ESAR prosthetic foot 
recommended for lower-limb amputees emulates the spring-like behavior of the natural ankle-foot unit during walking (the 
gait cycle) (Shepherd et al., 2018). 

     Based on the specifications of the Pro-Flex® prosthetic foot from Össur, the ESAR foot functions as a specific spring 
system that stores energy during the mid-stance phase of the gait cycle and then releases it to propel the ESAR foot during a 
late stance (Hansen & Starker, 2018). During the stance phase, each blade of the ESAR foot undergoes compression and then 
is released. Specifically, at the start of the stance phase, the sole and middle blades of the foot store energy, which is then 
transferred to the middle and top blades at the delayed stance or loaded toe. Finally, all the stored energy is utilized to propel 
the foot into the second stage of the gait cycle, known as the swing phase (Tryggvason et al., 2020). 

      The ESAR foot assembly consists of two sets of components: flexible and rigid. The flexible components are made up of 
three leaf springs, which include the top, middle, and sole blades, as shown in Fig. 7. The remaining components of the ESAR 
prosthetic foot are entirely inflexible. Some parts are connected by bolt screws. The foot is connected from above to the pylon, 
which in turn is linked to the rest parts of the prosthetic leg. Mostly, the ESAR foot covers by silicone foot cover. 

 

                    (a)               (b) 

Fig. 7.The foot and ankle joint assembly (ESAR). (a) Whole view, (b) Explosion view. 

4.3 Pylon compliant and Ratchet clutch Assembly 

     Our design's key feature is a clutch mechanism that uses the concept of regulated energy storage and release. This 
mechanical control system is capable of storing and releasing the spring's energy at precise intervals during the stride to ensure 
optimal performance. We have designed a smart clutch that differs in the internal parts from the traditional clamp of Dr. 
Collins (Collins et al., 2015) but is similar in principle to suit the requirements of the prosthetic leg. The design involved using 
springs, pins, and motion restrictions to regulate the locking and unlocking of a ratchet and pawl mechanism. This enabled us 
to engage or disengage the parallel springs at different points during the act of walking. The intelligent clutch has benefits 
because it relies on the spring linkage's linear motion, which is controlled by changes in the angle of the prosthetic ankle joint, 
instead of using electro-mechanical switches to determine when the pawl should be locked or released.  

      The passive mechanism of all parts involved placing the clutch at the rear of the pylon for the prosthetic leg. The Kevlar 
strands of the clutch are firmly linked to the linear tension spring, which is connected to the heel section of the ESAR foot. 
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(a) 

 

 

(b) 

 

 

Fig. 8. The smart-clutch assembly. (a) Whole view, (b) Explosion view. 

 

 
 

(a) 
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(b) 

Fig. 9. The 3D schematic of the suggested mechanism for the prosthetic leg. (a) The prosthetic leg parts, (b) Whole 
prosthetic leg view. 

       In Fig. 8, which shows an exploded view of the 'Smart-Clutch' components, it is important to observe specific features 
such as the ratchet, timing pins (engaged and disengaged pins ), and pawl. The movement of the ankle joint is transferred to 
the rotation of the ratchet via the Kevlar and linear spring linkage during the stride. The timing pins are positioned to start 
and stop the engagement of the pawl at critical points throughout the process. 

      The mechanism comprises primary components that join with the upper prosthetic leg to the ESAR foot, both in the front 
and back. Fig. 9 (a) shows the principal parts of the above-knee prosthetic leg: Socket (1), 3R36 knee (2), pylon (3), and 
ESAR foot (4); also, the added parts for linking the mechanics: Clutch (5), Kevlar strands (6), and pylon spring (7). Fig. 9 (b) 
displays the 3D schematic of the suggested mechanism for the whole prosthetic leg. 

      The connection method of the mechanism is to store the energy during the stance phase, then release it during the swing 
phase. We connected the ESAR prosthetic ankle-foot joint with the smart-clutch and linear tension spring (pylon spring (7)). 
The connection method begins by attaching the clutch (5) to the upper back of the pylon (3) using the screws. Then, the rope 
(Kevlar strands) (6) comes out of the clutch and is attached to the pylon spring (7). Finally, the pylon spring connects to the 
back side of the ESAR foot by a ring. The spring is positioned such that it generates torque comparable to that produced 
during human walking. 

      The specifications of the socket type and the pylon type are not addressed, because these parts are considered bonding 
parts for the purpose of completing the prosthetic leg. 

5. Results & Discussions 
 

      The proposed prosthetic leg mechanism is designed to provide multiple functional improvements, including reducing the 
energy required for walking, preventing the prosthetic foot from scraping while walking, and mimicking the behavior of a 
natural leg. Also, the design of the mechanism has a way that is suitable for providing stability during the stance phase by 
assisting with the control of hip muscles. Additionally, it is well-suited for facilitating smooth bending during the push-off 
phase.  

       The present design utilizes mechanical input to activate or deactivate a parallel spring with elastic properties. The graph 
Fig. 10 (a) shows the results of the stance phase in a single stride, from the moment the heel strikes the ground (0%) to the 
push-off phase (60%).The rotation of the center of pressure around the ankle joint causes the spring to store elastic energy 
between (22%) into (58%) into the stride cycle. The maximum value of potential energy is (50%) from the stride cycle. During 
the push-off phase (58%) into the stride cycle, the stored elastic energy in the spring is released rapidly and it contributes to 
all of the positive work that propels the ankle.  
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The clutch is initiated by permitting downward motion of the linkage (which includes Kevlar strands and a linear spring) until 
the moment of heel strike, as shown in Fig. 10 (b 1). The pin that keeps track of timing activates a mechanism made up of a 
ratchet and a pawl, which prevents any further downward movement of the linkage.  

     After the ratchet and pawl mechanism restricts further downward movement of the linkage at maximum plantar flexion; a 
constant tension spring in the clutch generates a reaction force to take up slack in the system while the foot plantar flexes until 
reaching the foot-flat position, as shown in Fig. 10 (b 2). After foot-flat position, when the ankle starts dorsiflexing towards 
mid stance, the clutch becomes locked and the linkage transfers force to stretch the linear spring, accumulating energy from 
the body's center-of-mass Fig. 10 (b 3). This energy is then released during push-off, producing positive mechanical work and 
moving the body forward by providing the necessary force to achieve propulsion Fig. 10 (b 4). After the positive mechanical 
work is performed, a second timing pin is activated at maximum plantar flexion, which then disengages the ratchet and pawl 
mechanism. This allows the ankle to dorsiflex during the swing phase, thus resetting the cycle.  

     This design refers to the energy that can be stored in the spring due to its deformation, which is determined by the amount 
of stretching and the spring constant (represented by 'k'). In order to store energy in the proposed modular transfemoral 
prosthesis, the amount of stretching in the spring is measured at different points in the stride cycle, while the spring constant 
('k') remains constant, as shown in Fig. 10 (c). Subsequently, the spring exerts a force that is equal in magnitude and opposite 
in direction, which propels the foot toward the next step. During the swing phase, the leg moves quickly, which enables 
amputees to reduce the energy needed for walking and lessen the amount of muscle effort required. 

      Fig. 11 (a) explains the typical motion of the suggested prosthetic leg for individuals with transfemoral amputations 
throughout a single walking gait cycle. The typical motion variations, during thigh rotation at different stages of the walking 
cycle, show the prosthetic leg positions (from the hip down to the ESAR foot) and the points of contact between the prosthetic 
foot and the ground. The analysis of the mechanism's behavior illustrates its ability to enhance stability during the stance 
phase by assisting in the control of hip muscles. 

      Fig. 11 (b), 11 (c), and 11 (d) displays the typical changes in the angles (degree) of the knee, ankle, and hip of the prosthetic 
leg throughout the process of walking. The proposed prosthetic leg's typical movement for individuals with transfemoral 
amputations during a single walking gait cycle closely mimics the regular patterns of movement exhibited by healthy 
individuals. 

 
(a) 

 

 

 

 

 

 

 

 
 (Clutch engaged at heel 
strike) 

 (clutch locked at flat foot ) (Potential energy stored 
in spring) 

(Potential energy 
released from spring at 
push-off) 

(b) 

 
(c) 

Fig. 10. The function of the passive mechanism. (a) The general behavior of the proposed transfemoral prosthetic leg to 
store energy, (b) The main proceedings of the smart-clutch, (c) The stored potential energy during the walking gait cycle 

and released it. 
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(a) 

 

 
(b) 

 
(c) 

 

 

(d) 
Fig. 11. (a) The typical motion of the suggested prosthetic leg for individuals with transfemoral amputations throughout a 

single walking gait cycle, (b) The knee angles during the walking gait cycle, (c) The hip angles during the walking gait 
cycle, (d) The ankle angles during the walking gait cycle. 
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6. Conclusions 
 

     This article suggests a new method for aiding above-knee amputees with their mobility by introducing a passive 
mechanism. The study focused on established prostheses and utilized the 3R36 polycentric knee and ESAR foot. Accordingly, 
at the stance phase, the center of pressure rotates around the ankle joint and proceeds to forward naturally. This mechanism is 
also designed to connect the prosthetic leg from the pylon to the ankle joint in a way that can store and release energy, resulting 
in improved functionality of basic movements and increased energy efficiency. The inclusion of passive components 
eliminates the need for an external power source, making the product lightweight and easily transportable. The results of the 
study indicate that the springs within the mechanism mainly store elastic energy during the early stage of the stance phase and 
release it during the end stage of the stance phase, contributing to positive work that propels the ankle normally. However, 
further analysis of the entire prosthetic leg with an exoskeletal model of the human body is necessary to better understand 
movement patterns and muscle energy required during walking with this mechanism. Overall, this new method has the 
potential to significantly enhance the quality of life for amputees and should be further explored in future research. 
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