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Abstract: This study introduces a novel single-degree-of-freedom polycentric knee mech-
anism specifically designed for transfemoral prostheses to address dual challenges of
stability during the stance phase and biomimetic motion during the swing phase. Leverag-
ing analytical kinematic synthesis, the proposed mechanism integrates separate kinematic
designs for each of the gait phases into a combined structure that prevents singularity
issues during full knee flexion, which is a significant limitation in conventional active
designs. The stance phase mechanism emphasizes stability through precise control of
the instantaneous center of rotation (ICR) and weight-bearing support, while the swing
phase mechanism adopts a biomimetic motion trajectory. In order to validate the proposed
methodology, kinematic synthesis, numerical simulations, and visual analyses were con-
ducted. Incorporating insights from polycentric prostheses and orthotic applications, the
proposed mechanism achieves a seamless transition between two different configurations
by keeping its overall mobility. Additionally, its possible compatibility with motorized
actuation offers a foundation for active prosthesis systems, paving the way for adapting the
advantages of polycentric prosthesis to active devices. This innovative approach offers a
scientifically grounded pathway for improving transfemoral prosthetic systems, advancing
both their biomechanical utility and user comfort.

Keywords: transfemoral prostheses; kinematic synthesis; structural synthesis; polycentric
mechanism

1. Introduction
Amputation, a critical surgical intervention, entails the removal of a limb or a por-

tion of it due to various causes, including trauma, chronic disease, severe infections, and
surgeries to remove bone and muscle tumors [1,2]. While accidents and military conflicts
remain significant factors contributing to the incidence of amputations [3,4], in high-income
countries, the majority of the cases are attributed to complications arising from vascular
diseases and diabetes-related ischemia (a reduction in local blood flow), which, together,
constitute the primary causes of limb loss [5–7]. As amputation rates continue to rise,
particularly for lower extremities, demand for prosthetic solutions personalized to indi-
vidual needs increases. Projections suggest that the global population of individuals with
lower limb amputations could be doubled by 2050 [6], underscoring an urgent need for
advancements in prosthetic technology to enhance both the functionality and accessibility
of these devices. Such progress holds the potential to not only improve the quality of life
for amputees, but also address the required healthcare demands of the growing population.
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The main objectives in the development of transfemoral (above-knee) prostheses cen-
ter on enhancing user stability and safety while assisting a smooth reintegration into daily
activities [8]. Achieving these objectives requires the continual advancement in both the me-
chanical design and control systems of prosthetic devices, alongside an in-depth analysis of
the human walking gait cycle to better replicate natural walking [9]. Despite the significant
research and development in transfemoral prostheses driven by recent technological ad-
vancements, fully replicating the complex biomechanics and sensory feedback of a healthy
limb remains a challenging problem that needs an efficient solution [10]. Nevertheless,
ongoing studies indicate that closer approximations to natural kinematics are attainable
and recent innovations provide encouraging pathways for improvement [11].

The design and development of transfemoral prostheses present unique challenges,
as these devices must account for the complex dynamics and stability requirements of the
knee joint, which are critical for safe and natural movement. One approach that has shown
promising merits in enhancing the naturalness of movement for transfemoral amputees
can be given as the implementation of polycentric knee joint mechanisms. Polycentric knee
prostheses feature an instantaneous center of rotation (ICR) that shifts during knee flexion
and extension in the human’s sagittal plane, enabling a movement pattern that provides
stable locomotion with safety, by moving the ICR in the proximal direction on the sagittal
plane, which promotes a more secure, naturally locking knee position. This proximally
located ICR configuration, typically realized through four-bar mechanisms, meets the sta-
bility requirements necessary for supporting the user’s weight in the stance phase [12,13]
and allows a broader range of knee flexion, which translates to increased comfort and func-
tionality, especially in postures requiring significant knee bending, such as sitting [14–18].
Additionally, the combined rotation and sliding movements within these mechanisms
facilitate the slight shortening of the limb during locomotion, mimicking the natural knee
physiology. This shortening effect reduces the risk of tripping or falling, particularly on
uneven or rough terrain, thereby enhancing safety for the user [1,12,15,19–21]. Optimizing
these biomechanical attributes, polycentric knee mechanisms continue to push the bound-
aries of prosthetic design. Given the absence of a universally defined ideal ICR trajectory,
prosthetic designs are personalized to align with the physiological capacities of the indi-
vidual, with the resulting designs categorized based on specific user requirements [12].
However, solely analyzing the ICR trajectory is insufficient to draw comprehensive conclu-
sions regarding the overall functionality of the system [12]. Radcliffe and Deg [13] proposed
the flexion stability ratio in order to determine the effect of the ICR trajectory objectively on
the stance stability and to create the opportunity for comparing the stability performance
of the mechanisms. In this way, it has been shown that dissimilar ICR trajectories can also
produce similar stability effects.

A comprehensive review of the literature reveals that the kinematic synthesis of poly-
centric transfemoral knee mechanisms, primarily four- or six-bar configurations, has largely
relied on optimization techniques and computational tools to address design complexities.
These optimization methods have been developed to meet a range of user-specific de-
sign criteria, which vary according to individual physiological conditions, including body
weight, residual limb length, and activity level, thereby personalizing the prosthetic func-
tion to individual needs [12,13]. Significant contributions to the optimization of polycentric
knee mechanisms include those by Soriano et al. [1], who introduced a new four-bar knee
mechanism with optimizing defined design parameters with generic algorithm. Morales-
Cruz et al. [22] focused on refining a six-bar mechanism through optimization techniques.
Their work provided a viable alternative to graphical and analytical approaches, demon-
strating the fact that optimized six-bar configurations could be suitably adapted for knee
prosthesis applications. Sancisi et al. [23] contributed to the field similarly by developing



Machines 2025, 13, 20 3 of 24

an optimization framework for four-bar mechanisms, emphasizing stability and cosmetic
appeal, which are two critical factors in prosthetic design. Another influential study by
Marisami and Venkatachalam [24] expanded upon these approaches by optimizing the
geometry of polycentric mechanisms based on five key parameters that impact stability and
oscillatory motion. This study, utilizing a computational model, produced a prototype that
validated the leg shortening and ICR alignment with the established stability criteria. In a
recent work by Wang et al. [25], a novel polycentric hybrid knee prosthesis was presented
containing an active actuation with simply converting a four-bar mechanism to a six-bar
mechanism, when desired. The authors validated stair ascent in the active mode and the
mode transition through specified subject tests in the work, including two mechanism
syntheses, four-bar linkage for the passive mode and six-bar linkage for the active mode,
together with carrying out the mode transition in between. In work [26], a simple kinematic
model was presented, synthesizing a four-bar knee prosthesis by considering Radcliffe’s
flexion stability ratio and comparing the performance of the simulations in terms of stability
and toe clearance. Further studies in the field have consistently explored the effective-
ness of polycentric systems through diverse optimization algorithms and computational
methodologies, rather than relying solely on analytical methods [27–30].

Collectively, these studies underscore the adaptability and effectiveness of polycentric
designs in transfemoral prostheses. Leveraging computational optimizations, the recent
research continues to refine the precision and efficiency of these mechanisms, advancing
the capacity to approximate natural gait dynamics. However, there remains an ongoing
need for further innovation in both of the optimization techniques and prosthetic designs to
address the complex biomechanical demands of amputees, particularly in terms of stability
on uneven surfaces and adaptability to diverse physical activities [31–35], and a polycentric
mechanism design to achieve different tasks such as providing coordination between knee
and ankle joint movements with a six-bar linkage structure to allow transfemoral amputees
to sit in the squatting posture [36] or to improve mediolateral balance for amputees during
walking [37].

Unlike the stance phase that requires an increased ICR on the sagittal plane for achiev-
ing stability, as the gait cycle transitions to the swing phase, the ICR ideally needs to move
closer to the anatomical center of the knee in the distal direction, facilitating a smoother
and more comfortable rotation. Radcliffe [35] indicates the position change manner of the
ICR during a gait cycle, providing improved voluntary control of knee stability. This shift,
although beneficial for natural movement, often necessitates passing through a singularity
point in four-bar designs, which presents a significant limitation for active prosthetic mecha-
nisms. The inherent singularity that occurs during this transition phase imposes constraints
on the prostheses’ range of motion and stability, particularly in dynamic and uneven
terrains. Due to this challenge, active or semi-active control mechanisms are frequently
avoided in transfemoral prosthetics to decrease the instability caused by the singularity
effect, which leads to the rareness of works on active polycentric knee prostheses [38–40].

In light of these challenges, the current study addresses the mentioned critical issue by
focusing on strategies to minimize or entirely avoid singularities throughout the gait cycle,
with the goal of maintaining a stable ICR trajectory that supports both the stance and swing
phases without compromising the prosthetic structural integrity. Drawing insights from
mechanisms traditionally used in orthoses and exoskeletons, which also aim to replicate
the physiological joint motion without encountering singularities, it aimed to enhance the
usability and comfort of polycentric prosthetic knees for transfemoral amputees. By doing
so, it aimed to fill the gap between stability and flexibility requirements, thus enhancing
the functional capabilities of prosthetic knee mechanisms.
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Throughout the design processes for orthoses and exoskeletons, the precise replication
of the natural knee ICR trajectory becomes a main critical design goal instead of reaching
stability during the stance phase, as there exists no limb loss in the application area. Since
these devices are intended to assist rather than replace joint function, their kinematic
alignments with natural movement patterns of the knee are vital. Consequently, studies in
this field often aim to closely match the knee’s natural ICR trajectory, which reflects the
anatomical complexities of human knee motion [16]. During locomotion, the knee can
move dependently in three different human axes, flexion/extension on the sagittal plane,
abduction/adduction on the frontal plane, and internal/external rotation on the transverse
plane, among which the majority of the movement occurs perpendicular to the sagittal
plane compared to the other mentioned planes in minor amounts, which are generally
ignored during designing processes. Accordingly, by using the fact that cruciate ligaments
act as inextensible fibers connecting the femur and tibia, the knee joint’s anatomy only
on the sagittal plane is represented effectively as a crossed four-bar linkage [41], where
the model simplifies the anatomical structure, allowing for comparisons between the knee
prosthesis motion and natural kinematics generated by the given mechanism [42].

This complexity has led to a variety of methodological approaches within the litera-
ture to measure the natural knee centroid trajectory [43]. Among these, one of the most
widely adopted methods involves the utilization of X-ray genograms to capture the ICR
path during motion [44]. Notably, the study proposed by Walker et al. [45] has gained
prominence for its comprehensive extraction of knee trajectory data based on cadaver and
volunteer studies. These provided an approximate average trajectory that serves as a reli-
able model for design applications, although individual variations in ICR trajectory occur
due to unique anatomical differences. Walker’s work remains a foundational reference in
the field, offering a standard trajectory model widely applied in orthotic designs. Subse-
quent research has frequently adopted Walker’s trajectory model as a basis for developing
polycentric orthoses and exoskeletons, illustrating its robustness and utility in diverse
applications [46,47]. Olinski et al. [46] synthesized a four-bar linkage mechanism designed
to follow the ICR trajectory as projected onto the sagittal plane by utilizing Walker’s tra-
jectory model. The authors’ approach involved optimization based on functional criteria,
allowing them to refine the mechanism’s performance in simulation, particularly in terms
of achieving smoother, anatomically aligned movement. Similarly, Bertomeu et al. [47] op-
timized an anti-parallel four-bar mechanism to align with the ICR trajectory established by
Walker’s model. Their work focused on refining the flexion and extension behavior of the
mechanism to match the natural movement path, which enhances the design’s applicability
for knee orthotic and exoskeleton devices.

In light of the given literature, the current study seeks to further refine polycentric
knee mechanisms by integrating insights from the approaches in literature to enhance
prosthetic functionality and user comfort. This body of work underlines the importance
of precise kinematic modeling in assistive devices and provides valuable insights for the
further development of polycentric prosthetic mechanisms. Given these considerations, the
primary objective of the paper is to develop a single-degree-of-freedom (DoF) polycentric
mechanism while avoiding singularities during knee flexion. To achieve this, a unique
analytical kinematic design approach is proposed to allow the opportunity for active actua-
tor integration, enabling a prosthetic system capable of adaptive stability and biomimetic
motion across varying gait phases to simulate natural knee function better. This modular
approach allows for the personalized adaptation of the mechanism based on individual
user characteristics, such as activity level, weight, and anatomical differences, thus aiming
to address the diverse and dynamic needs of transfemoral amputees. The introduced
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modular framework combines separate designs for the stance and swing phases within a
unified adaptable structure.

By employing analytical kinematic synthesis methods, the proposed design framework
enables a user-specific flexion angle modification, effectively optimizing prosthetic perfor-
mance across gait phases. This modularization along with the presented design allows
for an overall mobility configuration that remains consistent, while altering the designed
structure between the stance to swing phase kinematics by the user’s individual needs.
Through this approach, it aimed to establish a scientifically grounded, analytically driven
foundation for creating transfemoral prosthetic systems that present a new framework to
the literature to be applied, ultimately enhancing functionality and comfort for end users.

This paper is organized as follows: Section 2 presents the structural design and
constraints. Individual kinematic synthesis methodologies for both the stance and swing
phases are carried out in Section 3. The conceptual design with an engineering approach
and resultant numerical example are introduced in Section 4. The work’s limitations,
discussions, and future direction are given in Section 5. In Section 6, the work is concluded.
This paper presents an extended version of the paper “Utilization of Kinematic Synthesis
Methodology on a Novel Polycentric Mechanism for Transfemoral Knee Prosthesis”, which
was presented at the MEDER 2024 6th Symposium on Mechanism Design for Robotics,
held in Timisoara (Romania) on 27–29 June 2024 [48].

2. Structural Design and Constraints
Enhancing the authors’ previous work [48], the design procedure of single-DoF poly-

centric transfemoral knee prosthesis is proposed in order to establish a novel methodology
that minimizes the reliance on optimization techniques by employing an analytical ap-
proach. Utilizing the proposed methodology, any personalized prosthetic design can be
realized more effectively by adapting design constraints that specifically provide individual
user requirements. The proposed framework integrates two distinct mechanisms that
operate in harmony with a single-DoF input, thereby fulfilling the unique demands of
both the stance and swing phases within the gait cycle in a single innovative kinematic
topology. This integration requires a single input to mimic knee joint motion through a
shared component of the system.

At the outset of the structural design and constraints definition, distinct requirements
for the stance and swing phases must be addressed. While the primary focus in this study
is on advancing prosthetic design, an examination of orthotic design principles is also
required due to the novelty that we tried to introduce. Traditional four-bar polycentric
mechanisms can achieve an angular range of approximately 120 degrees during full flexion.
On the other hand, singularities along their motion limit their applicability in active
polycentric designs. Therefore, for the stance phase, the ICR of the polycentric mechanism
is strategically positioned within the stability zone to enhance knee joint stability, depending
on the desired stability level of the individual based on the activity level, weight, etc. Here,
it is important to note that, as Radcliffe and Deg [13] mentioned, the instant location and
trajectory of the ICR during the stance phase can be diverse within various prosthetics; yet,
their performance can be compared by the flexion stability ratio. Conversely, for the swing
phase, the ICR is expected to move in the distal direction on the sagittal plane towards the
natural ICR region of the knee, facilitating comfortable and natural flexion as given in [35].

Figure 1a is dedicated to showing the approximate positioning of the traditional
four-bar mechanism and its ICR trajectory on the sagittal plane. The coupler link of the
mechanism is rigidly connected to the pylon tube to replicate the tibia with the functionality
of the shank. The location of the coupler’s ICR trajectory stems from the proximal side of
the femur to give a natural stability and tends to move in the distal direction on the sagittal
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plane with increasing knee flexion to meet requirements. The traditional parallel four-bar
mechanism with structural details is illustrated in Figure 1b, which will be utilized in the
stance phase design. If this mechanism is employed during full flexion, as observed in most
passive polycentric transfemoral prostheses, it will inevitably encounter a singularity point.
The adaptability of four-bar mechanisms in kinematic synthesis allows for infinite design
variations [35], making an analytical approach advantageous in developing personalized
solutions for diverse user-specific design criteria.
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Figure 1. Structural design flow [48]: (a) stance phase mechanism on knee; (b) stance phase kinematic
structure; (c) swing phase mechanism on knee; (d) swing phase kinematic structure; and (e) coarsely
combined mechanism kinematic structure around stance–swing transition moment.

In the swing phase, the ICR must approximate the natural knee level to support more
biomimetic, anatomically aligned movement, similar to those in orthotic applications. By
using an anti-parallel four-bar mechanism, which would look like the structure formed
by the anterior and posterior cruciate ligaments, it is possible to guide the ICR to align
with the natural knee rotation center, promoting both comfort and functionality. This
kind of structure can be positioned approximately around the knee joint as illustrated
in Figure 1c. This design approach, commonly seen in orthotic applications, reduces the
risk of singularities and improves rotational movement by imitating ligament function.
Additionally, to accommodate activities requiring high flexion, such as sitting, the ICR
must descend rapidly to the knee’s natural level to maintain ergonomic movement and
aesthetic alignment [18]. The structural details of the given anti-parallel four-bar mech-
anism, illustrated in Figure 1d, are utilized in the swing phase design. However, if this
configuration is employed during full flexion, stability issues may arise in the stance phase
due to its inherent tendency to bend easily.

The integration of these phase-specific requirements into a single, unified structure
introduces a significant novelty: a combined kinematic framework that can achieve a single-
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DoF knee flexion within the sagittal plane. This integration is realized through the use of
a shared link, where the posterior link of the stance mechanism simultaneously serves as
the anterior link of the swing mechanism, as illustrated in Figure 1e. During the stance
phase, the ICR specific to this phase must be utilized, while, in the swing phase, the ICR
defined for that phase governs the mechanism’s motion. To enable a seamless transition
between these phases, it is critical to define the positioning of the combined mechanism
at the stance-to-swing transition point by imposing appropriate design constraints. This
requires an engineering solution to adapt the structure of the combined mechanism while
preserving its mobility. However, a structural analysis of the combined mechanism reveals
a zero-mobility configuration, which creates an inherent mobility limitation, demanding an
additional DoF. The solution to this mobility issue is discussed in the following section.

3. Kinematic Synthesis
The repetitive movements of the gait cycle in the sagittal plane, where the majority

of human locomotion occurs, necessitate a deeper analysis to define the required motion.
From the perspective of the transfemoral prosthesis design, the exact motion associated
with this cycle can be described by three DoFs, which are subdivided into two primary
components: the two-DoF planar ICR trajectory and the single-DoF flexion angle required
at corresponding specific instances in repetitive motion. Thus, designing a mechanism
to perfectly replicate this exact motion without error would require a three-DoF system.
However, from a mechanism design perspective, such an approach would likely result in
over-engineering. To address this, a key objective in polycentric mechanism design is to
achieve the required motion with a single-DoF. This simplifies the mechanical complexity
while maintaining functionality within an acceptable margin of error. The approach aligns
with the principles of kinematic synthesis, which involves determining the geometry and
dimensions of a mechanism to fulfill a specific task or motion efficiently [49,50]. By adopt-
ing this methodology, the proposed design aims to balance mechanical simplicity with
the practical requirements of human locomotion: basically, the kinematic synthesis forms
of three customary tasks for kinematic synthesis as function generation, path generation,
and body-guidance or motion generation. The specific kinematic synthesis methodology
for planar mechanisms, detailed in prior works [51–54], is particularly suited for this type
of application, allowing for a structured reduction in DoF while retaining an effective
motion characteristic. In the subsequent sections, two distinct kinematic synthesis applica-
tion processes are represented for the stance and swing phases, integrating the required
structural design parameters and constraints previously discussed to achieve the intended
functional outcomes.

3.1. Kinematic Synthesis for Stance Phase

In this section, while the primary focus is on the design of the stance phase mecha-
nism, where a traditional four-bar mechanism is typically sufficient to meet the functional
requirements, the mobility limitation of the combined mechanism must also be addressed.
As illustrated in Figure 1e, the initial combined mechanism design exhibits zero mobility if
left in its current form. To impart mobility to this mechanism, it is necessary to introduce
an additional joint, thereby increasing its DoF.

When employing a traditional four-bar mechanism as the stance phase component, it
becomes apparent that the mechanism must satisfy a three-DoF task, despite its inherent
single-DoF capacity. Through the application of the kinematic synthesis methodology,
discussed in the subsequent paragraphs, it is evident that an additional DoF is required in
order to achieve the desired functionality. To resolve this, one of the links is modified to
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include a prismatic joint, as shown in Figure 2. Consequently, the mechanism transitions to
a two-DoF five-bar configuration with an RRRPR structure.
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This approach also effectively addresses the mobility limitation of the combined
mechanism by introducing the necessary additional DoFs. The inclusion of the prismatic
joint is not only a practical solution but also a natural outcome of the applied kinematic
synthesis methodology, ensuring that the mechanism fulfills the required motion while
maintaining design feasibility. Nevertheless, focusing exclusively on the stance phase
mechanism introduces the issue of transforming it into a two-DoF system, a concern that
will be revisited in the context of the swing phase design.

In the mechanism illustrated with its parameters in Figure 2b, the fixed-point B was
designated as the origin, while point A, defined by the parameters ρA and ϕA, was identified
as the second grounded point of the initially defined four-bar mechanism (the prismatic
joint on the link AD is ignored at start). Both ground points are positioned on the residual
limb of the thigh. The pylon tube, which serves as the connection to the foot, is attached to
the coupler r2, the link between the joints on C and D, at a variable flexion angle. During
knee flexion, the motion of joints on C and D is governed by the parameters r1, r3, θ1, and
θ3. In this configuration, the angle θ2 denotes the variation in flexion angle, while point E
represents the ICR of the mechanism, which is determined by the parameters ρ0, θ0, and
θ3. In the kinematic synthesis process, the trajectory to be followed by point E, along with
the corresponding flexion angle θ2 required to align with this trajectory, are established
as key design criteria. The procedure incorporates geometric relationship constraints, as
illustrated in Figure 2a, along with the constraints at the stance–swing transition instant
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depicted in Figure 2c. This methodology can thus be characterized as a body guidance with
a different approach.

Closed loop equations for x and y coordinates and angle relations are given in
Equations (1)–(3). From now on, sines and cosines will be shown in a shortcut form,
as s and c, respectively.

r1cθ1 + r2cθ2 = ρAcA + r3cθ3 (1)

r1sθ1 + r2sθ2 = ρAsA + r3sθ3 (2)

θ1 = θ0 + π=> sθ1 = −sθ0 & cθ1 = −cθ0 (3)

From the given equations, the following sine and cosine relations can be extracted as in
Equations (4) and (5):

cθ3 =
−r1cθ0 + r2cθ2 − ρAcA

r3
(4)

sθ3 =
−r1sθ0 + r2sθ2 − ρAsA

r3
(5)

To ensure the tracking of point E in the mechanism depicted in Figure 2a, a geometric
constraint is defined using the triangle ABE at the top of the mechanism. Additionally,
another crucial constraint involves the transition pose between the stance and swing phases,
illustrated in Figure 2c. At this transitional instant, the direction of ED at the end of the
stance phase must be determined based on the desired position of the swing phase relative
to ICR. It is essential that we ensure that the position of the knee center at the beginning of
the swing phase aligns with the direction of ED. In this context, n corresponds to the final
precision point within the stance phase. Consequently, the parameters ρ0n, ρ3n, θ0n, and θ3n

must be defined for this critical transition instant. In Table 1, the parameters and variables
are summarized to be used in the stance phase design, where the r3i is revealed to be the
variable after the synthesis procedure is utilized.

Table 1. Stance phase design parameters classification.

Classification Parameters

Construction Parameters ϕA, r1, r2, ρA
Known Parameters Point B (XB, YB), ρ0n, θ0n, ρ3n, θ3n
Known Variables ρ0i, θ0i, θ2i

Unknown Variable θ3i, r3i

Considering the geometric constraints, Equations (6) and (7) are obtained by applying
the sine theorem:

s(θ3 − θ0 − π)

ρA
=

s(øA − θ3)

ρ0
=> ρA =

−ρ0s(θ3 − θ0)

s(øA − θ3)
(6)

−s(θ3n − θ0n)

ρA
=

s(øA − θ3n)

ρ0n
=> ρA =

−ρ0ns(θ3n − θ0n)

s(øA − θ3n)
(7)

Given the Equations (6) and (7) are equivalent (ρA = ρA), this relationship leads to the
derivation of Equation (8) and, subsequently, Equation (9):

−ρ0s(θ3 − θ0)

s(øA − θ3)
=

−ρ0ns(θ3n − θ0n)

s(øA − θ3n)
(8)

(ρ0sθ3cθ0 − ρ0sθ0cθ3)s(øA − θ3n)− (ρ0nsøAcθ3−ρ0nsθ3cøA)s(θ3n − θ0n) = 0 (9)
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When the variables of Equations (4) and (5) are placed into Equation (9), Equation (10)
is obtained:[

ρ0cθ0

(
−r1sθ0+r2sθ2−ρAsøA

r3

)
− ρ0sθ0

(
−r1cθ0+r2cθ2−ρAcøA

r3

)]
[s(øA − θ3n)]

−
[
ρ0nsøA

(
−r1cθ0+r2cθ2−ρAcøA

r3

)
− ρ0ncøA

(
−r1sθ0+r2sθ2−ρAsøA

r3

)]
[s(θ3n − θ0n)] = 0

(10)

Upon applying the methodology, it is observed that the r3 parameter is effectively elimi-
nated, transforming into a variable that changes across different instances. This outcome is
a natural consequence of the kinematic synthesis methodology.

By combining the known and unknown parameters, Equation (11) is derived:(
r2sA

r3

)
[ρ0cθ3ns(θ2 − θ0)− ρ0ncθ2s(θ3n − θ0n)] +

(
r2cA

r3

)
[−ρ0sθ3ns(θ2 − θ0) + ρ0nsθ2 s(θ3n − θ0n)] +

(
sA
r3

)
[ρ0ρ0ncθ0s(θ3n−

θ0n)] +
(
−cA

r3

)
[ρ0ρ0nsθ0s(θ3n − θ0n)] +

(
r1sA

r3

)
[ρ0ncθ0s(θ3n − θ0n)] +

(
−r1cA

r3

)
[ρ0nsθ0s(θ3n − θ0n)] = 0

(11)

To ease the process, the known and unknown parameters are expressed in polynomial form
to define the objective function, arranged as shown in Equation (12):

(−r1)︸ ︷︷ ︸
P0

[ρ0nsθ0s(θ3n − θ0n)]︸ ︷︷ ︸
f0

+ (r2)︸︷︷︸
P1

[−ρ0sθ3ns(θ2 − θ0) + ρ0nsθ2s(θ3n − θ0n)]︸ ︷︷ ︸
f1

+ (tan A)︸ ︷︷ ︸
P2

[ρ0ρ0ncθ0s(θ3n − θ0n)]︸ ︷︷ ︸
f2

+(r1tan A)︸ ︷︷ ︸
P3

[ρ0ncθ0s(θ3n − θ0n)]︸ ︷︷ ︸
f3

+ (r2tan A)︸ ︷︷ ︸
P4

[ρ0cθ3ns(θ2 − θ0)− ρ0ncθ2s(θ3n − θ0n)]︸ ︷︷ ︸
f4

− [ρ0ρ0nsθ0s(θ3n − θ0n)]︸ ︷︷ ︸
F

= 0
(12)

The relevant polynomial is shown in Equation (13):

P0 f0 + P1 f1 + P2 f2 + P3 f3 + P4 f4 − F = 0 (13)

Examining the objective function presented in Equation (12) reveals non-linear relationships,
as expressed in Equations (14) and (15):

P3 = −P0P2 = λ1 (14)

P4 = P1P2 = λ2 (15)

Given two non-linear parameter coefficients identified, polynomial expressions are for-
mulated as shown in Equation (16). In order to solve the set of equations, three different
construction parameters are required, which are the r1, r2, and ϕA parameters included in
P0, P1, and P2:

Pi = li + miλ1 + niλ2 i = 0, 1, 2 (16)

By expressing Equation (16) in matrix form for the three structural parameters, the resulting
linear and non-linear terms are formulated as shown in Equations (17)–(19): f 1

0 f 1
1 f 1

2
f 2
0 f 2

1 f 2
2

f 3
0 f 3

1 f 3
2


︸ ︷︷ ︸

A

l0
l1
l2

 =

F1

F2

F3

 (17)

[A]

m0

m1

m2

 =

− f 1
3

− f 2
3

− f 3
3

 (18)
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[A]

n0

n1

n2

 =

− f 1
4

− f 2
4

− f 3
4

 (19)

As a result of specifying the precision points for design purposes, the linear l0, l1, and l2,
and non-linear m0, m1, m2, n0, n1, and n2 parameters are determined. By simultaneously
solving Equations (20) and (21), derived from the combination of Equations (14)–(16), it
becomes possible to compute λ1 and λ2:

λ1 = −(l0 + m0λ1 + n0λ2)(l2 + m2λ1 + n2λ2) (20)

λ2 = (l1 + m1λ1 + n1λ2)(l2 + m2λ1 + n2λ2) (21)

The polynomial parameters required to obtain the structural parameters can be determined
for each λ1 and λ2 by using Equation (22):

P0 = l0 + m0λ1 + n0λ2

P1 = l1 + m1λ1 + n1λ2

P2 = l2 + m2λ1 + n2λ2

(22)

The synthesis is terminated for these three parameters with the relationships shown in
Equation (23) between the polynomial coefficients and structural parameters:

r1 = −P0

r2 = P1

øA = atan(P2)

(23)

In light of the presence of all the data in Equation (24), the value of ρA can be reached:

ρA =
−ρ0ns(θ3n − θ0n)

s(øA − θ3n)
(24)

As a result, different θ3 and r3 values for each precision point can be found using Equa-
tions (25) and (26):

θ3i = atan2(−r1sθ0i + r2sθ2i − ρAsøA,−r1cθ0i + r2cθ2i − ρAcøA) (25)

r3i =
−r1sθ0i + r2sθ2i − ρAsøA

sθ3i
(26)

It is concluded that the mechanism functions as a two-DoF system, as the link r3 effectively
behaves as a prismatic joint based on the derived mathematical expressions.

3.2. Kinematic Synthesis for Swing Phase

For the swing phase, utilizing the mechanism structure illustrated in Figure 1d, efforts
were directed towards reducing the mobility of the stance phase mechanism while maintain-
ing the proper orientation of the shared component at transition. The kinematic structure
necessary for the swing phase has been designed to mimic the anatomical behavior of
the anterior and posterior cruciate ligaments, ensuring a single-DoF movement capability.
The parameters for this configuration are illustrated in Figure 3. In addition to the fixed
ground point A, the second ground point F is defined using parameters ρF and ϕF. The
stance phase mechanism shares a common dyad, r3, which includes a prismatic joint to
accommodate linear motion.
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Figure 3. Swing kinematic structure with parameters [48].

In this structure, the coupler r4, connecting the joints D and G, is linked to the end of r2,
working in coordination to produce the flexion movement necessary for the attached pylon
tube. Additionally, link r5, incorporating a passive rotation angle θ5, is placed between
the grounded point F and joint G. By applying the kinematic synthesis procedures, the
dimensions of this configuration can be determined by minimizing the positional error
while achieving the overall motion requirement.

The stance phase mechanism initially exhibits two DoFs; however, a critical objective
is to reduce the overall DoF to one, aligning with the primary design aim. Similarly, the
proposed swing mechanism ensures a reduction to a single-DoF, thereby maintaining
consistency in both orientation and the ICR positioning, in accordance with the estab-
lished design objectives. Since both mechanisms are intended to be operated together as a
combined system, it is essential that the number of precision points defining the motion
requirements is identical for both phases. Accordingly, the kinematic synthesis for the
swing phase considers three precision points, necessitating the definition of three unknown
parameters. As illustrated in Figure 3, these parameters are identified as ρF, ϕF, and r5.
Parameter r4 is designated as an optimization variable, while the other three parameters are
treated as unknowns to ensure that the combined mechanism achieves the desired motion
seamlessly. This part is dedicated to make sure the stance movement is achieved by the pro-
posed mechanism that is synthesized. During the swing phase, the mechanism continues
its motion as designed, with the ED link initially aligned in the desired orientation.

To accommodate the combined mechanism’s movement, the shared dyad r3, pre-
viously established for the stance phase, can be integrated into the kinematic analysis.
This integration ensures the continuity and alignment of the motion requirements for
both phases.

The closed-loop equations for the x and y coordinates and angle relations are given in
Equations (27) and (28):

ρFcøF + r5cθ5 = r3cθ3 + r4cθ4 (27)

ρFsøF + r5sθ5 = r3sθ3 + r4sθ4 (28)

As seen in Table 2, we tried to achieved the results with three precision points for three
structural parameters.

Table 2. Swing phase design parameters classification.

Classification Parameters

Construction Parameters ρF, ϕF, r5
Known Parameters r4
Known Variables θ3, θ4

Unknown Variable θ5
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The objective function is reached as a result of adding the squares of Equations (27) and
(28), eliminating θ5 as a result, and arranging them according to the known and unknown
parameters and variables specified in Table 2 (Equation (29)).

r2
4 + ρ2

F − r2
5

2
+ (ρFcF)[−r3cθ3−r4cθ4] + (ρFsF)[−r3sθ3−r4sθ4]−

[
−r3r4c(θ3 − θ4)−

r2
3
2

]
= 0 (29)

The representation of Equation (29) in polynomial form is presented in Equation (30):

P0 f0 + P1 f1 + P2 f2 − F = 0 (30)

The polynomial constants and variable functions in Equation (30) are shown collectively in
Equation (31):

P0 =
r2

4+ρ2
F−r2

5
2 , f0 = 1

P1 = ρFcøF, f1 = −r3cθ3−r4cθ4

P2 = ρFsøF, f2 = −r3sθ3−r4sθ4

F = −r3r4c(θ3 − θ4)−
r2

3
2

(31)

In order to solve three construction parameters r4, r5, and ρF that are included in P0, P1,
and P2, three precision points are needed to evaluate the related variable functions of
Equation (30) to form three equation sets (Equation (32)): f 1

0 f 1
1 f 1

2
f 2
0 f 2

1 f 2
2

f 3
0 f 3

1 f 3
2


P0

P1

P2

 =

F1

F2

F3

 (32)

Solving Equation (32) along with Equation (31), unknown construction parameters can be
found (Equation (33)):

øF = atan2(P2, P1)

ρF = P1
cos øF

//ρF = P2
sin øF

r5 =
√

r2
4 + ρ2

F − 2P0

(33)

When the common three precision points are selected for both phase systems, the combined
mechanism functions as a single-DoF system, achieving the stance phase movement with
the required orientation for a seamless transition to the swing phase.

On the other hand, upon entering the swing phase, it becomes necessary for the ICR to
be aligned with the centroid of the biological knee. In order to accomplish this, the second
loop of the combined system should become a single four-bar mechanism without having
any constraints from the first loop to maintain this desired motion. This configuration
is only possible if the length of dyad r1 is allowed to be changed with a prismatic joint
throughout the swing phase, while the length of the dyad r3 becomes constant. Thus, once
the swing phase begins, the r3 parameter must continue its movement as a fixed length to
ensure that the system functions as a purely anti-parallel four-bar mechanism. The method
for implementing this constraint is addressed in the following section on conceptual design.

4. Conceptual Design and Simulation Results
As mentioned in the previous sections, the final design integrates kinematic synthesis

to construct a two-DoF five-bar mechanism for a stable ICR and coupler orientation during
stance, which is then reduced to one DoF by a shared dyad that locks r3 during the swing
phase while maintaining system mobility. This is achieved by freeing r1 to allow natural
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ICR tracking in the swing phase mode. Considering the coarse representation as illustrated
in Figure 4a, during the stance phase of the gait, a higher-force closed kinematic pair with
a point contact will be formed at point C′, similar to a cam-follower system. When the
motion transitions from stance to swing, point C′ will lose its point of contact, becoming
a free point in the planar subspace, while, at the same instance, a higher-force closed
kinematic pair with a point contact will be formed at point D′. This way, the overall DoFs
of the mechanism will be retained as one. Due to the nature of the force closed kinematic
pairs that are prone to disassembly during the absence of required forces, in the proposed
mechanism shown in Figure 4b, instead of utilizing a cam surface, a slot was selected to be
used with the same profile. Furthermore, as additional special cases, in order to simplify the
synthesis complexity, circular profiles with centers located at A and B points, respectively,
were formed. With the help of this configuration, prismatic joint motion constraints were
achieved; that is, during the stance phase when C′ is in a slot, the prismatic joint connected
to the CC′ dyad will be locked, while the prismatic joint connected to the DD′ dyad will
be capable of linear motion. During the swing phase, the condition will be reversed, as,
when D′ is in a slot, the prismatic joint connected to the DD′ dyad will be locked, while the
prismatic joint connected to the CC′ dyad will be capable of linear motion.
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Figure 4. (a) Proposed single-DoF mechanism coarse representation; (b) proposed kinematic so-
lution for single-DoF combined mechanism; (c) kinematic structure during stance phase; (d) kine-
matic structure during swing phase; (e) stance phase kinematic structure [48]; and (f) swing phase
kinematic structure.

The rigid body containing joint A, joint B, and joint F represents the fixed grounding.
The transition between the stance and swing phases are illustrated in Figure 4c and 4d,
respectively. Simplified kinematic representations for both the stance and swing phases can
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be seen in Figure 4e and 4f, respectively; as such, r1 is turned into a prismatic joint from a
regular link, while r3 is transformed into a fixed-length link from a prismatic joint.

This engineering approach necessitates two distinct kinematic analyses to ensure a
complete motion analysis by keeping the overall mobility as one but changing its structure.
These analyses enable the simulation of the system’s movement, facilitating the extraction
of motion and orientation errors and the evaluation of the flexion stability ratio. Ulti-
mately, the optimization methods can be integrated to refine the design and enhance the
system performance.

4.1. Kinematic Analysis for Overall Mechanism

Although the common rod angle (θ3) serves as the input in the actual application, for
simplifying the position analysis, the flexion angle (θ2) is selected as the input angle, given
that its limits are predefined. During the stance phase (θ2 ≤ θ2n), the relationship between
the input and output can be expressed using distinct functions (θ3 = f (θ5); r3 = g(θ3, θ5))
derived from the second closed kinematic loop, as formulated in Equations (27) and (28).
Since the closed loops are interdependent, the position analysis within its kinematic struc-
ture is relatively straightforward. The values of θ5, θ1, θ3, and r3 are subsequently deter-
mined using Equation (34):

θ5 = 2atan
(
−B±

√
B2−4AC

2A

)
θ1 = atan2

ρFsøF + ρAsøA + r5sθ5 − (r2 + r4)sθ2,

ρFcøF + ρAcøA + r5cθ5 − (r2 + r4)cθ2


θ3 = atan2

ρFsøF + r5sθ5 − r4sθ2,

ρFcøF + r5cθ5 − r4cθ2


r3 = ρFsøF+r5sθ5−r4sθ2

sin θ3
// r3 = ρFcøF+r5cθ5−r4cθ2

cos θ3

(34)

where

A = ρFr5cøF + ρAr5cøA − r5(r2 + r4)cθ2 + ρF(r2 + r4)c(øF − θ2) + ρA(r2 + r4)c(øA − θ2)− ρAρFc(øA − øF)−
(r2

1−ρ2
F−ρ2

A−r2
5−(r2+r4)

2)
2

B = −2(ρFr5søF + ρAr5søA − r5(r2 + r4)sθ2)

C = r5(r2 + r4)cθ2 − ρFr5cøF − ρAr5cøA − ρF(r2 + r4)c(øF − θ2) + ρA(r2 + r4)c(øA − θ2)− ρAρFc(øA − øF)−
(r2

1−ρ2
F−ρ2

A−r2
5−(r2+r4)

2)
2

For the swing phase (θ2 > θ2n), the input–output relationship can be expressed through
alternative functions due to changes in the mechanism structure. As previously mentioned,
the prismatic joint r3 is locked at the termination of the stance phase, during which its
kinematic pair type alters. Simultaneously, to maintain a single-DoF by changing the
kinematic structure, joint C is released in the longitudinal direction, functioning as a lower
kinematic pair. The position analysis for the closed loops in this configuration can be
determined using Equation (35), in order to find values of θ3, θ5, r1, and θ1:



Machines 2025, 13, 20 16 of 24

θ3 = 2atan
(
−B±

√
B2−4AC

2A

)
θ5 = atan2

r3sθ3 + r4sθ2 − ρFsøF,

r3cθ3 + r4cθ2 − ρFcøF


r1 =

√
ρ2

A + r2
3 + r2

2 + 2ρAr3c(øA − θ3)− 2ρAr2c(øA − θ2)− 2r2r3c(θ2 − θ3)

θ1 = atan2

ρAsøA + r3sθ3 − r2sθ2,

ρAcøA + r3cθ3 − r2cθ2


(35)

where
A = r3r4cθ2 − r3ρFcøF + r4ρFc(θ2 − øF)−

(r2
3+r2

4+ρ2
F−r2

5)
2

B = −2(r3r4sθ2 − r3ρFsøF)

C = −r3r4cθ2 + r3ρFcøF + r4ρFc(θ2 − øF)−
(r2

3+r2
4+ρ2

F−r2
5)

2

The combined mechanism exhibits two distinct structural configurations, maintaining its
mobility. This adaptability underscores the mechanism’s ability to satisfy the diverse phase
requirements through a dynamic structural reconfiguration. To validate and further explore
its functionality, a numerical implementation is employed, enabling a detailed examination
of the working principle.

Through a numerical analysis, critical parameters such as positional accuracy, orienta-
tion consistency, and the effectiveness of the phase transitions can be evaluated. Addition-
ally, motion simulations are conducted to identify potential deviations or inefficiencies in
the mechanism’s behavior under varying conditions. These simulations provide a foun-
dation for optimization, ensuring that the mechanism achieves the desired biomechanical
reliability and operational robustness. The subsequent section details the numerical ap-
proach and simulation outcomes, highlighting the mechanism’s performance and areas
for refinement.

4.2. Numerical Approach and Simulation

Numerical implementation is a crucial step in validating the theoretical framework
established through kinematic synthesis and analysis. By translating the derived equations
into computational algorithms, the mechanism’s behavior can be simulated under various
conditions, allowing for a complete evaluation of its performance. In this study, MATLAB
(ver. 2023b) was utilized to program kinematic equations, enabling the systematic analysis
of both the stance and swing phase transitions. The results obtained from these numerical
simulations provide valuable insights into the mechanism’s motion characteristics, posi-
tional accuracy, and phase transition kinematics, forming the basis for further optimization
and validation efforts. Additionally, using the same program, kinematic motions were
visualized, establishing MATLAB (ver. 2023b) as a visual simulation tool for the mechanism.
A model of an average-sized leg was combined to enhance aesthetic realism, allowing the
visualization to consider potential sizing errors and improve the design’s alignment with
realistic sizes.

As outlined in the kinematic synthesis and analysis sections, certain variables must
be optimized to achieve more efficient and functional solutions. To validate the proposed
methodology, an example solution was derived based on the specified variables, precision
points, and required parameters. These details are summarized in Table 3, providing a clear
reference for the implementation and results of the approach.
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Table 3. Design parameters for example application.

Parameter Value

Offset of Point B from Origin X: −10 mm; Y: 10 mm
Flexion Angle Offset −10◦

Precision Point 1 X1; Y1 (20.0 mm; 128.0 mm); θ2 = 0◦

Precision Point 2 X2; Y2 (−16.6 mm; 123.9 mm); θ2 = 5◦

Precision Point 3 (Transition Point) X3; Y3 (−30.0 mm; 70.0 mm); θ2 = 20◦

Knee Centroid Point at Transition XH; YH (28.3 mm; −20.9 mm)
r4 10 mm

The procedural steps and outcomes of the MATLAB (ver. 2023b) script utilizing the
design parameters outlined in Table 3 are depicted in Figure 5, providing a detailed visual-
ization of the methodology. The x component of the origin point is aligned along with the
axis extending from the hip to the ankle, while the y component corresponds to the location
of the center of the lateral femoral condyle. These dimensions and axes are illustrated in
Figure 5a, where precision points and the transition instance are plotted on an average-sized
leg for visualization within the sagittal plane. In the kinematic synthesis process, point
B, defined as the mechanism’s origin, serves as a reference point in mathematical models
but can be adaptably positioned on the knee for flexibility in generating diverse solutions.
For clarity, the origin in this example application differs from the defined ground origin,
indicated in Figure 5a marked with a ground symbol. Hip and ankle centers are indicated
along the y-axis, while the lateral femoral condyle center shapes the x-axis. Although no
strictly defined ICR trajectory exists, its characteristics depend on patient-specific factors
such as activity level, residual limb dimensions, and lifestyle. The critical feature of the
trajectory is that it must ensure natural stability during the stance phase. Figure 5a shows
three precision points, indicated as red dots, derived from the trajectory of a commercial
passive polycentric transfemoral prosthesis, validating the methodology only within a
stance phase interval of 0◦ to 20◦ flexion. Additionally, one more red dot, point H in Table 3,
is also indicated, which stands for the natural ICR point to be utilized in the swing phase
mechanism at the transition instance, defining 20◦ flexion for the simulation of numerical
validation. It is expected to orient the shared member through the virtual line from the
third precision point of the stability ICR trajectory and the natural ICR point defined for the
swing phase beginning. The orientation line is indicated as dashed black line in Figure 5a.

After the utilization of the kinematic synthesis methodology with specified demon-
stration parameters, the results are obtained and presented. In Figure 5b, three precision
points, their corresponding poses for the stance phase mechanism (a five-bar linkage with
a variable r3 link), and the transition pose are shown. Here, the alignment of the third pre-
cision point with the transition point is emphasized as a critical requirement. Furthermore,
an offset angle is introduced at the pylon tube–foot connection to adjust the required knee
flexion. In this example, the offset angle is set to a non-zero value for better demonstration.
The coupler link r2, represented in blue, begins with the mentioned offset angle as defined
in Table 3 and ends with the 20◦ total flexion angle change.

The trajectory of motion is illustrated in Figure 5c with the corresponding x and y
components represented as black dots on the sagittal plane, where the r3 link length varies
linearly in moderate steps. At the transition point, the shared member’s orientation aligns
as required, pointing towards the predefined knee centroid for the swing phase. Depending
on the results given in the stance phase, the kinematic synthesis procedure for the swing
phase mechanism is utilized, in which the r4 link member is selected as an optimization
parameter given in Table 3 to shape the swing phase mechanism, ensuring alignment with
the desired kinematic behavior. The extracted results of the final combined mechanism
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are kinematically visualized on the sagittal plane with placing on an average-sized leg in
Figure 5d, which makes the whole system single-DoF.

The simulation results in Figure 5e demonstrate the stance phase ICR stability (black
dots) and the swing phase ICR alignment (red dots) through the full range of motion from
0◦ to 120◦ flexion. At the stance phase’s end, corresponding 120◦ flexion, r1 extends to
preserve mobility, while r3 locks along the prismatic direction.

Figure 5f evaluates the full flexion position, confirming the design’s dimensional
feasibility for manufacturing and integration with human anatomy. The results validate
the singularity-free motion across the range, demonstrating the theoretical applicability.
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Figure 5. The procedural approach and comprehensive visualization of an example application:
(a) Plane definition, precision points and transition moment on an average-sized leg to visualize their
distribution on the sagittal plane; (b) Three precision points, their corresponding poses for the stance
phase mechanism and the transition pose after the completion of the kinematic synthesis procedure;
(c) The trajectory of ICR motion with corresponding x and y components represented as black dots
on the sagittal plane, where the r3 link length varies linearly in moderate steps; (d) Mechanism’s
overall dimensions relative to an average-sized leg in full extension; (e) Constructed and simulated
combined mechanism by integrating the stance phase mechanism with the swing phase parameter r4;
(f) Mechanism’s overall dimensions relative to an average-sized leg in 120◦ flexion.
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The applicability of the proposed conceptual design in terms of kinematics has been
demonstrated. The mathematical model for kinematic synthesis was integrated with a
numerical example to visualize the results on an average-sized human leg, highlighting
that the kinematic synthesis methodology imposes no inherent dimensional constraints or
boundaries. Visualization was achieved using MATLAB (ver. 2023b) based simulations.
This study underscores the importance of incorporating multiple optimization parameters
and refining trajectory design to achieve full motion capabilities. To facilitate this process,
the authors developed a MATLAB-based graphical user interface, enabling designers to de-
fine parameters, optimize mechanisms and compare outcomes across different designs [55].
Comprehensive optimization and dynamic analyses were identified as essential next steps
and are left to future work. These efforts will deepen the analysis, integrate the graphical
user interface and provide a robust foundation for real-world experimental validation.

5. Discussions
The current study introduces a novel approach to the kinematic synthesis and design

of a modular polycentric knee mechanism for transfemoral prostheses. The discussion
focuses on evaluating the outcomes in the context of the stated objectives, exploring
design trade-offs and addressing limitation, while also suggesting potential directions for
future research.

One of the primary achievements of this study is the development of a combined
mechanism that seamlessly integrates the distinct kinematic requirements for the stance and
swing phases into a single-DoF structure. This innovative design enables the mechanism
to be able to take to different configurations during the transition between the stance and
swing phases, as explained in Section 3, effectively avoiding singularity points during
full knee flexion. The modular nature of the mechanism further ensures the adaptability
to various user characteristics, such as anatomical differences and activity levels, while
maintaining robustness and precision across gait cycles.

The proposed approach demonstrates significant potential in improving both stability
and motion biomimicry. The polycentric stance mechanism, which leverages a strategi-
cally positioned ICR, provides enhanced weight-bearing stability and secure positioning
during the stance phase. Meanwhile, the swing mechanism’s biomimetic trajectory aligns
with the requirements of natural knee movement, ensuring smoother transitions between
gait phases.

Compared to existing single-DoF knee mechanisms, the proposed design uniquely
addresses the challenge of singularity avoidance, which is often overlooked in the devel-
opment of polycentric systems. While cam-based designs focus on precise ICR control
and linkage-based approaches prioritize structural simplicity, this study combines the
strength of both methodologies. By integrating analytical kinematic synthesis, the mecha-
nism achieves a balance between functional complexity and manufacturability. Addition-
ally, the modular structure sets this design apart from the conventional fixed-geometry
mechanism. Unlike standard prostheses, which are typically tuned for generic users, the
proposed mechanism can be customized for individual needs without compromising the
overall performance.

Despite the promising results, several limitations and challenges remain for further
investigation. The reliance on a prismatic joint introduces potential concerns regarding
wear and maintenance, particularly under high-load conditions. Furthermore, while the
MATLAB-based numerical analyses and simulation provide a detailed understanding of
the mechanism’s behavior, real-world validations, including fatigue tests and user trials,
are essential in order to fully assess its durability and functionality. The analysis in the
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future must consist of following additional metrics such as durability, adaptability, and
user comfort.

One more notable limitation is the absence of a dynamic analysis in this study. While
the kinematic analysis and simulations provide a strong theoretical groundwork, they do
not fully account for inertial effects, impact forces, or other dynamic factors that occur
during real-world usage. Incorporating dynamic modeling would enable a more compre-
hensive understanding of the mechanism’s behavior, particularly during rapid transitions
between the stance and swing phases.

Another critical consideration is the impact of phase transitions on user experience and
overall gait smoothness. Although the proposed design ensures seamless phase transitions
in theory, the practical implications of these transitions, such as potential discomfort, delays,
or instability during use, remain unexplored. Experimental studies involving users could
show how these transitions affect functionality and comfort, providing valuable insights
for refining the design. It should be noted for the readers that a common issue related with
reconfigurable mechanisms [56–58] such as the proposed mechanism in the manuscript
is the possibility to encounter large forces. Thus, an optimization procedure should be
followed for the final design that is synthesized with patient-specific data. In order to
achieve an efficient transition to the final mechanism, mechanical slots should be designed
in a way that they will cover a portion of the motion as a dependent geometry; that is, both
of the pins should be in guided slots at the same time during prescribed parts of the motion.
This is possible via executing a kinematic analysis on the final structure and choosing pin
locations on related links that will generate paths with less pointed geometries. The later
remaining (if they exist) pointed ends of the slot curves can be smoothened to allow a
controlled intentional error in the final path of the mechanism. For the stance case, as the
main target lies in achieving the ICR at a distant location, an injected error to smoothen
the transition at prescribed locations will not affect the overall design constraints. On the
other hand, for the swing phase, this generated error should also be taken as an additional
optimization parameter.

While the addition of an actuator is planned for future iterations to enable active
actuation, it is important to emphasize that the mechanism is designed to function without
an actuator as well due to the fact that actuation is not strongly required during ground-
level walking. Ensuring effective performance is also essential in a non-powered (or
low-powered to exceed the effects on elastic components) actuator configuration. This
dual functionality raises additional questions about how the phase transitions and overall
performance are influenced by the presence or absence of an actuator, suggesting an area
for further research.

By addressing these limitations, future iterations of the design can enhance its robust-
ness, adaptability, and user satisfaction, ensuring that the mechanism meets diverse needs
and performs reliably in various real-world scenarios.

6. Conclusions
This study presents a novel methodology for the design of a transfemoral prosthetic

knee mechanism, aiming to address the dual challenges of stability and biomimetic motion
through an analytically derived polycentric design. By integrating separate structural
models for the stance and swing phases into a combined mechanism with a single-DoF,
the proposed system offers an innovative solution that avoids singularities during knee
flexion, which is a key limitation in conventional active designs. This approach not only
ensures stability during the stance phase through robust ICR trajectory control but also
facilitates natural biomimetic motion in the swing phase by incorporating insights from
orthotic applications and polycentric knee mechanisms.
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The modular framework developed in this study enables the personalized adaptation
of the mechanism based on individual user characteristic, such as weight, activity level,
and anatomical differences. Furthermore, the integration of analytical kinematic synthesis
methods allows for user-specific adjustments to the flexion angle and overall functionality,
ensuring that the prosthesis can meet diverse gait phase requirements with enhanced
functionality, offering a versatile design procedure allowing for a more efficient approach
for patient-specific designs and avoiding the singularity point during full flexion.

The design’s compatibility with motorized actuation further places it as a possible can-
didate for the active polycentric knee mechanism, enabling adaptive control for improved
performance across dynamic conditions. This feature not only advances the biomechanical
utility of the mechanism but also lays the groundwork for future research and development
in the motorized transfemoral prosthetic system.

Overall, the proposed methodology provides a scientifically robust base for the devel-
opment of the possible future use of transfemoral prostheses. By harmonizing the stability,
adaptability, and biomimetic motion, this study offers a promising pathway toward im-
proving the quality of life for lower limb amputees, enhancing both prosthetic functionality
and user comfort.
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