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Abstract

This paper presents the computational design and validation of a transfemoral prosthesis with a polycentric knee
mechanism, based on kinematic synthesis and multibody dynamics. Two linkage mechanisms (four-bar and
Stephenson) were synthesized to reproduce the physiological instantaneous center of rotation (ICR) trajectory of the
human knee. Optimization using an adaptive Differential Evolution algorithm generated configurations with
significantly reduced RMS ICR error. The resulting mechanism achieves a full range of motion of 90.1°, from 97°
(extension) to 7° (flexion), satisfying passive stability criteria reported in the literature. The dynamic model, formulated
using an augmented Lagrangian approach, showed excellent agreement with the kinematic analysis (errors below
0.2%) and joint reaction forces between 750 and 1750 N, confirming system stability and automatic bifurcation during
gait. The final design is structurally feasible and manufacturable using conventional processes.

Keywords: Transfemoral prosthesis; instantaneous center of rotation; dimensional synthesis; 4 Bar mechanism;
Stephenson mechanism.

Resumen

Este articulo presenta el disefio y validacion computacional de una protesis transfemoral con rodilla policéntrica,
usando sintesis cinematica y dinamica de sistemas multicuerpo. Se sintetizaron dos mecanismos (cuatro barras y
Stephenson) para reproducir la trayectoria fisioldgica del centro instantaneo de rotacion (CIR) de la rodilla humana.
La optimizacion mediante un algoritmo adaptativo de evolucion diferencial generd configuraciones con error RMS del
CIR significativamente reducido. El mecanismo obtenido cubre un rango de movimiento de 90.1° entre 97° (extension)
y 7° (flexion), cumpliendo los criterios de estabilidad pasiva reportados en la literatura. El modelo dindmico formulado
mediante Lagrange aumentada mostrd alta concordancia con el analisis cinemadtico (errores <0.2%) y fuerzas
articulares entre 750 y 1750 N, validando la estabilidad y la bifurcacion automatica durante la marcha. El disefio final
es estructuralmente viable y manufacturable mediante procesos convencionales.

Palabras clave: protesis transfemoral; centro instantaneo de rotacion; sintesis dimensional; mecanismo de cuatro
barras; mecanismo de Stephenson.
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1. Introduction

The loss of a lower limb, particularly a transfemoral
amputation, presents a significant biomechanical
challenge that affects millions of individuals worldwide.
In 2019 alone, an estimated 552.45 million people were
living with limb amputations [1]. Beyond the obvious
reduction in mobility, this condition also impacts
psychological well-being, social participation, and
economic independence. Replicating the natural motion
of the human knee is essential for restoring an efficient
and stable gait, as well as for minimizing metabolic cost
and asymmetries that often lead to secondary
musculoskeletal disorders [2]. Although the design of
transfemoral prostheses has progressed from early
rudimentary devices to sophisticated modern systems,
one of the most persistent challenges is faithfully
reproducing the complex kinematics of the anatomical
knee [3].

The knee joint behaves far from a simple hinge; its
motion consists of coupled rotation and translation,
governed by a variable Instantaneous Center of Rotation
(ICR) that traces a characteristic inverted “J” path during
flexion and extension. Polycentric mechanisms have
demonstrated clear advantages over monocentric designs
because they can approximate this ICR trajectory,
improving stance-phase stability and enhancing foot
clearance during the swing phase [4]. Since the 1950s,
theoretical and practical frameworks for incorporating
four-bar mechanisms into knee prostheses have shown
that such systems can simultaneously increase stability in
the stance phase and provide greater freedom of
movement in the swing phase [2]. Achieving passive
stability requires positioning the ICR posterior to the
vertical load line passing through the user’s center of
mass, a condition that prevents inadvertent knee collapse
under load.

Recent studies, such as those reported in [S]-[7], have
introduced synthesis methodologies directly grounded in
biomechanical data derived from the ICR. These
approaches enable an accurate reproduction of the
functional behavior of the anatomical knee. Although the
majority of polycentric prosthetic knees are based on
four-bar mechanisms, six-bar linkages have also been
proposed to enhance functional performance. While six-
bar mechanisms have previously been employed to
replicate the kinematics of the human lower limb and the
knee ICR through knee—ankle joint coupling, their
primary focus has been on inter-joint coordination rather
than on the systematic synthesis of the knee mechanism
itself [8]. Moreover, the incorporation of a larger number
of links allows the generation of a broader family of
synthesized mechanisms, potentially achieving superior
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kinematic and dynamic characteristics for reproducing
human gait.

The optimization strategies employed in the synthesis of
polycentric knee mechanisms have evolved significantly
in response to increasing biomechanical and geometric
complexity. Early studies primarily relied on
deterministic and gradient-based approaches applied to
four-bar linkages [9]. Subsequent research introduced
population-based metaheuristics, such as genetic
algorithms, to enhance global search capability and
robustness against local minima [7], [10]. More recent
contributions have adopted advanced evolutionary and
hybrid optimization frameworks, including differential
evolution and multi-objective formulations, to address
the higher-dimensional design spaces associated with
six-bar mechanisms and to simultaneously satisfy
multiple performance criteria, such as ICR tracking
accuracy, passive stability, and structural compactness
[11], [12]. This evolution reflects a paradigm shift from
classical analytical synthesis toward computational
intelligence—driven methodologies for prosthetic knee
design.

From a complementary perspective, recent research has
also addressed the manufacturing aspects of prosthetic
systems. In this context, [13] highlights the importance
of advanced manufacturing methodologies for the
development of prosthetic devices, emphasizing aspects
such as process optimization and production feasibility.
These contributions are relevant as they support the
practical implementation of computationally designed
mechanisms, bridging the gap between theoretical
synthesis and real-world fabrication.

The main contribution of this work is the development
and validation of a wunified ICR-based synthesis
methodology that combines adaptive stochastic
optimization with multibody dynamic verification,
enabling the design of compact polycentric knee
mechanisms. These contributions provide a systematic
framework for the computational design and evaluation
of transfemoral prosthetic knee mechanisms.

2. Biomechanical and theoretical foundations
2.1. Anatomy and Biomechanics of the Human
Leg

The human lower limb comprises four main anatomical
segments: the thigh, the leg, the ankle, and the foot, each
performing specific functions that together enable
locomotion, body weight support, and adaptation to
different surfaces [14]. The thigh contains the femur, the
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longest and strongest bone in the human body, which
articulates proximally with the coxa bone at the hip joint
and distally with the tibia and patella at the knee joint.
The knee is the largest and most complex synovial joint
in the human body. This joint mainly allows flexion and
extension movements in a range of approximately 0 to
140 degrees, as well as allowing small axial rotation
movements when the knee is in a flexed position.

Transfemoral amputation represents the loss of the lower
limb at the thigh level, which implies the loss not only of
the leg and foot but also of the natural knee joint. This
situation leads to loss of active control of the knee,
transfer of load to the residual stump, and increased
energy demand (walking with a transfemoral prosthesis
requires approximately 60-100% more energy than
normal walking) [15].

2.2 Biomechanics of walking and the ICR

The human gait cycle is defined as the sequence of events
that occurs from the initial contact of a foot with the
ground until that same foot contacts the ground again.
This cycle is divided into two main phases: the stance
phase (60% of the cycle), where the knee must provide
stability to support body weight, and the swing phase
(40% of the cycle), where the knee must flex adequately
to allow the foot to clear the ground [16]. The gait cycle
imposes conflicting requirements on the prosthetic knee:
high stability under load during the stance phase and low
resistance to flexion during the swing phase. Figure 1
illustrates the joint kinematics required in the different
phases of the gait cycle.
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The ICR of the anatomical knee does not remain fixed in
a constant location but rather describes a continuous
curved trajectory during flexion-extension movement,
following a characteristic inverted “J” shape.

This behavior of the ICR has significant biomechanical
implications: it affects the muscle moment arms,
contributes to joint stability, and modifies the distribution
of joint contact.

Radcliffe [4] established the fundamental principle of
passive stability: to ensure that the mechanism does not
collapse under load, the ICR must be located posterior to
the vertical load line during the stance phase, Figure 2.

When the ICR is posterior to this line, the moments
generated by the ground reaction forces tend to extend
the knee, providing natural stability without requiring
active control.

2.3 Prosthetic knee mechanism

The knee mechanism is the central component of a
transfemoral prosthesis, as it largely defines the
functional performance of the device. The main types of
prosthetic knee mechanisms are classified as single-axis
monocentric knees, which use a fixed axis of rotation and
are the simplest from a mechanical point of view, and
polycentric knees, which use linkage mechanisms that
allow the ICR to change position during the flexion-
extension cycle, providing greater stability during the
stance phase and better foot clearance during the swing
phase [2]. These mechanisms can better approximate the
natural kinematics of the human knee. Although
advanced commercial solutions exist, their cost is high.

§
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Figure 1. Walking cycle in the stance and swing phases. Source: Adapted to [13].
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Figure 2. The relationship between the load line and the
location of the ICR during the stance phase. Source:
Adapted by [2].

3. Materials and methods
3.1. Topological synthesis

In the specific case of designing a knee prosthesis with a
linkage mechanism, the aim is to find a mechanism with
unitary mobility (M = 1) that can be actuated by a single
actuator or input movement. The possible topological
solutions of the mechanism with M=1, applying the
methodology described in [17] are presented in Table 1.

Table 1. Topological solutions for M=1 mechanism

Configuration | Binary | Ternary | Quaternary
1 4 0 0
2 4 2 0
3 5 0 1

Source: Prepared by the authors.

Configuration 1 with four binary links (four-bar
mechanism); configuration 2 corresponds to the six-link
isomers (Watt and Stephenson) with four binary links and
two ternary links; configuration 3 with a quaternary link
is not reproducible using valid kinematic chains.

Figure 3 presents the conceptual diagrams of the four-bar
and six-bar Stephenson-type mechanisms applied to
transfemoral prostheses. In the four-bar mechanism,
links AB and CD act as rockers that oscillate within
limited angular ranges, link BC functions as a coupler
where the socket that will physically hold the patient's
stump is mounted and link DA acts as a fixed frame that
rigidly attaches to the prosthesis pylon.
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In the Stephenson six-bar mechanism, the stump can be
installed in links FG or GE and link AD to the pylon.

*ICR

Figure 3. Four-bar and six-bar mechanisms for knee
prostheses. Source: Prepared by the authors.

3.2. Dimensional synthesis

The dimensional synthesis of the knee mechanism seeks
to replicate the natural kinematics of the human knee
using a mechanism whose ICR follows a trajectory that
approximates as closely as possible the trajectory of the
anatomical ICR. The synthesis problem is formulated as
a global optimization problem to minimize the error
between the ICR trajectory generated by the mechanism
and the target biomechanical trajectory reported in the
literature [5]. This target trajectory represents an
idealized kinematic behavior derived from experimental
studies with healthy subjects using three-dimensional
motion capture. It is well known that knee kinematics
vary across subjects, walking speeds, and locomotion
tasks such as slope walking or stair negotiation.
However, the objective of this study is to evaluate the
proposed synthesis methodology and its capability to
reproduce a complex kinematic descriptor such as the
ICR within a controlled framework. Therefore, a single
representative trajectory is adopted to enable a consistent
assessment of the mechanism synthesis and optimization
process.

The reference trajectory comprises 12 control points that
define the positions of the ICR in the range of flexion
from full extension (97°) to maximum flexion (7°). These
points represent the idealized kinematics for achieving
stability in the stance phase and fluidity in the transition
to the swing phase [5].
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Table 2 presents 12 control points of the ICR reference
trajectory with coordinates in millimeters, where the
origin is located at joint A. The angle O4p represents the
angular position of link AB measured from the horizontal
axis

Table 2. ICR reference trajectory

Point | 045 (°) | x (mm) | y (mm)
1 97 -6.66 33.13
2 87 -4.24 33.13
3 77 -1.81 33.13
4 67 0.61 32.81
5 57 3.03 31.14
6 47 5.46 29.06
7 37 7.88 26.52
8 27 10.31 23.52
9 17 12.73 20.02
10 17 15.15 15.93
11 7 17.58 11.18
12 7 20.00 5.65

Source: Prepared by the authors.
3.2.1 Instantaneous Center of Rotation of the
prosthetic knee mechanism

The instantaneous center of rotation is defined as the
unique point at which the relative velocity between two
rigid bodies in planar motion is instantaneously zero. The
total number of ICRs for an n-link mechanism is
calculated as

nn-—1)

5 )

Nicr =

Secondary ICRs are located at the intersection of two
collinear lines, iteratively applying Kennedy-Aronhold's
Theorem.

In a prosthesis with a 4R-type four-bar mechanism where
the socket is mounted on link 3 (coupler BC), the ICR of
primary biomechanical interest is 113, as it represents the
instantaneous center of rotation between the prosthetic
femur (link CD) and the fixed frame (link AD)
representing the prosthetic tibia, Figure 3.

Knowing the angle of rotation of link AB, the position of
point B of the mechanism is determined as,

Dp = DPa + Laglcos 0,5 sin 6,5 ] )
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and the position of point C corresponds to the intersection
of two circles centered at B and D with radii LBC and
LCD, respectively.

lpc — pell = L%ac y llpc —poll = LZCD 3

The Instantaneous Center of Rotation I3 (ICR) is
determined as the intersection of lines AB and CD. For
lines AB and CD, given the coordinates of each point,
their general equations can be written, respectively, as

Wa—yp)x+ (xg —xp)y + (x4¥p — Yaxg) =0 @)
e —yp)x+ (xp —xc)y + (xcyp —ycxp) =0 (5)

Considering that the instantaneous center of rotation
(ICR) is located at the intersection of both lines, we have
that,

a — ¥p)xire + (4 — X3)Yire
+ (Xayp — Yaxg) =0 (6)

(Ve = ¥p)xire + (Xp — Xc)Virc %)

+ (Xcyp = Yexp) =0
which corresponds to a system of linear equations whose
solution is,

Xicr
_ det[—(xayp — yaxp) (4 — x5) — (xcYp — yexp) (xp — x¢) | 8
4etl0s — ¥8) Gia — ) Oc — 90) (ko — %0) | ®)

Yicr
_ det[(ya —¥8) = Gays —Yaxs) 0c —¥p) = Geeyp —yexp) 1 (9)
det[(ya — yp) (xa — x5) (¢ — yp) (xp — x¢) |

A similar procedure is performed for Stephenson's six-
link mechanism, knowing that the total number of ICRs
is 15, classified as follows:

¢ Primary ICRs: 112, L14, 23, T34, 25, Ise, 146 located at the
physical joints.

. Secondary ICRs: 113, 115, 116, 124, 126, 135, 136, 145, which
require iterative localization.

In a Stephenson prosthesis where the socket is mounted
on link 6, the ICR of biomechanical interest is Ii¢. Its
location requires an iterative process that involves first
determining intermediate auxiliary ICRs.

Figure 4 shows the location of the ICRs of the
Stephenson mechanism synthesized in this work. The
diagram illustrates the complete set of 15 ICRs. The ICR
of biomechanical interest, 116, is highlighted, showing its
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position relative to the mechanism configuration. The
relevant collinear relationships used for iterative
localization are also indicated in the schematic.

The above equations are incorporated into the
formulation of the optimization problem.

3.2.2 Objective function

The cost function to be evaluated f(x) combines the root
mean square (RMS) error in the ICR trajectory and
penalties for critical angular deviations of the coupler
(socket):

f(x) =Wy RMS;cp + Wy - (Peney (10)
+ Penﬂex)

where W; and W, are weights given to the selected
parameters. The RMS error in the ICR trajectory is
defined as:

1 ()
_ Nz I ICR g, () — ICR oy 117

i=1

with N=12, for the control points according to Table 2.

Angular penalties ensure that the mechanism complies
with functional biomechanical requirements. The
extension penalty measures how much the angle of the
BC coupler deviates from the ideal horizontal position
(ABgc), applying a quadratic penalty that increases
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rapidly if the deviation exceeds 3° to ensure maximum
passive stability during the support phase.

Peng,, = {(AGEE)? if AGEXt > 3° 0 (12)
The flexion penalty measures the deviation of the BC
coupler angle from the 90° required for functional
flexion, allowing a tolerance of 5° before applying a
penalty:

Peng,, = {(|A08E —90°])? if |AGEE —90°] > 5° 0 (13)

This penalty ensures that the mechanism can achieve the
flexion necessary for everyday activities such as sitting
or climbing stairs, applying a moderate penalty that
increases with the square of the deviation to maintain the
balance between ICR accuracy and functionality.

3.2.2  Optimization Algorithm for ICR-based
Synthesis

An adaptive Differential Evolution (DE) algorithm was
implemented, selected for its robustness in multimodal
spaces. Unlike traditional gradient methods that can get
stuck in local minima, DE maintains a diverse population
of candidate solutions that evolve iteratively through
mutation, crossover, and selection operations. The choice
of a stochastic global optimization method over
deterministic approaches (e.g., gradient-based or
Newton-type methods) is justified by the nature of the
synthesis problem: the objective function is highly
nonlinear, non-convex, and exhibits multiple local
minima due to the geometric constraints of linkage
mechanisms [12].

Figure 4. ICRs for Stephenson mechanism. Source: Prepared by the authors.
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Deterministic methods commonly used in mechanism
synthesis, such as precision-point methods or analytical
approaches, are effective for problems with a small
number of design variables but become impractical for
the dimensional synthesis problem addressed here, which
involves 8 design variables for the four-bar mechanism
and 13 for the Stephenson mechanism [18, 19].

The DE algorithm operates on a population of NP
candidate solution vectors that evolve over G generations
through three operators: mutation, crossover, and
selection. In the adaptive variant used in this work
(DE/best/1/bin  with self-adaptive parameters), the
mutation factor F and crossover rate CR are dynamically
adjusted during the optimization process. Specifically, F
is sampled from a dither range [0.5, 1.0] at each
generation, which balances exploration (high F) and
exploitation (low F). The crossover rate CR = 0.7
controls the fraction of trial vector components inherited
from the mutant vector. The population size NP =40 x D
(where D is the number of design variables) provides
sufficient diversity for the search space dimensionality.

The algorithm proceeds as follows: (1) an initial
population of NP vectors is randomly generated within
the defined bounds; (2) for each target vector, a mutant
vector is created by adding a scaled difference of two
randomly selected population members to the current
best member; (3) a trial vector is formed by binomial
crossover between the target and mutant vectors; (4) the
trial vector replaces the target only if it yields a lower
objective function value (greedy selection). This process
is repeated until the convergence criterion (tolerance <
0.001) is met or the maximum number of generations
(1000) is reached.

The design variable vector x contains eight-dimensional
parameters for the four-bar mechanism:

X = [Lag, Lpc) Lepy Lpas Axs Ay, Dy, Dy

where Las, Lsc, Lep, Lpa are the lengths of the links
(ranges: [25, 160] mm for movable links [45, 200] mm
for frame) and (Ax,Ay), (Dx,Dy) are the coordinates of
the fixed pivots A and D (ranges: [-60, 110] mm x [-30,
110] mm).

For the Stephenson mechanism, thirteen design variables
are considered, corresponding to the link lengths and the
relative locations of supports A and D.
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3.3. Stability check

For stability checking, dynamic modeling is performed
to simultaneously obtain the generalized accelerations
and reaction forces at the joints.

The dynamics of the system were modeled using the
augmented Lagrange formulation for systems with
holonomic constraints [20]:

M(@)§=Q+Cl(A+aC +BC) (14)
where q€R’ are the generalized coordinates (positions
and orientations of the four moving links), M is the mass
matrix representing the inertial properties of the system,
Q are the generalized forces including applied forces and
velocity-dependent forces, C are the holonomic
constraint equations representing the mechanism's
revolute joints, Cq is the Jacobian matrix of the
constraints, and A are the Lagrange multipliers
representing the reaction forces at the joints. o and p are
Baumgarte's numerical stabilization penalty factors that
ensure that the constraints remain satisfied during time
integration.

4. Results and discussion
4.1. Synthesis and kinematic optimization

The optimization of the mechanisms was carried out
using the adaptive differential evolution (DE) algorithm.
The convergence process for both mechanisms is
presented in Figure 5, where an exponential reduction of
the RMS error in the ICR trajectory is observed until
stability is reached. The initial exploration phase allowed
identifying promising regions in the search space, while
the final fine-tuning guaranteed high-precision results in
a compact design.

For the four-bar mechanism, the algorithm converged to
an RMS error in the ICR trajectory of 2.26 mm in 17.8 s,
amply meeting the clinical acceptability criterion (<15
mm). However, the Stephenson mechanism
demonstrated significant kinematic superiority by
reaching an RMS error in the ICR trajectory of 0.54 mm
in 257.1 s. Both designs were constrained to realistic
dimensions, ensuring that the Stephenson mechanism is
as compact and applicable as the traditional four-bar
solution, despite its greater topological complexity (13
design variables).

Figure 6 presents a comparison between the desired ICR
trajectory and those obtained for the four-bar and six-bar
mechanisms. The results indicate that the generated
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trajectories closely match the target J-shaped profile,
achieving the desired form without compromising
passive stability during the initial phases of gait (upper
ICR region), where mechanical knee locking is essential.

Convergence: 4-Bar Mechanism

10%1 5

—— Best error per generation
2 ---Population average error
S R Stopping criterion (RMS < 5 mm)
Ly Phase 1: Exploration
‘\ Phase 2: Acceleration
\ Phase 3: Fine-tuning

RMS Error (mm) - Log Scale
2 2

il Final Error: 226 mm

0 50 100 150 200 250
Generation Number
Convergence: Stephenson Mechanism
~— Best error per generation

- Population average error
-+ Stopping criterion (RMS <5 mm)

RMS Error (mm) - Log Scale

0 200 400 600 800 1000
Generation Number

Figure 5. RMS error convergence history for the four-
bar and Stephenson mechanisms. Source: Prepared by
the authors.

For the four-bar mechanism, the final optimized
dimensions are AD = 52.35 mm, AB = 12.44 mm, BC =
13.05 mm, and CD =49.11 mm.

Conversely, the Stephenson mechanism exhibits a highly
compact architecture characterized by the following link
dimensions: frame AD = 90.00 mm; ternary crank ABF
(AB = 15.00 mm, AF = 28.66 mm, BF = 19.03 mm);

coupler BC = 39.84 mm; ternary rocker DCE
(DC = 71.02 mm, DE = 82.85 mm, CE = 20.01 mm);
coupler FG = 5047 mm; and joint socket
GE =28.51 mm.

The error distribution presented in Figure 7 corroborates
the robustness of the proposed designs. The error
histograms in Figure 8 exhibit a tighter distribution for
the Stephenson mechanism, with a smaller standard
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deviation, indicating a more predictable kinematic
behavior. For almost all precision points, the six-bar
mechanism yields a smaller error than the four-bar
mechanism.

35 -@- Objective
- 4B
30 Stephenson
25
E 2
>
15
10
5
45 -0 -5 0 5 10 15 20 25
X (mm)
Figure 6. ICR trajectory for the synthesized
mechanisms. Source: Prepared by the authors.
14
12
10
£
= 8 — = 15mm Limit
g
W os
4 Q
2 é
—_—
0
4-Bar Stephenson

Figure 7. Error distribution for synthesized mechanisms.
Source: Prepared by the authors.

The correlation matrices presented in Figure 9
demonstrate that the accuracy of the four-bar design is
strongly governed by the coupler posture (angBC). In
contrast, the performance of the Stephenson mechanism
exhibits a more pronounced dependence on the
horizontal position of the centroid (ICR x), thereby
indicating that the stability of the instantaneous pivot
displacement constitutes the critical factor for
minimizing the error in the six-bar configuration.

For the dynamic analysis (4-bar), the inertial parameters
in Table 3 and an external load corresponding to the
weight of a 120 kg (1180 N) user were used.
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For the numerical integration, the parameters in Table 4

were used.

4.0
3.5
3.0

25

mm
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Y
o

Error (mm)
-}
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B 4-Bar
3 Stephenson

B 4-Bar
3 Stephenson

Leettreal

P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
Control Point

Figure 8. Statistical metrics and error per precision
points in synthesized mechanisms.

A parametric scan was performed by varying the
horizontal position of vertical load application from +20
mm (behind the ICR) to -30 mm (ahead of the ICR) to
determine the critical bifurcation position of the
mechanism. This analysis allows the exact threshold to
be identified where the mechanism automatically
transitions from a stable configuration in extension to

flexion.

Table 3. Mass and inertia properties of the links

. Mass mi, Moment of inertia J;
Link 2
kg , kg-m
AB 0.03517 1.38x10°°
BC 0.16146 3.62x10°
CD 0.42451 2.92x10*
Total 0.62114 3.3139x10*
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Figure 9. Correlation matrices for 4B and Stephenson
mechanisms. Source: Prepared by the authors.

Table 4. Dynamic simulation configuration parameters

Parameter Value
Total simulation time 10s
Simulation time step 0.001 s
Integration method Implicit Newmark
Coefficient a 10000 N/m
Coefficient B 100 N-s/m
Convergence tolerance 1x10¢
Computational platform Google Colab

Source: Prepared by the authors.

Figures 10 and 11 illustrate the motion sequences from
maximum extension (97°) to final flexion (7°) for both
mechanisms.
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Figure 10. Motion sequences for the 4-bar mechanism.
Source: Prepared by the authors.
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Figure 11. Motion sequences for Stephenson
mechanism Source: Prepared by the authors.
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Figure 12 shows the results of the parametric analysis of
induced flexion, revealing how the angle of the AB
balancer and the reaction forces vary abruptly when the
load crosses the critical bifurcation distance of -0.2 mm,
demonstrating the existence of a kinematic singularity
that governs the automatic transition between the stable
and unstable configurations of the mechanism.
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Figure 12. Induced bending analysis. Source: Prepared
by the authors.

This phenomenon replicates the natural passive control
of the human knee and is fundamental to the functionality
of the device: during the stance phase, when the load line
passes in front of the ICR, the mechanism remains stable
in extension without requiring active control by the user;
when the user voluntarily initiates the swing phase by
shifting their center of mass forward, the load line crosses
the critical threshold, and the mechanism automatically
yields to flexion with minimal resistance.

These findings demonstrate that the Stephenson
mechanism achieves superior kinematic performance, as
evidenced by a reduced RMS error in the ICR trajectory
compared with the four-bar mechanism, while
maintaining structural compactness. This positions it as
the most suitable configuration for high-functionality
prosthetic knee applications; nevertheless, it remains
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heavier and more voluminous than its four-bar
counterpart. Furthermore, the increased number of joints
(6 revolute pairs vs. 4) introduces additional friction
losses and potential wear points that could affect long-
term reliability. The trade-off between kinematic
accuracy and mechanical simplicity must be carefully
considered in clinical applications. Figure 13 presents
the final dimensions obtained from a representative
dimensional synthesis result implemented in the 3D-
printed prototypes.

5. Conclusions

This study validated a comprehensive design framework
for a polycentric prosthesis by means of kinematic
synthesis and multibody dynamics. Optimization via
Differential Evolution produced a Stephenson
mechanism with an RMS error in the ICR trajectory of
0.54 mm, thereby surpassing the four-bar alternative
(2.26 mm) in kinematic accuracy while simultaneously
achieving a compact configuration under the imposed
constraints transition of the human knee. From a
biomechanical standpoint, passive stability and
automatic bifurcation were computationally
demonstrated, reproducing the natural extension—flexion.
The Lagrangian dynamic model confirmed the predicted
reaction forces (750-1750 N) and the kinematic
convergence (<0.2% error). While the results indicate
favorable biomechanical performance in terms of
kinematic accuracy and joint reaction forces, it is
important to note that this study is limited to a
computational framework. No experimental or clinical
validation with patients has been conducted. Therefore,
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the reported outcomes should be interpreted as indicative
of the mechanical feasibility and potential functional
performance of the proposed design.

Although the proposed design is based on a single
reference ICR trajectory, the methodology can be
extended to incorporate multiple gait patterns, in order to
improve robustness under diverse locomotion scenarios.
Furthermore, the synthesis approach presented in this
work has the potential to be adapted to subject-specific
data, enabling the design of customized prosthetic
mechanisms tailored to individual anthropometric and
kinematic characteristics. This could contribute to
improving comfort and functionality compared to
conventional generic prosthetic solutions.

The resulting design is locally manufacturable and
energy efficient. Future research will address
experimental validation in accordance with ISO 22523,
topological optimization, and the investigation of active
control strategies based on inertial sensing.
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