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ABSTRACT

This study presents the design, simulation, and manufacturing of a transfemoral prosthetic knee based on a polycentric
four-bar linkage mechanism, aimed at achieving an optimal balance between biomechanical performance, structural
reliability, and cost-efficiency. The system was fabricated using 5-axis CNC machining, demonstrating its feasibility as a
robust alternative to additive manufacturing for load-bearing biomedical components. Structural performance was
evaluated through finite element analysis (FEM) under loading conditions defined by ISO 10328. Results indicate that the
prosthesis operates within safe mechanical limits, with maximum stresses significantly below the yield strength of the
selected materials and safety factors exceeding critical thresholds in both static and dynamic scenarios. Maximum
deformation values remained below 2.5 mm under worst-case conditions, ensuring compliance with international
standards and preserving functional integrity during the gait cycle. Fatigue analysis revealed that critical components
exceed 10® cycles, confirming high durability and long-term operational viability. From a biomechanical perspective, the
polycentric mechanism reproduces a physiologically consistent motion trajectory, enabling a functional range of motion
between 90° and 180°. The integration of a spring-based return mechanism improves energy efficiency during gait by
facilitating energy storage and release without increasing system complexity. Additionally, the offset configuration of the
upper connector enhances the moment arm, contributing to smoother limb advancement and a more natural walking

pattern. A key innovation lies in the implementation of a fully mechanical socket-liner coupling system based on threaded
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adjustment, eliminating the need for costly imported technologies such as pin-lock or vacuum systems. This significantly
reduces production and maintenance costs, making the solution suitable for low- and middle-income regions. Overall, this
work provides a technically validated, economically viable, and scalable prosthetic solution, contributing to advancements
in prosthetic knee design and improving accessibility for transfemoral amputees.
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1. Introduction

Previous studies have developed passive 6-bar linkage
systems for transfemoral amputees, considering the con-
nections formed between the 4-bar linkage knee mecha-
nism and the ankle-foot system [1]. The sizing of the 4-
bar linkage mechanism to generate the characteristic
poleoid has also been performed, and the validity of the
prototype's strength was verified using the finite element
method with 7075 T6 aluminum [2]. Furthermore, com-
mercial models already exist with dimensions that pro-
vide good stability, but these can always be optimized
using iterative algorithms until no further iterations are
possible, thus improving their functionality [3]. Another
study focuses entirely on the design and selection of the
most suitable damping system for a 4-bar linkage knee
prototype [4]. It has been identified that the biggest prob-
lem with passive systems is that they require a lot of met-
abolic energy from the patient; for this reason, an active
system is sometimes chosen [5]. There are knee mecha-
nisms based on mechanical gear transmission that allow
for excellent control of the instantaneous center of rota-
tion [6]. Systems based on rotary cylinders together with
a rotary piston are also efficient but more sophisticated
[7].To validate the correct prototype design, it is neces-
sary to use the ISO 10328 standard for conditions I and
II. Condition I corresponds to the initial contact phase,
while Condition II corresponds to the lift-off phase. It is
important to note that the stress values obtained must be
less than the material's elastic limit, and the fatigue
safety factor must be greater than 1 [8]. This standard
establishes certain levels depending on the patient's body
weight. Level P4 corresponds to patients up to 80 kg,
where a static load of 4130 N is applied [9]. For weights
up to 65 kg, P3 is used, with a load of 1610 N for condi-
tion I and 1395 N for condition IT [10]. The deformation

value obtained for a P4 load must be less than 2.5 mm,
and the maximum stresses must be less than the materi-
al's yield strength [11]. In the fatigue or cyclic loading
test, it is important that the prototype has a lifetime of
10x10° [12]. A deformation of up to 5 mm is also possi-
ble [13].The sizing of the 4-bar linkage system is im-
portant because the instantaneous center of rotation
(ICR) must generate a curve similar to that of the human
knee [14]. In another study, a prototype was developed
that showed a 15% to 18% error in the angle curve with
respect to the percentage of the gait cycle [15].The ma-
terials used for manufacturing knee mechanisms are var-
ied, but currently, additive manufacturing and carbon fi-
ber are preferred [16]. Additive manufacturing is com-
monly used to reduce the cost of the prototype [17].
When conventional machining is used, aluminum alloys
such as 7075 or 6061 are preferred because they yield
acceptable safety factor values [18].

The damping or quick-return system for knee prostheses
can be entirely mechanical, using springs or pneumatics
[19]. Hydraulic cylinders are also commonly used, alt-
hough the control system is more complex, and therefore
the cost of the prototype increases [20]. The most ad-
vanced systems contain force sensors and inertial sen-
sors to control the hydraulic cylinders via microcontrol-
lers [21]. Hybrid systems controlled by electromag-
netism improve the results in knee flexion angle curves
[22]. Certain control systems use actuators such as small
electric motors where the knee flexion and extension an-
gle can be controlled depending on different movements
performed by the user [23].

Simulation validation of the prototype for a gait cycle
can be performed using a prosthetic test platform where
joint movement is controlled by linear actuators and mo-
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tors [24]. Humanoid bipedal models controlled by actu-
ators can also be generated, where they walk on a com-
pletely flat surface [25]. In more complex systems,
mathematical models accompanied by programming can
be used [26]. Similarly, it is possible to perform a dy-
namic analysis of stress behavior in real time throughout
the gait cycle using FEM simulation [27]. Another alter-
native is to analyze the entire bipedal model through a
static analysis for each phase of the gait cycle separately
[28].

Socket design is also necessary for proper adaptation to
the knee prototype, where performing the analysis using
the finite element method presents a significant chal-
lenge due to the nonlinear system that must be modeled
[29]. Generally, specialized laboratories carry out tests
for the validation of transfemoral and transtibial sockets
according to ISO 10328 standards [30]. The socket de-
sign process begins with reverse engineering, followed
by the application of the finite element method to verify
its validity and subsequent construction [31].

The objective of this study is to utilize 5-axis CNC tech-
nology to create a prototype polycentric knee for pa-
tients with transfemoral amputations. This method will
enable the production of more organic or complex ge-
ometries that would otherwise be time-consuming to
manufacture using traditional machining techniques,
thereby enhancing both appearance and aesthetics. The
findings are expected to decrease reliance on technolo-
gies such as additive manufacturing and broaden the op-
tions for producing knee prostheses. Additionally, the
goal is to implement a fully mechanical adjustment
mechanism that uses threading between the liner and the
socket, eliminating the need to import costly systems
like Pinlock or active vacuum systems, which will help
lower the prototype's cost. Although the prototype is de-
signed for an adult, the length of the prosthetic tube can
be adjusted to suit patients of varying heights.

2. Materials and Methods

2.1. Dimensioning of the 4-bar linkage

The dimensions of the four-bar linkage were determined
through a literature review, as the primary objective was
to implement five-axis CNC machining and fabricate the
prototype in either aluminum or steel. The overall di-
mensions are as follows: link AB 89.53 mm, link BC
35.49 mm, link CD 78.92 mm, and link AD 58.75 mm
[32]. The coupler is positioned 13.78 mm above link BC
and 13.72 mm perpendicular to link BC, as shown in
Figure 1.

Figure 1. Dimensions of the 4-bar linkage knee proto-
type. (a) Overall dimensions where AB link is 89.53
mm, BC link is 35.49 mm, CD link is 78.92 mm, and the
AD bed is 58.75 mm with an angle formed with the hor-
izontal of 29.93°; (b) Poloid generated by the coupler of
the 4-bar linkage

2.1.1. Initial model

The impulse force generated by the patient's gait causes
the coupler to move, compressing the spring, which then
returns to its original position after storing energy, be-
fore the patient makes initial contact between the heel
and the surface.

Figure 2. Curves generated by the 4-bar linkage and the
complete leg model: (a) Coupler curve generated by the
coupler point of the 4-bar linkage. (b) Curve generated
during the swing phase. (c) Curve generated when the
patient moves from sitting to standing. (d) Curve gener-
ated during the initial swing phase, as well as the proper
compression of the spring.

2.2. Prototype design of a prosthetic leg

The prototype prosthetic leg is shown in Figure 3.

a) The prosthetic leg is shown at 90°, representing the
patient's seated position, while Figure 3

b) shows the leg as the patient begins to stand up, reach-
ing 180°, which is when the patient is in an upright po-
sition.

() (b) (©)

(d) (e)

Figure 3. Prosthetic leg mobility. (a) Prototype leg at its
maximum flexion of 40°; (b) Prosthetic leg prototype at
90°; (c) Prosthetic leg prototype at 130°; (d) Prosthetic
leg prototype at 160°; (e) Prosthetic leg prototype at
180°.

The complete prosthetic leg assembly is shown in Figure
4a, which is divided into 5 subsystems as shown in Fig-
ure 4b, where there is a total of 38 elements shown in
Figure 4c. Subassemblies 1 and 2 are assembled together
with subassembly 3 using set screws, as shown in Figure
4d), and finally, subassembly 5 is assembled by pressure
and adjustment using the mechanism shown in Figure
4e. The socket-liner system consists of 4 elements as
shown in Figure 4f), where element A must be screwed
onto the silicone liner, then inserted into element C, and
this is adjusted to the socket by means of element B.
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(@ (e)

Figure 4. Adjustment and joining modes of the pros-
thetic leg systems: (a) Fully assembled prosthetic leg
prototype; (b) Prosthetic leg prototype divided into 5
subsystems; (¢) Exploded view of the CAD model with
38 elements in total; (d) Joining mechanism of the poly-
centric knee to systems 1 and 2; (¢) Adjustment mecha-
nism of the polycentric knee to system 5. (f) Adjustment
and joining mechanism of the socket-liner system.

2.3. Selection of the material for machining the links of
the polycentric knee

®

Material selection is crucial to ensure the prototype is
both lightweight and strong. Therefore, material selec-
tion software is used. The price is limited to $10 per kil-
ogram, and the following parameters are entered: an ap-
proximate density ranging from 1700 kg/m* to 3000
kg/m?, a modulus of elasticity of 60 GPa, and a yield
strength of 235 MPa. Finally, the ultimate tensile
strength is set at 250 MPa. A further restriction is applied
to limit the material's corrosiveness. Using Ashby's
method, the total number of materials is reduced to just
two options: 7075 T6 aluminum and 6061 T6 aluminum
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Figure 5. Pre-selected materials for machining the main links of the prototype: Aluminum 7075 T6 and Aluminum 6061

holes is of the "no separation" type because the shaft needs
to rotate but not slide axially. The connection between the
upper link and the connector is of the "bonded" type since
the fastening elements prevent movement and rotation on
all axes, as shown in Figure 6a. The connection between
the side links with respect to the upper and lower links is
of the no-separation type, as shown in Figure 6d). Finally,
the connection between the outer edge of the bearings and
the holes is also of the no-separation type, as shown in
Figure 6b). After applying various mesh processing tools,
the mesh quality improved significantly, reaching an av-
erage of 0.79 according to the element quality metric, as
shown in Figure 6h. To achieve a good mesh quality, tet-
rahedral and hexahedral elements were used in the most
complex elements and with an element size of 3 mm. In
this way, it can be observed that the elements with the low-
est mesh quality are the lower and upper links.

(@) (b)

T6

2.4. Parameters and conditions entered for static and dy-
namic simulation

The simulation is divided into three parts. The first part
considers only the knee prosthesis. The second part covers
the lower system, consisting of the tube and the prosthetic
foot. Finally, the upper components, comprising the socket
and locking elements, are included. For material alloca-
tion, 7075 T6 aluminum was chosen for all machinable
components due to its tensile strength of approximately
572 MPa, compared to approximately 310 MPa for 6061
T6 aluminum. PETG, with an ultimate strength of 70 MPa,
was used for the upper link. AISI 1018 steel, with a
Young's modulus of 370 MPa and an ultimate strength of
approximately 440 MPa, was selected for the five axes.
Finally, the material assigned to the bearings is AISI
52100 chromium alloy steel with an ultimate strength of
400 MPa and a Young's modulus of 250 MPa.

The assignment of contact types is performed element by
element. The contact between the shafts and the bearing

(© (@
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For static and dynamic simulation during the most criti-
cal phase of the gait cycle, i.e., when the patient places
the entire sole on the ground (at that moment, the pa-
tient's full body weight is borne), a negative vertical load
of 1250 N is applied to the upper connection between the
knee and the socket. The boundary condition is assigned
to the lower part of the prosthesis; this is a fixed support
that prevents translation and rotation on all axes, as
shown in Figure 6e. For cyclic loading simulation, a ta-
ble is created with the values that make up the S-N curve
for all the materials involved, a fluctuating load of 1250
N is applied, and the Goodman criterion is selected. For
the second part of the simulation, the load corresponding
to the patient's body weight multiplied by a safety factor
of 1.8 is assigned, as well as the moment of 62,500
N-mm around the z-axis in a negative direction due to

A:l
Static Structural
Time: 1,5

. Force: 1610, N
[B Fixed Support

A p
y

¢

A: Static Structural Quality
Static Structural Check Mesh Quality Yes, Errors
Time: 1,5 Error Limits Aggre:

Target Element Quality | Defautt (5,e-002
B Force: 1250,N Smoothing Medium
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Max 0,99998
Average 0,79347
Standard Deviation  |0,12832

(® (h)

Figure 6. Creation of contacts and assignment of loads along with boundary constraints. (a) Between the upper link and
connector of the knee and socket system; (b) Contact between bearings and holes; (c) Contact between shafts and holes;
(d) Contact between side links and the lower element; (e) Loads and constraints entered for the knee prototype simula-
tion; (f) Loads and constraints assigned on the lower system; (g) Loads and constraints assigned on the upper system; (h)
Mesh quality of the knee prototype (0.793).

the force applied to the upper link being transferred to
the lower connector, as shown in Figure 6f. The con-
nector between the prototype and the prosthetic tube is
assigned to the material 7075 T6 aluminum; the pros-
thetic tube is aluminum, and both connectors are made
of AISI 1018 steel. For the third and final part of the
simulation, a force of 1250 N is assigned to the upper
face of the connecting element, and a pressure of 0.12
MPa is applied, representing the pressure exerted by the
stump on the socket's inner face. It should be noted that
this pressure is normal to the entire surface, as shown in
Figure 6g).

FEM validation is also performed using ISO 10328
standards, following the loads, distances and restrictions
indicated therein.

B: Static Structural
Static Structural
Time: 1, s

. Fixed Support
[BJ Force: 1395, N

?
-
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Figure 7. Loads and restrictions assigned for static and
dynamic simulations according to ISO 10328: (a) Load
applied under condition I to static load; (b) Load applied
under condition II to static load; (c¢) Load applied under
condition I to dynamic load; (d) Load applied under con-
dition II to dynamic load.

2.5. Parameters and conditions entered for spring vali-
dation

The spring is helical with 11 active coils and a spring
rate of 8 N/mm with a wire diameter of 2 mm. The ma-
terial assigned to the spring for the purpose of determin-
ing the safety factor during the swing phase is A228 steel
with an ultimate strength of 2100 MPa and a Young's
modulus of 1770 MPa.

2.6. Prototype validation for a gait cycle using a bipedal
model

The prototype's functionality is validated using a bipedal
model representing the tibia, femur, and knee of both
legs. Rotational connections are created for all axes and
bearings, while translational joints are assigned to the
spring guide. The aluminum components have a Young's
modulus of 7.17 x 10* MPa, a density of 2.74 x 10
kg/mm?, and a Poisson's coefficient of 0.33. Contact be-
tween the foot model and the surfaces is established, re-
sulting in a stiffness of 5 x 10° and a damping coefficient
of 200 N-s/m, along with static and dynamic friction co-
efficients of 0.8 and 0.3, respectively. Finally, a friction
change rate of 4 mm/s is added, and the rate at which the
dynamic friction reaches its maximum value is 0.08
mm/s. A simulation time of 2 seconds is performed be-
cause, through iterations, it is verified that it more
closely resembles reality, as shown in Figure 8.

Figure 8. Virtual simulation for a walking cycle.

2.7. Machine configuration for 5-axis CNC machining

The machine selected for machining is the HY 3040 5-axis model. Once each element is inserted, it is properly oriented
on the machine table, and the MSC coordinate system is defined, where the origin is the center of the material and the z-
axis is perpendicular to the table where it is located. The selected cutting speed is 200 m/min with a feed per tooth of 0.2.
The milling cutters to be used are 3 mm and 9 mm in diameter, with a 10 mm and 12 mm drill bit and a 6 mm ball end

mill for all elements, as shown in Figure 9.
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Figure 9. Virtual configurations and simulations of some elements prior to machining on the HY 3040 machine: (a)
CAD model of the HY 3040 5-axis CNC machine; (b) Creation and configuration of tools for machining the lower link;
(c) Trajectory simulation for the drive link; (d) Virtual simulation and generation of codes for the front links.

3. Results

3.1. Results of static and dynamic analysis using the fi-
nite element method

3.1.1. Results of static analysis using the finite element
method

The maximum deformation during the full support phase
is 0.75 mm, occurring in the upper connecting element,
while the maximum stress is 57.107 MPa, generated in
the side bars due to contact with the locking elements of

0.75104Max
066759
o544
050069
041724
033378
025035
01669
0083428
0Min

() (b)

the upper link at these points. These points also have the
lowest static safety factor, which is 3.81. The maximum
deformation under static load in condition I of the proto-
type is between 1 mm and 2.5 mm, while for condition
IT it is between 0.37 mm and 1.12 mm. The maximum
stress under condition I is 108.84 MPa, while for condi-
tion I it is 129.3 MPa. Finally, the minimum safety fac-
tor under condition I is 5, while for condition II it is ap-
proximately 3 to 5, as shown in Figure 10.

A: Static Structural
Safety Fact

(o)
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Figure 10. Results of the static simulation of the knee
prototype. (a) Maximum deformation in stance phase
(0.75 mm);

(b) Maximum stress in stance phase (570.107 MPa); (c)
Minimum safety factor in stance phase (3.81); (d) De-
formation under ISO 10328 condition I (Imm-2mm); (¢)
Stress under ISO 10328 condition I; (f) Minimum safety
factor ISO 10328 condition I; (g) Deformation under
ISO 10328 condition II; (h) Stress under ISO 10328 con-
dition II; (i) minimum safety factor ISO 10328 condition
1L

()

0.25525 Min
0

M

3.1.2. Dynamic analysis using the finite element method
The number of fatigue cycles during the support phase
is 1 x 10% cycles, indicating a long service life, while the
minimum safety factor is 2.54, indicating a correct de-
sign of the link dimensions and thicknesses. The maxi-
mum life under condition I is 1 x 107 cycles, as it is for
condition II. The minimum safety factor under dynamic
load is 4.5 for condition I and 5 for condition II, as
shown in Figure 11.

(b)
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Figure 11. Results of the fatigue analysis of the knee prototype: (a) Number of cycles in the stance phase; (b) Minimum
safety factor in the stance phase (2.54); (c) Number of cycles under ISO 10328 condition I. (d) Minimum safety factor
under ISO 10328 condition I. (¢) Number of cycles under ISO 10328 condition II; (f) minimum safety factor under ISO

3.2. Results of the dynamic analysis of the spring

10328 condition II.

The fatigue life for the spring is 1x10"11 cycles while the minimum safety factor is 1.31 as shown in figure 12.

(@)
Figure 12. Results of the spring fatigue simulation: (a) Number of cycles the spring will withstand under cyclic loading
1x10"11 cycles; (b) Minimum safety factor of the fatigue spring of 1.3166.

(b)

3.3. Results of the static and dynamic analysis of the lower and upper systems

The lower system, consisting of the foot and prosthetic tube, has a minimum static safety factor of 2.28, which occurs at
the top of the tube where the greatest stress is concentrated. The socket has a static safety factor of 8.58 and a dynamic
load of 3.576. The liner adjustment element has a minimum safety factor of 12.307, and the locking pin has a safety factor

of 15, as shown in Figure 13.
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Figure 13. Results of the spring fatigue simulation: (a) Number of cycles the spring will withstand under cyclic loading:
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Figure 14 shows the position curve measured on the y-axis with respect to time.
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Figure 14. Results of the virtual simulation for a gait cycle: (a) Position curve on the
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3.4. Machined elements and final assembly of the prosthetic leg prototype

Figure 15 shows each of the parts machined using a 5-axis CNC. Figure 15a) corresponds to the bed link, Figure 15b) to
the upper link or coupler along with the adjusting element, Figure 15c¢) to the rear element, and Figure 15d) to the element
that acts as a spring guide. Figure 15¢) corresponds to the front links, while Figure 15f) is the clamping element between
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the bed and the tube. Finally, element 15¢) corresponds to the spring support head, and Figure 15h) corresponds to the
locking element.

®
() (b) (©) (@
(e) ® (® (h)

Figure 15. Components machined using multi-axis CNC technology: (a) Lower link or base; (b) Upper link or coupler
made using additive manufacturing (black) and the element for attaching it to the socket system (gray); (c) Drive link;
(d) Spring guide; (e) Follower link; (f) Element for coupling the knee prototype with the prosthetic tube; (g) Spring base
where the guide enters; (h) Adjustment and locking element between the socket and the silicone liner.

Figure 16a) shows the assembly of each of the links and connections of the polycentric knee prototype machined
from 7075 T6 aluminum. Figure 16b) shows the side view of the same, while Figure 16c) shows the assembly be-
tween the socket, the knee, and the foot.

(b)
Figure 16. Figure 16a) shows the assembly of each of the links and connections of the polycentric knee prototype ma-

chined from 7075 T6 aluminum. Figure 16b) shows the side view of the polycentric knee prototype, while Figure 16c)
illustrates the assembly of the socket, knee, and foot.

4. Discussion
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The finite element method (FEM) validation using ISO
10328 for the knee mechanism resulted in deformation
below the maximum allowed, complying with the stand-
ard, which is up to 5 mm [13]. While other studies have
restricted the maximum deformation value to 2.5 mm,
the prototype still meets the requirements, as the safety
factor in both the static and dynamic analyses is greater
than 1.5. The highest stress values are found in the upper
element precisely because it is made of a material with a
lower ultimate tensile strength than the other elements,
but it still meets the required strength.

The prosthetic leg prototype has a range of motion from
90 to 180 degrees, although it can flex up to 30 degrees,
which is not a common movement. However, if needed,
the prototype can meet this requirement, as in [1]. The
virtual simulation allowed us to obtain a curvature in a
gait cycle, representing the variation in the position of
the upper element along the y-axis with respect to time.
This curvature can be likened to the knee flexion curva-
ture shown in [33]. The socket was not used in the gait
cycle simulation because it does not representatively in-
fluence the behavior of the polycentric knee.

In the design of the upper component, the connector is
offset from the line of action of the prosthetic tube. This
offset allows for greater momentum to lift the prosthesis
and facilitate a smoother stride. The mechanical place-
ment system, which uses threading between the socket
and the liner, is basic and practical for the patient. The
user only needs to tighten or loosen the locking element
to position the entire prosthetic leg. This system offers
the same ease of use as pin-lock, vacuum, cuff, and sus-
pension sleeve systems, with the advantage of being
more cost-effective and easier to manufacture in devel-
oping countries [34].

3.5. Future Work

Future improvements could include the application of a
hydraulic or pneumatic piston to enhance gait fluidity,
as well as a control system to improve the knee's charac-
teristic poleloid. The prosthesis’ efficiency should also
be evaluated under real-world conditions through testing
with transfemoral amputee patients. This will allow for
a comparison of knee flexion and extension curves with
those of healthy test subjects to determine their similar-
ity, even though virtual simulation theoretically vali-
dated the prototype's efficiency.

3.6. Limitations

The upper link was not machined from aluminum be-
cause this would have compromised the prototype's
weight for proper use by the patient. However, the safety
factors from the static and dynamic analyses indicate ad-
equate resistance in PETG material. Additionally, no
tests were performed with a patient with a transfemoral

amputation, as the focus of this study was to apply multi-
axis CNC machining as an alternative for prosthesis fab-
rication.

5. Conclusions

The prototype exhibits adequate mechanical strength for
individuals weighing up to 60 kg and provides the nec-
essary flexion angle for comfortable use in both seated
and standing positions. Additionally, it is important to
highlight that multi-axis CNC machining technology
represents an efficient alternative for the manufacturing
of knee prostheses.

The results obtained in this study demonstrate that the
proposed transfemoral prosthesis, based on a polycentric
four-bar linkage mechanism and manufactured through
5-axis CNC machining, achieves a robust balance be-
tween mechanical performance, manufacturability, and
cost-efficiency. From a structural standpoint, finite ele-
ment method (FEM) analysis, validated under ISO
10328 standard conditions, confirms that the prototype
operates within safe mechanical limits. The results show
maximum stresses significantly below the yield strength
of the selected materials and safety factors above critical
thresholds under both static and dynamic loading condi-
tions. This evidences a high level of structural reliability
and suitability for real-world loading scenarios.

The observed deformation values (< 2.5 mm under crit-
ical conditions) ensure compliance with international
standards while preserving functional integrity during
the gait cycle. Fatigue analysis further reinforces the du-
rability of the design, with lifetimes exceeding
1081078108 cycles in critical components, indicating
high long-term operational viability and reduced mainte-
nance requirements. These results position the proposed
design as a competitive alternative to existing prosthetic
systems, particularly in terms of mechanical strength

and resilience.
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From a biomechanical perspective, the polycentric
mechanism effectively reproduces a physiologically
consistent motion trajectory, enabling a functional range
of motion between 90° and 180°. The incorporation of a
spring-based return mechanism contributes to energy
storage and release during the gait cycle, improving
movement efficiency without increasing system com-
plexity. Additionally, the eccentric configuration of the
upper connector increases the moment arm, facilitating
smoother limb advancement and contributing to a more
natural gait pattern.

A key innovation of this study lies in the implementation
of a fully mechanical socket—liner coupling system
based on threaded adjustment. This solution eliminates
the need for costly imported technologies, such as pin-
lock or vacuum systems, significantly reducing produc-
tion and maintenance costs without compromising usa-
bility or adaptability. This aspect is particularly relevant
for application in low- and middle-income countries,
where accessibility and affordability are critical factors.
The successful application of multi-axis CNC machin-
ing demonstrates its feasibility as an alternative to addi-
tive manufacturing in prosthetic fabrication. Unlike ad-
ditive methods, CNC machining provides superior sur-
face finish, higher dimensional accuracy, and better ma-
terial homogeneity—key characteristics for load-bear-
ing biomedical devices. This expands the range of avail-
able technological solutions for prosthetic development,
especially in environments with established subtractive
manufacturing capabilities.

However, despite the strong simulation-based valida-
tion, the absence of experimental testing with transfem-
oral amputee patients constitutes a limitation that should
be addressed in future work. Clinical validation will be
essential to evaluate gait symmetry, metabolic cost, user

comfort, and long-term biomechanical adaptation. Fur-

thermore, the integration of semi-active or active sys-
tems (such as hydraulic dampers or sensor-based control
systems) could further enhance gait dynamics and adapt-
ability across different terrains.

This research provides a technically validated, econom-
ically viable, and manufacturable prosthetic solution
aligned with the requirements of high-impact biomedi-
cal engineering research. It not only advances the state
of the art in knee prosthesis design but also offers a scal-
able framework for future innovations aimed at improv-
ing mobility and quality of life for transfemoral ampu-

tees, particularly in resource-constrained settings.
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