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ABSTRACT

This paper presents the design, optimization, and
validation of a novel flexure-based constant-velocity
(CV) joint - called Anvil Joint - benefiting from the high
axial load capacity of the known notch universal joint
[1] and the low homokinetic defect of the known O’XY?
universal flexure [2] relying on equatorial folded leaf
springs. The Anvil joint and the O*XY? are analysed and
compared through numerical optimization using the
Spacar software, followed by finite element validation
in COMSOL. The Anvil joint demonstrates higher
performance in terms of axial load capacity, but lower
homokinetic precision. Analytical modelling confirms
the source and mitigation of parasitic motion. A 3D-
printed prototype is experimentally evaluated,
validating numerical predictions.

1 INTRODUCTION

1.1 Needs and reference application

Constant-velocity (CV) joints have numerous
applications in mechanical systems and are most used in
front-wheel-drive vehicles. Their role is critical within
the transmission system. A CV-joint enables the
transmission of engine torque smoothly and consistently
between two shafts, such as the drive shaft and the
wheel, even when these shafts are not colinear. This
makes it an essential component for ensuring efficient,
flexible, and reliable power delivery to the drive wheels,
even as they steer or move vertically with the
suspension.

Beyond automotive uses, CV-joints are employed in a
wide range of applications requiring articulated motion,
including machine tools, roller conveyors, aerospace
and space systems, wind turbines and generators, robotic
systems and exoskeletons, as well as laboratory and
medical devices.

The specific performance requirements may vary
depending on the context, but the general advantages
sought include precise motion transmission to mobile
axes without speed variation, effective power transfer
between misaligned components and accurate torque
delivery.

The aforementioned applications commonly utilize CV-
joints  constructed from traditional ~mechanical
components that inherently generate friction. In
contrast, the CV-joint described in this paper is designed
using flexible frictionless elements.

The reference application for the work presented in the
present article is a flexure-based flywheel which was
developed as part of a previous study [3], see Figure 1.
This original flexure-based mechanism can generate or
store angular momentum without any of its joints being
deflected by more than a few tens of degrees.
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Figure 1: Flexure-based flywheel based on two CV-
Jjoints and a ball joint [3].

The mechanism relies on two CV-joints and one ball
joint. A central limiting factor of this mechanism is the
axial load capacity of these three joints. Indeed, as
rotational speed increases, the centrifugal forces induce
increasing axial forces. Hence, increasing the axial load
capacity of the joints would directly increase the level of
kinetic energy which can be stored in the mechanism.
The requirements for this application are detailed in
Section 1.3. It is worth mentioning that these
requirements would also be pertinent for other high load
applications such as the CERN high-weight cryostat
hexapod positioner [4] or the ELT M2 hexapod [5].

1.2 State of the art

Traditional CV-joints have primarily used rigid
mechanical designs due to their proven kinematic
reliability and strong load-bearing capacity. Studies by
Mills [6] and Kocabas [7] have detailed spherical and
universal CV-joints, emphasizing their durability but
also noting drawbacks such as mechanical complexity,
high weight, friction losses, and demanding
maintenance. Mills also offers a historical view of
universal joints, underscoring persistent issues like
uneven angular velocity transmission and vibrations.

To address these shortcomings, compliant mechanisms
(or flexure mechanisms) have attracted significant
interest due to their frictionless operation, simplified



manufacturing, and low maintenance. Extensive work
on flexure-based universal joints has demonstrated
notable gains in structural simplicity and smooth
operation by removing relative motion interfaces [1],
(8], [9].

Several works have demonstrated designs that
effectively merge homokinetic behaviour — i.e., a
precisely constant angular velocity transmission ratio of
1:1 — with compliant mechanisms [10], [11], [12],
showing improvement in motion smoothness, reduced
wear, and backlash elimination. However, these joints
often perform poorly under high load conditions due to
limited stiffness, and excessive stress and deformation.
Several studies have developed compliant mechanisms
that improve load capacity while maintaining flexibility,
using precurved beams, overconstrained layouts, or
topology optimization [13], [14].

Designs integrating compliant universal joints, CV-
joints, and gimbals for high-load scenarios have been
developed [15], [16]. These aim to balance load-bearing
capacity with the benefits of compliant flexibility.
However, achieving true homokinetic behaviour under
demanding conditions remains challenging due to trade-
offs between compliance and load capacity.

We position our research within this context by focusing
on developing a robust compliant CV-joint architecture
for high-load applications. Our approach is based on
novel combination of precision flexure designs aiming
at overcoming the limitations of existing compliant
joints. We aim to address key gaps in the literature by
proposing a CV-joint with high load capacity and near-
zero homokinetic defect.

1.3 Specifications based on flywheel mechanism

As described in [3], a potential application of a CV-joint
is a reaction wheel, as commonly used in the space
industry, or a flywheel intended for energy storage and
recovery. This type of implementation is selected as the
study case for the sizing process described in this paper.
The relevant design parameters are compiled in Table 1,
serving as a specification basis.

Table 1: Design specifications for the case study.

Parameter Value
Polar angle @ 15°
Maximum bending torque M, 0.5 Nm
Maximum height envelope L., 100 mm
Maximum diameter envelope D, 150 mm

Angular homokinetic defect (AHD)
Axial tensile load F,i,

To be minimized
To be maximized

Material Steel
Admissible von Mises stress gy, 500 MPa
Young’s modulus E 200 GPa

1.4 Description of the design method (MN, FC)

The design approach in this work is to start with two
candidate topologies for flexure-based universal joints,
with the desired degrees of freedom (DoF) and features
that promote low Angular Homokinetic Defect (AHD)

and high axial loadability. The selected designs exhibit
a performance trade-off that depends on the choice of
design parameters, resulting in a nontrivial optimum. To
explore this design space efficiently, a fast approximate
numerical optimization strategy is employed. It
combines beam-based numerical analysis with a low-
dimensional parametrization that inherently avoids
collisions, and a robust multi-start simplex search. For
validation, a slower genetic algorithm is used to check
for potentially better optima. Finally, plate-based
modelling is applied to assess whether more detailed
effects alter the optimization conclusions.

1.5 Contributions

The key contributions of this work are the following:

1. Anovel flexure-based CV-joint featuring high axial
load capacity and reduced AHD.

2. Design parameter optimization conducted using the
Spacar software, with a comparative analysis
between two distinct optimization methods.

3. Performance reanalysis and validation carried out
using the COMSOL Multiphysics software.

4. Investigation into the sources of residual AHD
performed to better understand the origins of these
deviations.

5. Experimental measurements on a prototype
fabricated in PAI2, incorporating design
adjustments compatible with additive
manufacturing technology.

6. Concrete design application to the development of
a compliant CV-joint dedicated to a flexure-based
reaction wheel mechanism.

2 PRELIMINARY CV-JOINT DESIGNS
OPTIMIZATION

2.1 Preliminary design selection

Among the known designs of compliant universal joints,
the majority does not exhibit constant velocity
transmission between input and output shafts. As a
result, the kinematic architectures which can be used as
baseline for the design of flexure-based version is
relatively limited. When the requirement for high load-
bearing capacity is added, the number of viable options
becomes even more restricted. This study thus proposes
a comparative evaluation between an existing design
and the new concept introduced herein.

The existing design O°XY? appears highly promising in
terms of stiffness, deflection angle, and admissible load.
It is based on the work by Naves [2], which employs six
L-shaped flexural beams, named folded leaf springs
(FLS). Three FLS form a spherical joint with three
rotational DoF and three blocked translational DoF. This
is achieved by orienting the load paths of the three L-
shaped beams so that they converge at the rotational
center of the joint.

The remaining three FLS are configured to constrain
rotation about the vertical axis. An FLS is kinematically



equivalent to a rigid rod that blocks one degree of
freedom along its axial direction, located at the
intersection of its two segments. Therefore, when three
rods - or equivalently, three FLS - are arranged in the
plane containing the bending axes R, and R,, (Figure 4),
and are tangentially distributed around the joint body,
they constrain radial translations as well as torsional
rotation around the axis perpendicular to the bending
plane. The kinematic equivalent of this configuration is
a membrane.

In summary, the joint is composed of a spherical joint in
parallel with a membrane-like constraint. The result is a
mechanism that blocks all three translations and torsion
about the axial direction, while allowing bending around
the x- and y-axes. It should be noted, however, that
lateral translations along the x- and y-axes are
overconstrained.

The new design, referred to as the Anvil CV-joint, is
composed of two pairs of polar flexures arranged in
series — as in the common notch universal joint [1] —
combined in parallel with four equatorial FLS — similar
to the equatorial FLS of the O3XY? universal flexure [2]
— which block torsion around the axial direction as well
as radial translations along x and y. The use of four
equatorial FLS, while overconstrained, ensures
geometrical compatibility with the polar flexures
axisymmetry, which also follow a four-fold symmetry.
Both designs are numerically optimized with respect to
axial load-bearing capacity under a polar deflection
angle of 15°, and their performance is compared in terms
of deviation from ideal homokinetic motion.

2.1.1  Schematic connectivity diagrams

Figure 2 illustrates the spatial arrangement of the
flexible elements for the two designs under discussion:
the Anvil CV-joint and the O*XY?3 CV-joint. In these
schematic diagrams, only the compliant flexures are
depicted explicitly, while rigid components are
represented by black lines. The sections affixed to the
ground are denoted by a fixed-frame symbol. Following
Naves [2], bubbles labelled “I”” or “E” indicate whether
a given rigid component belongs to the intermediate
stage or the end-effector, respectively.

On Figure 2 left, the Anvil joint comprises two vertically
oriented polar blades arranged in the same plane. These
are connected to another pair of vertical blades, also
arranged in parallel but orthogonal to the first pair, via
the intermediate stage — referred to in this context as the
gimbal block. The second pair of blades is connected to
the end-effector. Additionally, four peripheral flexible
FLS directly connect the ground to the end-effector,
operating in parallel to the gimbal block.

On Figure 2 right, the O’XY? design features six FLS,
all of which directly connect the ground to the end-
effector. Three of these have their fold line arranged
peripherally along an equatorial configuration. The
remaining three, termed polar FLS, have their elbow
edges oriented toward the centre of rotation of the CV-

joint, and they are responsible for supporting the axial
load.

Figure 2: Schematic connectivity diagrams of the Anvil
(left) and the O*XY?3 (right) CV-joints.

2.2 Notations and nomenclature

Table 2 lists the index notations used to label the various
geometric entities in both designs. Subscripts p and e
denotes polar and equatorial beams, while indices are
used to distinguish the Anvil (1) from the O*XY? (2).

Table 2: Nomenclature and subscripts used for the
geometrical parameters.

Nomenclature Subscript

L Lengthofthe blade Pl Polar blades of Anvil design

b width ofthe blade el Equatorial blades of Anvil design
" Thickness of the blade p2  Polar blades of 0°XY® design

T Radial position of the blade €2 Equatorial blades of 0°XY* design
@  Blade's pair openingangle

B Blade's pair angle with horizontal plane

O Tiltingangle of the joint's output

¢ Azimuthal angle of the joint's output

2.3 Parameter description

The geometric parameters describing the Anvil CV-joint
are illustrated in Figure 3, shown in isometric, top, and
side views. The polar blades have a length L,), a width
b,,, and a thickness h,;. Both the widths and
thicknesses are symmetrically distributed with respect to
the origin, and the midpoint of the blade width is located
at a radial distance 7,,; from the origin.

“ he,

Figure 3: Isometric, top and side views of the flexible
elements composing the Anvil joint design.

The FLS blades consist of two inclined blades connected
at their most radial ends, lying in the x—y plane. Each of
these two blades has a length L,,, width b,;, and
thickness h,,. Their point of connection lies at a radial
distance r,; from the origin, and the angle between them
is denoted by ;.

The geometric parameters describing the O*XY? CV-
joint are illustrated in Figure 4, shown in isometric view,
top view, and side view. The polar FLS blades have a



length L,,, a width by,,, a thickness hp,, and a
connection edge angle a,,,. These connection edges are
inclined with respect to the vertical by an angle f.
Additionally, the midpoint of the connection edges is
located at a radial distance 7,, from the origin. The
equatorial FLS blades have a length L,,, a width b,,,
and a thickness h,,, with a connection edge angle a,..
The midpoints of their connection edges are located at a

radial distance 7,, from the origin.
y

P2
Figure 4: Isometric, top and side views of the flexible
elements composing the O°XY? CV-joint design.

2.4 CV-joint AHD definition

Using the well-known Euler angles ¢, 8, ¥ (called
respectively  precession, nutation and spin) the
kinematics of exactly homokinetic CV-joints satisfy
Listing’s law [10], [17]: Y = — ¢, i.e., precession is
exactly opposite to spin. This condition restricts motion
to two DoF while ensuring an exactly homokinetic
transmission (i.e., a zero-torsion mechanism). Based on
this notation, the AHD (expressed in radians) of CV-
joints can be expressed as:

e=yY+o. (D)

z

Figure 5: Deflected CV-joint with tilting direction ¢
(i.e., azimuthal angle), the tilting angle O (i.e., polar
angle) and the AHD ¢.

A common approach for describing the deflection of
CV-joints is to use a notation similar to that of spherical
coordinate systems where ¢ indicates the tilting
direction (i.e., azimuthal angle) and @ indicates the
tilting angle (i.e., the polar angle) as shown on Figure 5.
The reached position, expressed with Euler angles is:
@ =¢; 0 =0; Pp=—¢ + ¢. Inthe present article, the

AHD ¢ is calculated as a function of ¢ and 6.

2.5 Software for design optimization

For optimization, the designs are modeled in the Spacar
software package [18], a flexible multibody dynamics
tool suited for fast numerical analysis of flexure
mechanisms. Combined with an optimization algorithm,
it enables parametric design optimization for comparing
the proposed flexure mechanism designs.

Spacar uses beam elements in a geometrically nonlinear
framework, based on the generalized strain beam
formulation. These elements capture deformation from
elongation, bending, shear, and various torsion effects,
including nonuniform (constrained warping) and
nonlinear torsion [19]. They serve to model leafsprings
in flexure mechanisms with reasonable accuracy and
low computational cost, requiring only a few elements
for mesh convergence [20]. The static equilibrium is
obtained with the algorithm from [21], yielding load-
deflection behaviour, nonlinear motion paths (including
parasitic motions), and stresses. Linearization in the
deformed configuration provides (tangent) stiffness and
compliance  coefficients, as well as system
eigenfrequencies.

While the Spacar framework uses quaternions for large
3D rotations, custom hinge elements can define motion
via specific Euler angle sequences. This enables direct
prescription of certain rotational degrees of freedom,
e.g., setting two angles and computing the third. For
universal joints, which primarily move in two rotations,
prescribing angles is more efficient than applying
moments and iteratively solving. This is especially
useful in design optimization, where actuation moments
are initially unknown and can be obtained as the reaction
moment from prescribed angles.

2.6 Algorithm for design optimization

Since the solution space is nonconvex with several local
minima, standard gradient-based optimization methods
may converge to suboptimal solutions. The optimization
is carried out with a two-step strategy to balance
computational efficiency and global search capability.
The first step involves a simplex-based algorithm [22]
to efficiently search for promising local minima of the
non-smooth objective function. The MATLAB
implementation fminsearchbnd is used to incorporate
parameter bounds in the otherwise unconstrained search
algorithm. The algorithm minimizes the objective
function:

_Faxial + CFaxial' (2)

where F,,, represents the axial tensile load. The
constraint functions are implemented as soft penalties,
given by:

0 —Omax  |M| —Mpay L — Lpax
C=k( ma: +| | ma: + ma>. (3)

max Mmax Lmax
Here, o refers to the largest von Mises stress (VMS) in
the design, M to the bending moment required for the
desired polar angle, and L to the height of the joint. The



threshold values are given in Table 1. The soft penalty
term is only active when the quantity exceeds its
threshold. Factor k scales the contribution of the penalty
terms relative to the objective of maximizing axial load.
It has been set to 100 to provide a reasonable balance
between enforcing constraints and not hindering
convergence.

To maintain tractability and improve convergence, the
number of design parameters is kept deliberately low.
This is particularly important for simplex-based
methods like Nelder—-Mead, which scale poorly with
dimensionality. A custom parametrization of the designs
is used to inherently avoid -collisions between
components, eliminating the need for additional penalty
terms. The search algorithm is started from multiple
initial configurations, based on random initial seeds in
the design space. The optimization is stopped when both
the relative change in the objective function and the
normalized step size is less than 10,

In a second step, a genetic algorithm was run in parallel
to explore the broader solution space, assess the
existence of improved solutions, and substantiate the
results from the efficient simplex-based optimization.
The genetic algorithm yielded marginally improved
minima, with an approximately 20% higher maximum
allowable axial load, though at significantly higher
computational cost. Therefore, its primary use was in the
validation of the first-step solutions, rather than
replacing that approach.

2.7 Independent and dependent design variables

The design parameters that have an obvious relationship
with the objective and constraints can be set to the ideal
values. For some design parameters, though, the effects
can be hard to predict, especially on the maximum stress
in the system. These parameters are used as independent
variables for the optimization.

2.7.1  Anvil CV+joint

Table 3 provides the selection for Anvil CV-joint based
on physical insight and the results of a Plackett-Burman
study into the main effects.

Collision between the polar blades is avoided by setting
the radial position 7,; between a pair of polar blades
such that it leaves sufficient space for the other pair to
sweep through. The swept space occupied by a pair of
polar blades is estimated based on the maximum polar
angle and the length of the polar blades under simple
beam bending, with an additional margin for the frame
part.

Collision between the polar blades and the FLS is
avoided based on a top view of the joint. The radial
position 7,4 is set such that the projection of the FLS just
stays outside the estimated volume that the polar blades
sweep. This consideration also depends on the width b,
of the FLS (an independent variable). The FLS length
L., can then be set to the largest value allowable within
the diameter envelope D, ..

Table 3: Overview of parameter categorization for the
Anvil CV-joint.

| Main effect | Conclusion
Polar blade
Length L, Decreases stress due to Independent
bending but increases
stress due to axial load.
Width b, Decreases stress due to Dependent

axial load. (set to max. value)

Thickness h,,; | Increases stress due to Independent
bending but decreases
stress due to axial load.
Radial Marginal. Dependent
position 1, (set to min. value
to maximize by,)
Equatorial FLS
Length L, Reduces stress due to Dependent

bending. (set to max. value)

Width b, Reduces stress due to axial | Independent
load but needs to stay

within geom. bounds.

Thickness h,, Increases stress due Independent
bending but decreases
stress due to load.
Radial Increases diameter Dependent
position r,, envelope D ... (set to min. value)
Angle a4 Nonobvious. Independent

272  O*XY?CV-joint

For O3XY? CV-joint, the relationship between the design
parameters and the objective (and constraints) is harder
to intuit. It is beneficial to have the equatorial FLS
occupy the maximum admissible volume, meaning that
the radial position 7., can be set to its minimum value
and the length L., to its maximum. The other design
parameters are subject to the numerical optimization.
Similar considerations to the ones for Anvil design are
used to avoid collision between the various components.

2.8 Results and design selection

The optimized values of the design parameters can be
found in Table 4 and performances in Table 5. Both
designs reach the maximum allowable stress a,,,, at the
full polar angle ©® when the axial load is present.

The Anvil CV-joint has a considerably higher maximum
axial tensile load of 162 N, compared with 11 N for the
O’XY? design. In terms of AHD &, which was not
optimized for, the O*XY3design performs inherently
better: its parasitic twist is 0.22 mrad, compared with
0.58 mrad for Anvil design. Additionally, it can be seen
that ¢ in the Anvil CV-joint is independent of the axial
load, whereas in the O’XY® design, there is a
dependency: without axial load, € reduces to 0.13 mrad.
The distinguishing factor between the two design
topologies is the set of flexures that constrain the
translations: the three FLS of O’XY? design impart low
AHD on the mechanism but cannot provide the load
capacity that the polar blades of Anvil design offer. The
polar blades do affect the AHD, though. The negative
impact of the polar blades on ¢ is however mitigated
because the torsional stiffness in Anvil design mainly
comes from the equatorial FLS. This is detailed in
Section 4.




Because of the increased load capacity of Anvil design
at only marginally worse AHD, it is the design that will
be detailed further in the remainder of this work.

Table 4: Optimized and rounded values of geometrical
parameters of the Anvil CV-joint.

Anvil CV-joint 0°XY® CV-joint

Symbol Optimized valueRounded value Unit Symbol Optimized value Unit
Ly, 19.8 20 mm Ly, 68.9 mm
by 63.4 64 mm by, 26.6 mm
hpy 128 130 um hya 180 um
Tp1 43.3 45 mm Tp2 18.7 mm
L 63.3 64 mm P2 84.5 deg
by 18.5 18.5 mm| |Le 64.3 mm
her 259 260 pm | b 10.0 mm
Tel 75.0 75 mm her 361 pm
el 87.4 90 deg Fe2 75.0 mm

ae? 25.7 deg

Table 5: Performance comparison between designs

Anvil 0’XY?
Admissible tensile load F ., 162N 11.0N
Maximum AHD & (without F ,;;,) 0.58 mrad 0.13 mrad
Maximum AHD & (with F ;) 0.58 mrad 0.22 mrad

3  DETAILED DESIGN OF THE ANVIL JOINT

3.1 CAD implementation

The CAD design of the Anvil flexible CV-joint is shown
in Figure 7. The upper and lower interfaces are
connected through the FLS components, as well as
through the polar blades, which are linked by the
intermediate body. The design includes a central
opening that extends along the full height of the joint.

3.1.1 Interfaces

The upper and lower mechanical interfaces of the CV-
joint are identical. Each feature four M4 threaded holes
with a depth of 8 mm, located on a 40 mm diameter bolt
circle and aligned with the mid-planes of the polar
blades. The diameter of the central opening measure

Central opening

26 mm and the external diameters of the interfaces
extend to 56 mm.

3.2 Anvil CV-joint FEM reanalysis

Two COMSOL Finite Element (FE) models are
considered in this study and used to reanalyse the Anvil
CV-joint. They enable the computation of several
properties of the design, which are compared with the
performance results obtained using the Spacar software.
The first model (FE1) is based on planar shell elements
representing the flexural blades with parametric
thicknesses, and rigid connectors replacing the rigid
segments (similar to Figure 2 left). This model is used
to evaluate the support stiffnesses, the mechanical stress
under maximum bending and axial load, the admissible
torsional torque, and the AHD. The second model (FE2)
consists of solid elements representing both the flexural
blades and the rigid segments (see Figure 6 right). This
model is employed to investigate the effect of the
compliance of the frame parts.

3.2.1 Finite Element Models

Figure 6 shows the mesh of FE1 on the left. The polar
blades are meshed with 20 x 40 rectangular elements and
the FLS by 8 x 40 elements. On the right FE2 model
includes 14400 hexahedral elements in the flexible
blades and 76124 tetrahedral elements in the rigid
components of the design. The blade thickness is
discretized using four elements.

Figure 6: Mesh of the Anvil CV-joint. Left: FEI is
composed by shell elements and rigid connectors.
Right: FE2 is composed by solid elements.
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Figure 7: Left: isometric CAD view of the Anvil flexible CV-joint. Right: volume envelope of the design.



3.2.2  Support and natural stiffnesses

The natural and support stiffnesses are calculated along
all six DoF while in neutral position with both models
FE1 and FE2. The analysis is linear and, on both models,
a limited force (1 mN) or moment (0.1 mNm) is applied
on the output of the mechanism. Table 6 summarizes all
the calculated stiffnesses as well as the discrepancy
between FEI and FE2.

Table 6: Natural and support stiffnesses evaluation of
Anvil CV-joint on FEI and FE2.

FE1: shell elements + RC FE2: solid elements
dF;dM disp K disp K
axis| [N;Nm] [m;rad] |[[N/m;Nm/rad]| [mjrad] |[N/m;Nm/rad] | Diff [%]
X 1.00E-03 | 3.29E-09 3.04E+05 3.37E-09 2.97E+05 -2.63%
y 1.00E-03 | 3.29E-09 3.04E+05 3.37E-09 2.97E+05 -2.63%
z 1.00E-03 | 1.13E-11 8.88E+07 1.53E-11 6.53E+07 -36.02%
Rx | 1.00E-04 | 4.83E-05 2.07E+00 4.81E-05 2.08E+00 0.46%
Ry | 1.00E-04 | 4.83E-05 2.07E+00 4.81E-05 2.08E+00 0.45%
Rz | 1.00E-04 | 2.99E-08 3.35E+03 3.09E-08 3.24E+03 -3.25%

All stiffnesses remains similar between the two models,
except the axial stiffness K,, which present a
discrepancy of 36 %. Cardanic joints with a central body
frequently present such axial stiffness drop when
considering finitely rigid segments. Indeed, the
intermediate body deforms and lowers the overall axial
stiffness. Additionally, the blades are not loaded equally
along their radial axis. The mechanical stress is higher
in the central part than in the distal one. That is mainly
due to warping of the upper and lower interfaces. This
phenomenon contributes to lowering of the axial support
stiffness of the joint as well.

323 Stress in bent state with axial loads

The mechanical stress within the flexural elements is
evaluated on the FE1 model. The angle 8 is set to 15°,
while the force F varies from 0 to 200 N by steps of 50 N
and the ¢ angle varies also from 0 to 355° by steps of
5°. The maximal VMS is evaluated separately within the
polar blades and the FLS. The polar graphs of Figure 9
show the evaluated values: the maximum VMS in the

VMSPB [MPa] function of Phi and F“, Theta = 15°

VMSFLS [MPa] function of Phi and Fu, Theta = 15°

90° o 9
=700 l]lga " 108

0=400MPa

o =300 MPa

polar blades (left), in the FLS (Centre) and in all flexural
elements (right).

324  Admissible torsional torque

A simulation with increasing sweeping torque
demonstrates that the maximum admissible VMS is
reached when a torque of 24.53 Nm is applied on the
output in rotation. However, when a torque of 5.76 Nm
is applied, a torsional buckling mode appears. These
values are calculated at @ = 0°.

325 AHD

The AHD of the Anvil CV-joint calculated with FE1 is
shown with marks in Figure 11 right. The profile is a
sine-like oscillation with an amplitude of 0.4 mrad and
double the period of the azimuthal angle .

3.2.6  Eigenfrequencies (internal modes)

Figure 8 left shows the first eigenmodes and
eigenfrequencies of the Anvil CV-joint. The analysis is
made with input and output fixed at ® = 0°. Modes 1
and 4 impact the central body of the CV-joint and modes
2 and 3 are vibration modes of the FLS.

3.2.7  Axial buckling load and mode

Figure 8 right shows the axial buckling mode of the
Anvil CV-joint when the critical compressive load of
146 N is applied. The CV-joint output is guided
vertically and ©@ = 0°.

ﬁ:uH;_’ N fo = 232 Hz S0
7,
el
A O d D\

A 4

and eigenfrequencies of
the CV-joint. Right: Buckling mode of the CV-joint.
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Figure 9: Mechanical stress (von Mises) in the flexible elements under various axial forces and when pivoting the Anvil
for revolutions over ¢. O angle is equal to 15°. Left: maximum VMS in the polar blades. Centre: maximum VMS in the
FLS. Right: maximum VMS in all flexures. Upper curves are COMSOL values; lower curves are Spacar values.



3.3 Comparison of Spacar and COMSOL results

The VMS results in Spacar and COMSOL agree within
15%. Differences in stress can be attributed to the plate
elements used in the COMSOL and beam elements used
in Spacar. Since the short polar blades have large width-
to-length ratios, it can be expected that effects of
anticlastic curvature play a significant role in the
discrepancy. These effects are only captured by the
COMSOL analysis with the plate elements and lead to
an increased bending stiffness, which in turn implies a
larger required bending moment for the same polar
angle, and higher stresses. In the theoretical limit of
plane strain, the increase in stiffness is 1/(1 —v?),
which can be 10% for common Poisson ratios v of 0.3.

4 AHD CALCULATION

For analytical calculation of the AHD of the CV-joint,
we first observe that the AHD of the FLS is negligibly
small compared with the AHD of the polar blades. Since
the FLS do have significant torsion stiffness, we must
scale the intrinsic AHD of the polar blades by the ratio
between its natural torsion stiffness Ky and the
transversal torsion stiffness of the FLS K, . For a
monocardanic joint (MC), the generic formula giving
the relation between the input and output angles is well
known [23]:

tany = cos @ - tang (4)

The AHD of the Anvil CV-joint is thus:
&yc = arctan(cos 0 - tang) + ¢ (5)
For the nominal case, the defect is shown in Figure 11
left. The natural torsion stiffness of the polar blades

monocardanic joint is given by:

c. = Ebplors  Ghyhy
v L3 3L,

(6)

And the transversal stiffness of the FLS in torsion is:

K - N,Eb3h, 12
Ye T 1613 + 8b2L, (1 +v)

(7

Let us mention that the latter is much stiffer than the
former. The schema of Figure 10 helps in determining
the new equilibrium state when connecting the
monocardanic polar blades with intrinsic AHD to the
equatorial FLS without AHD. On the left, the polar
blades alone have an initial equilibrium state represented
by the dashed line, when ¢ = 0°. In the middle of Figure
10 the polar blades have a different equilibrium state
when ¢ = 45°, characterized by an angular displacement
euc corresponding to the AHD of the monocardanic
joint (MC). The equilibrium state of the FLS is still
aligned with the initial equilibrium state of the polar

blades, when considering that both are disconnected. On
the right, when the two kinematic chains are connected,
a new equilibrium state is defined at an angle &, given
by the ratio of the torsion stiffnesses. Note that in the
schema the rotation stiffnesses are represented by linear
springs, for clarity. Also, the case where ¢ = 135° or
¢ =315° are not represented as they would be
symmetric compared to case b) and c) with negative €
and &y .

¢ = 0°,90°,180° or 270° ¢ = 45° or 225° ¢ = 45° or 225°

a) b) c)
Figure 10: Schematic of the equilibrium point
determination between the two torsion stiffnesses Ky,

and Ky, .

Based on the analysis of that schematic, the final
equilibrium is determined as being:

Ky

_ P
cv = €mc —Kwp + Ky, €))

&

The resulting AHD of the CV-joint is shown in Figure
11 presenting both the analytical model and the FEM
results which are in good agreement. The scaling ratio
between 61y and Y., is 39.58 and the analytical
values of the maximum angular homokinetic defects are
EMCpma, = 17.33 mrad and &gy, = 0.44 mrad. The
discrepancy between the analytivcal model and the FEM
values is 6.3%.

Monocardanic joint AHD CV-joint AHD

20
—Anlt model
-+« FEM
= 10 =
E 3
E E
—= 0 = 0
=] a
T T
< -10 <
220 -0.5
0 100 200 300 400 0 100 200 300 400

Tilting direction ¢ [deg] Tilting direction ¢ [deg]
Figure 11: Left: AHD of a monocardanic joint — the
polar blades — over a full revolution. Right: AHD of the
CV-joint — the polar blades and the FLS — over a full
revolution.

For the calculation of the FLS torsion stiffness, only two
FLS are considered as the two others are twisted and lose
much of their stiffness.

5 EXPERIMENTAL VALIDATION

To validate the simulation results, a full-scale (1:1)
model of the Anvil CV-joint was produced in PA12
using Selective Laser Sintering (SLS), see Figure 12 and
Table 7. The solid masses were hollowed out to reduce



cost, and the thickness of the flexible parts was increased
to match admissible stress and respect manufacturing
limits.

Figure 12: Photo of the PA12 Anvil CV-joint used for
measurements.

Table 7: Design specifications of the PA12 CV-joint.

Parameter Value
Material Nylon (PA12)
3D Printing Method SLS

Polar blades thickness 0.8 mm

FLS thickness 1 mm
Admissible von Mises stress | 25 MPa
Young’s modulus 1.7 GPa

5.1 Admissible axial tensile loads & axial stiffness

The maximum axial admissible load found by FEA is
122 N when the pivot is deflected at ©@ = 15° (Figure
13).

)y —Theta = 0 [deg]

a0 2z 7

/// o —Theta = 5 [deg]
Z

» y /4l —Theta = 10 [deg]

15 025 03 03 04
Displacement [mm]

Figure 14: Left: Photo of the traction test setup — 15°.
Right: Force—displacement measurements at ©=0°,
0=5° 0=10° and ©@=15°.

At O = 0°, the measured stiffness is 321.5 N/mm
(Figure 14) versus 344 N/mm from FEA. It requires an
accurate hollowed-geometry model, which complicates
the convergence of the FEA, especially in deformed
configuration (@ # 0).

5.2 Homokinetic defect

To measure the homokinetic defect, a setup with two
cameras is used (Figure 15). The CV-joint is held at a

fixed polar angle ® = 15° and 100 images are captured
during a full 360° rotation of the gear. A MATLAB
motion detection program is then used to extract the
relative angular position of each disk, from which the
total homokinetic defect is calculated.

/

Figure 15: Photos of the experimental test setup.

The AHD of the PA12 CV-joint calculated using FEA is
compared with experimental values. Two tests were
performed: one with the FLS and one without. The FLS
are responsible for reducing the AHD, as shown in
Figure 16.

AHD without FLS

AHD with FLS
201 — FEM simulation

— FEM simulation
-+ Experimental data)

-+ Experimental data

AHD [mrad]
(=]

S
AHD [mrad]
(=}

-20 5 '\'A‘:
0 100 200 300 400 0 100 200 300 400
Tilting direction ¢ [deg] Tilting direction ¢ [deg]

Figure 16 Left: Homokinetic angular defect of a PAI2
CV-joint — polar blades without FLS — over a full
revolution. Right: Homokinetic angular defect of the
full PA12 CV-joint — polar blades with FLS — over a
full revolution.

Table 8: Maximal AHD.

PB & FLS PB Ratio

[mrad] [mrad] [-]

FEA 4.09 16.90 4.13
Experimental 4.66 15.56 3.33

The experimental results, which are aligned with the
FEA predictions, show that the FLS reduces the AHD
by a factor of 4.13 for the FEA and 3.33 for the
measurements. It also validates the sinusoidal profile of
the angular homokinetic defect.



CONCLUSION

A novel compliant CV-joint (Anvil design) was
developed with high axial load capacity and minimized
homokinetic defect. The numerical optimization using
Spacar identified the best-performing geometry.
COMSOL simulations confirmed the joint's mechanical
performance under bending, torsion, and axial load. The
analysed Anvil joint withstands up to 162 N tensile axial
load and up to 5.76 Nm torsional torque before buckling
effects arise. The Angular Homokinetic Defect remains
below 0.4 mrad for tilting angles of 15° as validated both
analytically and by FEM. Compared to the known
0O’XY? CV-joint, the Anvil has a 14 times higher
performance in terms of axial load capacity, but 2.6
times lower homokinetic precision under axial load. A
prototype manufactured in PA12 was tested to confirm
numerical predictions. The joint is suitable for high-
precision, load-bearing applications such as reaction
wheels or telescope supports.
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