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ABSTRACT
Universal two degree of freedom flexure joints
are often used for parallel manipulators or appli-
cations which demand transmission of torque.
However, contemporary flexure-based universal
joints are limited to small deflection angles
caused by their strong loss of stiffness in support
directions when deflected or are initially already
compliant in the intended support directions. In
this paper, a new concept for a high performance
large stroke universal flexure joint is presented
which can maintain a high level of support stiff-
ness in both translational and torsional directions
over its total range of motion of ±25 degrees.

INTRODUCTION
Universal joints are commonly used for applica-
tions which require transmission of rotation from
one direction to another, or spatial motion stages
such as parallel manipulators [1]. For high pre-
cision mechanisms flexure-based joints are used
for their deterministic behavior. However, these
joints are restricted to only small deflection an-
gles, suffer from a lack of support stiffness in
load carrying directions and support stiffness de-
creases strongly with deflection [2]. Furthermore,
motion in the two independent rotational degrees
of freedom is often obtained by serial stack-
ing of compliant elements, resulting in under-
constrained intermediate bodies and low support
stiffness [3].

We have shown that the folded leafspring has
proven to be a flexure element that properly
maintains a high level of support stiffness over a
large range of motion and can be used to con-
struct high stiffness large stroke spherical flexure
joints [4]. In this paper, we present a new concept
for a two degree of freedom universal flexure joint
comprising folded leafsprings, resulting in a high

FIGURE 1. Representation of the constraint
space for a universal joint, either intersecting the
origin or positioned in the xy-plane [5]

level of stiffness in all support directions over a
large range of motion.

CONCEPTUAL DESIGN
A folded leafspring has the property to only
constrain the translational degree of freedom
collinear to the intersection of the two leafsprings,
provided by the folding line. Therefore, in order
to obtain the required two degrees of freedom for
the universal joint, at least four folded leafsprings
are required each constraining a single degree of
freedom. To allow for tip/tilt rotational motion only,
the constraints have to either intersect the instant
center of rotation, or have to lay in a plane which
coincides the instant center of rotation [5], illus-
trated in figure 1. To ensure motion is constrained
in all intended four support directions, the folding
line of at least one folded leafspring has to inter-
sect the instant center of rotation, and at least one



FIGURE 2. Representation of the freedom space
for the universal joint, provided by all rotational
degrees of freedom with the axis of rotation posi-
tioned in the xy-plane intersecting the origin [5]

has to lay in the plane coinciding with the instant
center of rotation. We define the instant center of
rotation as the origin and rotation around the x-
and y-axis as the required tip/tilt motion. There-
fore, all constraints have to either intersect the ori-
gin “O” or have to lay in the xy-plane “XY ”. The
considered degrees of freedom are schematically
illustrated in figure 2.

If we only take into account the exact constrained
solutions, three distinctive topologies can be con-
ceived. The first solution, shown in figure 3, is
an exact constrained universal joint consisting of
three folded leafsprings with the folding line in
the xy-plane and one folded leafspring intersect-
ing the instant center of rotation (named O1XY 3).
The second solution consists of two folded leaf-
springs both intersecting the xy-plane and the in-
stant center of rotation, O2XY 2, illustrated in fig-
ure 4. The last remaining solution contains a sin-
gle folded leafspring in the xy-plane and three in-
tersecting the instant center of rotation, O3XY 1,
illustrated in figure 5.

To potentially improve support stiffness, over-
constrained topologies can be considered by
adding extra folded leafsprings. An example
of an over-constrained rotational symmetric
topology consisting of six folded leafsprings is
provided in figure 6. This topology consists of
both three folded leafsprings intersecting the
xy-plane and the origin (O3XY 3).

FIGURE 3. Topology with three folded leaf-
springs with the folding line in the xy-plane and
a single folded leafspring intersecting the origin
(O1XY 3)

FIGURE 4. Topology with two folded leafsprings
with the folding line in the xy-plane and two folded
leafspring intersecting the origin (O2XY 2)

FIGURE 5. Topology with one folded leafspring
with the folding line in the xy-plane and three
folded leafspring intersecting the origin (O3XY 1)



FIGURE 6. Over-constrained rotational symmet-
ric topology with three folded leafsprings with the
folding line in the xy-plane and three folded leaf-
spring intersecting the origin (O3XY 3)

PERFORMANCE COMPARISON
To compare the performance of the described
joint topologies, a shape optimization algorithm
is used to optimize the designs and to compare
the support stiffness [6]. For this comparison the
topologies which are not under-constrained, with
a maximum of 3 folded leafsprings with the folding
line in either the xy-plane or intersecting the ori-
gin, are optimized. To restrain the number of de-
sign parameters, both the folded leafsprings with
the folding line in the xy-plane and the folded leaf-
springs with the folding line intersecting the ori-
gin are positioned in a rotational symmetric mat-
ter around the z-axis. As an example, the joint
topologies shown in figure 3-6 are constructed in
this rotational-symmetric matter.

For the optimization, the performance is evalu-
ated over the entire range of motion with the flex-
ible multi-body software SPACAR [7] to efficiently
calculate the strong non-linear stiffness behavior.
Due to the intertwined nature of the flexures and
to ensure maximum usage of the design space,
designs are optimized to only just avoid collision
between flexures over its full range of motion. For
this optimization case, we consider an universal
joint with steel flexures (E-modulus: 210GPa, G-
modulus: 80GPa) which allows for a tip/tilt bidi-
rectional motion of 25 degrees. Furthermore,
maximum actuation moment is restricted to 5Nm
and the stress due to deformation is limited to
300MPa. As optimization criterion, the torsional
stiffness around the z-axis is considered which is
evaluated at maximum tip/tilt angle. Additionally,

a constraint is set on the minimum translational
support stiffness in x-, y- and z-direction of 1000
N/m. The results of the optimized topologies is
given in table 1. It has to be noted that the opti-
mization results are strongly affected by the con-
sidered optimization case and results can differ
for other cases. However, from the obtained re-
sults for this specific case, an indication can be
given for the level of support stiffness which can
be obtained for an universal joint which allows for
25 degrees tip/tilt motion and some distinct prop-
erties for some of the joint topologies can be iden-
tified.

Table 1 shows for the first exact constrained
joint topology O1XY 3 a high level of translational
support in x- and y-direction combined with a
good level of torsional stiffness (Krz). This high
level of stiffness is provided by the three folded
leafsprings with the folding-line in the xy-plane.
Translational stiffness in z-direction is limited as it
depends on a single flexure intersecting the ori-
gin. Joint topology O2XY 2 attains similar stiff-
ness values where torsional and translation sup-
port in x-direction is provided by the flexures in
the xy-plane and support in y- and z-direction is
obtained from the flexures intersecting the origin.
At last, joint topology O3XY 1 only provides lim-
ited torsional support as only a single flexure is
contributing to the torsional stiffness.

Furthermore, it can be observed that the over-
constrained asymmetric joint topologies (O2XY 3

and O3XY 2) provide no improvement in perfor-
mance, despite the increased number of flexures.
This is caused by a reduction of the feasible
design space which is free of collision for the
increased number of flexures. Especially for
asymmetrical topologies, collision is hard to avoid
which effectively results in a reduction of per-
formance. For the symmetric over-constrained
topology O3XY 3 collision can be avoided more
effectively and therefore, an increase of perfor-
mance is obtained.

EXPERIMENTAL VALIDATION
The results obtained from the optimization have
been used to design and manufacture the O3XY 3

joint topology. A prototype of this joint is pictured
in figure 7. Due to the spatial layout of the flex-
ures, two 3D-printed frame parts (in orange) are
used to connect to both ends of the folded leaf-
springs. To allow for proper clamping force on the
leafsprings, the frame parts are reinforced by two



TABLE 1. Support stiffness of optimized universal joint topologies at 25 degrees tilt

Topology Kx [N/mm] Ky [N/mm] Kz [N/mm] Krz [Nm/rad]
O1XY 3 13.0 14.3 1.0 28.9
O2XY 2 17.7 13.4 15.9 27.6
O3XY 1 6.9 4.9 3.1 3.9
O2XY 3 1.1 2.4 3.2 21.9
O3XY 2 6.4 9.1 1.7 15.7
O3XY 3 3.0 2.6 3.2 44.7

FIGURE 7. Prototype of the O3XY 3-joint con-
sisting of 3d-printed frame parts and spring-steel
folded leafsprings

steel plates. Furthermore, the two sets of three
folded leafsprings are manufactured from 0.3mm
thick spring steel and folded to the required fold-
ing angle (not necessary 90 degrees). First ob-
servations confirm the high level of translational
and torsional support stiffness over its full range
of motion and the allowed deflection angle of ±25
degrees tip/tilt (figure 8).

DISCUSSION
In order to provide a higher level of support stiff-
ness for the universal joint, over-constrained de-
signs are considered. Although over-constrained
designs can results in an increased level of
support stiffness, care has to be taken when de-
signing over-constrained. In order to prevent high
levels of internal stress, buckling, or reduction
of support stiffness caused by misalignment in
over-constrained designs, misalignments have
to be reduced to a minimum. For typical flexure

FIGURE 8. Prototype of the O3XY 3-joint at 22.5
degrees tilt angle

mechanisms, misalignments below 50% of the
misalignment at which bifurcation occurs does
not significantly influence the systems natural
frequencies and stiffness and gives a good indi-
cation of the alignment accuracy which has to be
obtained [8]. However, over-constrained issues
primarily arise when considering undeflected or
small stroke compliant mechanisms, at which the
flexures provide a high level of support stiffness
in the directions in which motion is constrained.
When larger deflections are considered, support
stiffness in the constrained directions typically
drops caused by the deformation of the flexures,
resulting in a mitigation of internal stress caused
by miss-alignments and therefore reducing over-
constraint related problems.

CONCLUSION
To obtain a flexure based universal joint allowing
for large tip/tilt angles while simultaneously
maintaining a high level of support stiffness,



a series of folded leafsprings are combined
and positioned such to allow for tip/tilt motion
only. By only considering exact constrained
solutions, a good level of support stiffness can
be obtained. An increase in performance can be
achieved by using over-constrained topologies.
However, care has to be taken to maintain a
proper level of symmetry in order to efficiently
allow for the avoidance of collision. Based on
the obtained optimization results considering a
two-DOF universal joint allowing for ±25 degrees
of tip/tilt-motion, a prototype has been manufac-
tured. Preliminary results confirm the high level
of support stiffness in all support directions and
the available range of motion.
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