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ABSTRACT
Thanks to their absence of play, absence of contact friction

and possible monolithic fabrication, flexure pivots offer advan-
tages over traditional bearings in small-scale, high accuracy ap-
plications and environments where lubrication and wear debris
are proscribed. However, they typically present a so-called par-
asitic center shift that deteriorates their rotational guidance ac-
curacy. Existing solutions addressing this issue have the draw-
backs of reducing angular stroke, prohibiting planar design, or
introducing overconstraints or underconstraints. This article in-
troduces a new triple crossed flexure pivot called TRIVOT that
has a reduced parasitic shift without overconstraints nor inter-
nal mobility while allowing either optimal stress distribution in
the flexures or a planar design. The new architecture also makes
it possible to place the center of rotation outside of the physical
structure, which is not the case with traditional bearings. Based
on finite element simulations, we show that the parasitic shift is
reduced by one order of magnitude in comparison to the widely
used crossed flexure pivot. We also derive and validate formulas
for the rotational stiffness and angular stroke limit of the TRIVOT
for given dimensions and material, which are valuable for its di-
mensioning towards practical applications. We expect this new
pivot to become a competitive alternative to the crossed flexure
pivot for applications where high accuracy and compactness are
required.

∗Address all correspondence to this author.
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1 INTRODUCTION
Flexure pivots, which use the elastic deformation of slen-

der beams to guide a rotational motion, are attractive alterna-
tives to traditional bearings for a wide range of applications
where high accuracy and absence of contact friction are desired.
Such applications include micromanipulation devices [1, 2, 3],
aerospace mechanisms [4, 5], medical devices [6, 7] and watch-
making [8, 9, 10]. Flexure pivots, however, face limitations in
comparison to bearings such as a parasitic shift of their rotation
axis, limited stroke, complex designs, overconstraints or inter-
nal degrees-of-freedom. For instance, the Crossed Flexure Pivot
(CFP) (a.k.a. cross-spring pivot) introduced by Wittrick [11] can
either have a minimal parasitic shift, a planar design, or the maxi-
mal admissible stroke for given leaf springs. Other pivots achieve
a large stroke, a very small parasitic shift and a planar design
by using serial arrangements of flexures, such as the “Butterfly”
pivot [4] or the multi-stage compound radial flexure [12]. These
architectures however have the drawback of having internal (re-
dundant) degrees-of-freedom that can be excited by vibrations or
need external slaving mechanisms to be suppressed [13, 14]. Al-
ternatively, the “GIFP” pivot [9,15] allows to optimally distribute
the stress in the flexures and significantly reduce the parasitic
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shift in comparison to the CFP, but at the expense of compact-
ness. The “co-RCC” pivot [16, 17] presents an interesting way
of reducing the parasitic center shift while having a planar de-
sign but the remaining center shift is not negligible [9]. Other
solutions exist to tackle the issue of parasitic shift while max-
imizing angular stroke or having a planar design, but they are
either overconstrained [18] or have additional elasticity at one
extremity [19].

In this paper, we present a new TRIple crossed flexure
piVOT (TRIVOT) whose design theoretically cancels its para-
sitic center shift, regardless of the crossing ratio of its flexures,
allowing to either achieve the maximum angular stroke for given
flexures or a planar design. Furthermore, the center of rota-
tion can be placed outside of the physical structure, a property
called Remote Center of Compliance (RCC) [14, 20] that could
previously only be achieved with a parasitic shift [21] or with
serial compensations that add complexity or internal degrees-of-
freedom [1, 12, 22]. We first give a detailed description of the
TRIVOT design and its variants (Section 2). We then quantify
its parasitic shift using the finite element method (FEM) and
use the CFP as benchmark for comparison (Section 3.1). Fi-
nally, we derive and validate formulas for the rotational stiffness
(Section 3.2) and admissible angular stroke (Section 3.3) of the
TRIVOT.

2 DESIGN OF THE TRIVOT FLEXURE PIVOT
2.1 General kinematics

In order to describe the design of the TRIVOT, we give
a step-by-step explanation based on the two-dimensional kine-
matic diagram in Fig. 1:

(a) The design consists of a “mobile body” rotating with respect
to a “fixed body” about a point O, which we call the center
of the mechanism.

(b) Three parallel kinematic chains connect the mobile body to
the fixed one. Each chain consists of a “main connecting
rod”, with a pivot joint at each extremity, in series with a
slider joint. The connecting rods all have the same length
and are attached to the fixed body at the same distance from
point O. The connecting rods each form the same angle with
a segment joining their outer pivot (attached to the slider
joint) to point O. It follows that there exists a “neutral”
position of the mobile body in which the axes of the con-
necting rods are concurrent at point O (Fig. 1d). The axes
of the sliders are parallel to the segments joining point O to
the outer pivot of the connecting rod to which they are re-
spectively connected. This enables the distance between the
mobile body and point O to stay constant while the structure
rotates, which is key to cancelling the parasitic center shift.

(c) The “intermediate links” between the connecting rods and
the mobile body are connected in pairs by two kinematic

chains, each consisting of a slider in series with a pivot. The
sliding axis of each chain forms the same angles with the
two adjacent slider axes. The result of this coupling can be
seen in the shape of two isosceles trapezoids formed by the
mobile body and the sliding axes. This ensure that the sliders
of same type always perform the same motion. It follows
that the motion of the intermediate links is concentric with
respect to O.

(d) As a result of this geometry, the mobile body only has one
degree-of-freedom (DOF): a pure rotation about point O de-
scribed by the angle θ , see animation [23]. In comparison to
an architecture without intermediate links like the CFP, the
sliders absorbs the parasitic motion of the connecting rod’s
mobile end, hence cancelling it.

Mobile body

O O

Fixed
body

Main
connecting rods

O

Mobile body

O
Fixed
body

θ
(a) (b)

(c) (d)

Intermediate 
links

Slider
Pivot

FIGURE 1: Step-by-step description of the TRIVOT kinematics.
Animation is available [23].

Since there are no internal degrees-of-freedom, Grübler’s
formula for planar linkages [24] shows that the mobility M = 1
is obtained without overconstraint:

M =
j

∑
i=1

fi−3( j−N +1) = 13−3(13−10+1) = 1 (1)
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In this formula, N = 10 is the number of bodies and j = 13 is the
number of joints with each a DOF fi = 1. Note that the fixed and
mobile parts of the pivot are interchangeable.

2.2 Symmetrical design
In order to have a symmetrical architecture, we modified the

general design depicted in Fig. 1c as follows (Fig. 2):

1. The connecting rods were fixed at the vertices of an equilat-
eral triangle.

2. An additional kinematic chain was added between the inter-
mediate links.

3. The neutral position was chosen as nominal.

This symmetry has the advantages of improving the mass distri-
bution relative to O and reducing the differences in radial sup-
port stiffness in the flexure implementation. Note that an extra
DOF was added to avoid overconstraining the mechanism with
the added kinematic chain.

Extra
DOF

Additional kinematic
chain

Mobile

Fixed

O

FIGURE 2: Symmetrical TRIVOT design.

To facilitate flexure implementation, we modified the design
further, by replacing the slider joints with combinations of pivot-
pivot connecting rods (Fig. 3a):

4. The sliders between the intermediate links and the mobile
body were replaced with parallel connecting rods whose
parabolic motion closely approximates translations for small
displacements [14].

5. The slider-pivot kinematic chains were replaced with con-
necting rods perpendicular to the sliding axis whose motion
closely approximates a pin-in-slot joint for small displace-
ments.

For small displacements, this pivot closely approximates a pure
rotation about O and the motion of the extra DOF is infinitesimal,
see Fig. 3b and animation [25].

Extra
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Mobile

Fixed
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Slider-pivot
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Mobile
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(b)

FIGURE 3: Kinematic diagram of the symmetrical TRIVOT with
δ > 0 in (a) nominal position and (b) rotated by angle θ . Anima-
tion is available [25].

The connecting rods can then conveniently be embodied by
leaf springs or rigid bars with notch flexure hinges at each ex-
tremity, which have equivalent kinematic behavior [14, 26]. We
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carried out such implementation using leaf springs in the mock-
up of Fig. 4. This setup demonstrates that the design behaves
qualitatively as a pivot, see video [27]. Note that since the part
needed no assembly, we omitted the extra DOF, assuming that
there is enough flexibility in the system to release the overcon-
straint.

Main flexures

d

L
R0

(a)

(b)

FIGURE 4: Mock-up of the planar TRIVOT with δ = 0.1 and
an outer diameter of 150 mm fabricated by laser cutting a 5 mm
thick Polyoxymethylene (POM) sheet: (a) nominal position (b)
rotated by 22 degrees. Video is available [27].

2.3 Crossing ratio δ of the flexures
Since the main flexures (Fig. 4a) perform the main motion

during the rotation of the TRIVOT, their dimensions and crossing
ratio determine the main properties of the pivot. Indeed, their de-
formation is of order of the rotation angle θ of the pivot whereas
the deformation of the other “secondary” flexures is of order θ 2.
The kinematic boundary conditions of these main flexures are
similar to those of the CFP [11, 28], hence we define the ratio at
which they cross in an analogous way with the dimensionless ra-
tio δ = d/L [29]. Here, L is the length of the flexures and d is the
distance from their crossing point to their extremity attached to
the body 1, see Fig. 4a. These distances can be determined equiv-
alently in the ideal kinematic diagrams, see Fig. 3a. The signs of
d and L are defined with respect to the direction from the center
O to the extremity of the flexure attached to the intermediate link.
We then categorize TRIVOT architectures according to the sign
of δ :

(a) When δ > 0, d and L are of same sign and the main flexures
(respectively main connecting rods) cross virtually outside
of their physical structure (Fig. 3a). This has the benefits
of a planar design (Fig. 4), which is advantageous for com-
pactness and manufacturing, and potentially a RCC config-
uration (Fig. 1).

(b) When −0.5 ≤ δ ≤ 0, d and L are of opposite sign and
the main flexures (respectively main connecting rods) cross
physically at the center of the mechanism (Fig. 5). This has
the benefit of better distributing the stress within the flex-
ures [30] but requires a physical implementation allowing
the flexures to cross. An example of such an architecture
using three planes is depicted in Fig. 6.

(c) When δ <−0.5, the positions of the fixed and mobile bodies
are exchanged with respect to the center O. It is assumed that
the pivot behaves similarly to the case where δ is substituted
with δ ′ =−1−δ [30].

3 MECHANICAL PROPERTIES
The main advantage of the TRIVOT in comparison to other

crossed flexure pivots is its reduced parasitic center shift. Here,
we quantify this effect using FEM and compare it to our bench-
mark, the CFP. We also provide expressions for two other prop-
erties of flexure pivots that differ from ideal pivots and need to
be taken into account when dimensioning: the rotational stiffness
and the angular stroke limit.

3.1 Parasitic center shift
Figure 7 compares the parasitic shift of the TRIVOT and

CFP for different values of the crossing ratio δ . In order to
compare architectures with similar external diameter, we chose
to keep R0 = L(δ + 1) constant in all results (see Fig. 4a and
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FIGURE 5: Kinematic diagram of the symmetrical TRIVOT with
−0.5≤ δ ≤ 0.

Fig. 6a). The norm of the parasitic center shift D =
√

D2
x +D2

y is
compared for a 15 degree rotation of the pivots. For the TRIVOT,
Dx and Dx are the components along the xy-coordinates depicted
in Fig. 3 of a point on the mobile body located at point O in the
nominal position. For the CFP, the parasitic shift was computed
using [31, Eq. (17.1)-(17.2)], assuming orthogonal flexures. To
make the results independent of size, they are normalized by R0
using D̃ = D

R0
. The thickness h of the main flexures is constant

for all designs and satisfies h̃ = h
R0

= 0.02. We chose this value
to have flexure aspect ratios that are compatible with standard
micromanufacturing techniques such as wire electro-discharge
machining (EDM).

For the given dimensions and rotation angle, the results
show that the parasitic shift of the TRIVOT does not exceed
0.13% of R0 whereas the CFP is always above these values, ex-
cept for a narrow region of δ around -12.7% that is know to min-
imize its center shift [29]. For δ = −0.5, which is known to
optimize the stress distribution in the flexures [30] (and hence
maximize the angular stroke, see Section 3.3), the parasitic shift
of the TRIVOT is more than ten times smaller than that of the
CFP. For δ > 0, which permits planar designs and RCC proper-
ties, the center shift of the TRIVOT is also reduced by one order
of magnitude in comparison to the CFP.

The parasitic center shift of the TRIVOT was computed us-
ing the commercial FEM software ANSYS [32], by applying a
rotation on the mobile body and computing the motion of its cen-
ter of mass (Fig. 8a). The TRIVOT was meshed with hexahedral
SOLID186 elements refined on the flexures such that there are
three elements across their thickness, five along their height and
a number of elements along the length conferring them a square
face (Fig. 8b).

L

R
0

d

(a)

Rotation axis

(b)

FIGURE 6: Flexure implementation of the TRIVOT with crossed
flexures (−0.5 ≤ δ ≤ 0): (a) top view (b) exploded view. The
lines with points at their extremities show the connections be-
tween rigid bodies across the three planes.
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FIGURE 7: Normalized parasitic center shift of the TRIVOT and
CFP versus crossing ratio of the flexures.

3.2 Rotational stiffness
In the case where the TRIVOT is subjected to pure torque,

i.e., we assume no external loads, the main flexures can be mod-
elled as cantilever beams subject to a pure bending moment with
a prescribed rotation θ at their free end. The same kinematic
boundary conditions can be found for the CFP. Hence, we can
adapt the formula for the rotational stiffness of the CFP [30,
Eq. (12)] to the case with three flexures:

k =
12EI

L

(
3δ

2 +3δ +1
)

(2)

Here, E and I are respectively Young’s modulus for the flexures
and their area moment of inertia. Note that the angle between the
flexures does not appear in this formula, which makes it appli-
cable to any TRIVOT configuration. In order to provide results
that are independent from size and material, the rotational stiff-
ness was normalized as follows:

k̃ =
R0

EI
k = 12

(
δ

2 +3δ +1
)
(δ +1) (3)

In order to validate Eq. (3) and to show the influence of the
flexures’ crossing ratio on the stiffness of the TRIVOT, analytical
and FEM results for k̃ versus δ are plotted in Fig. 9. The FEM
stiffness was obtained with the model described in Section 3.1,
by computing the reaction torque on the fixed frame for a 1 de-
gree rotation of the mobile body. The analytical results match
the FEM results with less than 3% discrepancy, thus providing
validation for our formula. For comparison, Fig. 9 also displays

(a)

(b)

FIGURE 8: Finite element model of the TRIVOT: (a) 25 degree
rotation with δ = 0.4 (b) close-up view of the mesh.

the normalized stiffness of the CFP, namely, 2/3 of the TRIVOT
stiffness.

Remark 3.1. The rotational stiffness given by Eq. (3) is only
valid for small rotations within approximately ±10 degrees. For
larger deformations, nonlinear effects can have a significant im-
pact. It is indeed known that the rotational stiffness of crossed
flexures varies with the rotation angle [33, 34]. Additionally, the
secondary flexures of the TRIVOT undergo a deformation that is
of second order of the main rotation resulting in a stiffening of
the pivot as it moves away from equilibrium [19, 16].
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FIGURE 9: Normalized rotational stiffness of the TRIVOT and
CFP versus crossing ratio of the flexures.

3.3 Admissible angular stroke
As in Section 3.2, when the TRIVOT is subjected to pure

bending moment, the stresses in the flexures follow the same dis-
tribution as in the CFP. The same equations thus apply and the
maximum angular stroke of the TRIVOT for a given admissible
stress σadm in the material is [30, Eq. (23)-(27)]:

θmax =
σadmL

E h(2+3δ )
(4)

In order to validate this formula and to show the influence
of the flexures’ crossing ratio on the admissible stroke of the
TRIVOT, Fig. 10 shows FEM and analytical values of θmax ver-
sus δ for an example of implementation. We chose a material
with an admissible elastic strain εadm = σadm

E = 0.4%, which can
typically be reached with steel alloys, titanium alloys, polymers,
glass or silicon [35, Table B.14] [36,37]. As previously, R0 and h
are kept constant and satisfy h̃ = h

R0
= 0.02. Equation 4 can now

be rewritten in terms of our dimensionless parameters :

θmax =
1

εadm h̃(1+δ )(2+3δ )
(5)

The FEM results are based on the von Mises stress in the main
flexures for an applied rotation on the mobile body using the
model described in Section 3.1. The analytical results match the
FEM results with less than 5% discrepancy for δ ≥ −0.35, thus
providing validation for our formula.

For δ ≤−0.35, the admissible rotation angles become large
(θmax > 20 degrees) and the parasitic rotation caused by the

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
0
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15

20

25

30

35

40

45

50
FEM (TRIVOT)
Analytical (TRIVOT & CFP)

m
ax

FIGURE 10: Admissible angular stroke of a TRIVOT and CFP
with εadm = 0.4% and h̃ = 0.02 versus crossing ratio of the flex-
ures.

asymmetry of our implementation with respect to the plane of
rotation is no longer negligible (three different superimposed lev-
els in Fig. 6b). This parasitic rotation about an axis perpendicular
to the main rotation axis subjects the flexures to additional tor-
sion and bending stresses. For crossing ratios around δ =−0.5,
Fig. 10 shows that this significantly reduces the admissible an-
gular stroke. This issue can however be solved by using a sym-
metrically stacked architecture by, for instance, using five levels
(similarly to the CFP with three flexures [38, Fig. 4]) or by using
interlocked lattice flexures [39]. It is assumed that in that case the
admissible stroke would be close to the predictions of Eq. (5).

Remark 3.2. Bear in mind that the admissible stroke of the
TRIVOT depends on the material and dimensions. For instance,
the architectures with δ > 0 in Fig. 10 have a flexure aspect ratio
L/h < 50 that could be increased without compromising manufac-
turability in order to reach greater angular stroke. The mock-up
in Fig. 4 also achieves a larger rotation angle due to the high
admissible strain of its material (εadm ≈ 2.3%).

Remark 3.3. Since the TRIVOT does not have an axial sym-
metry in the plane of rotation, its behavior is different for clock-
wise and counter-clockwise motions. This asymmetry however
only concerns the secondary flexures, whose deformation is of
second order of the main rotation θ . It is hence assumed that
the consequences of this asymmetry will only be apparent for
large deformations or in the study of nonlinear effects, see Re-
mark. 3.1. This assumption is confirmed in Fig. 10 where the
FEM results for clockwise and counter-clockwise rotations are
displayed, showing only a slight difference for large admissible
strokes (θmax > 20 degrees).
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TABLE 1: Qualitative comparison between TRIVOT and CFP
properties.

Flexure pivot Reduced para-
sitic shift

Maximized
angular stroke

Planar
design RCC

TRIVOT with
δ =−0.5

Yes Yes No No

TRIVOT with
δ > 0

Yes No Yes Yes

CFP with
δ =−0.5

No Yes No No

CFP with
δ =−0.127

Yes No No No

CFP with
δ > 0

No No Yes Yes

CONCLUSION
In this article, we presented the design of a novel flexure

pivot whose ideal kinematics achieve a pure rotation without
overconstraint. We showed different configurations, character-
ized by the crossing ratio of the main flexures, allowing to ei-
ther maximize the admissible angular stroke for given flexures or
to have a planar design. We demonstrated that these properties
could be achieved while maintaining a very small parasitic center
shift, which is not the case with our CFP benchmark (see com-
parison in Table 1). These improvements nevertheless increase
complexity, with six times more flexures than the CFP and a fab-
rication over at least three levels in the configuration with cross-
ing flexures. Overall, the TRIVOT design is an improvement
over other flexure pivots that achieve similar properties but have
the drawback of having either overconstraints, internal degrees-
of-freedom or elasticity in one of the bodies.

By solving the issue of parasitic center shift, which is a com-
mon obstacle to the replacement of traditional bearings with flex-
ure pivots, the TRIVOT paves the way to new applications that
could benefit from its absence of play, contact friction, wear, pol-
luting debris, need for lubrication, and its possible monolithic
fabrication. Additionally, the TRIVOT provides a new way of
implementing a remote center of rotation, which is not possible
with traditional bearings and required in numerous applications.
Our future research directions include the experimental valida-
tion of the results presented here, the analysis of the stiffness
nonlinearity of the TRIVOT and a dimensioning for a mechani-
cal watch oscillator application.
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