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Cross-Axis Flexural Pivots in Mechatronic
Applications: Stress-Based Design for
Combined Tension and Bending

Brandon T. Peterson
Jonathan B. Hopkins

Abstract—Cross-axis flexural pivots (x-pivots) hold im-
mense promise as precise, frictionless bearing elements
in mechatronic systems. In real-world settings, where bear-
ings are called upon to bear nontrivial loads orthogonal to
the axis of rotation, kinematic and stiffness-based design
approaches are insufficient to ensure longevity. Stress-
based design, which is the norm in conventional rolling-
or sliding-contact bearing selection, allows for direct calcu-
lation of expected fatigue lifetime, as well as performance
in acute overload scenarios. However, the principles that
guide stress-based design for flexural bearings are distinct
from those that govern contact bearings, and have not yet
been clearly described. In this article, we present three
physical principles that came to light as we applied stress-
oriented finite element analysis to design x-pivots for large
angular deformation and heavy tensile loads. Specifically,
we describe cross-blade anticlastic effects, loading scenar-
ios that can lead to buckling when the mechanism is in
tension, and nonlinear stress effects that emerge in com-
bined tension and bending. These principles have an out-
sized impact on the mechanism’s stress profile, and are
not well represented in existing x-pivot models. We also
discuss ways to leverage gross mechanism geometry and
blade profile to mitigate or avoid these effects. We expect
that this work will help facilitate the design of x-pivots for
applications in real-world mechatronic systems.
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[. INTRODUCTION

OMPLIANT mechanisms have the potential to precisely
C guide motion with little or no friction and negligible wear
[11, [2], [3], [4], [5], [6], [7]1, [8], [9], [10]. From the litany of
potential mechanism designs that constrain motion in all degrees
of freedom except a single axis of rotation [2], [3], [4], the cross-
axis flexural pivot (x-pivot), [see Fig. 1(a)] [11], [12] is uniquely
able to achieve large angular displacement with relatively little
parasitic motion [13], [14], [15], [16], [17], [18]. X-pivots also
stand out in their ability to withstand large uniaxial loads in
tension or, if the mechanism is inverted, in compression [13],
[19].

Part of the promise of x-pivots is their potential to replace
conventional contact bearings in real-world mechatronic ap-
plications, thereby eliminating friction and wear-based failure.
To realize this promise, it will be essential to develop flexural
elements that perform well under specific combinations of non-
negligible angular displacement and uniaxial load. In keeping
with established machine design principles for bearings [20],
[21], [22], the design process for a flexural bearing would primar-
ily emphasize cycles-to-failure and load-to-failure calculations.
For compliant mechanisms, these calculations are built from
estimation of the peak stress within the device during anticipated
loads, and comparison of that stress to the material’s fatigue or
yield stress. In working through this design process for x-pivots,
we recently came to understand a few key principles that play a
nontrivial role in mechanism performance, are not well captured
in existing models, and are currently absent in the published
literature. The purpose of this article is to share those principles
with the community, so that others seeking to design x-pivots for
real-world mechatronic systems have a sense for what to expect.

[I. METHODS
A. Existing Models

As a starting point in our design process, we first sought
analytical models to gain intuition for the fundamental principles
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Fig. 1. (a) Schematic of the symmetric three-blade x-pivot used for

simulation, showing principal geometric parameters and finite element
analysis (FEA) setup. (b) Representative mesh after three iterations of
adaptive meshing. Higher density meshes were generated across the
blade thickness and at the creases.

that guide x-pivot performance. Fortunately, an extensive analyt-
ical foundation has been established in previous works to under-
stand the angular force-displacement behavior of x-pivots [23],
[24], [25], [26], [27]. This emphasis on rotational compliance
is appropriate: passive mechanics are fundamental to compliant
mechanism design and tend to be well represented in simplified
models and well verified experimentally. Rotational compliance
alone is not sufficient to predict fatigue lifetime, which is crucial
to applications involving bearing elements that are repeatedly
loaded. An understanding of the stresses generated from the
applied loads can help ensure mechanism longevity and protect
from overload scenarios.

In only a few cases, these stiffness models have been extended
to predict maximum stress within an x-pivot’s angled blades. In
the simplest of these models, Jensen and Howell [23] consider
mechanism angular displacement in the absence of tension;
the blades are modeled as independent beam elements in pure
bending, constrained to a fixed value of angular deformation
at their ends. The maximum stress in these beams is estimated
using Euler—-Bernoulli beam theory, and that classical bending
stress is then multiplied by an empirical scale factor such that
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the analytical values closely match those derived from finite
element analysis (FEA). This provides an analytical model
for stress as a function of mechanism angular displacement
that generalizes well across x-pivot geometries. In a separate
publication, Guérinot et al. [19] propose a simple analytical
model to predict stress in each blade from pure tensile load
on the mechanism (absent mechanism angular displacement).
In a later review of this work, Ma et al. [28] posited that the
predictions from these two models could be summed linearly
to provide a first-order approximation for combined loading in
both angular displacement and tension. However, the accuracy
of this approximation neglects nonlinear interactions between
the tension and angular displacement, which we have found to
be non-negligible (see Section III-C for more detail). Guérinot’s
model also assumes that the loading vector is parallel to the blade
bisector, and therefore does not capture the dependency of blade
stress on tensile loading direction (see Section III-B).

In a more recent model, Ma et al. [28] presented a 2-D
finite-element-like model of the x-pivot, in which each blade
is modeled as a chain of 1-D discrete “beamlet” elements.
Using this model, it is possible to calculate a global mechanism
stiffness, as well as a local stress distribution in each beamlet
when the complete mechanism is subjected to any combination
of rotational and tensile loads. However, Ma’s model does not
account for stress variations across the width of the blade, which
we have found to be non-trivial (see Anticlastic Curvature).
In addition, Ma’s 1-D beams do not allow for modeling of
non-constant beam geometries (as formulated in [28], though
we suspect this limitation could be readily overcome), which
we have found play a crucial role in reducing or eliminating
stress concentrations (see Section III-C).

The Bi-beam constraint model [25] combines many of the
strengths of Euler—Bernoulli beam-based analysis and Ma’s
discretization approach by considering each blade of the x-pivot
in terms of two linked variable-profile beams. In addition to
enabling analysis of polynomial blade profiles, this approach
increased accuracy of predictions at large angular deflections,
and was applied to a specific cable-actuated loading scenario.
However, as a 2-D model, this approach necessarily neglects
cross-width stress variation.

Limitations of the existing models became apparent once we
began running 3-D FEA simulations to spot-check our design
work in the context of general combined loading, which began
with these lower order models. Upon seeing major discrepancies
between the lower order and 3-D FEA predictions, we sought
to understand the physical causes and implications of these
discrepancies.

B. Finite Element Analysis Setup

All 3-D FEA for this study was performed in Abaqus (Das-
sault Systems, 2020). A symmetric three-blade x-pivot mecha-
nism was constructed in SolidWorks (Dassault Systems, 2020)
for FEA testing, consisting of a grounded body and a free stage,
connected by the x-pivot blades [see Fig. 1(a)]. A three-blade
pivot was selected over the more conventional two-blade pivot
to avoid off-axis parasitic motions that can emerge when an
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asymmetric two-blade x-pivot is loaded in tension. The three
blades span a total width of 4 cm [except for the analysis in
Fig. 2(c), in which blade width varies], and are each 4 cm long.
The outer blades (9.5 mm wide) are Y2 the width of the inner
blade (19 mm wide) such that the total blade width is shared
equally across the two blade directions. A gap of 1 mm was
included between each blade to prevent interference. A blade
angle of 30° was used for all simulations.

For the width-thickness anticlastic curvature plots [see
Fig. 2(c)], blade thickness was held constant at 0.85 mm; width-
to-thickness ratio was altered by sweeping blade widths. This
blade thickness was chosen to bring the mechanism close to
yield stress at 30° of mechanism angular displacement. All other
simulations used a blade thickness of 0.5 mm.

For all simulations and all blade types, 0.5 mm radius fillets
were introduced at the blade-body creases (see Fig. 1) to smooth
out stress concentrations. The simulations that illustrate anticlas-
tic curvature [see Fig. 2(c)], buckling [see Fig. 3(c)], and stress
concentrations [see Fig. 5(b) and (d)] all utilize x-pivots with
blades of constant width and thickness (CWT), i.e., they include
no additional fillet features aside from the universal crease fillets.

For the variable width (VW) simulations in Figs. 6 and 8§,
the inner blade was 22.8 mm wide at its base and 15.2 mm
wide at its center. The outer blades were 15.2 mm wide at
their bases and 7.6 mm wide at their centers. These dimensions
were chosen to maintain a total mechanism width of 4 cm
while overlapping the blade bases as much as possible (see
Section IV-B for more detail). For the variable thickness (VT)
blades, thickness at the base of each blade was 1.5 mm; this
then tapered elliptically to the 0.5 mm blade thickness over a
distance of 8 mm along the length of the blade. These taper
parameters were chosen arbitrarily, but were checked against a
range of other tapers to ensure that the results were representative
of the impact of varying blade thickness. A summary of all blade
parameters for each simulation and experiment is provided in the
Supplementary materials.

Material properties for Titanium 6Al-4V were assigned across
all simulations; this material was chosen based on its excellent
strength-to-weight ratio and fatigue properties, which make it an
exceptional candidate for compliant mechanisms. Each x-pivot
“part” was meshed with an initial global seed spacing of 2 mm.
This mesh was then densified at regions of higher von Mises
stress using a three-iteration adaptive meshing process; as would
be expected, this led to higher mesh density across the blade
thickness and in transitional regions at the creases [see Fig. 1(b)].

During simulations, the bottom of the grounded body was
assigned a zero-displacement constraint. The upper half of the
free stage was assigned a rigid-body constraint, and tensile
forces and/or prescribed angular displacements were applied to a
reference point tied to that rigid body. For all cases of combined
loading, both the angular displacement and tensile forces were
applied simultaneously, in a single step with multiple nonlinear
increments. Tensile loads were always applied normal to the
top face of the free stage, and rotated with that stage during
mechanism angular displacement (rotation). To facilitate plot-
ting trends, the Abaqus Python interface was used to automate
sweeps of varying loads or geometries. For the sake of reporting
the most accurate peak stress results, we extracted the maximum
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Fig. 2. (a) Representative cartoon of anticlastic effect on a thin plate.
Relative deformations are exaggerated for illustrative purposes. (b) 3-D
FEA showing a characteristic anticlastic stress profile in a wide can-
tilever beam in pure bending. Stress values are represented on a color
spectrum from blue (low stress) to red (high stress). (c) Deviation in peak
stress in the full x-pivot from [23] as a function of width-to-thickness ratio.
Ratio is plotted as inner blade width divided by thickness. Thickness
was held constant at 0.85 mm, and width was swept. Shades of blue
represent amount of mechanism angular deformation (rotation). Error
was calculated as (3-D FEA peak stress—2-D model peak stress)/2-D
model peak stress x 100.

value from the resultant set of integration points. When plotting
stress distributions for our figures, we extrapolated results to
each node and averaged across region boundaries.

C. Experimental Validation

Benchtop experiments were conducted to further support
the principles illustrated in Sections III-B and III-C. X-pivot
mechanisms were 3-D-printed in micro carbon-fiber-filled nylon
(Onyx, Markforged). Each mechanism had a total width of
4 cm, a blade length of 4 cm, and a blade angle of 30°. In the
buckling experiment, CWT blade flexures of 4 mm thickness
were bolted to a teststand in which one stage of the mechanism
was grounded and the other was mounted to a serial robotic
manipulator (KR-210, KUKA). The robot applied planar tensile
loads of varying magnitude and angle while also providing a
balancing torque to restrict rotation. The position of the stage
was measured for various in-plane loads and loading angles.
Buckling was identified as the onset of nonlinearity in the
horizontal displacement of the stage as a function of loading
angle, for several load magnitudes.
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Fig. 3.
occur in one of the two blades while the whole mechanism is in tension. (c) FEA of the x-pivot in tension outside the blades, where the free stage is
locked in rotation (M balances the moment from F), showing buckling in the outer blades. Stress values are represented on a color spectrum from
blue (low stress) to red (high stress).

To experimentally validate our bowstringing observations, we
compared the blade curvature under combined loading between
a CWT blade x-pivot (0.5 mm thickness) and a VT blade x-pivot
(1.5 mm base thickness tapered to 0.5 mm over a length of
10 mm). Both mechanisms were subjected to increasing tensile
loads at a 30° angle, to pull the device into 30° of rotation. To
achieve these loading conditions, one side of each mechanism
was mounted in a vice at 30° relative to gravity, while weights
were hung from the free stage. Image processing was used to
estimate the radius of curvature at 1000 points along the blades
under each loading scenario. The peak curvature for each blade
and load was calculated as the maximum of the inverse of the
radius of curvature at each point, multiplied by the blade length.

[lI. CHALLENGES AND SOLUTIONS IN STRESS-BASED
X-PivoT DESIGN

A. Anticlastic Curvature

1) Problem: Anticlastic Curvature Produces Stress Variation
Across Blade Width in Bending: The ability of the x-pivot to
sustain a tensile load is, to first order, governed by the smallest
cross-sectional area of the blade, sectioned perpendicular to
the long axis of the blade. As such, the design requirements
of compliance in bending (which requires a thin beam profile)
and strength in tensile loading (requiring cross-sectional area)
inevitably produce a wide, thin (plate-like) blade geometry. In
contrast to beams, which are the typical element type used
in modeling x-pivots, plates are known to undergo a parasitic
deformation mode known as anticlastic curvature when loaded
in bending. This effect has been understood for many years [29],
but we have not found it mentioned in the literature in the context
of compliant mechanisms.

Anticlastic curvature stems from the Poisson effect. Consider
a thin plate initially parallel to and above the x—y plane, to which
a moment is applied which bends the plate about the x-axis [see
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(b) ()

(a) lllustrative model of the x-pivot as two bodies connected by crossing blade “ropes.” (b) Schematic representation of how buckling can

Fig. 2(a)]. The portion of the plate above the plate midplane ex-
periences tension in the y-direction, while the portion of the plate
below the midplane experiences compression in the y-direction.
These stresses produce Poisson strain in the x-direction, with
the plate expanding in x below the midplane and contracting in
x above the midplane. This coupling of Poisson strains in the
x-direction produces a parasitic net curvature of the plate about
an axis above the plane and parallel to the y-axis [axis A in
Fig. 2(a)], resulting in the plate assuming a net “saddle” shape.
In the context of a cantilever beam, this appears in the stress
field as an otherwise unexpected nonuniform stress across the
width of the plate, characterized by bands of high stress along
the plate edges [see Fig. 2(b)].

Anticlastic effects become important to stress-driven design
of x-pivots as the aspect ratio of flexures becomes large (that is,
as they become wide and thin). This is illustrated in Fig. 2(c),
which shows that anticlastic deviations from existing 2-D mod-
els appear to level out around 13% error relative to 2-D model
predictions [23], [28]. Notably, the stress concentrations asso-
ciated with anticlastic effects are situated at the edges of the
flexure, at prime locations for fatigue fracture nucleation [30].

2) Identifying and Addressing Unintended Anticlastic Curva-
ture: Because the stresses associated with anticlastic curvature
vary across the width of the plate, this phenomenon is not cap-
tured in models which homogenize stress across flexure width
[31]. In other words, flexure blades with a large aspect ratio,
when loaded at large angles, are prone to stress concentrations
at blade edges that are not predicted by popular 2-D models.
Therefore, in order to calculate the impact of anticlastic effects
in a stress-driven design context, we recommend the use of 3-D
finite element modeling, which does capture anticlastic effects.

We note also that the aspect ratio of x-pivot blades can be re-
duced (and, therefore, anticlastic effects can be reduced) without
sacrificing cross-sectional surface area or increasing blade thick-
ness, by increasing the number of blades in the x-pivot. However,



PETERSON et al.: CROSS-AXIS FLEXURAL PIVOTS IN MECHATRONIC APPLICATIONS: STRESS-BASED DESIGN

this approach raises significant manufacturability concerns (see
Section IV-A).

To summarize, we view anticlastic curvature as a fact of life
in the design space for x-pivots in bending. It is only dangerous
when it is a surprise, and it is readily designed around in a stress-
driven framework with the help of 3-D finite element modeling.

B. Buckling in Tension

1) Problem: Tensile Loading Can Induce Buckling Based on
Loading Direction and Applied Moment: The x-pivot mechanism
is a composite of flexible linear beam components joined by
approximately rigid members. The stiffness of each of these
beams in axial tension is the Young’s modulus of the beam;
however, because the beams are very thin relative to their length,
they buckle under relatively low compressive axial loads. The
thin beam geometry also implies that each beam also has low
resistance to bending and shear loads. In other words, when
only axial load is of interest at low device angular deflection,
the blades of an x-pivot can be modeled in approximation as
ropes that carry only tensile axial load.

Building from this analogy, we can model the x-pivot as
two rigid body elements connected by intersecting ropes [see
Fig. 3(a)]. Consider the scenario in which amoment M is applied
in opposition to the moment created on the free stage by the force
F.In the simplified case where these two moments are balanced,
the rope system will reach static equilibrium; balancing the
horizontal and vertical forces and solving for 7} and 75 returns

Ty = F esc(20) sin(0 — @) (1)
T, = F csc(20) sin (0 + ¢) 2)

where I >0, 0 € (0, §) and ¢ € [0, 5]. T} and T are both
nonnegative (that is, the ropes are not slack) precisely when ¢
falls inside of [—6, 0]. When a symmetric x-pivot is undeformed,
and the loading vector is aligned with the bisector of the two
blade vectors [¢ = 0 in Fig. 3(a)], the reaction force is dis-
tributed symmetrically across the blades ( 77 = 75 ). However,
as the loading vector moves off of the bisector to instead be
aligned more with one of the blade “ropes,” we see an increase
in 77, the tension carried by B;. This is a result of the ropes’
inability to carry any load other than tension; as the resultant
load on B shifts to be oriented more transverse to the rope than
axial, the balance of the reaction force shifts to . As we can see
in (1), this phenomenon causes 7 to increase continuously with
¢. This shift in tensile force becomes obvious in the extreme
case: when |¢| = 6, B, is unable to contribute any tensile
force (15 = 0), such that B; carries 100% of the reaction force
(T =F).

As the loading vector moves outside the blade vectors (|¢| >
), T, becomes negative, which implies that B, is called upon
to support a compressive load. This can be conceptualized as
the base swinging about the upper root of Bj, putting B, in
compression [see Fig. 3(b)]. As described previously, rope B,
(and the blade it represents) will buckle under any appreciable
compressive load, causing massive stresses to appear in B, [see
Fig. 3(c)]. As such, |¢| > 6, which we call “loading outside the
blades,” represents a region of instability for the x-pivot.
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Fig. 4. (a) Experimental photos showing robotic tests and setup (left)
and progressive buckling as a load of 125 N is applied at 0°, 40°, and 60°
relative to the blade bisector (left to right). (b) Horizontal displacement
of the free stage plotted as a function of load angle across various load
magnitudes. For each load magnitude, buckling begins at the angle at
which this relationship becomes nonlinear.

A similar instability occurs when the x-pivot is first locked in
arotated configuration, and then loaded in tension. In fact, there
are many combinations of forces and moments that can produce
this buckling behavior. Rather than attempting to enumerate
every possible iteration of geometries, angles, applied forces,
and applied moments that could lead to buckling, we encourage
the reader to be alert to this possibility in any case of loading in
tension at an angle relative to the grounded body.

This buckling phenomenon was validated by our benchtop
experiments [see Fig. 4(a)]. For each tensile load, our measure-
ments show a nonlinearity between horizontal displacement of
the stage and load angle [see Fig. 4(b)]. The transition to this
nonlinearity in each case corresponds to the onset of buckling
in one of the blades. As load magnitude increased, the load
angle associated with buckling approached the blade angle of
the mechanism.

2) Designing to Avoid Buckling of X-Pivot Beams: We pro-
pose two design principles that can help avoid this buckling
behavior. First, if the range of possible tensile loading directions
is small and known, the x-pivot can be rotated in its plane
such that the blade bisector is aligned with the predominant
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(a) lllustrative model showing the combined loading effects that invalidate superposition-reliant models, and how those effects produce a

characteristic bowstring shape. (b) 3-D FEA of the x-pivot beam under combined tension and angular deformation, with a narrow band of high stress
at the crease. Stress values are represented on a color spectrum from blue (low stress) to red (high stress). (c) FEA-predicted beam deformation for
constant width and thickness (CWT) and variable thickness (VT) blade types, under pure bending (background) and combined loading (foreground).
The unique shape of the CWT blades under combined loading is the characteristic “bowstring” shape. (d) Peak stress under combined loading for
the x-pivot under a fixed 25° angular deformation, as predicted by a superposition-reliant model, the 2-D FEA model, and 3-D FEA. .

tensile loading vector. Second, the angle of intersection of the
blades () can be increased, which would produce a larger range
of potential loading directions “inside the blades,” improving
the design’s robustness against buckling. It should be noted,
however, that this second option would increase the stress in each
blade during pure tension along the ¢ = 0 vector, for simple
trigonometric reasons; a larger angle between blade vectors and
loading vector requires more tension in each “rope” to support
the total load.

C. Nonsuperposition and Bowstringing

1) Problem: Combined Tension and Bending Invalidates
Superposition-Reliant Models and Produces “Bowstring” Defor-
mation: We now consider the case of “combined loading” for an
x-pivot, meaning that the x-pivot is constrained to a fixed angular
displacement and a force is applied normal to the x-pivot bases,

as shown in Fig. 1(a). To build some intuition before examining
the 3-D elastic solution in this scenario, we first appeal to the
simplified model of a single beam in combined bending and
tension, as shown in Fig. 5(a), top. In this simplified setting, it is
clear that the applied angular displacement produces a bending
moment throughout the beam, as would be the case in bending
without a tensile force. Separately, the applied tensile force
produces axial stress, as would be the case in tension without
bending. However, the elastic solution in combined loading is
not the sum of these parts: the bending and tension interact to
produce an additional bending moment in the beam (force 7'
acting on moment arm R) that is, to first order, the product
of the applied axial force and the applied bending angle, as is
shown in Fig. 5(a), middle. This interaction moment is maximal
near the roots of the beam, producing a characteristic deformed
shape, which we refer to as “bowstring” deformation [shown in
Fig. 4(a), bottom].
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(a) Stress as a function of tensile load and rotation (angular displacement) for constant width and thickness (CWT), variable width (VW),

and variable thickness (VT) blade types. (b) Stress versus tensile load or rotation for pure tension, pure bending, and combined loading cases. Note
that the lines on these plots represent cross-sectional cuts taken from the four outer edges of the contour plots in (a). From these plots, it is clear
that the VT and VW blades perform well in tension, all three blade types have similar performance in rotation (with the VT blades being slightly

worse), and the VT blades perform radically better in combined loading.

One implication of this observation is that models for com-
bined loading that depend on superposition of solutions for
normal and rotational loading can produce errors large enough
to be of engineering importance. This is shown in Fig. 5(d).
As before, we recommend the use of higher order modeling
techniques such as Ma [28], Bilancia [25], or 3-D FEA to
ensure that bowstring deformation is captured in the design
process.

We have observed bowstring deformation in 3-D x-pivot
models with constant width and thickness blades, as shown in
Fig. 5(c). The accumulation of bending moment at the blade
roots is associated with dramatic stress concentrations in the
crease between the blade and body, shown in Fig. 5(b). The exact
placement of this stress concentration can be slightly shifted
by the presence of fillets in the crease, but with or without
a small fillet, this stress concentration remains the dominant
stress-driven design feature in combined loading.

2) Mitigating Bowstring Deformation in Combined Loading:
One means of mitigating these effects in combined loading is

to manipulate the beam geometry of the blade. Specifically, we
explored three blade types as follows:

1) Constant Width and Thickness (CWT): Each blade has a
constant rectangular cross-section along its length.

2) Variable Width (VW): Each blade has a rectangular cross
section, with a widrh that changes along the beam’s length.
The blades are widest at their ends, and narrowest in
the middle. This can also be thought of as a large-radius
elliptical fillet along the blade’s width.

3) Variable Thickness (VT): Each blade has a rectangular
cross section, with a thickness that changes along the
beam’s length. The blades are thickest at their ends, and
thinnest in the middle.

Note that all three beam types have small-radius fillets at the
creases where the beams attach to the fixture at each end, to ease
isolated stress concentrations that would otherwise develop at
those creases.

When designing complex machines, bearing selection is often
driven by lifetime/fatigue analysis. In a fatigue-oriented design
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3 kN tension at 25 deg rotation
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3-D FEA results from each of the three blade types in pure tension, pure rotation, and combined loading cases. Color maps for each blade

type and loading condition are normalized to the peak stress for that type and condition. As such, these renderings are not intended for cross-type
or cross-condition comparisons (for that we refer the reader to Fig. 5); rather they illustrate the distribution of stress within each blade type for a

given loading condition.

approach, the decision of which beam type to use will be largely
dependent on maximum stress under the expected loading con-
ditions and desired range of motion (RoM). Indeed, we found
that the blade types perform differently in each loading regime
(see Table I).

a) High force, low RoM: In high force, low RoM ap-
plications, we found the VT blade to be the most effective
(see Fig. 6). The variable thickness design diffuses what would
otherwise be a stress concentration at the blade-body transition
(the “crease”). We achieve a similarly smooth distribution of
stress in the VW blade; however, for a space-constrained ap-
plication with fixed total width, the VW design requires giving
up some of the blade width at the midsections, which reduces
the cross-sectional area available to support tensile loads. The
CWT blades concentrate all of the stresses in the small crease

fillet at the blade-body interface [see Figs. 5(b) and 7], leading
to dramatically higher peak stress.

b) Low force, high RoM: In low force, high RoM ap-
plications, we found the CWT and VW blades to be almost
equally effective (see Fig. 6). We do see a subtle decrease in peak
stress in the VW blade, which can be attributed to distribution
of the crease stresses across more material. In the VT blade,
the increased thickness of a portion of the blade decreases the
effective blade length in bending, which creates higher stresses
for a given angular displacement (see Fig. 7).

c) High force, high RoM: In high force, high RoM
applications, the VT blade is dramatically more effective than
the other beam types (see Fig. 6). This is achieved by grading
the flexural rigidity of the beam—making the base of the beam
(where bowstring deformation would concentrate strain) more
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TABLE |
LOADING REGIMES AND BLADE TYPES PERFORMANCE AS COMPARED TO
CWT BLADES (BASELINE, OR “0”)

Low Force, High Force, High Force,
HighRoM LowRoM High RoM
CWT / ; 0 0 0
VW / ; 0 + +
VT /7 -- ++ +++

Note: Number of “+” indicates improved performance, and number of “-” indicates

reduced performance.

rigid than the middle of the beam, with a smooth transition in-
between [see Fig. 5(c)]. This gradation of local flexural rigidity
smoothly redistributes bending strain (and stress) more evenly
along the blade length and away from the blade base (see Fig. 7).

Elaborating, the flexural rigidity of a beam such as the x-pivot
blade is the product of the beam’s material stiffness (Young’s
modulus) and the second moment of area of the beam about
the bending axis. In the case of a beam with a rectangular
cross section, such as the x-pivot blades, the second moment
of area of the beam is cubic with respect to the beam thickness.
Assuming that the blade is materially homogeneous, this cubic
relationship makes thickness modulation an efficient method
for locally modifying flexural rigidity (that is, a little added
thickness goes a long way toward making the beam stiffer).

These principles were validated in our benchtop experiments,
in which we compared 3-D-printed x-pivots with CWT and VT
blades [see Fig. 8(a)]. Under high force, high RoM (4 kg at
30°), the VT mechanism dramatically reduced bowstringing,
distributing curvature (and hence, stress) more evenly along its
blade length compared to the CWT mechanism [see Fig. 8(b)].
These data follow the trends shown in the analogous FEA
data in Fig. 6(b) (third plot from left). In the low force, high
RoM condition (0.5 kg at 30°), we observed higher normalized
curvatures in the VT blade than the CWT blade, consistent with
our FEA findings. Note that the VT mechanism was stiffer than
the CWT mechanism, and so did not reach the full 30° rotation
in the low load case.

IV. DESIGN CONSIDERATIONS OTHER THAN STRESS
A. Manufacturability

The precision required of compliant mechanisms can make
them extremely difficult and expensive to fabricate. We have
found that such manufacturing constraints can be obtrusive
enough to outweigh the potential benefits of any given design
improvement. For instance, increasing the number of blades

0.5 kg 4.0kg

1.7
CWT

Normalized curvature

(a)

2I
g ® Cwr @ o
= 15} ®
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©
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()

Fig. 8. (a) Experimental photos comparing blade curvature between
CWT and VT mechanisms loaded at 30°. Normalized curvature values
at each point are presented as blade length/radius of curvature. (b) Peak
normalized curvature from the two blade types under increasing loads,
all at 30°.

across the mechanism width to reduce anticlastic effects be-
comes infeasible well before the blades become narrow enough
to be beam-like. The design consideration with perhaps the most
pronounced impact on manufacturability is selection of blade
type. Theoretically, the CWT and VW blades should be the
easiest to manufacture in isolation, as their constant thickness
allows them to be cut from rolled shim stock. These shim blades
could then be affixed to the x-pivot’s base via bolts, welds, or
interlocking components. In practice, however, this makes the
“crease fillets” difficult to realize, and could potentially lead to
stress risers where blade meets base.

The VW blades do have a continuous nonlinear planar geom-
etry, which would likely require a CNC machine or specialized
jig to cut. We expect that the VT blades would be more difficult
to manufacture than the other blade types, because the thick-
ness variation would likely require precision machining. That
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said, our results show that the benefits provided by VT blades
may well be worth the added manufacturing effort in cases of
combined loading.

B. Compactness

The overall size of the mechanism can also weigh heavily in
guiding design decisions. For instance, although higher blade
angles provide greater robustness to variations in loading vector
direction, they also typically increase the footprint of both bases,
which must be widened to accommodate the shallower blade
slope. Volume constraints also play a poignant role in blade-type
selection. In a width-limited setting, the constant width blades
(CWT and VT) make full use of available width for the blade.
This is important because the strength of the flexure in tension is
theoretically limited by the beams’ smallest cross sections; given
that RoM is inversely related to blade thickness, the most obvious
way to improve tensile strength is to maximize blade width. In
practice, we found that maximum stress tends to be dictated
instead by stress concentrations at the corners of the blades.
VW blades provide a means of distributing these stresses without
changing blade thickness, and thereby increasing bending stress.
The overall flexure geometry allows the curved profiles of the
VW blades to be nested in such a way that they only effectively
increase each blade width by the width added to one of the blades
(e.g., 2 of the added width for a 2-blade x-pivot, ' of the added
width for a 3-blade x-pivot, etc.). This nesting feature helps to
offset the geometric penalty associated with the VW blades, and
may make them an appropriate option for relatively low-RoM,
high-tension applications.

V. CONCLUSION

Of all compliant mechanism architectures with the ability
to constrain motion in every direction except rotation about a
single axis, x-pivots are perhaps the most important to real-
world mechatronic systems. The principles established in this
article provide a foundation for informed stress-based design of
x-pivots that will withstand realistic loading conditions. It is our
hope that this work will facilitate the incorporation of compliant
mechanisms into future mechatronic devices, thereby reducing
component wear and improving system longevity.
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