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Abstract:

The development of flexure-based XYZ micro-positioning stages incorporating a novel type of flexure

hinges with elliptical transverse cross-sections (ETC) is presented. In comparison to classical two-axis

flexure hinges featuring rectangular transverse cross-sections (RTC), parametric studies of both the flexure

hinges and the flexure stage were conducted, focusing on stress concentration, motion range, and output

decoupling. The results demonstrate that the ETC-based XYZ flexure stage outperforms the RTC-based

design in all three aspects. A prototype of the XYZ flexure stage utilizing ETC-type two-axis flexure

hinges was developed and experimentally tested, achieving motion errors and parasitic motions of less

than 5%. The ETC-type two-axis flexure hinges offer a novel approach for advancing spatial flexure stage

design.
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1 INTRODUCTION

XYZ micro-positioning stages are of significant
importance in various advanced applications, such
as elliptical vibration cutting (EVC), laser
alignment, nanoindentation, and micro-assembly
[1-5]. Flexure mechanisms, also referred to as
compliant mechanisms, have emerged as
fundamental platforms for developing such stages
due to their high precision and rapid response
capabilities [6-9]. The motion characteristics of
flexure mechanisms heavily rely on the behavior
of their flexure hinges, as these hinges are
responsible for transmitting and transforming
motions  within  the  structure  [10-15].
Consequently, the design and performance of
flexure hinges critically determine the overall
motion characteristics of flexure mechanisms [16,
17].

Various types of flexure hinges have been
developed, among which notch-type flexure

hinges represent one of the most primitive

structures due to their compact design and
geometric simplicity [18-22]. As illustrated in Fig.
1, notch-type flexure hinges can be classified
based on the number of rotational axes: single-axis,
two-axis, and multi-axis configurations [23-28].
For spatial micro-positioning applications, flexure
hinges with more than two rotational axes are

essential.
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Fig. 1 Primitive notch type flexure hinges: (a) single-axis, (b)
RTC type two-axis, (c) multi-axis and (d) ETC type two-axis

While XYZ stages enable translational motions
along three orthogonal axes, a key limitation of
flexure-based designs is crosstalk between
working directions—actuation in one direction
may induce parasitic outputs in others [29-31]. To
address this issue, researchers have proposed

diverse configurations. For instance, Li and Xu



developed a fully decoupled XYZ flexure stage
using parallelogram mechanisms [32]. Although
this planar structure facilitates fabrication, its
large size remains a drawback. Later, Zhu
introduced a more compact XYZ flexure stage
employing spatial parallelogram mechanisms,
which require flexure hinges with out-of-plane
deformation capability [33].

In existing studies, two-axis flexure hinges are
widely adopted for XYZ flexure stage due to their
ease of integration. However, their spatial
structures increase fabrication complexity. Recent
advancements in 3D printing have enabled
practical

implementation of such spatial

configurations  [34, 35]. For instance,
Mohammadali developed XYZ stages using two-
axis hinges with longitudinally collocated notches
[36], while Benjamin created a compact XYZ0
stage with built-in actuators via conductive
polymer 3D printing [37].

Notably, conventional two-axis flexure hinges
typically feature rectangular transverse cross-
sections (RTC) with sharp edges that exacerbate
stress concentration [38, 39]. A recent innovation
introduces elliptical transverse cross-section (ETC)
hinges, which eliminate sharp edges while
maintaining two-axis motion capabilities [40].
Existing study shows that ETC hinges exhibit
enhanced compliance and reduced stress
concentration under equivalent displacement
actuation. Nevertheless, the performance of ETC-
based flexure mechanisms remains understudied.
All three classical primitive hinge types can share
identical longitudinal cross-sectional notch
profiles at intersections with planes through their
central axes. These profiles-constructed using
cycloidal, elliptical, hyperbolic, or hybrid curves-
significantly influence hinge characteristics. For
example, leaf-type hinges demonstrate higher

compliance, while cycloidal profiles improve

rotational accuracy and reduce stress. However,
while notch profiles determine transverse cross-
sectional variations, they cannot fundamentally
alter cross-sectional types. The four hinge groups
are ultimately distinguished by their transverse
cross-sections.

This study investigates an XYZ micro-positioning
stage utilizing ETC two-axis flexure hinges,
achieving systematic analyses and comparisons
with classical designs based on RTC flexure
hinges. The subsequent sections are organized as
follows. The structural design of both the ETC
flexure hinges and the XY Z stage is first presented
in Section 2, which clarifies the relationships and
differences between the two classes of flexure
structures. Based on the established parametric
model, a comparison of both the flexure hinges
and the flexure stages is conducted through
parametric analyses in Section 3. Prototyping and
experimental studies are detailed in the next

section, and conclusions are drawn finally.

2 STRUCTURAL DESIGN
2.1 Configuration of the XYZ Flexure Stage

The configuration of the XYZ flexure stage is first
developed, following the design philosophy of
flexure substitution. The stage employs a three-
limb parallel configuration, where each limb is
independently driven by an actuator for
unidirectional translation, as shown in Fig. 2. The
translational input is directly transformed to the
output platform, providing target output motion in
identical directions. A decoupling mechanism is
employed between each input and the output
platform, isolating the unidirectional target output
from other inputs. Therefore, the driving direction
of each actuator is orthogonal to the working plane
of the decoupling mechanism. Piezoelectric stack
actuators (PSAs) and voice-coil motors are two of

the most common drivers for flexure-based micro-



positioners. In this study, the PSA is employed to
achieve a compact design.

To minimize potential parasitic motions, the
output axes of the three actuation units are
designed to intersect at one point on the output
platform. As a result, undesired internal moments
are reduced synchronously. The configuration of
the stage, as shown in Fig. 2, includes identical
actuation units for the X, Y, and Z axes. Since
flexure mechanisms are employed to construct the
XYZ stage, it is reasonable to customize the
stiffness and motion range of each actuation unit
through the parametric design of the flexure
hinges. The parametric model of the flexure stage
is obtained through structural design.

Output
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Y input Mechanism
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Fig.2 Configuration of the XYZ flexure stage
2.2 Structural design of flexure hinge

The structural design of flexure hinges primarily
focuses on the design of ETC-type two-axis
flexure hinges. Two structural design methods are
developed for the ETC-type flexure hinges: the
replacement method and the direct modeling
method. Traditionally, two-axis flexure hinges are
constructed by forming orthogonally collocated
notches on a rigid bar. This approach essentially
creates flexure structures with variable rectangular
transverse cross-sections. Consequently, ETC-
type two-axis flexure hinges can be derived by
replacing the rectangular cross-sections of RTC

hinges with elliptical counterparts. As a result, the

longitudinal notch profiles of the obtained ETC-
type flexure hinges remain identical to those of the
RTC designs. This enables seamless conversion
between conventional two-axis hinges and the
novel ETC variants.

An alternative fabrication method for the ETC
flexure hinges, namely the direct modeling
method, involves creating an ellipse on the o-yz
plane with its origin aligned to the y and z axes,
followed by forming notch profiles on the o-xy
and o-xz planes. The ETC hinges are then
generated by scanning the ellipse while
maintaining a fixed orientation and controlled
semi-axis variations. Both design methods can
obtain identical parametric models of the ETC-

type two-axis flexure hinges, as shown in Fig. 3.
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Fig.3 Notch profiles and transverse cross-sections of ETC
and RTC flexure hinges.

The ETC hinges in this study employ right
circular-type notch profiles, considering their
concise geometry (Fig. 3a and Fig. 3b),
characterized by the circular notch radius (R) and
minimum thicknesses on the o-xy (t,)) and 0-xz (t)
planes. One of the key observations of the ETC
structure is the achievement of axial symmetry
(multi-axis flexure hinge) by requiring t,, = ¢,. In
addition, the RTC hinges and ETC hinges can be
represented  using  identical = geometrical
parameters due to the structural similarity, which
is referred to as the equivalent configuration in this

study.



2.3 Structural design of the XYZ flexure stage

Flexure mechanisms can be designed by replacing
rigid pivots in the configuration with flexure
hinges. Flexure replacements are carried out using
a modular approach. The decoupling mechanism
between the output platform and each input
requires compound decoupling capability to
achieve spatial motions. Therefore, a spatial four-
bar-type parallel decoupling mechanism (PDM) is
employed, typically utilizing ETC-type two-axis
flexure hinges. In addition, a planar guiding
mechanism is utilized to protect the fragile PSA,
where leaf-type single-axis flexure hinges are
employed. Subsequently, three actuation units are
developed, each including a PDM and a guiding
mechanism embedded with a PSA. The planar
double parallelogram mechanism, incorporating
four leaf-type single-axis flexure hinges. The
PDM consists of four sets of parallelogram limbs,
each constructed from a rigid link and two ETC
flexure hinges.

The XYZ flexure stage is obtained by connecting
the three actuation units in a parallel configuration,
as shown in Fig. 4. Each actuation unit consists of
identical flexure modules but can be customized
through hinge design. Typically, asymmetric
compliances of the stage along the z-axis are
designed for potential applications in
nanoindentation, which is achieved by controlling
t,=t, =t for the two-axis flexure hinges
within the z-actuation unit. The three actuation
units share identical values for the remaining
parameters, which mainly include the minimum
thickness of the leaf hinge t;,, the radius of the
fillet r, and the lengths of the rigid links L, L4, L,,

and L;.
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Fig.4 XYZ flexure stage based on the ETC-type flexure
hinges

3 PARAMETRIC ANALYSES

To understand the relationship between the hinge
type and the performance of the flexure stage,
systematic parametric analyses are carried out. In
these analyses, key parameters of the two-axis
flexure hinges are varied to observe their effects
on the stress and motion characteristics of the
flexure stage. Such comparisons are helpful for
predicting behavior and guiding decisions in

future design and optimization efforts.

3.1 Analyses of the ETC and RTC flexure
hinges

The first parametric analyses compare the stress
characteristics of ETC and RTC hinges with
reference to the stress concentration factor (SCF),
defined as the ratio of FEA-derived maximum
stress to analytical maximum stress. The stress
concentration characteristics of notch-type flexure
hinges are primarily influenced by the loading
type and the radius of curvature of the notch
profile. Without loss of generality, the stress

concentration characteristics of the flexure hinges



under tension and pure moments around the y-axis
and z-axis are examined.

Under tensile force, the analytical maximum stress
is uniformly distributed across the minimum

cross-section, which can be obtained as

max _ 4Fx
OFx = tyt, (1)
and

max _ Fx
Okx T, (2)

for the ETC and RTC type flexure hinges,
respectively.

The analytical normal stresses generated by
moments around y-axis or z-axis vary linearly over
the transverse cross-section, where the maximum
occurs on the outer surface of the cross-section,

which can be given as
32M,,
TtytZ

max __
oMy =
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for the ETC and RTC type flexure hinges,

respectively.

The SCF can be obtained as:

Oy

=~ (5)
where o, is the reference maximum stress
calculated using analytical equations (Eq. 1~4.)
and o, is the actual maximum stress within the
hinge obtained through FEA.

FEA models were established for the ETC and
RTC flexure hinges. The FEA setup utilizes
aluminum alloy material properties (E=71 GPa,
1=0.33) with cantilever boundary conditions and
mesh refinement in the notch regions. Mesh

models with approximately 100,000 nodes and

67,000 elements were achieved, with verification
of grid independence. Parametric models of the
ETC flexure hinges and their equivalent RTC
flexure hinges were developed based on Fig. 3.
The curvature of the notch was controlled by
varying the radius R =2~6mm and t, =
1~3mm, while t, was fixed at | mm. The length
of the rigid blocks connected to the two ends of
the flexure hinge was also controlled to be twice
the length of the hinge to ensure consistent loading
conditions. During the analyses, identical
cantilever-type boundary conditions were applied
to each hinge sample, with one end fixed and the
other end loaded with a single type of unit load (F,,
M,, or M,) separately.

The SCF under tension and moments were
obtained for the ETC and RTC flexure hinges, as
shown in Fig. 5 to Fig. 7. It can be observed that
the stress concentration is consistently lower for
the ETC flexure hinges compared to their
equivalent RTC flexure hinges. This is because
the stress distributions within the ETC flexure
hinges are more uniform than those within the
RTC flexure hinges, as the elliptical transverse
cross-sections eliminate sharp vertices. For both
types of flexure hinges, the SCF is influenced by
their geometric parameters. The SCF increases as
the notch radius decreases or the minimum
thickness increases. Notably, the ETC flexure
hinges can achieve stress release when the hinge
thickness along the bending direction is lower than
that along the other direction, as shown in Fig. 7,
suggesting a novel approach for designing flexure
mechanisms with a higher compliance-to-stress
ratio. It can be concluded that the ETC flexure
hinges effectively reduce the effects of stress

concentration compared to the RTC flexure hinges.
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Fig.S Stress concentration factor (SCF) of the ETC and
RTC flexure hinges under unit tension loading
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Fig. 6 Stress concentration factor (SCF) of the ETC and
RTC flexure hinges under unit moment My loading
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Fig.7 Stress concentration factor (SCF) of the ETC and
RTC flexure hinges under unit moment Mz loading

3.2 Analyses of the ETC-based and RTC-
based XYZ flexure stage

Similarly, two types of XYZ stages embedding
ETC and RTC flexure hinges were developed and
compared. Due to the monolithic structure of the
flexure stage, driving motions from a single PSA
induce parasitic motions in other directions,
increasing the difficulty of precision control.
Meanwhile, the stress level of the structure
constrains the motion range of the entire stage.
Therefore, both the stress and motion
performances of the stage were investigated with
reference to the geometric design of the flexure
hinges.

Parametric models of both types of flexure stages
were developed based on Fig. 4, with a focus on
the influence of the two-axis flexure hinges.
Considering the asymmetry of the two-axis

flexure hinge, only one of the minimum hinge

thicknesses was varied (t, = 1~3), while the



other was kept at t, = 0.75 X t,,. The radius of
the hinge notch was fixed at R = 5 mm to account
for manufacturing constraints. Additionally, the
minimum thickness of the hinge on the Z-
actuation unit varied synchronously by setting t =
t, mm. This approach covers designs with both
high and low asymmetric compliance. Key
parameters of the flexure stage include the
minimum thickness of the leaf hinge (t;, = 2 mm),
the radius of the fillet (r = 3 mm), and the lengths
of the rigid links (L =70 mm, L; = 20 mm,
L, =26 mm, and L; = 30 mm).

FEA based on high-resolution models of the
flexure stage was utilized to obtain accurate
information on both stresses and motions. Similar
FEA settings to those used in the analyses of
flexure hinges were applied to the stage. Mesh
models with over 3,000,000 nodes and 1,000,000
elements were achieved during the analyses. A
typical mesh model of the ETC-based flexure
stage is shown in Fig. §(a).

During the analyses, each actuation unit was
successively motivated by a unit force to simulate
the actuation of the PSA. The three-coordinate
displacement vector at the center of the output
platform was recorded, from which the main
output and parasitic motions were derived. For
instance, when the x-direction was actuated, the
displacements along the y- and z-directions were
monitored as parasitic motions, while the
displacement along the x-axis was defined as the
main output. For comparison, the stress levels of
the two-axis flexure hinges were measured during

the analyses.
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Fig.8 Mesh model (a) and deformation (b) of the ETC
flexure stage under Z actuation

As shown in Fig. 9, the maximum stress levels are
consistently lower on the ETC-based stage
compared to those on the equivalent RTC-based
stage, which aligns with the results of the hinge
analyses. In addition, the output motions of the
ETC-based stage are greater under identical
driving forces, as shown in Fig. 10 to Fig. 12. This
suggests that the ETC-based flexure stage
achieves higher motion transformation efficiency.
Moreover, compared to the equivalent RTC-based
flexure stage, the ETC-based stage also exhibits
lower parasitic motions, even with larger output
motions. Parasitic motions of less than 1%,
relative to the main outputs, are observed for all
design samples of the ETC-based flexure stage,
indicating excellent decoupling performance. It
can be concluded that the XYZ flexure stage
developed using ETC-type two-axis flexure
hinges, compared to the classical RTC-type two-
axis  flexure achieves

hinges, superior



performance in stress levels, motion range, and

decoupling characteristics.
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Fig.9 Maximum hinge stresses of the XYZ stage based on
the ETC and RTC flexure hinges under unit actuating forces

x104 x107
—e— ETC-X - & =RTC-X ~
2.10 e ETC-Y — # =RTC-Y 35
’é\ —f— ETC-Z — ® —RTC-Z
g - 30
22,05 B
% r ng
>< [72)
Py - 208
$2.00 s g
g 2
2 Z
I 108
£1.95 5
£ 5 =
E L
pS
1.90 -0

1 1.5 2 2.5 3
Minimum hinge thickness #, (mm)

Fig. 10 Main motions and parasitic motions of the XYZ stage
based on the ETC and RTC flexure hinges under unit actuating
forces along X axis
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Fig. 11 Main motions and parasitic motions of the XYZ stage
based on the ETC and RTC flexure hinges under unit actuating
forces along Y axis
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Fig. 12 Main motions and parasitic motions of the XYZ stage
based on the ETC and RTC flexure hinges under unit actuating
forces along Z axis

4 PROTOTYPE AND EXPERIMENTAL TESTS

A prototype of the XYZ flexure stage based on the
ETC-type two-axis flexure hinges was developed
and experimentally tested. The structural
parameters of the stage were designed to meet the
requirements of additive manufacturing, as
specified in Table 1. The prototype was fabricated
using 3D printing with resin material (R4600,
WeNext). A test bench was set up, as shown in Fig.
13, with a PSA actuator (AE0505D16F, Thorlabs)
embedded within each actuation unit. Three laser
sensors (Keyence, LK-G30) were used to measure

the displacements of the output platform.
Table. 1 Key parameters of the fabricated XYZ flexure stage
(mm)

t [t |t |t |R [r |L [L |L |Ls
2 3 2 |2 5 05 |30 |15 |8 20
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Fig. 13 Prototype of the XYZ flexure stage and apparatus for
experiment

Experimental investigations were conducted to
assess the motion characteristics of the flexure
stage. The outputs of the flexure stage were first
investigated through an open-loop test, where
each PSA was driven by a ramp signal. It was
found that the flexure stage achieved an open-loop
motion range of over 10 um along each motion
direction, as shown in Fig. 14. Additionally,
parasitic motions were observed during the tests.
However, the parasitic outputs were linearly
related to the inputs, which can be attributed to

manufacturing and assembly errors.
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Fig. 14 Output motions of the XYZ flexure stage

Based on the coupling outputs collected during the
open-loop tests, a kinematic-based decoupling
control strategy was developed for the fabricated
XYZ flexure stage. To account for the hysteresis

of the PSA, a fundamental PID control method

was utilized. Since the motion range is limited, the
static outputs of the laser-based displacement
sensors were first measured. It has been observed
that the static output signal of the sensor is subject
to considerable noise interference. Subsequently,
mean filtering was applied to reduce the sensor
noise. The output platform was successively
driven to follow a sinusoidal signal in each
direction. As shown in Fig. 15 and Fig. 16, each
direction of the developed flexure stage achieved
motion tracking with motion errors and parasitic

motions of less than 5%.
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Fig. 15 Decoupled outputs of the XYZ flexure stage
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Fig. 16 Motion error and parasitic motions of the XYZ
flexure stage

The control accuracy could be further improved

by using sensors with higher resolution and lower



noise. Since stress within a real flexure structure
is difficult to measure, alternative approaches such
as fatigue testing could be employed and will be
explored in future work. Another limitation of the
flexure stage developed using ETC-type flexure
hinges is its fabrication adaptability, as additive
manufacturing is generally required to integrate
them into spatial structures. Structural stiffness,
creep deformation, and fatigue life should also be
considered as critical design aspects. Metallic
additive manufacturing may be necessary for
long-life applications. Nevertheless, the analytical
and experimental results validate the feasibility of
developing XYZ flexure stages based on ETC-
type two-axis flexure hinges for micro-positioning

applications.

5 CONCLUSIONS

In this research, an XYZ flexure stage was
developed utilizing ETC-type two-axis flexure
hinges for micro-positioning applications.
Systematic comparisons were conducted at both
the flexure hinge and flexure stage levels,
revealing the relationships between key geometric
parameters of the ETC flexure hinges and
structural performance. The XYZ flexure stage
based on ETC-type two-axis flexure hinges
demonstrated superior performance in stress
levels, motion range, and decoupling
characteristics compared to the flexure stage
based on classical RTC-type two-axis flexure
hinges. A prototype of the XYZ flexure stage
incorporating ETC-type two-axis flexure hinges
was developed and experimentally tested,
achieving motion errors and parasitic motions of
less than 5%. These results validate the feasibility
of developing XYZ flexure stages using ETC-type
two-axis flexure hinges for micro-positioning

applications.
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