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ABSTRACT

This paper presents the design, development, and control of a large range beam flexure-based nano servo
system for the micro-stereolithography (MSL) process. As a key enabler of high accuracy in this process, a
compact desktop-size beam flexure-based nanopositioner was designed with millimeter range and nano-
metric motion quality. This beam flexure-based motion system is highly suitable for harsh operation condi-
tions, as no assembly or maintenance is required during the operation. From a mechanism design viewpoint,
a mirror-symmetric arrangement and appropriate redundant constraints are crucial to reduce undesired
parasitic motion. Detailed finite element analysis (FEA) was conducted and showed satisfactory mechanical
features. With the identified dynamic models of the nanopositioner, real-time control strategies were de-
signed and implemented into the monolithically fabricated prototype system, demonstrating the enhanced
tracking capability of the MSL process. The servo system has both a millimeter operating range and a root

Beam flexure

mean square (RMS) tracking error of about 80 nm for a circular trajectory.
© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Micro-additive manufacturing (micro-AM) is considered to be an
effective method to improve the performance of three-dimensional
(3D) microproducts. Scalable AM is classified as one of the main
groups of micro-AM, and includes stereolithography (SL), selective
laser sintering (SLS), and inkjet printing; these technologies can be
employed at both the macroscale and microscale in order to effi-
ciently fabricate complex 3D components.

As one of the most popular scalable AM technologies, SL solidifies
a liquid polymer by photo-curing with high resolution. Micro-stere-
olithography (MSL) [1-3] is SL at the microscale, and is widely used
in many areas, such as microsensors [4], optical waveguides [5], 3D
photonic band gap structures [6], and biology analysis [7]. During an
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MSL process, a two-dimensional (2D) microscale pattern is formed
by solidifying a liquid photopolymer; next, a 3D structure can be
obtained by accumulating the 2D patterns. An MSL system is mainly
composed of a liquid resin container and a precision multi-axis mo-
tion stage, with which the patterns are accurately located with the
laser beam in order to solidify the resin.

The accuracy of the finished product is determined by both the
solidified area generated by the light beam and the motion quality of
the positioning system. In other words, the motion system must be
accurate and repeatable enough to reach the right location for every
solidification event. A considerable amount of research effort has
been devoted to reducing the laser spot size; examples include Refs.
[8-10] and the references therein. However, relatively fewer works
emphasize the motion quality of positioning systems, possibly
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because the required motion quality corresponding to the laser spot
size is not particularly stringent. Given the recent decrease of the
laser spot size down to 1 pm or less [10], the corresponding motion
quality should be one order of magnitude less than the laser spot
size—that is, < 100 nm. This means that a nano precision stage is
required in order to achieve nanometric motion quality. In order
to achieve such a high-precision motion quality, the choice of the
bearings of the motion stages is crucial. Most current multi-axis po-
sitioning stages are based on contact bearings, such as linear guide-
ways, which limit the motion quality to the sub-micrometer level;
moreover, this type of design requires sophisticated assembly and
maintenance.

With the goal of providing a nanopositioning system to sup-
port MSL systems, this paper discusses the development of a beam
flexure-based motion system. To overcome the abovementioned
disadvantages of contact bearings, it is desirable to have a motion
system that uses frictionless bearings. Flexure bearings provide mo-
tion by means of the elastic deformation of flexures, which allows
nondeterministic effects such as friction, backlash, and wear to be
avoided during the operation; as a result, nanometric motion qual-
ity can be achieved in a compact desktop size. Furthermore, beam
flexure-based nanopositioning systems are extremely suitable for
harsh operation environments, as zero maintenance is required.
By combining multiple beam flexures, a flexure mechanism can be
constructed to provide millimeter-range (or even centimeter-range)
motion guidance and load bearing in a compact desktop size [11,12].
Despite the abovementioned advantages of flexure bearings, some
challenges still exist in the design and control of beam flexure-based
nanopositioning systems. In research into the development of
over-millimeter-range XY micropositioners (e.g., Refs. [12,13]), the
actual motion quality of these systems were not fully satisfactory,
with very few experimental results showing nanometric tracking
accuracy (< 100 nm). As one of the aims of this work, we would like
to emphasize mechanism design and real-time control strategies in
order to show the nanometric tracking accuracy of large range beam
flexure-based nanopositioner supporting MSL systems.

The remainder of this paper is organized as follows: In Section
2, the design of a large range beam flexure-based nanopositioning
stage is discussed, with detailed finite element analysis (FEA) and
verification. In Section 3, a real-time control system is proposed for
trajectory tracking of the nanopositioning system, and in Section 4,
numerous experiments are conducted on the fabricated prototype
system to demonstrate the desired ability of the nano servo system.

2. A beam flexure-based nanopositioning stage supporting
MSL systems

A schematic design of a beam flexure-based MSL system is shown
in Fig. 1. The main components of the MSL system and their features
are briefly introduced. A light source and a related optical system
are responsible for generating a small laser beam (with a spot size
of <1 um) to induce photo-curing. For the sake of compact size, a
Blu-ray optical pickup unit (OPU) can be chosen as the light source
[14]. The multi-axis motion system is mainly composed of two po-
sitioning stages. One is an XY nanopositioning stage; this is the key
to precisely locating the laser beam in an XY plane, such that the XY
cross-sections of a 3D micro component can be solidified. When the
laser spot size goes down to 1 um or less, a nanometric motion qual-
ity of the XY motion stage is required. The development of such a na-
nopositioning system in a compact desktop size is challenging and is
the main concern of this work. The other positioning stage is a Z-axis
translator, which is responsible for providing the required vertical
motion of one layer thickness of the sliced 3D component. Since the
motion quality of the Z-axis translator is at the micrometer level, this
solution is widely available and hence is not under consideration in

this study.

With the abovementioned motion requirement in mind, we
present a compact beam flexure-based nanopositioning stage sup-
porting MSL system. To be specific, an XY nanopositioning stage was
designed to locate the laser beam in a range of 3 mm along both X
and Y axes. For this range, electromagnetic actuators such as voice
coil actuators (VCAs) are usually adopted to provide thrust forces.

Instead of obvious but bulky serial kinematic configuration of the
XY positioning stage, in which one axis stacks on top of another, we
considered a parallel kinematic configuration of the flexure mech-
anism, in which each axis actuator is grounded mounted. With this
type of configuration, a higher bandwidth and precision of the mo-
tion system can be achieved due to the lack of moving actuators and
disturbance from moving cables, respectively. Furthermore, in order
to achieve a millimeter range and nanometric motion quality of the
XY parallel mechanism, it is necessary to carefully manage parasitic
error motions, which are the motions in any axis that differ from the
axis of an applied thrust force. With the increase of the stroke, the
in-plane parasitic error motion of the moving stage also increases,
including parasitic translational and rotational motions, both of
which significantly adversely affect the nanometric motion quality.
To reduce the parasitic motions, a mirror-symmetric arrangement
is desired, and appropriate planar redundant constraints are usually
required in order to reject various disturbances.

Fig. 2 shows a conceptual design, in which the Z-shaped and
I-shaped parallelogram beam flexures provide the required load
bearing and kinematic decoupling, and the four-beam flexure serves
as the redundant constraints to improve the disturbance-rejection
capability of the mechanism. As shown in later sections, the important
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Fig. 2. A large range beam flexure-based XY nanopositioner.
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features of the design are as follows: A mirror-symmetric arrange-
ment is clearly beneficial to reduce parasitic motion; the transverse
stiffness of the Z-shaped beam flexure has a good linear behavior in
the desired operation range, which is beneficial toward achieving
a large workspace; and the planar redundant constraints provide a
sufficiently high stiffness, resulting in significantly reduced parasitic
error motions.

Note that there is a tradeoff in the Z-shaped beam flexure design
between the desirable and non-desirable characteristics. Regarding
desirable characteristics, the Z-shaped beam flexure has a large
range of motion, with constant primary stiffness and a very compact
structure. Regarding non-desirable characteristics, the Z-shaped
beam flexure, as the guiding bearing of the actuator, can also result
in non-negligible parasitic transverse motion to the actuator, since
it is not a rigorous single-degree-of-freedom compliant prismatic
joint. However, this small parasitic motion can be compensated for
by the VCA used in this paper.

2.1. Modeling and analysis

Functionally speaking, the motion stage can still achieve a planar
motion without redundant constraints; however, an appropriate re-
dundant constraints module is crucial in order to allow the motion
stage to achieve a nanometric quality. Several recent studies have
reported on the design of redundant constraints to restrict parasitic
error motions; examples include Refs. [15-17].

Stiffness model

To establish the functional relationship between the force and
dimensions, the stiffness of the proposed mechanism is modeled
as follows. The equivalent transverse stiffness & of the overall beam
flexure-based mechanism consists of Z-shaped modules k,,, parallel-
ogram modules k;,, and redundant constraints (four-beam) modules
kapeam- The overall stiffness model is shown in Fig. 3, and the equiva-
lent transverse stiffness & of each axis is determined as follows:

k =2k, + 2k, + Ky, (1)

Fig. 4 shows the detailed geometry of Z-shaped and IT-shaped
beam flexures, where the geometric parameters can be read directly.
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In Fig. 3, the subscript i denotes the ith module, and & denotes the ro-
tational stiffness; for example, 4, is the rotational stiffness of the ith
Z-shaped module. Other geometric parameters can be read directly.

A detailed derivation of each part of the equivalent stiffness
(Eq. (1)) is provided in Ref. [18], and the results of each part are de-
scribed below. The transverse stiffness of two Z-shaped beam flex-
ures is determined as follows:

k=L )
where h, I, and E are the length of each side of the Z-shaped beam
flexure, the moment of inertia, and the Young’s modulus, respec-
tively. It is worth noting that the transverse stiffness is linear, which
is advantageous in the conventional parallelogram case, in which
the transverse stiffness is nonlinear and heavily dependent on the
deflection in the transverse direction. Verification of the stiffness
model shown above is provided in Subsection 2.3.1. The transverse
stiffness of the I-shaped module has the following closed form [19]:

_24ET+12R.1;

R (3)

k
g

where hg is the length of the I1-shaped beam flexure, and P, is the
axial force of the I-shaped beam flexure. Note that the transverse
stiffness depends on the applied force. It is difficult to obtain a
closed form of the stiffness of the four-beam flexure, kspe.m, in each
axis; however, the stiffness can be obtained numerically by solving
a set of algebraic equations governed by geometric deformation and
the composite force in each axis. A detailed derivation is provided in
Ref. [18].

2.2. Dynamic model

To control the abovementioned nanopositioning stage, the dy-
namics of each axis are needed. From a dynamics perspective, the
VCAs and beam flexure-based mechanism can be treated as a mass-
spring system. Furthermore, by using the stiffness model provided
above and by neglecting the beam mass, the dynamics can be mod-
eled as a five-mass-spring system (Fig. 3), in which the dynamics of
the moving stage m along the X axis, Y axis, and rotational axis are
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Fig. 3. Overall stiffness model of the XY nanopositioning stage.
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Fig. 4. The geometry of the Z-shaped and II-shaped beam flexures and their equivalent stiffness model.

modeled as follows:
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The dynamics of m, to m, can be derived in a similar way. With
the dynamic equations of the five sets of mass, the dynamics from
the thrust force to the displacement along the X axis are written in
the following compact form:

Flate il

where M := diag(m, m,, m,, m;, m,) is the mass matrix, K is the stiff-
ness matrix, and Fy is the thrust force applied to the X axis. The set
of design parameters is given in Table 1, and the dimensions of the
stage are 330 mm x 330 mm.

By solving Eq. (3), the natural frequency o of the designed nan-
opositioning system can be obtained. Substitution of the geometry
parameters in stiffness matrix K yields 59.8 Hz as the natural fre-
quency in the X axis and Y axis.

K, —o'm pfma s
13 11,4
—2i 2 s + b -o'm 0 =0 6
5 (6)
11,3 12‘3 13
_2/;1'14 0 2(];2_4 krm]_wzm4
1,4 lz,4 by

Ky
where K, = Z["]"m + Ky, COS ﬂj.

i=1 4
2.3. Finite element analysis

2.3.1. Stiffness model validation

An FEA analysis was conducted to simulate the relationship be-
tween the displacement and thrust force. To be specific, in order to
achieve higher accuracy of the solution, a high mesh density and a
large deflection approach were utilized for the Z-shaped module,

the parallelogram module, and the redundant constraints module.
The material of the stage was aluminium alloy 7075-T6, which has
the following properties: Young’s modulus, 72 GPa; Poisson’s ra-
tio, 0.3; and density, 2.7 x 10 kg-mm . The FEA result shows that
the maximum ranges of the X and Y axes are 1.5003 mm, which
agrees with the analytical ranges. In addition, it is seen from Fig. 5
that the transverse stiffness change is about 0.276% when the force
varies from 10 N to 60 N, which validates the linear stiffness model
in Eq. (2).

2.3.2. Modal analysis

Modal analysis results by ANSYS are shown in Fig. 6, where the
redundant constraints (four-beam) modules mainly correspond to
the first two modals (Fig. 6(a-i) and (a-ii)). In addition, the rotation
corresponds to the third modal (Fig. 6(a-iii)), and the vibration of

Table 1
The optimized parameters of the proposed nanopositioner.

Parameter Geometric size (mm)

The length of M-shaped beam flexure, I,
The height of II-shaped beam flexure, d;
The width of T-shaped beam flexure, t;
The length of four-beam flexure, Lyyeam
The width of four-beam flexure, t;peam

The width of Z-shaped beam flexure, t,

40.0
10.0
0.4
80.0
13
0.4

0.460 T T

0.459}
0.458}
0.457}
0.456
0.455 o © ©

—g— —O0—

—o— FEA
—— Theoretical result

o— -
—o— —O0—

0.454}
0.453}
0.452}
0.451}

Transverse stiffness of Z-shaped beam flexure

0.450
10

20

30

40

Transverse force, F, (N)

50
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Fig. 5. FEA result of the normalized stiffness of the Z-shaped beam flexure.
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Fig. 6. FEA results of modal analysis. (a) FEA result of the first six order modals: (i) 1st modal (76.1 Hz); (ii) 2nd modal (76.3 Hz); (iii) 3rd modal (126.3 Hz); (iv) 4th modal (243.1 Hz);
(v) 5th modal (243.6 Hz); (vi) 6th modal (245.2 Hz). (b) FEA result of the X and Y axes: (i) modal of X axis (55.0 Hz); (ii) modal of Y axis (55.4 Hz).

the T-shaped connecting component corresponds to the fourth to
sixth modals (Fig. 6(a-iv)-(a-vi)), which are far beyond the working
frequency range.

2.3.3. Validation of the redundant constraints module

To better illustrate the advantages of the proposed design, we
compared the performance of the proposed design with that of
the same design in the absence of the (four-beam) redundant
constraints module. The following two sets of comparisons were
conducted: First, a 1 mm displacement was applied to the primary
motion axis; simultaneously, a 0.01 mm off-axis displacement was
applied, which was perpendicular to the primary motion axis in
order to simulate disturbances. The resulting error motions of the
moving stage reflected the disturbance-rejection capability of the
proposed design. Next, modal analysis was conducted to show the
difference in the natural frequencies of the two cases. The results are
shown in Table 2: The error motion is 87.1 nm versus 193.8 nm, and
the natural frequency is 55.0 Hz versus 44.1 Hz. It is clear that the
proposed design has a much better disturbance-rejection capability
and a higher bandwidth.

3. Real-time control system

To precisely control the motion system in an accurate and re-
peatable fashion, a real-time control system is required, for which
advanced feedback control strategies need to be appropriately de-
signed. The overall control system we propose here has the follow-
ing features:

» Enhanced tracking performance for high-frequency signals with

minimized tracking errors; and

» Powerful, user-friendly controllers and drives to enhance the

positioning process.

For enhanced dynamic performance for different circumstances,
numerous control algorithms, such as robust control, repetitive con-
trol, disturbance observer, notch filer, and so forth, are combined
within the control architecture. Due to space limitations, we will
highlight the controller design to optimize the robustness during
performance and prevent uncertainties. In particular, we denote S(s)
and T(s), which are the sensitivity and complementary sensitivity of

Table 2
FEA comparison between the proposed design and the same design without a four-
beam redundant constraint.

Error motion ~ Natural frequency

Without four-beam redundant constraint 193.8 nm 441 Hz
With four-beam redundant constraint 87.1 nm 55.0 Hz
Improvement 55.1% 24.7%
the plant model G(s), respectively, as follows:
1
S(s)=—7———7—
(s) 1+G(s)C(s) (7)
G(s)C(s)
T(s)=—F—+ (8)
1+G(s)C(s)

where ((s) is a feedback controller to be designed. The controller
synthesis can now be formulated by means of a mixed sensitivity H.,
optimization, as follows:

C,.(s)=inf

opt
i Cab-G

9)

{W](S)S(S)}

W, ()T (s)

oo

The optimal H,. index y,, can be explicitly expressed as follows:

7 [ ) } (10
S I A |

where W,(s) and W,(s) are the performance weighting and uncer-
tainty weighting functions, respectively.

To accommodate controller algorithms for real-time implemen-
tation, a user-friendly interface was also developed with the follow-
ing features:

* Output zeroing, linearization, and temperature compensation;

* Sensor calibration and temperature compensation;

* High sampling frequency feedback control of the firmware ar-

chitecture;

» Complex trajectory tracking; and

» User program space and data space through the callback functions.
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4. Experimental results
4.1. Experimental setup

Fig. 7 shows the prototype of the large range XY beam flexure-
based nanopositioner. The prototype was monolithically fabricated
from aluminium alloy 7075-T6 via wire electric discharge machin-
ing. Two VCAs were utilized to actuate the servo stage. A Renishaw

Environment
compensation
system

I Laser.interferometer.
e mirror

Detector head

laser interferometer was used to sense and feedback the displace-
ments of the motion stage for a large range of up to 1.5 mm x 1.5 mm.
A feedback control strategy was employed by a self-designed rapid-
prototyping control system (Fig. 8), which is an open architecture.
Fig. 9 shows the user interface running on the host computer.

Due to the symmetrical configuration, the system has an identi-
cal model on both actuation axes. The overall dynamics of the mo-
tion system are composed of electrical and mechanical subsystems.
Since the current amplifier was designed with a bandwidth of 2 kHz,
it can be assumed that the dynamics from the controlled voltage in-
put to the amplified current are a constant gain.

4.2. Control performance

4.2.1. Stroke analysis

We tested the stiffness of the motion system from the VCA input
voltages to the axial displacement. Fig. 10 shows that the nano servo
system has a good linear stiffness in the range [0, 1.5 mm]. The Y axis
was also tested and yielded a similar result, showing that the nano-
positioning system has the ability to achieve a #1.5 mm x 1.5 mm
motion range.

4.2.2. Spectrum analysis
To test the frequency response functions (FRFs) of the designed
beam flexure-based nanopositioning stage, an impact excitation was

e

(@)

(b)

Fig. 8. Real-time control system. (a) Control box; (b) real-time control board.
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Fig. 9. Host computer interface.
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exerted on the system using an impact hammer. The vibration of the
servo stage was detected, and the measured signals were processed
and then imported to a computer using Fourier analysis to obtain
the FRFs of the designed system. The results for the X axis are shown
in Fig. 11, and the results for the Y axis are similar and hence omit-
ted. An obvious resonant peak was observed at 244.2 Hz. Theoretical
and FEA results are in very good agreement for the fourth to the
sixth orders, at 243.1 Hz, 243.6 Hz, and 245.2 Hz (Fig. 6); in addition,
the first and second orders, at 76.1 Hz and 76.3 Hz, can be seen with
aresonant peak of 71.2 Hz.

4.2.3. Motion control

To realize precision control for the nano servo system, its dynam-
ics model was needed in advance. The frequency response of each
axis was identified, and the identified models for the X and Y axes
were obtained in the following transfer functions, respectively:

542
Go(s)=— %2
()= T 56103 3538 (11)
and
513
G(s)= 21>
r(9)= 7 1735 + 128 5849 (12)

for which the natural frequencies are 51.2 Hz and 57.1 Hz, respec-
tively. These results agree with the FEA results of 55.0 Hz and
55.2 Hz.

To show the contour-tracking performance of the nano servo sys-
tem, an H.. controller, as discussed in Section 3, was designed for the
motion stage. The desired trajectory of each axis was set to be a si-

-4
2019 : :
x10° — X axis
—Y axis
151 1
0>_ 5 10 15
— AN \
E 1ot AN \ .
c AN \
o N \
= N \
® N \\
8 5r \\\ \ |
N \
NUER
\\\ \\
N\
0
_5 1 1
0 5 10 15
Time (s)
Fig. 10. The experimental result of the parasitic motion.
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Fig. 11. Modal analysis of the beam flexure-based stage: Resonant frequency without
actuators.

nusoidal signal of amplitude 0.5 mm and frequency 5 Hz, but with a
phase difference of 0.5m rad. The resulting weighting functions were
obtained as follows:

51
W(s)s——o >
(8= 0025 1 0.0001 (13)
2 4 6
W, (5) = 13995 +1306x10'5+2.667x10 (14)

T 16.68s% +1.886x10% s +5.334x10°

Based on the above H., optimization, a robust stabilizer of six orders
was obtained; its detailed expression is omitted here. The contour-
tracking capability is shown in Fig. 12; the root mean square (RMS)
error of the circular trajectory is 79.3 nm. In addition, the repeatabil-
ity of the contour-tracking performance was tested through multiple
trials, and the RMS mean tracking error was found to be 84.1 nm.

5. Conclusions

In this work, a large range beam flexure-based nanoposition-
ing system was developed to support the MSL process. This paper
provided the design, modeling, FEA analysis, and real-time control
system for the nano servo system. Its static and dynamic models are
presented here in order to predict the desired system performance.
Detailed FEA results showed good agreement between theoretical
and simulated calculations. Using the fabricated nano servo stage

— Measurement
- - Reference

Position of Y axis (x10* m)

-6 -4 -2 0 2 4 6
Position of X axis (x10~* m)

270

(b)
Fig. 12. Experimental result of bi-axis contour tracking. (a) Circular tracking result;
(b) tracking error in the polar coordinates.
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and its identified dynamic models, real-time advanced control strat-
egies were designed and deployed, showing this system’s capability
to achieve a millimeter workspace and an RMS tracking error of
about 80 m for a circular trajectory.
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