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Abstract

®

CrossMark

This paper reports a microelectromechanical systems (MEMS) based XY-stage integrating
compliant motion amplification mechanism for nanopositioning at sub nanometer resolution.
The MEMS stage is driven by bidirectional Z-beam electrothermal actuators that generate
large output forces to actuate the motion amplification mechanism. The motion amplification
mechanisms are used in their inverse (motion reduction) mode to convert micrometer

input displacements (from the Z-beam actuators) into nanometer output displacements

at a constant motion reduction ratio with good linearity. This unique design significantly
enhances the positioning resolution of the XY-stage. An analytical model is developed to
predict output displacements of the XY-stage as a function of the input voltages applied to the
Z-beam actuators, and the predicted results agree with the experimental results. Capacitive
displacement sensors are arranged along both X- and Y-axes for measuring the input
displacements of the amplification mechanisms, enabling closed-loop nanopositioning control
of the XY-stage. The device calibration results show that, within an actuation voltage of 15V,
the MEMS stage offers a motion range close to =1 pum and a displacement resolution better

than 0.3nm ~Hz ..

Keywords: microelectromechanical systems (MEMS) XY-stage, compliant mechanism, motion
amplification mechanism, nanopositioning, Z-beam electrothermal actuator,

capacitive displacement sensor

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanopositioning stages, capable of producing high-precision
motions with nanometer resolutions, represent an enabling
tool in micro and nanotechnology with many important
applications [1]. For instance, conventional large-sized piezo-
electric nanopositioning stages have been widely used in
scanning probe microscopy (SPM) for positioning a sample
under a scanning probe in nanometer-sized raster patterns
[2]. With the advancement of microelectromechanical sys-
tems (MEMS), MEMS nanopositioning stages have also been

0960-1317/16/025014+9$33.00

developed with appealing advantages such as small footprint,
low power consumption, fast dynamics, and low unit cost
[3-5]. These MEMS devices are mainly applied to optical
scanning [6, 7], SPM sample scanning [8—10], micro- and
nanomanipulation [11-14], and probe-based high-density
data storage [15-17].

According to their output motions, MEMS nanoposi-
tioning stages fall into three categories: translational (XY
and XYZ) [4, 6, 7, 9], torsional (micromirrors) [3, 18], and
combinational (translational plus torsional) [19, 20] stages.
This paper will be focused on MEMS XY-stages for in-plane

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of the MEMS nanopositioning XY-stage.

translational nanopositioning. There has been a vast literature
reporting MEMS XY-stages [4, 6, 13, 15, 21]. The positioning
resolution of MEMS stages is mainly determined by the actu-
ation mechanism, and existing MEMS XY-stages commonly
employed electrostatic comb-drive [6, 12, 13, 15] or elec-
trothermal [21-23] actuators. The electrostatic comb-drive
actuation is more popular in XY-stage designs, which provides
nanometer positioning resolution and fast dynamic response
[10, 11, 24]; however, it has relatively small output forces
(e.g. within the range of hundreds of micronewtons for bulk-
micromachined devices) and usually requires large actuation
voltages (up to >100V) [13]. The MEMS XY-stages with
comb-drive actuators provide typical open-loop positioning
resolution at the order of 1-10nm +/Hz .

For nanopositioning applications that require larger output
forces (e.g. >1 mN), electrothermal actuators are more
appropriate for actuation of MEMS XY-stages. The classical
V-beam electrothermal actuators have been employed in some
MEMS XY-stages [21-23], which produce millinewton-level
output forces at an actuation voltage of <10V. Recently, elec-
trothermal actuators with Z-shaped thermal expansion beams
(which are called Z-beam actuators) were also developed
and used in MEMS XY-stages [25-28]. The Z-beam actuator
has lower axial stiffness than the V-beam actuator, and thus
allows for bidirectional actuation. Due to the inherent nature
of thermal actuation, all the MEMS XY-stages with electro-
thermal actuators have lower open-loop positioning resolution
than the electrostatic actuators.

To further enhance the positioning resolution, some MEMS
XY-stages also integrated high-precision, on-chip displace-
ment sensors for closed-loop controlled nanopositioning. The
adopted displacement sensing mechanisms include capacitive
[24], piezoresistive [12], and electrothermal sensing [10], and
the typical sensing resolution is at the order of 1nm +/Hz .
A recently reported position sensing technique for MEMS
XY-stages employed an inductor-capacitor (LC) circuit for
high-resolution capacitance measurement, and achieved
an enhanced resolution of 0.008 nm «/ﬁ’l[29]. However,
this technique requires the use of a high-frequency lock-in

amplifier, making the whole experimental setup relatively
sophisticated.

This paper proposes a new design of MEMS XY-stage that
provides enhanced sub-nanometer positioning resolution.
The novelty of the XY-stage design lies in the integration of
a compliant motion amplification mechanism (operated in
its inverse mode for motion reduction) and a bidirectional
Z-beam electrothermal actuator along each axis. The motion
amplification mechanism is used for linearly converting large
input displacements (micrometers)—generated by the Z-beam
actuator—into small output displacements (nanometers to
sub-nanometers) for achieving enhanced sub-nanometer posi-
tioning resolution. In the meanwhile, the inverse operation of
the amplification mechanisms also leads to the amplification
of millinewton output forces from the Z-beam actuator to an
even higher level for heavy-load nanopositioning. Analytical
modeling and finite element simulation of the XY-stage are
conducted to provide device design guidelines. Calibration
and closed-loop nanopositioning control of the XY-stage are
performed to demonstrate the device performance.

2. Device design and analysis

2.1. Working principle and microfabrication

The schematic of the proposed MEMS XY-stage is shown in
figure 1. Along each in-plane axis (X and Y), the stage integrates
a motion amplification mechanism, a bidirectional Z-beam
electrothermal actuator, and a capacitive displacement sensor.
In the bidirectional actuator, two groups of Z-shaped beams
(Z-beams) are arranged facing each other; upon electrical
actuation of one group of Z-beams, Joule-heating-induced
thermal expansions bend the Z-beams and drive the central
shaft of the actuator moving forward, during which the other
group of un-actuated Z-beams are bent reversely because of
their low axial stiffness [28]. The Z-beam actuator produces
bidirectional displacements, which are linearly reduced by the
motion amplification mechanism by a constant factor (motion
reduction ratio). The reduced output displacement from the
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Figure 2. Theoretical model of the MEMS stage.

motion amplification mechanism is finally transmitted to a
central stage through a tethering beam. The capacitive dis-
placement sensor with interdigitated comb fingers is used
to measure the input displacement of the motion amplifica-
tion mechanism, enabling closed-loop position control of
the XY-stage. The good linearity of the motion amplification
mechanism (data presented in section 3) guarantees the accu-
rate prediction of the output displacement at the central stage
based on the position feedback from the capacitive displace-
ment sensor. The central stage is suspended by four tethering
beams along the X- and Y-axes, and the orthogonal configura-
tion of the two actuators minimizes the cross-coupling of the
X- and Y-axis motions of the stage [13].

Compliant motion amplification mechanisms have been
widely used in MEMS designs mainly for amplifying
motions [30-32]. When high positioning resolution is more
concerned than a large motion range, the motion amplifica-
tion mechanism can be used in its inverse mode for motion
reduction [33]. As an additional advantage, the output force
can be also amplified by the same factor as motion reduc-
tion. In this work, we utilize this motion reduction strategy
for enhancing the positioning resolution of the MEMS XY-
stage. The motion amplification mechanism employed in
this design, as shown in figure 2(a), includes two typical
motion amplification mechanisms: toggle mechanism and
lever mechanism, which are connected in series and reduce
the input displacement by two stages. The input end, the

toggle and lever mechanisms are connected by single-axis
torsional flexure hinges, and the output end is connected
by a thin flexible beam. The toggle mechanism provides
a large motion amplification/reduction ratio with a simple
and compact structure, thus allowing the two-stage motion
amplification mechanism to have a large overall amplifica-
tion/reduction ratio in a small footprint [34].

The XY-stage was fabricated using the SOIMUMPs foundry
process (MEMSCAP Inc.) with a 25 pm thick device layer.
Since the SOIMUMPs process does not allow for deep-trench
electrical isolation of the device layer connected by the buried
and handle layers [35], two 5 um gaps were fabricated in the
suspended shaft of each axis to electrically isolate the motion
amplification mechanism, the Z-beam actuator, and the capac-
itive displacement sensor (figure 1). After device fabrication,
micro-drops of UV-curable dielectric epoxy glue (Loctite®
3335), which has high strength at elevated temperature, were
added to the gaps using a glass microneedle, and hardened
using a UV lamp for 1 min (4 W) to form electrically-insulated
mechanical connections (photographic inset in figure 2(b)).

2.2. Analytical modeling

In order to provide a systematic design approach for deter-
mining structural parameters of the XY-stage, an analytical
model needs to be derived. The analytical models of the
Z-beam actuator and the motion amplification mechanism
have been developed in previous studies [26, 33]. Here, we
briefly introduce these existing models, based on which an
overall model of the XY-stage is synthesized for design of
the device parameters. Since the two axes of the XY-stage
are structurally identical and motion-decoupled, the mecha-
nism along only one axis is analyzed. Figure 2(b) illustrates
the geometric parameters of the XY-stage along one axis. The
motion reduction ratio of the amplification mechanism is [33]

= - . (M

Li(cos 8; — sin B, cot 05)

where [y, [ and 6}, 6, are beam lengths and angle parameters
of the amplification mechanism, respectively.

To derive the output displacement of the single-axis stage,
a single Z-shaped beam with equivalent boundary conditions
(schematic inset in figure 2(b)) is analyzed using the energy
method, yielding a closed-form equation that describes three
reaction forces/moments at the guided end of the Z-shaped
beam—axial force F, virtual force P, and moment M [26] :

S ha fis F 2vAT
fo M| P|=| U )
symmetric fia [ LM 0

where + is the thermal expansion coefficient of silicon, U is
the output displacement of the Z-beam actuator, A T is the
average temperature increase on the Z-shaped beam, which
can be calculated by [36]

VZ

AT =
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where V is the voltage loading, x is the thermal conductivity
of silicon, and p is the resistivity of silicon. The coefficient
matrix in equation (2) can be expressed by the geometric and
material parameters [26]:
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where E is the Young’s modulus of silicon, L and [ are two
length parameters of the Z-shaped beam (schematic inset
in figure 2(b)), and A and I are the cross-sectional area and
moment of inertia of the Z-shaped beam, respectively.

The virtual force P reflects the total stiffness of loading
structures (K) connected to the actuator shaft, which includes
the stiffness of eight unactuated Z-shaped beams (Kz) and four
fixed-guided supporting beams for the actuator shaft (Kg), and
the input stiffness of the motion amplification mechanism
(Km):

1 1
P = _gKU: —g(Kz-FKS‘i‘Km)U (5)

where the factor of 1/8 reflects the load distribution over the
eight actuating Z-shaped beams.
The stiffness of eight Z-shaped beams is [26]:

SEW3h(I? + 2Lw? + 6LI%)
8L313 + w2l* + 16w2L* + 2w*Ll + 121417 + 6wLI3 ©

Kz

where w and / is the width and height of the beam. The stiff-
ness of four fixed-guided supporting beams of the actuator
shaft is:

Ehw?
- sl (7)

sl

Ks=4

where wy and Lg; are the width and length of the supporting
beam. There are six fixed-guided supporting beams connected to
the output side of the motion amplification mechanism; thus, the
input stiffness of the mechanism, Ky, is determined by the com-
pliance of the mechanism itself and the supporting beams [33]:

Kn= {— f—lKhinge [cos(0; + 05) + sin 6 cos 6, cot H5]
2
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where w, is the width of the flexible beam in the amplifica-
tion mechanism, and Kying is the stiffness of the equivalent
torsional spring in the amplification mechanism [33]. wy,,
wgs and Ly, Lgs are the widths and lengths of the supporting
beams connected to the central stage (x2) and the central
shaft on the other side of the central stage (x4). Substituting
equations (6)—(8) into equation (2) and then combining equa-
tions (2), (3), and (5), the output displacement of the thermal
actuator is thus obtained:

Table 1. Primary geometric parameters of the MEMS XY-stage.

ly 75 pm 0> 170°
L 325 ym L 500 um
b 375 pm l 25 pum
0, 20° w 10 ym
U 2 fosLV?
B _ Sz — Unhis —fh)K
HP{(fllfB ﬁzfiS)_flzf}z*fufz} 9)

+ [(fi2 foz — foo fi3)K + /i3] }

The motion amplification mechanism has been demon-
strated to be highly linear for displacement reduction [33],
and the displacement of the center stage can thus be calculated
by simply multiplying the output displacement of the thermal
actuator U with the displacement minification ratio c. Omitting
a detailed design process, the primary geometric parameters of
the fabricated MEMS stage are summarized in table 1.

The Z-beam actuator is mechanically connected by the
UV-curable glue filled in the electrical-insulation gaps. It
is noted that the stiffness of the glue is generally smaller
than that of silicon, and the deformation of the glue connec-
tion during actuation may therefore cause a variation in the
displacement transmitted from the Z-beam actuator to the
motion amplification mechanism or the capacitive displace-
ment sensor. Denote the size of the insulation gap by w;, the
cross-sectional area of the input shaft by Agp,, and the Young’s
modulus of the cured glue by E,, and assume that the insula-
tion gap is completely filled by the glue and the temperature
increase of the actuator shaft does not significantly affect
the stiffness of the glue (confirmed in section 2.3). The rela-
tive error of the transmitted displacement by the glue-filled
gap, defined as the ratio of the glue deformation (along the
actuation axis) and the output displacement of the Z-beam
actuator, can be derived as

Kwg

EgAsh

From equation (10), it can be noted that, with the selected
geometric parameters of the stage (thus the selected K), the
relative error ¢ is dependent on the Young’s modulus of the
glue (E,) and the geometric parameters of the insulation gap
(wy and Agp,). Figure 3 shows the calculated relative error ¢ as a
function of the gap size and the glue Young’s modulus, using
the K value determined by the geometric parameters in table 1.
One can see that, in order to decrease the relative error 0,
a high-stiffness glue and a small gap size should be adopted.
In this design, we fabricated the gap to be 5 um and chose a
UV-curable glue (Loctite® 3335) with the Young’s modulus
of 100 MPa. The corresponding relative error § is calculated to
be 0.13% (figure 3), which can be neglected in experiments.

o

(10)

2.3. Multiphysics finite element analysis

The theoretical analysis in section 2.2 is based on the assump-
tion of uniform temperature increase across the Z-shaped
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Table 2. Mechanical and thermal properties of single crystalline
silicon.

Young’s 160 GPa [37]
modulus, E

Silicon density ~ 2300kg m™>

Poisson’s ratio  0.28 [37]
Thel’me.ll (3725 # [1 — e~588x 1073~ 124)] [38]
expansion 4 —6 o—1
coefficient +5.548 x 107*T} x 107° °C

Thermal 146W m.K ™! [39]
conductivity

Electrical 1.8x1074 Q.m Measured
resistivity

beam as the input of the analytical model. However, due to
thermal conduction, the actual temperature distribution on the
Z-shaped beam always follows a certain gradient. Multiphysics
finite element analysis (FEA) allows for the direct correlation
of the actuation voltage and the output displacement of the
Z-beam actuator, and is also able to provide the temperature
and stress distributions on the device structures at different
actuation voltages. We performed multiphysics FEA on single
axis of the stage using ANSYS 15.0. A three-dimensional ele-
ment SOLID 226 was used to couple the electrical, thermal,
and mechanical fields, and the geometric and material param-
eters of the stage used in the FEA are summarized in tables 1
and 2. Only the thermal conduction from the Z-beam actuator
to its anchors was considered in the FEA.

Figure 4(a) illustrates the temperature distribution in one
axis of the MEMS stage when an actuation voltage of 10V
was applied to the Z-shaped beams for actuation along —X.
It can be observed that the highest temperature occurred at
the portion of Z-shaped beams near the central shaft of the
actuator. The temperature of the central shaft was lower than
the highest temperature due to the thermal conduction along
the shaft. It was determined that, based on the FEA results,
the temperature at the electrical-insulation gaps reaches to

-.310E-086

30.5842

61.1684

91.7526

122.337

152.921

Maximum temperature o

(b)

.107E-04

.118E+09

.588E+09

. 705E+09

.823E+09

.940E+09

Maximum stress 106E+10

Pa

.210E-09

.421E-09

.631E-09

.842E-09

.105E-08

.147E-0
. 168E.

.189E-08
n

Figure 4. Finite element simulation results of the XY-stage.

(a) Temperature distribution. (b) Stress distribution on the flexure
hinge. (c) Deformation of the central stage carrying a silicon part of
200 x 200 x 100 pm?.

the limit of the operating temperature range of the glue at an
actuation voltage 15V. Thus, in order to avoid softening of the
glue at higher temperatures, the XY-stage was only operated
at the actuation voltage of 15V. Within this limiting actuation
voltage, the maximum stress of the stage structures was deter-
mined to be 1.06 GPa, which occurred at the hinges connecting
the toggle and lever mechanisms (figure 4(b)). This maximum
stress of 1.06 GPa is well below the yield strength of silicon
(7 GPa) [40]. The load-carrying capacity of the stage was also
studied in the simulation. When a silicon piece with sizes of
200 x 200 x 100 um3 was loaded, the maximum deforma-
tion of the central stage is 1.89 nm (figure 4(c)). This level of
out-of-plane deformation did not cause significant positioning
errors in X- and Y-axes. Therefore the XY-stage is stiff enough
for the manipulation of micro samples.
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package and its capacitive readout circuit.
3. Calibration results and discussion

Figure 5(a) shows a scanning electron microscopy (SEM) pho-
tograph of the MEMS XY-stage before adding the UV-curable
glue to fill the electrical-insulation gaps. For device testing,
the silicon chip was glued and wire bonded onto a ceramic
DIP40 package, which was then inserted into a printed circuit
board (PCB) with a dual-channel, capacitance-to-digital con-
verter (AD7746, Analog Devices) for readout of capacitance
values from the two displacement sensors. An inter-integrated
circuit (I?C) bus adaptor (Aardvark) was employed for data
transmission from AD7746 to the host computer. The calibra-
tion experiments were performed on an anti-vibration table, at
21 °C and 50% relative humidity.

A DC power supply (Agilent, E3649A) was used to apply
actuation voltages to the Z-beam actuators, and an upright
microscope (BX-53, Olympus) with a 20 x objective and
a digital camera (image size: 1623 x 1232 pixels) were
employed for measuring the input and output displacements of
the motion amplification mechanism and the displacements of
the central stage. The pixel size was calibrated to be 219 nm/
pixel. We used a sub-pixel autocorrelation algorithm (resolu-
tion: 0.08 pixel) [41] for further improving the displacement
measurement resolution to be 17.5nm.

Figure 6 shows the testing results of the Z-beam actua-
tors along X- and Y-axes (the negative voltage values indicate
they were applied to the Z-shaped beams actuating along —X
and —Y) directions. At 15V, the Z-beam actuators produce

displacements of 8.53 pum, 7 pm, 9.84 pm, and 8.31 pm
along +X, —X, +Y, and —Y directions, respectively. The
actuator displacements calculated from the derived analytical
model (equation (9)) agrees well with the experimental results
with prediction errors of <25%. These prediction errors of
the analytical model can be attributed to three possible rea-
sons. (i) The analytical model assumes uniform temperature
increases across the Z-shaped expansion beams when actua-
tion voltages are applied; however, in the real case, there is
always temperature distributions (figure 4) on the Z-shaped
beams because of the heat transfer from the beams to the
actuator anchors. (ii) The mechanical and electrical param-
eters (i.e. E, x, and p) of silicon employed in calculation of
the analytical model were obtained from the literature, and
could have small deviations with the real parameter values of
the device. (iii) There are also small dimensional differences
of the device from the ideal design because of the imperfec-
tion of device microfabrication. In addition, we found that the
measured forward and reverse displacements along both X-
and Y-axes are not completely symmetric, which is probably
due to small dimensional discrepancies of the Z-beams along
the X- and Y-axes that cause slightly different buckling behav-
iors and electrical properties.

Figure 7 shows the linear relationship of the measured
input and output displacements of the motion amplification
mechanism, with a linearity of 11.3% and a reduction ratio
of —0.1057. At 15V, the maximum output displacements of
the XY-stage were determined to be 901.6nm in +X, 739.9nm
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Figure 6. Calibration results of the Z-beam electrothermal actuators
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Figure 7. Experimental data of the input and output displacements
of the motion amplification mechanism.

in —X, 1.04 ym in 47, and 878.4nm in —Y. Figure 8 shows
the calibration results of the capacitive displacement sensor.
One can see that the sensor has a linear capacitance output
response along the forward direction (+X or +Y), while its
output along the reverse direction (—X or —Y) is linear in a

determined to be 30 aF v/Hz ! that corresponds to input dis-
placement resolutions of 2.09nm +/Hz ! along the forward
direction and 2.80nm +/Hz ' along the reverse direction.
Because of the good input-output linearity of the motion
amplification mechanism, its output displacement (at the
central stage) can be accurately predicted from its input dis-
placement (measured through the capacitive displacement
sensor). Considering input displacement resolutions (2.09 nm
VHz ! along +X and +Y, and 2.80nm +/Hz~! along —X
and —Y) and the motion reduction ratio (—0.1057; linearity:
11.3%), the output displacement resolutions of the XY-stage
were determined to be 0.22 =+ 0.0025nm +/Hz ' along and +X
and +Y and 0.30 £ 0.0033 nm +/Hz ! along —X and —Y.
Using the capacitive displacement feedback, we demon-
strated closed-loop control of the output displacements of the
XY-stage based on the proportional-integral-derivative (PID)
control law. The sampling frequency of the position feedback
was 20 Hz (limited by the capacitance readout chip—AD7746),
and the PID controller parameters were optimized through
trial-and-error experiments. Figure 9 shows the tracking result
of the XY-stage following a circular path with a diameter of
200nm. The tracking path of the XY-stage shows small devia-
tions at the zero points of X- and Y-axes, which arose from
the structural buckling instability of the Z-shaped beams (that
is, the two long sub-beams of the Z-beam need to be first
buckled, at zero displacement output, to bend the Z-beam).
Implementing a model-based controller [25] and introducing
control strategies for vibration suppression [42] could effec-
tively reduce these beam-buckling-induced tracking errors.
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Figure 9. Experimental results of closed-loop circular tracking.

Choosing a capacitance readout chip with a higher sampling
frequency (e.g. MS3110, MicroSensors) will also improve
the system’s dynamic response and thus further reduce the
tracking errors.

4. Conclusion

This paper presented a MEMS nanopositioning XY-stage
utilizing compliant motion amplification mechanism for
improving the stage’s positioning resolution to the sub-
nanometer level. Z-beam electrothermal actuators were used
to produce micrometer displacements which were further
reduced by the motion reduction mechanism by a constant
factor. A capacitive displacement sensor was used to measure
the input displacement of the motion amplification mecha-
nism with nanometer measurement resolution. An analytical
mechanics model was developed to predict the output dis-
placement of the XY-stage as a function of the input voltage,
providing useful device design guidelines. The motion ampli-
fication mechanism was experimentally proved to have a
linear input-output relationship (linearity: <11.3%), and the
resolution of the stage’s output displacement were deter-
mined to be 0.22 + 0.0025 nm +Hz ! along and +X and +Y
and 0.30 & 0.0033 nm ~/Hz ! along —X and —Y. Closed-loop
PID control of the XY-stage was also demonstrated. With the
enhanced sub-nanometer positioning resolution, the devel-
oped XY-stage could be used for fine positioning on top of
a regular piezoelectric stage for high-resolution sample posi-
tioning under SPMs or SEMs.
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