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Abstract
Applications in micro- and nanotechnologies require millimeter-sized
devices that are capable of 3-axis positioning with motion ranges of
micrometers and resolutions of nanometers. This paper reports on the
design, fabrication and testing of a MEMS-based 3-axis positioning stage.
In-plane (comb-drive) and out-of-plane (parallel-plate) electrostatic
actuators are employed for driving the stage to move independently along
the XY Z directions, by ±12.5 µm in the X and Y directions at an actuation
voltage of 30 V and by 3.5 µm in the Z direction at 14.8 V. The structures
are designed to achieve highly decoupled motions by effectively suppressing
cross-axis motion coupling. The open-loop positioning repeatability is
determined to be better than 17.3 nm along all three axes.
(Some figures in this article are in colour only in the electronic version)

1. Introduction
A variety of applications in micro- and nanotechnologies, such
as optical cross connect (OXC) [1], micro confocal imaging [2]
and scanning probe microscopy (SPM) based high-density data
storage [3], demand the capability of positioning over a motion
range of micrometers and with a resolution of nanometers,
ideally along three independent axes. Consequently, the
development of nanopositioning stages has rapidly evolved
during the past decade.
Piezoelectric electron-discharge-machined stages have
been widely used for nanopositioning applications [4, 5].
Although piezoelectric stages are capable of providing
nanometer positioning resolutions, inherent hysteresis and
creep of piezoelectric actuators can cause significant open-loop
positioning errors, and thus, require nonlinear compensation
[6, 7]. Besides the high cost, the large sizes of most
commercially available piezoelectric stages (e.g., 10 cm) limit
their use when applications have stringent space restrictions
[3, 8].
MEMS (microelectromechanical systems) based
positioning stages are appealing due to their low cost, small
size, fast response and flexibility for system integration.
Furthermore, microfabrication permits arrays of MEMS
positioning stages to be readily constructed on a common
substrate for achieving highly efficient parallel manipulation
tasks, such as parallel SPM imaging [9] and microlens-arraybased OXC [10, 11].
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Several MEMS positioning stages, using different
mechanical structures and actuation principles, have been
reported [2, 3, 12–25].
There is a vast literature
on devices producing only out-of-plane torsional motions for
micromirror applications (e.g., [12–16]). Differently, this
paper focuses on MEMS stages for producing translational
motions [2, 3, 17–25]. Most existing positioning stages
are capable of generating only in-plane translational motions
[2, 3, 17–22], while attempts to construct devices producing
both in-plane (XY ) and out-of-plane (Z) translational motions
are fewer [23–25].
A surface-micromachined XY Z stage was developed
for optical scanning and alignment [23]. Without vertical
actuators, the device uses scratch drive actuators to generate
in-plane translational motions that are converted into vertical
motions by hinges. In order to simultaneously produce inplane translational motions and out-of-plane displacements,
the multiple in-plane scratch drive actuators must be carefully,
coordinately controlled. In addition, completely decoupling
horizontal and vertical motions is difficult due to the lack of a
dedicated vertical actuator.
A recently reported 3-axis electrostatic stage [24]
employed leaf springs inclined to the substrate to transform
in-plane displacements into out-of-plane displacements. The
drawback of this design is that the horizontal and vertical
motions are coupled by the inclined springs, making it
impossible to control XY Z motions independently. The
motion range of the design is also limited (1.1 µm in XY Z
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Figure 1. Solid model of the bulked micromachined 3-axis MEMS
positioning stage.

directions at 100 V).
Instead of transforming horizontal motions into
vertical motions, integrating dedicated vertical actuators
is more effective for achieving independent out-of-plane
displacements. More recently, a bulk micromachined XY Z
stage integrating in-plane comb-drive actuators and a vertical
comb-drive actuator was reported [25]. Although the device
is capable of generating decoupled XY Z motions, the vertical
comb drive actuator requires a very high actuation voltage for
producing small vertical displacements (2 µm at 240 V).
This paper presents the design, fabrication and testing of
a 3-axis electrostatic positioning stage that produces highly
decoupled XY Z motions of micrometers at low actuation
voltages (up to 30 V). Comb-drive actuators are used to move
the center stage in the X and Y directions, and a parallelplate electrostatic actuator positions the center stage vertically.
The mechanical structures are designed to minimize coupling
among different axes. A silicon-on-glass process is employed
to construct the 3-axis MEMS positioning stages.

2. Working principle
Figure 1 shows a schematic diagram of the 3-axis positioning
stage. The in-plane structures are fabricated on a silicon layer
on top of a patterned glass substrate. On the silicon layer, four
comb-drive actuators are distributed around the center stage
(1000 × 1000 µm), driving the center stage along the X and Y
directions. Four tethering beams are used for suspending the
center stage and transmitting in-plane motions from the combdrive actuators. The center stage and a bottom metal electrode
on the recessed glass substrate form a parallel-plate actuator
to drive the center stage vertically. The bottom electrode has a
slightly larger area than the center stage to keep the overlapping
area constant during in-plane actuation.
The orthogonal configuration of the XY Z actuators
permits the minimization of motion coupling among different
directions. As an example, when the in-plane actuator (a-1)
drives the center stage along the X direction, both tethering
beams along the X direction are in a tensile state, and no
displacements along the Y direction are produced. The

actuation force along the X direction deflects the two tethering
beams in the Y direction and also applies X-directional loads
to the suspension beams of actuators (a-2) and (a-4). As
it is desired to minimize X-directional displacements of the
movable comb fingers of (a-2) and (a-4) in order not to interfere
with simultaneous positioning of the center stage along the Y
direction, the suspension beams of (a-2) and (a-4) must have
a high lateral stiffness along the X direction. In this design,
four fixed-guided suspension beams (figure 1) are used for
each comb-drive actuator, providing a high lateral stiffness of
2.99 × 104 µN µm−1 .
When the center stage is actuated in the Z direction, both
tethering beams and actuator suspension beams are deflected
vertically. The vertical stiffness of the actuator suspension
beams is set to be 13 times higher than that of the tethering
beams in order to suppress the vertical deflection of comb
fingers, and thus, cause little change of in-plane actuation
forces to achieve decoupled, simultaneous positioning along
all three axes.

3. Theoretical analysis
3.1. In-plane analysis
In-plane and out-of-plane stiffness of the 3-axis positioner is
analyzed, and the relationships between actuation voltages and
resulting displacements in the XY Z directions are established
to provide a systematic design approach for determining device
parameters. In the analysis, it is assumed that the stiffness in
one direction is not significantly affected by the structural
deformations along other directions. The assumption is
justified under small deformation conditions that hold in this
design. Finite element simulation also confirms that the design
operates in the linear region throughout the working span.
Ignoring the high lateral stiffness of actuator suspension
beams, the in-plane stiffness of the device is [26]
Kx,y =

8Ehw 3 2EH W 3
+
l3
L3

(1)

where E is Young’s modulus of silicon, w, h and l are the width,
height and length of actuator suspension beams, and W, H and
L are the width, height and length of tethering beams.
The electrostatic force generated by a comb-drive actuator
is
F =

1 Na εha 2
Vx,y
2 ga

(2)

where ε = 8.85 × 10−12 C2 N−1 m−2 is the permittivity of air,
Na the number of actuation comb finger pairs, ha the finger
thickness, ga the gap between adjacent comb fingers and Vx,y
the in-plane actuation voltage. Thus, in-plane displacements
are
x, y = ±

F
Na εha 2
=±
V
Kx,y
2ga Kx,y x,y

(3)

where the plus/minus signs represent backward and forward
motions.
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Table 1. Design parameters of the 3-axis stage.
Mechanical properties of silicon
Young’s modulus
Poission’s ratio

129.5 Gpa
0.28

Tethering beams
Suspension beams
Center stage
Center shaft

Structural parameters
W = 4 µm, H = 10 µm, L = 750 µm
w = 2.5 µm, h = 10 µm, l = 420 µm
1.0 mm× 1.0 mm
l1 = 578.5 µm, l2 = 21.25 µm

Actuation parameters
Comb-drive actuator
Na = 1592, ha = 10 µm, ga = 2 µm
Parallel-plate actuator A = 1.0 mm2 , d = 12 µm

z2 =
Figure 2. Vertical stiffness analysis. (a) Structural detail of one
group of tethering and suspension beams. (b) Analytical model.

3.2. Out-of-plane analysis
The vertical stiffness of the suspended structure is determined
via a static force analysis of the tethering and suspension
beams. Due to symmetry, only one group of tethering and
suspension beams with equivalent boundary conditions is
considered, as illustrated in figure 2.
The vertical electrostatic force, Fz , applied to the center
stage results in deflections of the tethering and suspension
beams. The equivalent force in the analytical model, shown in
figure 2(b), is a quarter of Fz . The deflection of the tethering
beam is denoted by z1 , and the vertical displacement of the
connecting interface between the tethering beam and the center
shaft is denoted by z2 . Due to the high stiffness of the center
shaft, it is regarded as a rigid body, which is tilted with a
small angle. The two sets of suspension beams at each end
of the center shaft are considered as linear springs with small
deflections. The elongation/compression displacements of the
two sets of linear springs are denoted by z3 and z4 . The total
vertical displacement of the center stage is z.
Force balancing of the deflected tethering beam gives
= Kz1

1
F
4 z

(4)

where K = EW H 3 /L3 is the vertical stiffness of the tethering
beam.
A static analysis of the tilted center shaft yields the
following force and torque equilibrium equations:
1
Fl
4 z 2
1
F
4 z

= kz4 l1

+ kz4 = kz3

(5)
(6)

where k = 2Ewh3 / l 3 is the spring constant of two fixedguided suspension beams.
Additionally, trigonometry gives
l1
z3 + z4
=
.
l2
z2 − z3

(7)

Solving equations (4), (5), (6) and (7) yields
z1 =
1798

Fz L3
4EW H 3

(8)

Fz l 3 α
8Ewh3

(9)

where α is a constant determined by the structural parameters
of the center shaft:
 2
l2
l2
.
(10)
α =1+2 +2
l1
l1
Thus, the total vertical stiffness of the device is
Fz
4Kk
Fz
=
Kz =
=
.
(11)
z
z1 + z2
Kα + k
The parallel-plate actuator generates electrostatic forces
1 εA
V2
(12)
2 (d − z)2 z
where A is the overlapping area of the parallel plates, d
the initial gap and Vz the vertical actuation voltage. When
the center stage reaches equilibrium, the electrostatic force
is balanced by mechanical restoring forces. The resulting
vertical displacement is
Fz =

εA
1
V 2.
(13)
2 Kz (d − z)2 z
Based on (3) and (13), the design parameters of
the 3-axis positioner are determined and summarized in
table 1.
z=

4. Microfabrication
The 3-axis MEMS positioning stages were constructed using a
silicon on glass substrate process. A glass wafer and a siliconon-insulator (SOI) wafer were used and processed with wet
glass etching, anodic bonding, wet silicon etching and silicon
deep reactive ion etching (DRIE). The fabrication process, as
illustrated in figure 3, is briefly described as follows.
Step A. Microfabrication starts with a 500 µm thick Pyrex
wafer, on which 12 µm deep recesses are formed by
BOE etching.
Step B. Metal electrode and connecting metal stripes,
consisting of 500 Å thick Ti-W and 2000 Å Au are
patterned on the etched and non-etched surfaces of
the glass wafer using sputtering and lift-off.
Step C. An SOI wafer is anodically bonded to the patterned
glass wafer with the device layer (10 µm thick) facing
down.
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Table 2. Measured post-fabrication dimensions.
(A)

(D)

Tethering beams
Suspension beams

(B)

(E)

(C)

(F)

Figure 3. Microfabrication process for constructing 3-axis
positioning stages.

Step D. The handle silicon layer and buried SiO2 box layer
are removed using wet etching (KOH for silicon and
BOE for SiO2 ), leaving only the single crystal silicon
device layer on top of the glass substrate.
Step E. Metal layers of 500 Å thick Ti–W and 2000 Å Au
are evaporated onto the device layer to form ohmic
contacts, and are patterned using wet etching.
Step F. The device layer is finally etched through using DRIE
to form comb fingers, center stage, tethering beams,
actuation suspension beams and other features.
Figure 4 shows a released device with detailed views of
the parallel-plate actuator and a comb-drive actuator.

5. Testing results
The device was glued and wire-bonded onto a ceramic package
for testing. A dc power supply (AMREL SPS600-2) was
used to provide actuation voltages of 0–30 V. The in-plane
displacements of the stage were measured under an optical

Center stage
Center shaft
Comb-drive actuator
Parallel-plate actuator

W = 3.87 µm, H = 9.65 µm, L =
752.11 µm
w = 2.39 µm, h = 9.65 µm, l =
421.50 µm
998.71 µm × 999.25 µm
l1 = 577.23 µm, l2 = 21.14 µm
ha = 9.65 µm, ga = 2.18 µm
A = 0.998 mm2 , d = 11.95 µm

microscope (100 × objective, NA 0.42) with a digital camera
(Nikon Coolpix 8400, 3.5 × optical lens, 3264 × 2488 pixels).
The pixel size was calibrated to be 32.26 nm/pixel. The
captured images were post-processed by tracking the movable
features with a sub-pixel auto-correlation algorithm [27]. The
tracking resolution was determined to be 0.08 pixel, and
thus the measurement resolution of in-plane displacements is
2.58 nm with the testing setup. Vertical motions were
measured by an optical interferometer (Wyko NT1100, Veeco)
with a measurement resolution of 7.1 nm.
Figure 5 shows the testing results of in-plane
displacements versus actuation voltage squared. At 30 V,
the positioning stage produces ±12.5 µm displacements
along both X and Y directions.
Figure 6 shows the
testing results of vertical displacements versus actuation
voltages.
The parallel-plate actuator produces 3.5 µm
vertical displacements with an actuation voltage of 14.8 V,
beyond which pull-in occurs. As microfabrication can
cause dimensional deviations, post-fabrication measurements
were conducted and summarized in table 2. The measured
dimensions were fitted into the theoretical models, (3)
and (13). As shown in figures 5 and 6, theoretical predictions
for both in-plane and out-of-plane positioning are in agreement
with the testing results.
In order to quantify XY Z decoupling of the positioning
stage, displacements in the un-actuated directions caused by

(a)

(b)

Figure 4. Scanning electron microscopy picture of a released device. The zoomed-in components are (a) the out-of-plane parallel-plate
actuator and (b) the in-plane comb-drive actuator.
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(a)

Figure 6. Testing results of vertical displacements versus actuation
voltages. Also shown are coupling displacements along the XY
directions.

(b)

(a)

Figure 5. Testing results of in-plane displacements versus the
actuation voltage squared. Also shown are coupling displacements
along un-actuated directions. (a) Actuated along the X direction
only. (b) Actuated along the Y direction only.

(b)

Table 3. Experimental results of the maximum coupled shifts in the
XY Z directions.
Coupled shift (µm)

X

Y

Z

X
Y
Z

–
0.11
0.29

0.11
–
0.26

0.13
0.16
–

cross-axis coupling were also measured. The results are
shown in figures 5 and 6. Table 3 summarizes the maximum
coupled shifts in the XY Z directions, where dashes represent
the actuated directions. For instance, when the stage is
positioned along the X direction for ±12.5 µm, the maximum
displacements in the Y and Z directions due to cross-axis
coupling are 0.11 µm and 0.29 µm, respectively. Due to
the low vertical stiffness (4.5 µN µm−1 ) of the stage, coupled
shifts in the Z direction are always larger than the ones in
the XY directions. Note that the reported cross-axis coupling
results are coupled shifts on the center stage. Due to the
high lateral stiffness of the actuator suspension beams, these
coupled shifts on the center stage are significantly inhibited on
the movable comb drives to be smaller than 0.05 nm that
was determined in finite element simulation. The testing
results demonstrate that the designed structure is effective in
suppressing cross-axis coupling and achieving simultaneous,
highly decoupled 3-axis positioning.
In addition, the positioning repeatability of the 3-axis
stage was quantitated. The positioning stage was repeatedly
1800

(c)

Figure 7. Testing results of positioning repeatability. (a) X
direction. (b) Y direction. (c) Z direction.

actuated with the same actuation voltages (30 V in the XY
directions and 14.8 V in the Z direction) to reach the maximum
displacements in all XY Z directions. Figure 7 shows the
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of generating ±12.5 µm × ±12.5 µm × 3.5 µm
displacements, independently along the XY Z directions. The
required actuation voltages are relatively low (30 V in the
XY directions and 14.8 V in the Z direction). The stage
structure provides excellent performance in cross-axis motion
decoupling. The coupled motions on the center stage among
different directions were experimentally determined to be
0.29 µm. Repeatability testing demonstrates that the stage
is capable of precise nanopositioning with an open-loop
repeatability better than 17.3 nm along all three axes.

Acknowledgments

Figure 8. Schematic diagram of using separated bottom electrodes
to generate both out-of-plane translational and torsional motions.

measured data in repeatability tests. The standard deviations
of the maximum displacements were determined to be
17.3 nm, 11.1 nm and 14.2 nm in XY Z directions,
demonstrating that the positioning stage has an open-loop
repeatability better than 17.3 nm along all three axes.

6. Discussion
The positioning stage presented in this paper is capable of
simultaneously producing ±12.5 µm in-plane displacements
at 30 V and 3.5 µm out-of-plane displacements at 14.8 V. The
use of a parallel-plate actuator for vertical positioning makes
the maximum vertical travel limited to approximately onethird of the total gap between the parallel plates. In order to
overcome the pull-in limit and extend the stable travel range,
closed-loop control [28, 29] can be conducted, which requires
real-time acquirements of position feedback. Alternatively, for
open-loop positioning, the recess depth of the glass substrate
can be increased to permit a larger vertical displacement,
which certainly necessitates the application of larger vertical
actuation voltages.
In the current design, the initial vertical deflection of the
center stage, which is caused by gravity, was experimentally
determined to be 0.06 µm. When a 500 µm × 500 µm ×
100 µm silicon sample was placed on top of the center stage
for nanopositioning, the vertical deflection was measured to be
0.13 µm. Additionally, driving the sample does not sacrifice
the positioning performance of the stage.
The design presented in this paper has a single bottom
electrode to form the out-of-plane parallel-plate actuator. By
separating the bottom electrode into multiple regions (figure 8)
and applying actuation voltages to selected electrodes, the
MEMS stage will be able to produce both out-of-plane
translational motions and out-of-plane torsional motions about
the X and Y directions although tilting angles will be limited
(smaller than 2◦ ).

7. Conclusion
This paper presented a MEMS-based 3-axis positioning
stage fabricated via a silicon-on-glass process. With both
in-plane and out-of-plane actuators, the device is capable
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