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Abstract

Nanomanipulation in space-limited environments (e.g., inside a SEM
(scanning electron microscope), and particularly in a TEM (transmission
electron microscope)) requires small-sized nanomanipulators that are capable
of producing sub-nanometer positioning resolutions and large output forces.
This paper reports on a millimeter-sized MEMS (microelectromechanical
systems) based nanomanipulator with a positioning resolution of 0.15 nm and
a motion range of +2.55 um. An amplification mechanism is employed to
convert micrometer input displacements, generated by a conventional
electrostatic comb-drive microactuator, into sub-nanometer output
displacements. The device has a high load driving capability, driving a load
as high as 98 uN without sacrificing positioning performance. Based on the
pseudo-rigid-body approach, closed-form analytical models of the
minification ratio and stiffness of the amplification mechanism are developed.
Finite element simulation and testing results verify that the theoretical
models are valid with an error smaller than 6.2% and that the mechanism has
a high linearity (+2.4%). The amplification mechanism and analytical
models have general applicability to other MEMS transducer designs. A
capacitive displacement sensor is integrated for detecting input displacements
that are converted into output displacements via the minification ratio,
allowing closed-loop controlled nanomanipulation. The MEMS-based
nanomanipulators are applicable to the characterization/manipulation of

nanomaterials and construction of nanodevices.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recent advances in nanoscience and nanotechnology, includ-
ing the manipulation and characterization of nanomaterials
(e.g., carbon nanotubes, silicon nanowires and zinc oxide
nanorods) and NEMS (nanoelectromechanical systems) de-
velopment, require millimeter-sized manipulators with sub-
nanometer positioning resolutions, micrometer motion ranges,
high repeatability and large output forces.

I Author to whom any correspondence should be addressed.

0964-1726/07/051742+09$30.00 © 2007 IOP Publishing Ltd Printed in the UK

Existing nanomanipulators with electron-discharge-
machined stages and piezoelectric actuators can achieve a reso-
lution of 1 nm [1, 2]. However, inherent hysteresis and creep of
piezoelectric actuators result in significant open-loop position-
ing errors, and therefore demand sophisticated compensation
control algorithms [2, 3]. Besides the high cost, the large sizes
of commercially available piezoelectric nanomanipulators (5—
10 cm) limit their use when applications have stringent space
restrictions (e.g., inside SEM and TEM) [4, 5].

MEMS microactuators have been employed in nanopo-
sitioning applications due to their low cost, small size, fast
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Figure 1. Millimeter-sized MEMS nanomanipulator with a motion
range of micrometers and resolution of sub-nanometers for precisely
manipulating nanometer-sized objects.

response and flexibility for system integration. In partic-
ular, electrostatic microactuators are most commonly used
for nanopositioning. Traditional electrostatic microactuators
are capable of providing typical resolutions of the order of
10 nm [6-8]. Compared to other microactuation mechanisms
(e.g., electrothermal and electromagnetic), electrostatic mi-
croactuation offers the fastest response and the best repeatabil-
ity that is critical for applications at the nanoscale. However,
the small output force capability of electrostatic microactua-
tors limits their practical applications in the manipulation of
nano-objects.

A recently reported electrostatic surface drive actuator [9]
demonstrates a better positioning resolution (0.05 nm)
than traditional electrostatic actuators. However, when
nanometer/sub-nanometer output displacements are produced
by microstepping, the stepping actuation principle inherently
decreases output forces dramatically, which makes the design
unsuitable for nanomanipulation use. Additionally, the device
requires complex actuation and sensing circuitries that are not
commercially available; therefore, significant efforts need to
be spent on circuit design and on-chip integration.

Electrothermal microactuators were also employed in the
development of nanopositioners [10]. Although electrothermal
microactuation provides much larger output forces, hysteresis
and thermal drift make the positioning accuracy relative low

supporting beam 1

output probe

Ngd

(hundreds of nanometers). Furthermore, the difficulty of well-
controlled temperatures at the probe tip prevents its use in
temperature-sensitive applications.

This paper presents the design, fabrication and testing
of a millimeter-sized nanomanipulator that leverages the
high repeatability and fast response of MEMS electrostatic
microactuators while overcoming the limitation of low output
forces. The device integrates a highly linear amplification
mechanism, a lateral comb-drive microactuator and a
capacitive displacement sensor. The amplification mechanism
is used to minify input displacements for achieving a high
positioning resolution at the output probe tip and to amplify
output forces for manipulating nano-objects. Figure 1 shows
a conceptual schematic where the MEMS-based millimeter-
sized nanomanipulator is used to manipulate nanospheres.

2. Nanomanipulator working principle

The nanomanipulator shown in figure 2 consists of a linear
amplification mechanism, a lateral comb-drive microactuator
and a capacitive displacement sensor. The linear amplification
mechanism is used to convert large input motion (um)
into small output motion (nm), enormously enhancing the
positioning resolution. The comb-drive actuator consisting of
groups of interdigitated comb fingers produces bi-directional
motion that is resolved by the capacitive displacement sensor.
The measurement of input displacements enables closed-loop
position control of the comb-drive actuator. A central input
shaft connects the amplification mechanism, lateral comb-drive
actuator and capacitive displacement sensor. The structures are
suspended by eight straight supporting beams.

Amplification mechanisms are widely used in traditional
piezoelectric nanopositioning stages [11, 12] and MEMS
transducer designs [13-15] to amplify output displacements.
The amplification of output displacements unavoidably
requires that input actuation forces be very large to
overcome the large input stiffness. Meanwhile, output forces
decrease with the same ratio as displacement amplification.
Amplified motion and reduced output force are not desired in
nanomanipulation, which requires high motion resolution, high
repeatability and large output forces.

The design reported in this paper employs a linear
amplification mechanism to operate in a minification mode,

(a) comb-drive actuator
(b) capacitive displacement sensor
(c) flexure hinges

supporting beam 2

up‘{@

amplification mechanism

Figure 2. Solid model of the MEMS nanomanipulator with capacitive displacement sensor.
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Figure 3. Schematics of inverse-mode linear amplification
mechanism.
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Figure 4. Pseudo-rigid-body model of the linear amplification
mechanism.

shown in figure 3, in order to minify input displacements
and amplify output forces. The mechanism integrates two
typical amplification mechanisms: toggle mechanism and
lever mechanism, which are connected in series by single-
axis flexure hinges. The input displacement is minified by
the toggle mechanism first, and then the lever mechanism
decreases the motion further. In order to eliminate lateral
displacements at the output end caused by lever rotation,
two pairs of toggle mechanisms and lever mechanisms are
symmetrically configured. Two thin flexible beams connect
the two output ends of the lever mechanisms and the
output platform in order to avoid lateral motion (figures 2(c)
and 3). This two-stage amplification configuration was
recently demonstrated to operate in the amplification mode in a
macro-scaled piezoelectric stage design [12]. Compared to the
two-stage lever amplification mechanism [16], the employment
of a toggle mechanism makes a toggle-lever amplification
mechanism producing a higher displacement amplification
ratio with a more compact structure [12, 17].

It is well known that electrostatic microactuators have
fast response, but low force output. In this design, the input
stiffness of the amplification mechanism was designed to be
sufficiently low such that comb-drive microactuators on the
input side are capable of driving the amplification mechanism
to generate large forward and backward motions. To precisely
measure input displacements, a capacitive displacement sensor
is integrated at the input end as a position encoder. As the
experimental results show, the amplification mechanism is
highly linear. Thus, the capacitive displacement feedback on
the input side can be used to reliably predict displacements on
the output side. The position feedback enables precise closed-
loop control of nanopositioning during nanomanipulation.

1744

Figure 5. Displacement and stiffness analysis.

3. Device design

3.1. Amplification mechanism structure design

In order to provide a systematic design approach for determin-
ing structural parameters of the amplification mechanism, an
analytical model based on the pseudo-rigid-body approach [18]
is developed. The flexure hinge (figure 3) is treated as a rota-
tional joint and a torsional spring that connect two rigid bodies
(figure 4).

3.1.1. Minification ratio. The minification ratio is determined
by analyzing displacement transmission of the mechanism.
Due to symmetry, only half of the mechanism with equivalent
boundary conditions is described in figure 5.

An input displacement y;, driven by the electrostatic
actuator is minimized by the toggle mechanism first and
produces small position offsets at point B in both x and y
directions (i.e., Ax and Ay). The lever mechanism conducts
the second-stage displacement minification and minifies the
displacement of point B to the final output displacement yy.

To achieve strictly linear behavior, the lengths of the rigid
bars are set much larger than the input displacement (/,, l, >
vin) SO that the angle changes (A6, and A#,) can be treated
as infinitesimals. Thus, the amplification ratio of the toggle
mechanism is

oy = cotbs. (1)

Consequently, the first-stage minification is
Yin = Ax cotf, + Ay. 2)

Because A6 is infinitesimal, BB’ is considered perpendicular
to BC and, consequently, the angle between BB’ and the y
axis can be approximated by 6;. Therefore, the following two
equations hold:

Ax = —tanf; Ay 3)
UL A—— @)
b ll _1100891.

Combining equations (2) and (3) yields

Yin

Ay=—
1 — tan 6, cot 6,

(%)
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The final output displacement is

Your = —loA0;. (6)

Substituting equations (4), (5) and (6) yields the total
displacement minification ratio

_ Yout - _ lO' (7)
Vin [ (cos 0 — sin B cotB,)

where the minus sign represents opposite directions of y;, and

Yout-

3.1.2. Stiffness analysis. A closed-form static stiffness model
of the amplification mechanism is derived based on the pseudo-
rigid-body model. The Paros and Weisbord equation [19] is
used to estimate the stiffness of the equivalent torsional spring

2Ebt?

97 R/? ®

hinge =
where E is the Young’s modulus of silicon, and b, ¢ and R are
specified in figure 5. In this design, all hinges have the same
dimensional parameters.

When a force Fj, is applied, the equivalent force in the
analytical model is half of Fj,. This force causes an angle
change between rigid bars. Thus, the flexure hinges and
thin flexible beams generate reaction torques, as illustrated in
figure 5. These reaction torques are

M| = —Khinge AB> 9
My = —M3 = Khinge (AO; — AB) (10
My = _Khingerl- (11

Considering the boundary conditions at the output end, the
bending model of fixed-free beams [20] can be used to estimate
the reaction torque generated by the thin flexible beams, which
can be expressed as

Ewh?

Ms=———_
3 121

A6, (12)
where w, h and [ are width, height and length of the thin
flexible beams.

Through a static analysis of the lever mechanism, the

following torque equilibrium equation is obtained:

3 Fnlycos 6y + Mz + My + Ms = 0. (13)

Substituting equations (10), (11), and (12) into (13) yields
Ewh?

1
EFinll cosb + KhingeAez — <W + 2Khinge>A91 =0.

(14)
From figure 5, trigonometry gives

1, sin6, — A6l sin b, cotB, — [| cos B, AO;
153

sin(6, + A6,) =
(15)

I, cos 6, — [1 AB, Sin91. (16)

153

cos(b, + Ab,) =

Because A6H, can be treated as infinitesimal, it can be
approximated as

A@z = sin Aez
= sin(f, + A6B;) cos B, — cos(0, + Ab,) sin b,

[
= —l—l [cos(6 + 6,) + sin O cos B, cot O] Aby. (17)
2
Substituting equations (6), (7), and (17) into (14) yields
2a ll
Fin = ———— 1 —— Khinge[c0s(0 + 6,)

- loll Ccos 91 lz
Ewh’
T }yin-
Thus, the input stiffness of the amplification mechanism is

+ sin 6 cos 6, cot 92] — 2Khinge (18)

K mechanism =

2 8 Ko [cos(61 -+ 62)
———— 1 — — Khinge| COS
ol cos@, | 1, Mne L

(19)

) Ewh?
+ sin6, cos 6, cot@z] — 2Khinge —

120
Taking into account the stiffness of the other eight flexible

beams supporting the input shaft (figure 2), the total input
stiffness of the device is

Kam = —2 | Dk [cos(@, +62)
— —— Khinee | cOs
W = T cosfy | L el €082
) Ewh?
+ sin#; cos 6, cot92] — 2Khinge — B
6EW\H? 2EW-H;
A} 2N @
L] L2

where W;, H; and L; are width, height and length of
supporting beam 1; and W,, H,, and L, are width, height and
length of supporting beam 2 (figure 2).

3.2. Actuation and position sensing design

3.2.1. Actuator design. A lateral comb-drive actuator is
chosen to drive the nanomanipulator. As shown in figure 2, the
actuator consists of two groups of comb fingers that generate
forward and backward input displacements and thus drive the
output probe back and forth. The total electrostatic force is

. l NaShf V2

F. =
e 2 ¢

2D
where ¢ = 8.85 x 1072 C> N™! m™2 is the permittivity
of air, V the actuation voltage, h; the finger thickness,
g the gap between adjacent comb fingers and N, is the
number of actuation comb finger pairs. Therefore, the output
displacement is

1l « NaShf

Z v?
2 Ksum g

o
You = t——F. = &
out Ksum €

(22)

where the signs differentiate backward and forward motions.

3.2.2. Capacitive displacement sensor design. Figure 2(b)
shows the lateral comb-drive displacement sensor. When the
actuators generate an input displacement, the center input shaft
carries the movable sensing comb fingers to move by the
same displacement. Ignoring fringing capacitance, the total
capacitance change is

Nsehg
= g/

AC

Yin (23)
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Table 1. Nanomanipulator design parameters.

Structural parameters

Base

Amplification mechanism
Flexure hinge

Support beam 1

Support beam 2

Thin flexible beams

2.0 mm x 4.0 mm

lp =75 um, [; =300 um, I, = 300 um, 6, = 20°, 6, = 165°
b=10pum,t =2 pum, R =8 um

Wy =8 um, Hy = 10 um, L; = 780 um

W, =8 um, H, = 10 um, L, = 820 um
w=2um,h =10 pum, ! = 80 um

Actuation and sensing parameters

Lateral comb actuator
Displacement sensor

N, = 4670, Ve =60V, hy = 10 um, g = 2 um
Ny = 1092, hi = 10 um, g’ =2 pum

Table 2. Silicon material properties used in FEA.

Density 2.329gcm™?
Young’s modulus  129.5 GPa
Poisson’s ratio 0.28

Table 3. Theoretical and FEA results of device specifications.

Theoretical FEA Difference (%)
Input stiffness 16.80 16.84 0.24
(uN pm™")
Minification ratio  —0.1128 —0.1187 5.0

where hf and g’ are both constants, denoting thickness and
sensing gap distance; and N, is the number of sensing
comb finger pairs. Hence, input displacements yj, are
resolved by measuring the total capacitive change, AC, of
the capacitive displacement sensor. Due to the high linearity
of the amplification mechanism, which will be discussed in
section 5.1, the output displacement can also be accurately
predicted via

ag’

——AC.
Neh}

Yout = AYin = (24)

3.2.3. Finite element simulation. The main design parameters
of the nanomanipulator (i.e., amplification mechanism, comb-
drive actuator and capacitive displacement sensor) are listed
in table 1. Based on these parameters, finite element
analysis (FEA) was conducted using ANSYS® to verify
the validity of the developed theoretical models of the
amplification mechanism and to analyze the performance of
the nanomanipulator design. In simulation, 10-node Solid 92
tetrahedron elements were employed for meshing. Table 2
shows silicon material parameters used in the simulation.

Electrostatic actuation forces proportional to the input
voltage squared were calculated according to equation (21).
These actuation forces were then applied as input to the finite
element model. The FEA results are summarized in table 3.
The theoretical calculation results based on the derived closed-
form models ((7), (19) and (20)) are in agreement with the FEA
simulation results with errors within 5% in the complete output
motion range (+2.55 pum), proving the validity of the derived
minification ratio and stiffness models.

Due to bending, maximum stress occurs at two flexure
hinges connecting toggle mechanisms with lever mechanisms
(figure 6). The maximum stress in the complete motion range

1746

NODAL SOLUTION

.140E-11
236472
472945
709417
945889
.118E+07
.142E+07
.166E+07
.189E+07
.213E+07

STEP=1
SUB =1

Figure 6. Stress distribution at one flexure hinge connecting toggle
and lever mechanisms.

pyrex glass wafer
N
SiO.
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handle silicon layer
/ metal contact
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released structures

EW

Figure 7. Microfabrication process.

device silicon layer

(£2.55 um) was found to be within 2.1 GPa, which is well
within the yield strength of silicon (7 GPa) [21].

As out-of-plane motion of the nanomanipulator probe tip
is undesired, it was also investigated using FEA. The results
show that out-of-plane displacements are within 1 nm in
the complete motion range (42.55 um), confirming that the
nanomanipulator has a satisfactory stability in the out-of-plane
direction.

4. Device fabrication

The MEMS-based nanomanipulators were fabricated through
a foundry process (Micralyne) with a glass wafer and a silicon-
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Figure 8. (a) SEM picture of a released device. (b) Nanomanipulator on a PCB that contains a capacitance readout circuit.
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Figure 9. Experimental data of output versus input displacements.

on-insulator (SOI) wafer, using wet glass etching, wet silicon
etching and silicon deep reactive ion etching (DRIE). The
fabrication process, as illustrated in figure 7, is summarized
as follows:

Step A. The fabrication process begins with a 500 + 25 um
thick glass wafer, on which 12 um deep cavities are etched
using BOE etching.

Step B. An SOI wafer is anodically bonded to the patterned
glass wafer with the device layer (10 pum thick) facing
down.

Step C. The silicon handle layer and buried SiO, box layer are
etched away, leaving only the single-crystal silicon device
layer on top of the glass substrate.

Step D. Metal layers of 500 A thick Ti-W and 2000 A Au are
evaporated onto the device layer to form ohmic contacts,
and are patterned using wet etching.

Step E. The device layer is finally etched through using DRIE
to form comb fingers, amplification mechanism and other
features.

5. Testing results and discussion

Figure 8(a) shows a released MEMS nanomanipulator. A
Vernier gauge at the output end is used for measuring
output displacements.  For device testing, it was glued
and wire-bonded to a custom-made printed circuit board

T T T
. testing results i

05 || —— regression | _____ L ,,,,,,,,,
—~ - |
5_ —*— theoretical results :
= i i i
Q | |
=} | |
Q ! !

I ) B O —— R—
= | |
3 : |
E : |
=3 i
= |
2 | |

0.5 &~ Fommmmmmmee o mmmoe- pommmmmmmo
| | |
| | |

-1000 -500 0 500 1000

voltage square (Vz)

Figure 10. Experimental and theoretical results of output
displacements versus actuation voltage squared.

(PCB) that contains a capacitance readout circuit, as shown
in figure 8(b). A DC power supply (AMREL SPS600-2)
was used for providing 0-60 V actuation voltages. Device
characterization was conducted on a vibration isolation table,
at room temperature and with minimal air flow.

5.1. Actuation characterization

The displacements at input and output ends of the amplification
mechanism were measured using high-resolution optical
imaging. A microscope with 100x objective (NA 0.42) and a
commercial digital camera with an image size of 3264 x 2448
pixels (Nikon Coolpix 8400, 3.5x optical lens) were used
for measuring input and output motions. The pixel size was
calibrated to be 32.26 nm/pixel. A sub-pixel autocorrelation
algorithm [22] was used for tracking the movable features, and
the tracking resolution is 0.08 pixel. Thus, the measurement
resolution of input and output displacements is 2.58 nm with
the optical measurement set-up.

Figure 9 shows the testing results of output displacements
as a function of input displacements, proving a linearity
of +2.4% and a minification ratio of —0.1151 for the
amplification mechanism. At 60 V, the nanomanipulator is
capable of generating +2.55 um output displacements. A
30 V voltage produces an output displacement of +650 nm
(figure 10). Compared to experimental data, the derived
theoretical model of the amplification mechanism satisfactorily
predicts output displacements with an error <6.2%.
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Figure 11. Testing results of output displacements with force sensing
beams.

0.6

calibration data

regression

04

sensor voltage (V)

input displacement (1m)

Figure 12. Calibration data of capacitive displacement sensor.

Two fixed-guided thin beams (figure 8(a)) are attached
to the output probe for quantifying output forces of the
nanomanipulator. The total stiffness of the force sensing
beams is 40.5 uN um~!. The measured output displacements
with force sensing beams are shown in figure 11. The
maximum output displacement is £2.42 pm, corresponding to
a maximum output force of 98 uN. Compared to the zero-load
case (£2.55 um), the maximum displacement is only reduced
by 5.1%, demonstrating a strong load driving capability of the
nanomanipulator.

5.2. Capacitive displacement sensing characterization

Capacitance changes of the displacement sensor were mea-
sured by a readout circuit based on an ASIC from Analog
Devices (AD7746). AD7746 is capable of converting ca-
pacitance changes into voltage changes with high linearity
(£0.01%). Figure 12 shows the calibration results of the ca-
pacitive displacement sensor, proving a linear relationship be-
tween voltage changes and input displacements. The resolution
of the readout circuit was determined to be 30 aF Hz~!/? that
corresponds to an input displacement resolution of 1.31 nm
in a 10 Hz bandwidth. The integrated capacitive displace-

1748
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Figure 13. Experimental results of closed-loop sinusoidal tracking.

Table 4. Device specifications.

MEMS nanomanipulator

2 mm X 4 mm
0.15 +0.0036 nm

Device size
Output motion resolution

Output displacement +2.55 um
Actuation voltage 0-60 V
Position sensor resolution 1.31 nm
Output force 98 uN
Resonant frequency 3.1 kHz

Amplification mechanism

—0.1151
+2.4%

Minification ratio
Linearity

ment sensor permits the execution of closed-loop controlled
nanopositioning/nanomanipulation. Figure 13 shows the ex-
perimental results of closed-loop sinusoidal tracking using PID
(proportional-integral-derivative) control.

Considering the high input—output linearity from the
amplification mechanism (experimentally determined to be
+2.4%), capacitive position feedback on the input side can be
used to reliably predict minified output displacements. Thus,
the output positioning resolution was determined by scaling
the input resolution (1.31 nm) with the minification ratio
(0.1151), which results in an output positioning resolution of
0.1540.0036 nm with the uncertainty arising from the +2.4%
linearity. Testing results of the MEMS nanomanipulator are
summarized in table 4.

5.3. Discussion

When operating inside an SEM or TEM, charges from electron
beams can disturb the capacitive position sensor of the MEMS
nanomanipulators unless the capacitive sensor is electrically
isolated from other structures that are exposed to electron
beams for imaging. In order to achieve this purpose, a DRIE-
SOI process [23] permits electrical isolation and mechanical
connection, which would make the capacitive position sensors
immune from disturbances by electron beams of SEM or TEM.

Thermal-mechanical noise-induced vibration is a factor
that may impose a limitation on the position resolution of the
nanomanipulators. In order to quantify this thermodynamic
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manipulator 1

output probe tip tethering beams

Figure 14. Solid model of a two-axis MEMS nanomanipulator.

vibration, Nyquist’s relation [24] was employed for calculating
the noise force
F =./4kgT D (25)

where kg is Boltzmann’s constant (1.38 x 10723 J K1), T the
absolute temperature and D the damping of the system. The
damping D can be expressed by

NG
p=Y""

0
where K is the output stiffness, m the mass and Q the
mechanical quality factor. For the nanomanipulator, 7 =
298 K, K = 141.9 uN um™' and m = 1.04 x 1077 kg.
Assuming typical values of 1-10 for Q, the noise force is
calculated to be within 0.8 x 10~ N Hz~'/2. Thus, vibration
displacements at the output probe are

FJF
K

(26)

Xnoise = (27
where f is the resonant frequency of the device. The thermal-
mechanical noise-induced displacement is thus calculated to
be less than 0.0031 nm. This result indicates that thermal-
mechanical noise is not a significant error source for sub-
nanometer positioning with the MEMS nanomanipulator.

The millimeter-sized MEMS nanomanipulators provide
many design flexibilities. For instance, it can be readily
extended to two-axis nanomanipulators by orthogonally
connecting two one-axis nanomanipulators in series, as shown
in figure 14. Manipulator 1, responsible for driving the
probe tip along the x direction, is suspended by four tethering
beams. Manipulator 2 drives manipulator 1 to generate motion
along the y direction. In addition, the closed-form analytical
models of the amplification mechanism permit designers to
readily adjust the position resolution and motion range without
going through lengthy finite element simulations. The MEMS
nanomanipulators also allow one to mount nanometer-sized
end effectors on the manipulator probe for interacting with
nanoscaled materials (figure 1).

6. Conclusion

This paper presented the design, fabrication and testing of a
millimeter-sized MEMS nanomanipulator. The device has a
positioning resolution of 0.15 nm, an output motion range of
+2.55 pm and a high force output capability (i.e., outputting
a force of 98 uN reduces motion range only by 5.1%).

An amplification mechanism operating in the minification
mode with a high linearity (+2.4%) was employed to minify
input displacements and increase the output displacement
resolution. Closed-form analytical models of the minification
ratio and stiffness of the amplification mechanism were
derived. The validity of the models was verified by FEA
simulation and testing results. The amplification mechanism
and derived analytical models have general applicability to
other MEMS transducer designs. The integrated on-chip
capacitive displacement sensor and the high linearity of the
amplification mechanism are capable of providing precise
position feedback, and closed-loop nanopositioning was
experimentally demonstrated. The MEMS nanomanipulators
provide a small-sized, high-precision, low-cost platform for
closed-loop manipulation of nanometer-sized objects.

References
[1]
[2]

Scire F E and Teague E C 1978 Piezodriven 50 ;«m range stage
with subnanometer resolution Rev. Sci. Instrum. 49 1735-40

Ku S S, Pinsopon U, Cetinkunt S and Nakajima S 2000 Design,
fabrication, and real-time neural network control of a
three-degrees-of-freedom nanopositioner IEEE/ASME Trans.
Mechatron. 5 273-80

Ru C H and Sun L N 2005 Improving positioning accuracy of
piezoelectric actuators by feedforward hysteresis
compensation based on a new mathematical model Rev. Sci.
Instrum. 9 095111

Shen S C, Pan C T and Chou H P 2002 Electromagnetic optical
switch for optical network communication J. Magn. Magn.
Mater. 239 610-3

Li F, Wu M C, Choquette K D and Crawford M H 1997
Self-assembled microactuated XYZ stages for optical
scanning and alignment Int. Conf. on Solid-State Sensors
and Actuators (Chicago) pp 319-22

Cheung P and Horowitz R 1996 Design, fabrication, position
sensing, and control of an electrostatically-driven polysilicon
microactuator /EEE Trans. Magn. 32 122-8

Horsley D A, Wongkomet N, Horowitz R and Pisano A P 1999
Precision positioning using a microfabricated electrostatic
actuator /[EEE Trans. Magn. 35 993-9

Fukuta Y, Collard D, Akiyama T, Yang E H and Fujita H 1997
Microactuated self-assembling of 3D polysilicon structures
with reshaping technology IEEE Int. Conf. on MEMS
pp 477-81

Agarwal M, Dutton D T, Theil J A, Bai Q, Par E and
Hoen S 2006 Characterization of a dipole surface drive
actuator with large travel and force J. Microelectromech.
Syst. 15 1726-34

Hubbard N B and Howell L L 2005 Design and
characterization of a dual-stage, thermally actuated
nanopositioner J. Micromech. Microeng. 15 1482-93

Choi S B, Han S S and Lee Y S 2005 Fine motion control of a
moving stage using a piezoactuator associated with a
displacement amplifier Smart Mater. Struct. 14 222-30

Chu C L and Fan S H 2006 A novel long-travel
piezoelectric-driven linear nanopositioning stage Precis.
Eng. 30 85-95

Millet O, Bernardoni P, Regnier S, Bidaud P, Tsitsiris E,
Collard D and Buchaillot L 2004 Electrostatic actuated
micro gripper using an amplification mechanism Sensors
Actuators A 114 371-8

Lin L W, Pisano A P and Howe R T 1997 A micro strain gauge
with mechanical amplifier J. Microelectromech. Syst.
6313-21

Chu L L and Gianchandani Y B 2003 A micromachined 2D
positioner with electrothermal actuation and sub-nanometer
capacitive sensing J. Micromech. Microeng. 13 279-85

Su X P S and Yang H S 2001 Design of compliant
microleverage mechanisms Sensors Actuators A 87 146-56

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

1749


http://dx.doi.org/10.1063/1.1135327
http://dx.doi.org/10.1109/3516.868919
http://dx.doi.org/10.1063/1.2052047
http://dx.doi.org/10.1016/S0304-8853(01)00682-5
http://dx.doi.org/10.1109/20.477561
http://dx.doi.org/10.1109/20.753822
http://dx.doi.org/10.1109/JMEMS.2006.883886
http://dx.doi.org/10.1088/0960-1317/15/8/015
http://dx.doi.org/10.1088/0964-1726/14/1/022
http://dx.doi.org/10.1016/j.precisioneng.2005.05.002
http://dx.doi.org/10.1016/j.sna.2003.11.004
http://dx.doi.org/10.1109/84.650128
http://dx.doi.org/10.1088/0960-1317/13/2/316
http://dx.doi.org/10.1016/S0924-4247(00)00488-X

X Liu et al

[17] MaH W, Yao S M, Wang L Q and Zhong Z 2006 Analysis of [22] Pan B, Xie HM, Xu B Q and Dai F L 2006 Performance of

the displacement amplification ratio of bridge-type flexure sub-pixel registration algorithms in digital image correlation
hinge Sensors Actuators A 132 730-6 Meas. Sci. Technol. 17 1615-21
[18] Howell L L 2001 Compliant Mechanisms (New York: Wiley) [23] SunY, Fry S N, Potassek D P, Bell D J and Nelon B J 2005
[19] Paros J M and Weisbord L 1965 How to design flexure hinges Characterizing fruit fly flight behavior using a microforce
Mach. Des. 27 151-6 sensor with a new comb drive configuration /[EEE/ASME J.
[20] Ugural A C and Fenster S K 2003 Advanced Strength and MEMS 14 4-11
Applied Elasticity (Englewood Cliffs, NJ: Prentice-Hall) [24] Gabrielson T B 1993 Mechanical-thermal noise in
[21] Petersen K E 1982 Silicon as a mechanical material Proc. IEEE micromachined acoustic and vibration sensors /EEE Trans.
70 420-57 Electron Devices 40 903-9

1750


http://dx.doi.org/10.1016/j.sna.2005.12.028
http://dx.doi.org/10.1088/0957-0233/17/6/045
http://ieeexplore.ieee.org/xpl/freeabs_all.jsp?isnumber=30285&arnumber=1390930&count=20&index=1
http://dx.doi.org/10.1109/16.210197

	1. Introduction
	2. Nanomanipulator working principle
	3. Device design
	3.1. Amplification mechanism structure design
	3.1.1. Minification ratio.
	3.1.2. Stiffness analysis.

	3.2. Actuation and position sensing design
	3.2.1. Actuator design.
	3.2.2. Capacitive displacement sensor design.
	3.2.3. Finite element simulation.


	4. Device fabrication
	5. Testing results and discussion
	5.1. Actuation characterization
	5.2. Capacitive displacement sensing characterization
	5.3. Discussion

	6. Conclusion
	References

