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Abstract
In this study, a novel HARM (high aspect ratio micromachining) micromanipulator fabricated on (1 1 1) silicon wafer is reported. The
micromanipulator consists of a positioning stage, a robot arm, supporting platforms, conducting wires, and bonding pads. These components
are monolithically integrated on a chip through the presented processes. The three-degrees-of-freedom (3-DOF) positioning of the micromanipulator is realized by using the integration of two linear comb actuators and a vertical comb actuator. The robot arm is used to manipulate
samples with dimension in the order of several microns to several hundred microns, for instance, optical fibers and biological samples. The
robot arm could be a gripper, a needle, a probe, or even a pipette. Since the micromanipulator is made of single crystal silicon, it has superior
mechanical properties. A micro gripper has also been successfully designed and fabricated.
© 2005 Published by Elsevier B.V.
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1. Introduction
According to the characteristic of length scale, the micromanipulator is regarded as one of the promising tools for
nano-technology and biological applications. In general, the
micromanipulator has components in micron scale feature
sizes, and can handle objects ranging from sub-micron to
hundred microns size, for instance, the nano-particles and
cells. Many different micromanipulators have been reported;
for instance, the micro gripper (or named micro tweezers)
[1–6], the micro probe [7,8], etc. The thin film micro grippers
presented in Refs. [1–3] have demonstrated its application
in handling biological sample. The high aspect ratio micromachined (HARM) micro grippers have been realized using
SOI substrates [4], Hexsil processes [5], and LIGA technology [6]. The micro probe has successfully been employed for
the application of atomic force microscopy [7] and thin film
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mechanical testing [8]. Presently, commercial micromanipulators fabricated by MEMS technology are also available
[9].
The characteristic of the micromanipulator is influenced
by its thickness. For instance, the thin film micro grippers
have relatively low stiffness in the out-of-plane direction.
Thus, it is easy to drive the thin film micro gripper in the
out-of-plane direction [2]. However, the unwanted out-ofplane bending deflection of the thin film structure needs
to be considered during operation. On the other hand, the
HARM micro gripper has a much better stiffness in the outof-plane direction [4–6], so that it is more difficult for the
HARM micro gripper to perform an out-of-plane motion.
The performance of the micromanipulator is also limited to
its fabrication processes. For instance, it is difficult to integrate the linear comb and vertical comb actuators using the
existing fabrication processes. Hence, the existing micromachined manipulator can only move in either in-plane direction
or out-of-plane direction. In fact, the thickness as well as stiffness of the micromanipulator is also limited to the fabrication
process.
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This study presents a novel stiff HARM micromanipulator which can move with three-degrees-of-freedom
(3-DOF). This micromanipulator monolithically integrates
linear springs, torsional springs, linear comb actuators, and
vertical comb actuators on (1 1 1) silicon substrate. Thus, the
in-plane as well as out-of-plane motions of micromanipulator become available. In application, a micro gripper was
successfully demonstrated.

2. Design
As shown in Fig. 1, the typical micromanipulator presented in this study consists of supporting platforms, positioning stages, the robot arm, conducting wires, and bonding
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pads. The supporting platforms and bonding pads as indicated by black color were anchored to the substrate. The
rest of the components were freely suspended on top of
the silicon substrate, and were supported by the platforms
and pads. The micromanipulator is designed to have three
degrees of freedom (3-DOF) resulted from three positioning
stages which are indicated by gray, slash, and dot patterns,
respectively. The positioning stages and supporting platforms were connected to each other by using linear springs
(spring #1 and #2) and torsional springs (spring #3). The
position of the stages was precisely tuned using linear and
vertical comb actuators. The conducting wires to transmit
power and signal from pads to actuators were designed to
free suspended on top of Si substrate. The robot arm illustrated in Fig. 1 is a gripper, however, a needle, a probe, and

Fig. 1. Schematic illustration of the present 3-DOF micromanipulator.
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2.3. The z-direction (out-of-plane motion) positioning
stage
The dot region indicates the z-direction positioning stage
which is connected to the slash stage by two torsional springs
(spring #3). Fig. 2a also illustrates the close-up view of the
springs. Spring #3 was designed to allow the dot stage to
rotate out-of-plane. The electrodes between the dot and slash
stages were vertical comb type, and the driving voltage was
input from bonding pad #3.
2.4. The robot arm

Fig. 2. Close-up illustrations of (a) the three different springs, and (b) the
conducting wire and bonding pad.

even a pipette are also available for different applications.
The design of the present micromanipulator is detailed as
follows.
2.1. The y-direction (in-plane motion) positioning stage
The gray region depicts the y-direction positioning stage
connecting to the supporting platform (in black pattern) by
four linear springs (spring #1). Fig. 2a illustrates the closeup view of the springs. The spring #1 was designed to be
flexible only in y-direction. The stators indicated in Fig. 1 are
anchored to the substrate. The comb electrodes on stators and
gray stage formed the y-direction comb actuators. Thus, the
gray stage will move linearly in the y-direction after a driving
voltage is input through bonding pad #1.
2.2. The x-direction (in-plane motion) positioning stage
The slash region shows the x-direction positioning stage
which is connected to the gray stage by six linear springs
(spring #2). Fig. 2a illustrates the close-up view of the springs.
Spring #2 was flexible only in x-direction. The comb electrodes on slash stage and gray stage formed the x-direction
comb actuators. Thus, the slash stage moved linearly in the
x-direction after a driving voltage was input through bonding
pad #2. Fig. 2b depicts the close-up view of the thin suspended conducting wire and the thick bonding pad. The wire
was used to conduct the input signal from bonding pad to
stage. The wire was designed to be flexible to prevent the
motion of stages from being constrained.

Moreover, the brick region represents the robot arms of
micro gripper. As shown in Fig. 1, two robot arms were
individually connected to the dot stage using four springs.
Similarly, the electrodes on robot arms and dot stage formed
the comb actuators. The gap between these two robot arms
was adjusted by the electrostatic force and the spring restoring
force. Bonding pad #4 was used to input the driving voltage
for the gripper.
The micromanipulator has been implemented on the
(1 1 1) silicon wafer. Since the micromanipulator was made
of single crystal silicon, it has superior mechanical properties than polycrystal and amorphous films. The BELST
II process has been employed to realize the present design
[10,11], so that the thickness of the micromanipulator can
range from several microns to hundred microns. In addition,
the thickness of the structure at some particular regions could
be trimmed by the BELST II process. Thus, the micromanipulator possessed a thick and stiff robot arm yet it had thin
flexible torsional springs and conducting wires. The vertical
comb actuator with electrodes located at different vertical
position was also monolithically fabricated and integrated.
Moreover, the fabrication process to remove the substrate
underneath the robot arm has been developed. The robot arm
will not be interfered by the substrate during positioning or
operation.

3. Fabrication and results
The present micro robot arm has been successfully fabricated using a HARM processes (BELST II process), as
illustrated in Fig. 3 [10,11]. The process flow to fabricate the
presented micromanipulator is illustrated in Fig. 3. The process began with the boron diffusion on n-type (1 1 1) silicon
wafer. After patterned by photolithography, the deep reactive ion etching (DRIE) was employed to create trenches, as
shown in Fig. 3a. These trenches were refilled by the following silicon nitride (SiNx ) layer deposition, as shown in
Fig. 3b. The present design applied the SiNx film to provide
the electrical isolation for different regions during operation.
However, these regions were still mechanically connected
with each other through the SiNx film. Moreover, the trench
depth ht defined by the DRIE process was larger than the
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Fig. 3. The fabrication process steps.

thickness of the micromanipulator, hm , so as to ensure the
electrical isolation. The first SiO2 layer was then deposited
by plasma enhanced chemical vapor deposition (PECVD)
and patterned with buffered oxide etcher. After that, the second SiO2 layer was deposited on the substrate. As shown
in Fig. 3c, the SiNx and the two SiO2 layers were patterned by the RIE and the photolithography processes. The
first SiO2 layer served as the trimming mask (in Fig. 3e)
to define the structures to be trimmed including the vertical
comb electrode, the torsional suspension, and the conducting wire. The thick photo resist in Fig. 3c is used to define
locations of the post to anchor the components, such as stationary comb electrodes and bonding pads. Thus, the three
etching masks are properly defined in Fig. 3a–c. Two DRIE
processes were used to etch trenches of different depth on
the substrate, as shown in Fig. 3d. The first DRIE defined the
position anchored to the substrate. The second DRIE defined
the thickness of the components, hm . After that, the boron
diffusion was then conducted to provide sidewall-boron diffusion, as illustrated in Fig. 3d. This boron-doped silicon
was exploited not only to prevent the sidewall from etching

in alkaline solution but also to serve as conducting layer and
p–n–p junction insulation. The third DRIE was employed to
selectively trim the thickness as well as the vertical position of the components. As shown in Fig. 3e, the height of
the stationary electrodes was tuned to offer a better initial
engagement between the electrodes. Moreover, the thickness of the torsion suspension was decreased in this step
to reduce the driving voltage. However, the thickness and
stiffness of stiff structure, such as the robot arm, remained
unchanged. Finally, the micromanipulator was released in
alkaline solution after an anisotropic lateral etching shown in
Fig. 3f.
Meanwhile, the SiNx film on the backside of the wafer
is also patterned in Fig. 3c. The pattern of SiNx film at the
backside of Si substrate was used to define the path of the
following dicing process. As shown in Fig. 3e, the substrate
was diced along the path on the patterned SiNx film at the
backside of Si. The dicing process was exploited to not only
separate the chip of robot arm with the substrate, but also
expose the tip of the robot arm. Finally, the movable structures
of the micromanipulator were released from the substrate
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Fig. 4. SEM photo of the fabricated 3-DOF micromanipulator.

after the lateral bulk anisotropic etching of the (1 1 1) Si, as
shown in Fig. 3f.
The micro gripper presented in Section 2 was successfully
fabricated using the processes in Fig. 3 to demonstrate the feasibility of this study. The SEM photos in Fig. 4 clearly show
the fabricated micromanipulator, including supporting plat-

forms, the positioning stage, the robot arm, conducting wires,
and bonding pads. Moreover, two linear comb actuators and
a vertical comb actuator were successfully integrated on the
positioning stage. The close-up SEM photo of the dashed
region in Fig. 4 shows three different springs and two different comb actuators. These components were all made of

Fig. 5. Close-up view of the insulation layer of the micromanipulator.
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Fig. 6. Close-up view of the vertical comb actuator.

single crystal silicon. In Fig. 4, the conducting wires and torsional springs were 11 m thick after being trimmed by the
process in Fig. 3e. The rest of the components were 25 m
thick.
As indicated in Fig. 5, regions 1 and 2 on the positioning
stage are electrical isolated by the trench-refilled dielectric
SiNx film. The linear comb actuator and the vertical comb
actuator in Fig. 5 will not interfere with each other during
operation. However, these two regions were bonded together
by the trench-refilled dielectric SiNx film. Thus, the positioning stage consisted of regions 1 and 2 was regarded as
a whole rigid body during operation. The typical fabrication results of vertical comb electrodes are shown in Fig. 6.
The initial engagement between the trimmed stationary and
the moving comb fingers is observed. These results demonstrate that the operating region of the vertical comb actuator
can be tuned by the thickness trimming process in Fig. 3e.

Fig. 8. Schematic illustrations of the approach to expose the gripper head.

Fig. 7. Close-up view of the trimmed torsional spring and conducting wire.

Fig. 7 shows the fabrication results of the trimmed suspended
conducting wire and torsional spring. The trimmed torsional
spring further reveals the capability of the process in Fig. 3
to enable the present micromanipulator to reduce its driving voltage yet maintain the stiffness of its robot arm. This
study employed the dicing technique in Fig. 3e to expose
the tip of the robot arm. As illustrated in Fig. 8a, the dicing
process provided grooves with two different depths on the
substrate. One of the grooves was fully through the substrate
so as to separate the chip. Whereas, another groove was only
350 m deep, so that the robot arm remained supported by the
substrate underneath during the undercut process in Fig. 3f.
After the undercut process, the substrate under the robot arm
was removed easily due to the stress concentration effect,
as illustrated in Fig. 8b. Thus, the tips of the overhanging
gripper arm were allowed to fully exposed after the whole
robot arm was released. Fig. 9 shows the SEM photo of a
typical result where the tip of the gripper was successfully
exposed.
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and 0.85 m, respectively. The displacement of the gripper
was 5.93 m under a 50 V driving voltage. The gripper has
been used to seize various objects. As shown in Fig. 10, the
gripper is grasping an ant’s leg.

5. Conclusions

Fig. 9. SEM photo of the exposed gripper head.

4. Testing and results
A test setup was established to characterize the performances of the micromanipulator. In this test setup, a commercialized dynamic test system was employed to drive the
micromanipulator first. The test system captured the image of
the micromanipulator during operation, so that the in-plane
displacement of the micromanipulator was determined. In
addition, the out-of-plane displacement of the micromanipulator was measured using a commercial optical interferometer
with sub-nanometric resolution. Since the lengths of the robot
arm as well as the z-direction positioning stage were known in
advance, their angular displacements were also determined.
Firstly, the static load-deflection characteristic of the
micromanipulator was determined by the test system. The
typical out-of-plane angular displacement of the positioning
stage was 0.043◦ under a 50 V driving voltage. In addition,
under a 20 V driving voltage, the in-plane displacement of
the positioning stage in both x- and y-directions were 1.03

This study has presented the design and fabrication of a 3DOF HARM micromanipulator on (1 1 1) silicon wafer. The
BELST II process was employed to implement the present
micromanipulator. Thus, components of the micromanipulator were monolithically fabricated and integrated on a chip.
The 3-DOF positioning of the micromanipulator is realized
by using the integration of two linear comb actuators and a
vertical comb actuator. Moreover, the micro gripper with two
robot arms have also been successfully designed and fabricated for grasping applications. In conclusion, there are four
merits of the present micromanipulator: (1) monolithically
integrating the vertical comb actuator and linear comb actuators to offer the 3-DOF motions; (2) the micromanipulator
can possess a thick and stiff robot arm yet it has thin flexible
torsional spring to reduce the driving voltage; (3) the actuators
on the same positioning stage can be operated and controlled
individually with the aid of the trench-refilled dielectric SiNx
isolation layer; (4) the flexible suspended thin conducting
wires are implemented to prevent the wire bonding on suspended components. Moreover, the micromanipulator has
superior mechanical properties since it was made of single
crystal silicon.
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