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In  this  work,  we  describe  the  implementation  of  a three  degree-of-freedom  meso  to  microscale  manip-
ulation  system  for handling  MEMS  and  micro-objects.  A  number  of  commercially  available  hardware
components  have  been  integrated  to produce  this  system.  Microgrippers,  with  an  operational  range  of
0–100  �m,  were  used  as  the  end-effector  for the  manipulation  system.  Three-axis  control  of  the  micro-
gripper’s  position  was  obtained  using  micromanipulators  coupled  to  stepper  motors.  For  each  of  the
three linear  axes,  a  total  travel  of  ∼24  mm,  with  ∼0.5 �m/step  size,  was  achieved.  A  haptic  was  used
as  the primary  human  interface  to  the  system  to  control  the  actuation  of  the  microgripper  and  control
icrogripper
aptic
urface-micromachining
icro-assembly
etachable-MEMS
icro-positioner

its  position.  To  demonstrate  the  functionality  of  the  system,  the  microgripper  was  used  to  manipulate
micro-objects  and  to pick  and  place  a  surface-micromachined  microgripper.  The  micro-objects  included
∼100 �m  diameter  polysilicon  chess  pieces  that were  moved  around  a microscale  polysilicon  chess-
board  (∼  1  mm  ×  1 mm).  A microgripper  was  taken  off  the  substrate  it  was  fabricated  on  and  assembled
on  a printed-circuit  board.  The  assembled  surface-micromachined  microgripper  was  demonstrated  in
handling  another  microgripper.  The  entire  system  is  interfaced  by  LabVIEW  software.
. Introduction

In many cases, the desired operational parameters of a MEMS
evice cannot be achieved simply through the fabrication process. A
umber of MEMS  devices have been developed that require post-
rocessing assembly to achieve final configuration for use [1–5].
lthough assembly techniques are ubiquitous at the macro-scale,
icro-scale assembly faces numerous obstacles. These obstacles

nclude: adhesion forces, precise manipulation, and reliability of
he assembled part. The term “assembly” in the world of MEMS  has
eferred to assembly of die (such as flip-chip bonding), erecting
tructures (MEMS  mirrors [5]), and assembly of MEMS  parts [6].
n this article, we report on a pick and place assembly process for

anipulating and positioning MEMS  parts.
The experimental setup required for achieving pick and place

peration of MEMS  parts typically includes: micro-handling tool,
ri-axis microscale positioning with mesoscale travel range, and

uman/machine interface. Micro-assembly of detachable MEMS
evices can also include a secondary substrate to place the detached
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E-mail address: ashwin.vijayasai@gmail.com (A.P. Vijayasai).
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MEMS  device, an anchoring system to attach the device to the new
substrate, and electrical connections to the device.

MEMS  microgrippers were first introduced in the research com-
munity as tongs [7] and tweezers [8].  Many years of research has
allowed these micro handling tools to enter the commercial mar-
ket [9,10].  At the small scale, handling of micro/nano-scale objects
such as carbon-nanotubes [11,12], cells [13–16],  and micro-beads
[12,16–20], requires either probes (AFM tips), microgrippers, or
micro-pipettes. In the biomedical field, micro-scale handling is
common wherein pipettes are used to handle cells [13]. Other
research has focused on measuring handling forces [21]. However,
usage has been restricted to fluid media environments. A number of
groups have discussed MEMS  based microgrippers [14–20] for han-
dling micro/nano scale objects in a range of ambient environments
including in fluid media and vacuum. Chen et al. [20] designed a
microgripper with electrostatic actuators and piezoresistive sen-
sors. Their gripping range was  30–130 �m with a force sensing
range of ±1200 �N. Electrostatic microgrippers have been designed
by other groups [16,18]. Chu Duc et al. [19] designed a microgrip-
per with electrothermal actuators integrated with piezoresistive

sensors. The gripping range was  8–40 �m with a recorded force
sensing capability up to 135 mN.  Other similar designs have
been fabricated by Chronis and Lee [15] and Molhave and
Hansen [22].

dx.doi.org/10.1016/j.sna.2012.03.035
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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The high operating temperatures of electrothermal actuators
ake them incompatible for biological sample handling. A sig-

ificant re-design of a standard electrothermal microgripper by
ncorporating poly (methyl methacrylate) (PMMA) structures has
hown that a small change in operating temperature while handling
s possible [15]. Electrostatic microgrippers can be used directly
n biological handling applications. However, the main drawback
f electrostatic devices compared to electrothermal microgrippers
s the requirement of high voltage (>30 V [23,24]) for actuation.
epending on the specific application, one of the actuation methods
ill provide a better overall solution.

In MEMS  assembly, the manipulation tools involved must have
recise control. Precise manipulation includes two  main factors,
epeatability and minimum positioning error. Usually, manipula-
ion systems are designed with an objective to achieve long travel
istance in each axis with minimum step resolution. Mechanical
tages can be used to provide relatively long linear travel. These
tages are coupled to stepper motors to achieve precise motion
25]. Piezo based systems can be used to achieve nanometer step
esolution [26]. The integration of multiple stepper motors and
iezo actuators in a single system can provide a complex, multiple
egree of freedom (DOF) device. Bang et al. [27] have developed

 system for assembly of micro-parts. Their system incorporates a
ommercially available, 5 DOF positioner, with a linear step resolu-
ion of 50 nm/step, and a total travel of 20–30 mm.  A similar system
as used previously by them [28] for a micro-milling application.
echev et al. [29] have developed a 6 DOF system for micro-part
andling. Their system has linear positioning travel of 20 mm with
.2 �m/step. A similar system was later used by them to demon-
trate microassembly using a passive microgripper [30].

The human-machine interface can be achieved in a few
ifferent ways. The manipulation tasks are carried out by human-
oftware control [31], automated systems [32,33], or tele-operated
uman-machine control [34]. Although there are many tech-
iques available, the human-machine interface known as a haptic

s capable of generating amplified handling forces. A haptic is
 bidirectional device that provides tactile (force feed-back) to
he operator while transmitting control signals from the opera-
or to a positioning mechanism. A haptic can be used to amplify
he micro/nano forces as the manipulation is being performed,
llowing the user to perceive the gripping forces through tactile

eedback. During micro-object handling, human perception of han-
ling forces can minimize mechanical damage to the micro-object.
im et al. [34] have developed a system for dexterous handling of
icro-parts. Their haptic has 6 DOF and their manipulation/

ig. 1. (a) Illustration of manipulation system, directional arrows corresponds to control 

llustration of assembled MEMS  device on a new substrate.
uators A 179 (2012) 328– 336 329

handling is achieved by tele-operation. Other similar work has been
demonstrated by Kim and Sitti [35] and Xi et al. [36].

This article reports the manipulation of surface microma-
chined MEMS  devices and micro-objects using a microgripper.
We implemented the same manipulation system for manipulat-
ing micro-beads [37,38] in an aqueous solution. The new work
presented herein takes the research an important step further by
picking and placing functional MEMS  tools, as well as precisely
positioning thin objects. Fig. 1(a) shows the system’s three major
parts, (i) 3 axis manipulator system, (ii) microgripper (FT-G60/FT-
G100), and (iii) haptic controller. Micro-positioning accuracy of
the system is quantified by manipulating micro-chess pieces on
the parent chip. The surface-micromachined MEMS  chip (par-
ent substrate) has dimensions ∼6 mm × 3 mm.  This chip includes
detachable MEMS  devices along with an array of other MEMS
devices. We  demonstrate assembly operation of a detachable
MEMS  microgripper on a new substrate; Fig. 1(c) illustrates an
assembled MEMS  device on the new substrate. In the conceptual
view, shown in Fig. 1(b) an array of 40 of these microgrippers could
be fabricated on each standard SUMMiT – V chip.

2. Design of detachable MEMS  devices

MEMS  devices were designed and fabricated using Sandia
National Laboratories’ SUMMiT V process. AutoCAD software, with
SUMMiT V plug-ins, was employed for producing the mask files. A
primary design criterion was  producing MEMS devices that can be
handled by an external microgripper. For the results discussed in
this article, we  have used the FT-G60 microgripper, from Femto-
tools. The thickness of the FT-G60 gripper is 25 �m.  The thickness
of the handling sites for the MEMS  parts ranged from 2 to 11 �m.  All
five poly-silicon layers of the SUMMiT-V process were used in the
design of these MEMS  devices. The AutoCAD designs for the MEMS
devices are shown in Figs. 2 and 6 along with electron microscope
images of the fabricated devices.

2.1. MEMS chessboard

In order to test the capabilities of our micro-gripper
system, we designed and fabricated the world’s smallest
chess set using the SUMMiT V process. Fig. 2 shows the

AutoCAD layout and an SEM image of the fabricated chessboard.
The chess set serves the mission of providing a test-bed for the
pick and place application of the microgripper system, as well
as providing a synergistic link to a chess institute at Texas Tech

flow. (b) Illustration of parent substrate with array of detachable MEMS devices. (c)
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Fig. 2. (a) 2D AutoCAD layout of the MEMS chessboard design. (b) SEM image of the fabricated set. The chess set is 1 mm × 1 mm with ∼100 �m diameter pieces.
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niversity. The Susan Polgar Institute for Chess Excellence (SPICE)
t Texas Tech University is directed by World and Olympic Cham-
ion, Ms.  Susan Polgar. The microscale chessboard provides a
ecognizable portal into the microscale for the uninitiated. It can be
sed as an educational device to demonstrate the basic concepts of
icro-positioning and micro-fabrication.
The design is sub-divided into two categories: (i) chessboard

nd (ii) chess pieces.

(i) Chessboard
The MEMS  chess board is an 8 by 8 grid of square regions

with total dimensions of 1 mm × 1 mm.  The chessboard is con-
structed using the first three polysilicon layers (poly 0, 1, and
2). To emulate the visual effect of a conventional macro-size
chessboard, alternate square regions (108 �m × 108 �m)  have
different base layers. Under an optical microscope, a base layer
with poly 0 appears lighter than a base layer with silicon nitride,
which has a greenish hue. Likewise, as can be seen in the
electron microscope views in Figs. 2 and 3, the poly 0 layer
appears lighter than the nitride layer. A 6 �m wide border is

incorporated around each of the square regions. This bound-
ary layer includes layers poly 1 and poly 2 anchored to the
poly 0 layer. The structure provides a well for the pieces to sit
in.

Fig. 3. (a) 3D AutoCAD layout of a segment of the MEMS chess
(ii) Chess pieces
Some of the MEMS  chess pieces are shown in Fig. 3. The chess

pieces utilize poly 1, 2, 3, and 4 layers in their design. The base
layer of all the pieces is the poly 1/2 layer with a diameter of
98 �m.  The identity (shape) of each piece is made on the poly 3
layer. The dimensions of all the chess pieces at the poly 3 layer
varies, but the design fits within the dimensions of the square
regions. Finally, a hollow rectangular structure is included on
top of all the chess pieces using the poly 4 layer. The dimension
of the rectangle is 30 �m × 70 �m.  This structure was designed
to allow a microgripper to grasp the piece for movement. Each
of the chess pieces has a 1 �m via between the poly 1 and poly 0
layers to anchor the piece during fabrication. This via is broken
by the external force applied by the microgripper system. Also,
there are 4 dimples (each, 2 �m × 2 �m)  on the underside of
each of the chess pieces. Once the chess piece is manipulated
and re-positioned on the board, the piece will rest on these four
dimples, which helps to minimize the stiction force.

In a typical chess set, the two sides are differentiated by dif-
ferent colored pieces. In order to provide contrast for pieces

that are the same material, a grating pattern was placed on the
pieces for one “color.” Fig. 4 shows a comparison between the
rook for both “colors.” The cross-section views show how all
the layers are utilized in the piece design. After the HF release

board. (b) SEM image of the segment of the chessboard.
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of the body is 6.5 �m.  The U shaped actuators have the follow-
ing component dimensions: flexure is 50 �m × 5 �m,  hot arm is
300 �m × 5 �m,  cold arm is 250 �m × 25 �m. The long gripper
arms (365 �m)  have their width tapered down to 8 �m. The arm
Fig. 4. 3D AutoCAD layout of the rook chess pieces for each side.

step in the SUMMiT V process, the 1 �m via is the only structure
that attaches the chess piece to the board. The four dimples on
poly 1 layer are equidistantly spaced at a distance of 24 �m.

.2. Detachable microgripper device

The primary goals of this aspect of the work was  to develop
n assembly process for producing PCB (printed circuit board)
ounted microgrippers similar to some commercially available
odels [9,10],  and use them for future handling/manipulations. In

his context, we refer to the detachable microgripper as the Texas
ech Gripper (TTG). In comparison with the FT-G60 (25 �m),  the
hickness of the TTG is small. Since the TTG is fabricated using the
op four polysilicon structural layers of the SUMMiT surface micro-

achining technique, the overall thickness of the TTG is 6.5 �m.
he TTG was fabricated along with an array of other MEMS  devices
n a die area of ∼6 mm × 3 mm.  The TTG will be shown to be capable
f manipulating other microdevices.

(i) Theory of operation

The detachable microgripper is based on the principle of elec-

trothermal expansion. Electrothermal expansion is achieved by
using a hot arm/cold arm design. Fig. 5(a) shows the illustra-
tion of a U shaped actuator. When current flows through the

ig. 5. (a) Illustration of U shaped actuator. (b) Implementation of two  anti-parallel
 shaped actuators to form microgripper design.
uators A 179 (2012) 328– 336 331

actuator, the device gets heated (Joule heating). Due to the dif-
ferent cross-sectional areas of each arm, there is a temperature
difference. It is this temperature difference that causes lateral
bending of the actuator. The bending of the actuator (ı) is given
by the following relationship, Eq. (1)

ı ∝
(

L

g

)
�t  (1)

where L is the length of the actuator, g is the gap between the
arms, and �t  is the net expansion.

By implementing two  U shaped actuators, a microgripper can
be constructed [15]. The illustration of two U shaped actuators
is shown in Fig. 5(b). When a potential is applied across the
bondpads (1, 2), current flows from the cold arms of both U
shaped actuators, then across the hot arms of both U shaped
actuators. Extended structures in the U shaped actuator are
used as the grippers.

(ii) Microgripper design
The microgripper design is shown in Fig. 6. Poly-silicon layers

1–4 of the SUMMiT V process are incorporated in the design.
The design of TTU microgripper is sub-divided into two major
sections, (a) microgripper body, and (b) bondpads.

(a) Microgripper body
Fig. 6 shows the 2D layout view of the microgripper. The

microgripper body is comprised of the two  U shaped actua-
tors and long gripper arms. The entire body is made using the
poly 3 and 4 layers. An array of 2 �m × 2 �m SacOx-cuts (sac-
rificial oxide cuts) are included in the body to form anchors
between the poly 3 and poly 4 layers. This helps to maximize
the rigidity of the overall structure. The cross-section height
Fig. 6. (a) 2D AutoCAD layout view of the detachable microgripper (TTG). (b) SEM
image of the fabricated device.
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tips are separated by a gap of 7 �m.  4 dimples (2 �m diameter)
on the poly 1 layer are included in the body of the microgripper
to minimize stiction (caused by capillary attractive forces after
the final wet HF etch release step of the SUMMiT V process).
The cross-section views in Fig. 6 show the side-view of dimple
and also show the cross-section area of the hot arm and cold
arm regions of the body.

b) Bondpads
The bondpads include the electrical connection sites, han-

dling sites and a bridge. The height of the connection sites,
handling sites, and the bridge is 11 �m.  The bondpads, shown
in Fig. 7, incorporate polysilicon layers 1–4. The electrical con-
nection sites are the regions where external power is fed to
the microgripper. An array of 2 �m × 2 �m poly-silicon cuts
are used in the electrical connection sites. These act as etch
release holes in the fabrication process. Each electrical connec-
tion site has a 1 �m diameter via from poly 1 to the poly 0
layer. Fig. 7 also shows a cross-section view of the via in one
of the connection sites. Apart from this via, no other portion of
the microgripper is anchored on the poly 0 layer. Vias can be
broken by a sufficient magnitude of external handling forces.
External probing/grasping devices can be used to detach the
microgripper from the two vias. The detached microgripper can
be manipulated and assembled on another substrate.

From the design point of view, the bridge is used as an elec-
trical path for current flow. Multiple layers of the SUMMiT V
fabrication process allow the electrical connection of bondpads
with the microgripper body. This design enables parallel oper-
ation of both the U shaped actuators using a single input signal.
During actuation, bending forces produced in the device can
cause backward motion of the bridge unless it is anchored. After
assembling the detached microgripper, it is essential to glue the
connection sites on the new substrate. The base layer for both
the connection sites is the poly 1 layer.

The Texas Tech gripper has a longer gripper body (∼700 �m)
compared to the gripper described by Fraser et al. [17]
(∼250 �m).  Moreover, their bondpads are wider, extending
the assembly width to ∼600 �m,  while our bondpads need
an assembly width of ∼450 �m.  After assembling the micro-
gripper on a new substrate, the substrate dimensions play a
critical role for direct line-of-sight operation of the microgrip-
per. The substrate can be a hindrance when the microgripper is
approaching a micro-object. The micro-object can be immersed

in a liquid media or on a MEMS  die. Sufficient clearance is essen-
tial between the substrates. Hence, a longer gripper body more
readily allows the microgripper to successfully approach the

Fig. 7. 3D AutoCAD layout of the bondpads in the microgripper design.
Fig. 8. Experimental setup for MEMS  assembly.

sample and pick up a micro-object. The Texas Tech microgrip-
per was used to perform a pick-and-place operation of another
MEMS  device on a MEMS  die.

3. Experimental setup used for MEMS assembly

The experimental setup for the manipulation of the MEMS
devices is shown in Fig. 8. The manipulation system has con-
trol that starts at the mesoscale and extends to the microscale.
The mesoscale manipulation, with sub-micron step resolution,
is achieved by stepper motors coupled with micromanipulators.
The microscale handling is achieved using a commercially avail-
able microgripper. Finally, to make the manipulation and handling
intuitive a haptic is used as the human-machine interface. The
haptic communicates through LabVIEW to the positioning and han-
dling components. A more detailed explanation of the system is
described elsewhere [38]. The manipulations reported in this work
were performed in a normal lab environment (25 ◦C, 35% R.H.) and
did not involve liquid media. The experimental setup was  different
for the two types of manipulations: (a) MEMS  chessboard and (b)
TTG assembly.

(a) Setup for MEMS  chessboard
The experimental setup for handling chess pieces is shown

in Fig. 9. The MEMS  chip is on an X-axis stage. The FT-G60

microgripper is used to grasp the individual chess pieces and
the three-axis system controls the microscale positioning and
manipulation of the chess pieces around the chessboard. This

Fig. 9. Magnified portion of X stage while performing chess piece manipulation.
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X – (−338), Y – (+223), Z – (+20).
Step 8 The FT-G60 is lowered down to be in a position to place

the chess-piece at the destination square. X – (−342), Y
– (+216), Z – (−8).
Fig. 10. Magnified portion of X stage while performing TTG assembly.

pick-and-place operation is a challenging task for man  and
machine. The complexity of the three-axis positioning system
requires a skilled operator to consider all factors while manip-
ulation and handling the micro-objects.

b) Setup for TTG assembly
The experimental setup used for TTG assembly is shown in

Fig. 10.  The MEMS  chip and assembly platform are kept on the
X axis stage. The platform is custom designed to accommodate
trace lines for electrical connections to the TTG device. The plat-
form is a FR-4 printed circuit board (PCB). The copper trace lines
have external pinouts for powering the TTG. The design idea for
the platform was partly implemented from Femtotools FT-G60
[9] and partly from Zyvex BBmicrogripper [10]. When the three
axis system handles the TTG device from the parent chip and
places it on the new platform, another micromanipulator places
a small quantity of silver epoxy glue on the trace line of the plat-
form. The TTG is repositioned by the three axis system to enable
contact of the TTG bondpads on the glue. The assembled TTG is
allowed to dry for 5 h. After drying, the TTG is actuated by exter-
nal pinouts on the new platform. The objective of this assembly
is to manufacture our own TTG microgripper on a platform and
be able to use it for future micro-handling techniques.

. Results of manipulation and assembly

Figs. 11 and 12 show the manipulation process of a chess piece
nd a TTG device. The discussion on the results is explained sepa-
ately for TTG device and chess piece. The manipulation is carried
ut at half step mode with a resolution of 1.1 �m, 1.6 �m and
.9 �m for X, Y, Z axis respectively. Although the system can manip-
late test samples with high speed, the fragility and cost of FT-G60
icrogripper were considered for safe slow speed operation. Sim-

lated values were fed to the haptic device to give force-feedback
o the user [37].

a) MEMS  chess piece manipulation
Fig. 11 shows the sequence of pick-and-place operation of a

chess piece. The chess piece is manipulated from one square to
another square inside the chessboard. In the following discus-
sion, the sequence of operation is explained with respect to the
numbers in Fig. 11.  Also, the numbers specified in braces are

the counter number recorded with respect to the position of
the FT-G60 in step 2. The counter is displayed in the LabVIEW
VI when the manipulation is being made [39].
Step 1 The MEMS  chessboard is brought to focus.
Fig. 11. Sequence of MEMS  chess piece pick-and-place operation.

Step 2 In this step the FT-G60 is positioned above the MEMS
chip. This step will be the initial step for starting the
counter values. X – 0, Y – (0), Z – (0).

Step 3 The FT-G60 is positioned closer to the chess piece which
is to be manipulated. X – 0, Y – (+285), Z – (0).

Step 4 The FT-G60 is positioned above the chess piece. X –
(−149), Y – (+350), Z – (0).

Step 5 The FT-G60 is positioned down for grasping the chess
piece. X – (−151), Y – (+348), Z – (−9).

Step 6 The FT-G60 is supplied 125 volts and it grasps the chess
piece. After grasping, the FT-G60 is controlled to han-
dle the chess piece away (+Z  direction) from its initial
position in the chessboard. X – (−151), Y – (+348), Z –
(+20).

Step 7 With the supply voltage to the FT-G60 still maintained
at 125 V, FT-G60 is positioned to the destination square.
Fig. 12. Sequence of TTG pick-and-place.
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Table 1
Co-ordinate comparison of counter value with vision builder inspection.

Counter value
(Xc, Yc) in �m

Visual inspection
(Xv, Yv) in �m

Positioning
efficiency (X%, Y%)

(−244.0, (−227.2, −227.0) 93%, 92%

(

−247.0)

Step 9 The FT-G60 is powered off, to release the chess piece in
its destination square.

The handling of the chess-piece presented quite a challenge.
The current system of ‘MEMS–MEMS interaction’ (FT-G60 –
chess piece) involves surface adhesion forces, inclination angle
of the FT-G60 with respect to the rectangular structure at the
top of the chess piece. Comparing Images 1 and 2 in Fig. 11,  it
shows certain chess pieces in the bottom section of the board
that was previously attempted to be manipulated. There was
slip between the FT-G60 and the rectangle; the primary rea-
son was because of the contact area was too small (the Z height
of FT-G60 is 25 �m,  whereas the rectangle has a Z height of
2.25 �m);  to add an additional challenge, the FT-G60 was  at
an inclined angle. In some cases during utilization, there was
unintentional contact between the gripper and chess pieces. If
the FT-G60 came into contact with the poly 3 layer of the chess
piece, the chess piece could get stuck to the FT-G60 through
electrostatic attraction. This attraction was un-predictable and
the gripping mechanism was needed to insure proper handling.

It is essential to compare the co-ordinates of the manipulated
chess piece from counter values (Xc, Yc) vs. visual inspec-
tion (Xv, Yv). The difference between the co-ordinate values is
attributable to positioning loss (Table 1). The main factor for the
loss is the couplers used in the 3 axis system [38].

b) TTG manipulation and assembly
Fig. 12 shows the sequence of pick-and-place operation of the

TTG device from the parent substrate to the new platform. In
the following discussion, the sequence of operation is explained
with respect to the numbers in Fig. 12.  Also, the numbers spec-
ified in braces are the counter number recorded with respect to
the position of FT-G60 in step 2. The counter is displayed in the
LabVIEW VI when the manipulation is being made [39].
Step 1 Initially the FT-G60 is above the MEMS  chip.
Step 2 FT-G60 is precisely positioned closer to the TTG device.
X – (0), Y – (0), Z – (0).
Step 3 FT-G60 is brought closer to the TTG device and grasped.

The actuation voltage required for FT-G60 to grab the

Fig. 14. (a) TTG in position to handle another TTG. (b) Seq
Fig. 13. Assembled TTG on the new platform.

holding site of TTG is 130 volts. X – (3), Y – (−13), Z –
(−4).

Step 4 FT-G60 lifts the TTG device from the chip. The handling
force and Z motion of the system ensures breaking of the
1 �m via in the connection sites of TTG. X – (3), Y – (−13),
Z – (15).

Step 5 FT-G60 lifts the TTG to a reasonable height before it
places it on the new platform. X – (3), Y – (−13), Z –
(134).

Step 6 The TTG is lifted to maximum +Z position of
the micromanipulator. The height of the PCB was
found to be 1.62 mm whereas, the MEMS  chip was
0.65 mm  tall. Effectively the difference of height
between them is ∼1.00 mm.  The FT-G60 was lifted
to 1.2 mm  and later placed on the PCB. X stage

is made to travel a distance ∼3.1 mm (this is
unavoidable as the MEMS  chip and PCB is placed far-
ther apart and the total range of the manipulation

uence of TTG pick-and-place by an assembled TTG.
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system is 1.2 mm in each axis). X – (∼), Y – (−13), Z –
(+632). (In this step, X motion was too large) [39].

Step 7 The TTG is placed on the new platform. The placement
of the TTG bondpads is close to the trace-line end. X –
(13), Y – (−5), Z – (+536).

Step 8 Step 8 The FT-G60 is lifted in +Z and retracted away from
the PCB board. (Steps 8, 9). Here, the counter values are
not mentioned as the manipulation process is complete.

From step 1, the process of manipulation took approximately
5 min. After positioning the TTG on the new platform, another
micromanipulator was used to apply conductive glue to the
device and it was allowed to dry for many hours. There were
issues when applying the glue on the PCB platform. However,
after repeated trials, the glue was positioned along the indi-
vidual trace lines. The application process of glue on the new
platform took more than 15 min. The final assembled device,
which took approximately 22 min, is shown in Fig. 13.

c) Operation of the assembled TTG
The assembled TTG performed a pick and place operation of

another TTG, as shown in Fig. 14.  Although this paper focuses
on the handling and micro-positioning of micro-scale objects by
the 3 axis system, it is important to demonstrate the function-
ality of the assembled TTG. In the future, we  plan to conduct
additional testing of the assembled microgrippers and report
detailed characterization results. The assembled TTG micro-
gripper is connected to the 3 axis system and is controlled in
a similar way to the FT-G60 microgripper. Fig. 14(a) shows
the TTG microgripper located above the MEMS  chip. After
approaching the surface of MEMS  chip, the assembled TTG per-
forms pick-and-place operation of another TTG, as shown in
Fig. 14(b). This operation was a challenge, but demonstrated
that it was possible.

. Conclusion

This work demonstrates the functionality of a MEMS  microgrip-
er and positioning system. Micro-scale objects were successfully
anipulated and assembled (chess pieces and a surface microma-

hined gripper (TTG)). Commercial micro-positioners were coupled
o stepper motors to provide micro-step motion (∼24 mm travel
ith ∼0.5 �m/step). Commercially available MEMS microgrip-
ers were integrated into the system to handle the micro-objects
0–100 �m).  Predetermined simulated forces were fed to the haptic
evice to allow the operator to perceive the micro handling forces.
he LabVIEW program provides the haptic device with simulated
orce information allowing the handling forces to be scaled up to

acro-levels (100’s of mN). National Instruments data acquisition
ards are utilized in conjunction with LabVIEW to provide control
f manipulation. The TTG device (∼865 �m × 450 �m)  was picked
rom a parent die and assembled on a PCB substrate. Once bonded
o the PCB, the TTG was used to pick and place another TTG.
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