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e-mails: {edkunt, teoman, kahalil, asif}@sabanciuniv.edu
2
Department of Environmental Engineering, Gebze Institute of Technology, Kocaeli-TURKEY
e-mail: yuksel@gyte.edu.tr

Received: 18.05.2010

Abstract
In this paper, microassembly system design issues are discussed with requirements, constraints and
necessities for the development of an assembly platform, and these issues are shown over a versatile and
reconﬁgurable microassembly workstation which is designed and realized as a research tool for investigation
of the problems in microassembly and micromanipulation tasks. First prototype of a workstation and the
development of a second prototype with enhancements on mechanical and control structure of the system
are presented with details on the conﬁguration of the systems. In addition, several experiments using a
workstation are presented both on the ﬁrst and the second prototypes in diﬀerent modes of operation such as
tele-operated, semi-automated and fully automated by means of visual feedback.
Key Words: Microassembly, micromanipulation, microassembly workstation

1.

Introduction

Assembly is one of the most important processes in the formation of a product and needed for the integration
of components made up of diﬀerent materials and manufactured using diﬀerent technologies to make up an
intermediary or ﬁnal product. There is now a great need for the assembly process for the formation of
complex hybrid microsystems since there is a great increase in the development of microsystem fabrication
technologies and the miniaturization of products to the level of micrometers. There are still speciﬁc problems in
the microworld which are not fully investigated originating from the small size of the parts to be manipulated
and the necessity for high precision. The need for the assembly process brings out the necessity for ﬂexible,
modular and accurate mechanisms and systems which can ﬁnely pick, orientate, move and release diﬀerent type
of objects at the right place. For the realization of the assembly process in the microworld there are many
challenges to be solved. Several groups have conducted research to develop microassembly systems. Flexible
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microrobot based microassembly desktop stations (MMS) in which microassembly processes are carried out by
automatically controlled micro robots are proposed in [1, 2, 3]. Design and development of a 6 degree of freedom
(DOF) robotic manipulator used in the assembly of three-dimensional microelectromechanical systems MEMS
microstructures is presented in [4] as further development of the 5 DOF manipulator presented in [5, 6]. A
vision based feedback control system used in the automation of microassembly of MEMS devices using that
6 DOF robotic manipulator is presented in [7]. A microassembly system consisting of a 4 DOF base unit,
a 2 DOF top unit equipped with an illumination dome and 3 microscopes with CCD cameras located on a
ring structure above the whole system for the automated assembly of bio-micro robots is presented in [8]. In
[9], multi-manipulator cooperation for the execution of microassembly tasks by using diﬀerent kinds of micro
end-eﬀectors under stereo microscopic vision system is introduced.
In this paper, design requirements and considerations for the development of a versatile and reconﬁgurable
inspection, assembly and manipulation system are explained with a case study of design and realization of a
microassembly workstation. The design and development process is given over two main prototypes of the
system, second of which is designed as a result of the necessities that appeared to enhance the capabilities of
the ﬁrst one for more complex and eﬃcient tasks. The workstations are designed and developed as research
tools for the investigation of the problems in the microworld related to micro manipulation and assembly. For
that reason platforms presented are designed in a modular way which allows realization of diﬀerent tasks by
easy changing of the manipulation tools to overcome the limitations of performing only some speciﬁc tasks.
This paper is organized as follows. In Section 2, design requirements for realization of assembly operations
in the micro world and development of a system in order to perform those operations are explained. In Section 3,
desired system speciﬁcations for the developed workstation are presented. In Section 4 design and development
phase of the two main prototypes of the microassembly workstation are presented with all their features. In
Section 5, supervision and control architecture of the workstation and the methods and control techniques used
to achieve the necessary requirements are given in details. Section 6 includes the experiments conducted on
both systems in diﬀerent modes of operation using diﬀerent kinds of manipulation tools. Conclusions and ﬁnal
remarks are given in the ﬁnal section.

2.

Design requirements

Design requirements for the assembly in the microworld mainly determined by the diﬀerences between the
assembly in the macro world and the micro world in addition to the necessities in the macro world. Dexterous
manipulators with necessary number of DOF are the main necessity of an assembly operation in addition to
the ﬁxtures if necessary. The main diﬀerence between macro and micro assembly is the precision needed for
the assembly operation. The size of the parts which needs to be assembled is getting smaller and the precision
and accuracy needed should also become better in the micro world. In macro world, the precision is generally
in the levels of hundred microns however in the micro world, it should be on the order of submicrons in order
to achieve successful assembly of micro parts. Measurement is the key for achieving high precision and since
measurement is too diﬃcult to attain in the micro world because of the available sensors, positioning in high
precision is a challenging issue as a result of the boundaries of the cutting edge technology.
In order to realize an operation in the micro world, there is an inevitable necessity for the visualization
of parts and environment since it is really hard to construct ﬁxtures to hold the parts at exact locations for the
manipulators to handle the parts, realize push-pull, pick place or any kind of operation needed for the assembly.
In order to perform those operations a vision sensor is necessary which can be an optical sensor or any high
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precision imaging device like Scanning Electron Microscope (SEM), Scanning Tunneling Microscope (STM),
Atomic Force Microscope (AFM), etc. However, using such a high precision imaging device limits the ability
to directly visualize the parts to be manipulated. In other words, for the micro parts there is the necessity of
high magniﬁcation limiting the visible area (ﬁeld of view) which causes the loss of global information about the
part. Another problem that appears as a result of the high magniﬁcation necessity is that the depth of ﬁeld
becomes signiﬁcantly small at high magniﬁcation rates which causes the lack of clear visualization of non-planar
parts and moving structures. Additionally, the distance between the objects and the surface of interest which
is deﬁned as the working distance appears also as a problem because of high magniﬁcation requirement. Work
distance is an important parameter for the realization of a microassembly workstation since the manipulator
design depends on that parameter. Small work distance obstructs the free movement of the manipulators within
the ﬁeld of view of the microscope. In this context, the conﬁguration of the manipulator, complexity of the end
eﬀector structure may become a drawback which may cause occlusions.
Force scaling is another issue to be considered as a signiﬁcant topic for micromanipulation. Inertial forces
scale down faster than the adhesive forces as the size of the parts become smaller and smaller. The reason for
that is the inertial forces depend on the volume of the part while the adhesive forces depend on the surface of the
part. The dominance of attractive forces over inertial ones makes the manipulation more diﬃcult in the micro
world since these forces become eﬀective between the part to be manipulated and the end eﬀector which makes
the releasing of the part a problem at the end of the manipulation. These forces should be carefully considered
for the robustness of manipulation operations since it brings limitations such as preventing the precise placement
of the parts to the desired destination.
Considering the diﬀerences between the assembly in macro world and micro world, these diﬀerences
mainly form the basic requirements for the design of a microassembly workstation. These can be listed as
precision, accuracy, repetitiveness and reliability. In order to realize an open architecture and reconﬁgurable
microassembly workstation both in hardware and software, the system should be designed in such a way that
it can easily adapt to diﬀerent type of applications with minimum modiﬁcations or tool changes which brings
out ﬂexibility as another design requirement for the design of the workstation.

3.

Desired system speciﬁcations

The main aim of the work is to develop a workstation equipped with an advanced inspection and handling system
for the manipulation and assembly of micron sized parts or components in order to build up microsystems or
realize precise operations such as material handling, biological manipulation, etc. Design of a microassembly
system represents a complex problem interconnecting many scientiﬁc ﬁelds and engineering disciplines. Some
of the fundamental problems in the ﬁeld of microassembly is still not fully investigated thus the workstation
is desired to be designed as an open architecture and reconﬁgurable—both hardware and software—system
which allows easy adaptation to research tasks so that it can be used as an experimental system for further
investigation of the micro world.
Considering the issues deﬁned in the previous section, microassembly workstation should have the
following requirements to operate with a good performance:
• Mechanical conﬁguration of the workstation is a challenging issue since miniaturization requires development of miniature motion platforms and measurement systems with high precision and accuracy. For the
precise handling of micron sized parts a manipulation system with the accuracy levels of nanometers and
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the capability to scan a wide area in order to bring the parts which are scattered over the substrate surface
into the ﬁeld of operation. Coarse-ﬁne positioning concept arises as a possible solution for the necessity of
accuracy vs. travel range requirements. In that context, coarse stages provide the necessary travel range
with high precision and ﬁne stages compensate the positioning errors from the coarse stages.
• The accuracy requirements as a result of the small size of the parts to be manipulated and handled,
the importance of robust control system design becomes signiﬁcantly important. In order to provide the
accuracy requirements, control methods should be carefully considered and selected.
• Measurement and determination of the position and orientation of the micron sized parts is a diﬃcult task
and requires a complicated measuring system such as an optical microscope with suﬃcient values carefully
determined for the parameters like magniﬁcation, resolution, working distance, depth of ﬁeld, ﬁeld of view
and illumination type required for the workstation. The microscope is the main sensory element within
the workstation for the guidance in manipulation and assembly of micro parts, that’s why the selection of
the microscope is signiﬁcant for the design of a microassembly workstation.
• Handling and manipulation capabilities of a micro assembly workstation mostly depends on the end
eﬀectors used in the system. As a result of that manipulation tools play an important role for the
operations that can be realized in the workstation. For the operations such as picking, placing, pushing,
etc. of micro parts, necessary end eﬀectors which have the capability of performing these tasks should
be able to be integrated into the manipulation systems. These end eﬀectors must be appropriate for the
handling of micro parts as the surface forces other than inertial ones dominate due to force scaling eﬀects
in the micro world. In that context, workstation should be designed in such a way that according to the
task to be realized end eﬀectors can be easily changed.
• The problem of manipulation under microscope is stemming from the loss of eye-hand coordination and the
limited dexterity of the manipulators and grippers. In that context, mechatronics man-machine interfaces
are becoming a very important part of the overall assembly system and should satisfy the needs for the
operator to be able to control the tasks on the system easily.

4.

Design and implementation

In the design and development phase of the microassembly workstation, two main prototypes are developed
considering the main mechanical conﬁguration of the system. Second prototype is developed in order to realize
more complicated manipulation and assembly tasks with the enhancements with respect to the ﬁrst one. These
two prototypes will be explained in details in the following sections.

4.1.

First prototype

For targeting a precise, ﬂexible and robust microassembly workstation, the system is conﬁgured in such a way
that the ﬁnal system will be as simple as possible and highly eﬃcient. As a result of that the system is designed
as a simple workstation for testing and initial experimentation which will speed up the process for further
developments. The overall system structure of the ﬁrst prototype is presented in Figure 1 and it consists of
manipulation, control and vision subsystems which are explained in details below.
The ﬁrst prototype is designed as a single manipulator system with coarse and ﬁne positioning stages.
Coarse positioning stage is conﬁgured as a 3 DOF cartesian motion platform, a linear positioning stage (PI
976
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Figure 1. (a) Diagram showing the system conﬁguration and (b) a photograph of the ﬁrst prototype.

M111.1DG) used for each axis to form the xyz conﬁguration. These linear stages are selected to provide the
necessary travel range (15 mm) and enough precision (minimum incremental motion of 0.05 μm) that can be
compensated by the ﬁne positioning stages. Fine positioning stage is a piezo-actuated xyz platform (PI P-611.3
Nanocube) which is carried by the coarse stage to compensate the positioning errors resulting from the motion
of the coarse stage. (100 μm travel range, 1 nm resolution) The manipulator with coarse-ﬁne conﬁguration is
shown in Figure 2(a). Overall manipulation system also includes a sample stage conﬁgured as an xy cartesian
platform, each axis with the same characteristics of the coarse stage, to move the substrate surface within the
ﬁeld of view of the microscope. Sample stage provides the eﬀective usage of the substrate surface by moving
the diﬀerent regions of the substrate into the ﬁeld of view which allows the visualization and manipulation of
the parts that are scattered onto the diﬀerent regions.
For the manipulation tool to be able to reach the ﬁeld of view of the microscope and realize the
manipulation operations within the ﬁeld of view, an arm structure is used and tools are attached to the end
of this arm. That holder is designed in such a way that the tool tip can be tilted without changing the end
pivot point by adjusting it manually on the slide and it is enhanced by a manual rotation axis for the sake of
removing the tool safely from the system (see Figure 2(b) for illustration).
Main control unit of the system consists of a PC and an embedded controller board which has the capacity
for the real-time control of all 8 axes simultaneously. A high performance personal computer (PC) is conﬁgured
as the main control computer and a DS1103 PPC Controller Board is conﬁgured as the real-time controller
board for the system. With the GUI running on the main control computer, reference values are given without
possessing any direct sensor or actuator connections and the control computer runs a fast control loop by taking
the reference values from the main control computer. Control structure is shown in Figure 3(a)
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Figure 3. The Control Structure used to coordinate manipulator components.

Vision system consists of a stereoscopic optical microscope (Nikon SMZ1500, Magniﬁcation 1.5x-675x,
Working distance 22mm), two CCD cameras mounted on the binoculars for ﬁne imaging, another one mounted
on the optical path for coarse imaging, an autofocusing control unit, and the illumination system which is
conﬁgured to provide backlighting by means of a mirror system using a ﬁber illuminator as the light source.
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Manipulation tools and necessary ﬁxtures can be used interchangeably in the system in which microgrippers, probes and other manipulation tools can be the matter of choice and necessary ﬁxtures are designed for
the tools to be easily integrated to the system. The whole system is placed onto an actively controlled damping
table in order to get rid of environmental vibrations. Actual system is shown in Figure 1(b)

4.2.

Second prototype

Several experiments are realized on the ﬁrst prototype and these experiments brought the necessity for further
developments which should be realized in order to increase the performance of the microassembly workstation.
Hereafter, the second prototype of the workstation is realized. Additional features realized on the second
prototype are: an extra manipulator for more complicated and coordinated tasks, a rotation DOF for the
sample stage in order to adjust the orientation of the parts, a modular control system hardware (DS1005) that
can handle more DOFs since the previous one is limited and not satisfying the needs anymore and a new optical
microscope which allows automated control of magniﬁcation and focusing. The new system with its improved
capabilities allows realization of more complicated assembly and manipulation tasks. Functional structure of
the second prototype is shown in Figure 6(a) which has 9 DOF in manipulation and 3 DOF in vision system.
The number of DOF in the system may change according to the manipulation tool used in the system. The
control structure of the second prototype is shown in Figure 3(b).
Manipulation system consists of two manipulators conﬁgured as a 3 DOF cartesian xyz motion platforms.
For each axis linear stages with 7 nm encoder resolution, and minimum incremental motion 0.05 μm as in the
previous prototype. The coarse-ﬁne positioning conﬁguration is changed in this prototype since the travel
range and the precision needed for many of the tasks can be provided by the linear stages. However, in
need for better precision, ﬁne positioning stage can easily be integrated to the system. With the addition of
the second manipulator, the system allows the realization of more complicated and coordinated tasks such as
the manipulation of a biological cell with a probe and on the other side it should be supported during the
manipulation operation. A rotational DOF is added to the sample stage which now has (x,y, θ ) conﬁguration
providing the eﬃcient usage of the substrate surface. Rotational DOF is added over the cartesian xy platform
having the resolution of 45 nano degrees and the design is realized in such a way that it allows backlighting
with a gap opening of 20 mm.
In the design of the manipulation system, modularity is considered one of the most important issues since
diﬀerent combinations should be formed according to the needs of the desired task. Therefore, components of
the manipulation system or the manipulation system as a whole should easily be removed from the system and
integrated into another vision system or used separately. In that context, the manipulation system is designed
with each unit having its own base, each having a magnetized easy-attachment technique to the main base.
Manipulator structure, the rotational stage and the manipulation system as a whole are shown in Figure 4(a),
Figure 4(b) and Figure 4(c), respectively. All the system components are pointed out in Figure 5.
Experiments realized on the previous system paved the way to determine the speciﬁcations of a more
suitable and eﬀective optical system and the new optical microscope as the visual system of the workstation is
selected and conﬁgured according to the needs of the assembly and manipulation operations. The new microscope has two diﬀerent optical paths, one giving a global view of the environment with constant magniﬁcation
(widescope view) and the other with varying magniﬁcation in order to have a detailed view of the workspace
(narrowscope view). Enabling a global view of the substrate surface provides the determination of the position
and orientation of micro parts scattered onto diﬀerent parts of the workspace. After position determination,
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(a) Manipulator

(b) Rotational Stage

(c) Manipulation System

Figure 4. Illustrations showing Manipulator structure (a), the rotational stage (b) and the manipulation system as a
whole (c).

part of interest can be transferred to the operation region by the sample stage so that manipulators can handle
the part. Within the assembly ﬁeld, with the help of the magniﬁed view precise and accurate operations can be
realized in order to complete the task. Focus and magniﬁcation adjustments can be automatically controlled in
the new optical system which allows performing fully automated assembly tasks.
Another enhancement in the second prototype is the illumination system which plays a key role for
the vision system. Illumination techniques should be carefully considered since the detection of the parts to
be manipulated and the extraction of the geometrical features require some image processing techniques which
depends signiﬁcantly on the illumination. Improper illumination may cause the existence of shadows which may
cause faulty extraction of the object geometry and that in return causes the assembly operation to fail. In order
to provide suitable illumination, backlight illumination with a RGB Led illuminator and an upper illumination
via the optical path of the microscope are enabled. Again both illumination systems can be controlled from the
system computer. The developed workstation as the second prototype is shown in Figure 6(b).

5.

System supervision and control

The conﬁguration and the main architecture of the microassembly workstation is given in the previous sections.
As an operational structure it consists of several subsystems like the vision system, manipulation or the motion
system and the graphical user interface for the overall control of the system. In order to develop a functional
microassembly workstation that operates according to the speciﬁed requirements, several parameters should be
carefully considered, methods and techniques necessary for the system operation should be selected appropriately
and implemented.
System supervision and control is mainly related to the methods and techniques used in order to achieve
the desired characteristics for the system. In that context, motion control structure and algorithms for achieving
high precision and accuracy, image processing algorithms for the visual feedback enabled for the detection
of parts, determination of the positions, orientations, object geometries, etc., system calibration and prior
knowledge acquisition like autofocusing and many other parameters and techniques used for the operation of
the workstation are the main concerns for the system supervision and control.
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5.1.

Motion control

The microassembly workstation consists of either DC motors or PZT actuators. Control system is conﬁgured
as a centralized structure. A modular control hardware real-time DS1005 (DS1103 in the ﬁrst prototype) forms
the central control unit of the system and all sensors, actuators and other devices in the system are connected
to the central control unit. Centralized approach with the deﬁned central control unit is used in the system as
it allows rapid control prototyping.
Since high precision and accuracy in positioning and assembly are the most signiﬁcant concepts which
mainly depends on the control performance, motion control forms the basis for the microassembly workstation.
In order to achieve high accuracies for the motion, robustness of the control method used is so important and
in that context control methods should be considered carefully. Moreover, if the plant has high nonlinearities
such as hysteresis in piezoactuators or nonlinear friction, using a robust controller designed according to the
nominal plant parameters which rejects parameter uncertainties would be advantageous. Sliding mode control
is characterized by a discontinuous control action which changes structure upon reaching a set of predetermined
switching surfaces. This control may result in a very robust system with its built-in disturbance rejection, which
in turn implicitly compensates for the unmodeled dynamics, and thus provides a possibility for achieving high
precision and fast response.
The sliding mode control method applied for piezo actuators is explained below.
The piezoelectric ceramic has elasticity modulus E , viscosity η and mass density ρ. Geometric properties
of the PZT actuator are length L and cross-sectional area Ap . Eﬀective mass mp , eﬀective stiﬀness kp and
damping co-eﬃcient cp can be calculated as follows:
mp = ρAp L,

(1)
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kp =

ρAp
,
L

(2)

cp =

ηAp
.
L

(3)

The complete electromechanical equations (model given in [10]) can be written as
mp ÿ + cp ẏ + kp y = Tem (uin (t) − H(y, uin )) − Fext .

(4)

The piezoelectric eﬀect is represented by Tem , which is an electromechanical transducer with transformer
ratio Tem . Parameter y denotes the displacement of the piezo stage; and H(y, uin ) denotes the nonlinear
hysteresis which is a function of y and uin .
Putting equation (4) in the state-space form
x˙1 = ẏ = x2 ,
x˙2 = ÿ = −

kp
cp
Tem
Tem
Fext
x1 −
x2 +
uin −
H−
,
mp
mp
mp
mp
mp

(5)

equation (5) can be written in more general form: below
ẋ = f(x, H, Fext) + Buin
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The aim is to drive the states of the system into the set S deﬁned by
S = x : G(xr − x) = σ(x, xr ) = 0.

(7)

Here, G = {λ 1} , with λ being a positive constant, x is the state vector xT = {x1 x2 } , xr is the reference
vector (xr )T = {x1 r x2 r } and σ(x, xr ) is the function deﬁning sliding mode manifold.
The derivation of the controller structure with the proper selection of the Lyapunov function V (σ), and
an appropriate form of its derivative, V̇ (σ).
For SISO system as (5), required to have motion in manifold (7) natural selection of the Lyapunov
function candidate seems in the form
σ2
V (σ) =
.
(8)
2
Hence the derivative of the Lyapunov function is
V̇ (σ) = σ σ̇.

(9)

In order to guarantee the asymptotic stability of the solution σ(x, xr ) = 0 , the derivatives of the Lyapunov
function may be selected to be
V̇ (σ) = −Dσ 2

(10)

Here, D is a positive constant. Hence, if the control can be determined from (9) and (10), the asymptotic
stability of the solution (7) will be guaranteed since V (σ) > 0 , V (0) = 0 and V̇ (σ) < 0 , V̇ (0) = 0 . By
combining (9) and (10) the following equation can be deduced:
σ(σ̇ + Dσ) = 0

(11)

(σ̇ + Dσ) = 0.

(12)

σ̇ = G(ẋr − ẋ) = Gẋr − Gẋ.

(13)

σ̇ = G(ẋr − Gf − GBu(t) = GB(ueq − u(t)).

(14)

Therefore,

The derivative of the sliding function is

From equation (10) and using (6),

After inserting (14) into (12), the result is solved for the control:
u(t) = ueq + (GB)−1 Dσ.

(15)

It can be seen from (15) that ueq are diﬃcult to calculate. Using the fact that ueq is a continuous
function, (14) can be rewritten in discrete form using Euler’s approximation:
σ((k + 1)Ts ) − σ(kTs )
= GB(ueq (kTs ) − u(kTs )).
Ts

(16)
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Here, Ts is the sampling time and k = Z + . It is also necessary to write (15) in the discrete form, which results
in
u(kTs ) = ueq (kTs ) + (GB)−1 Dσ(kTs ).
(17)
If equation (16) is solved for the equivalent control, the following is obtained:
ueq (kTs ) = u(kTs ) + (GB)−1 (

σ((k + 1)Ts ) − σ(kTs )
.
Ts

(18)

Since the system is casual, it is required to avoid the calculation of the predicted value for σ . Since the
equivalent control is a continuous function, the current value of the equivalent control can be approximated
with the single-step backward value calculated from (18) as
−1 σk − σk−1
∼
u
(
).
eq = ueqk−1 = uk−1 + (GB)
Ts

(19)

Here, u

eq (or u
eq (kTs )) is the estimate of the current value of the equivalent control. After inserting (19) into
(17), the resulting in control law is
uk = uk−1 + (GBTs )−1 ((DTs + 1)σk − σk−1).

(20)

Control structure (20) is suitable for implementation since it requires measurement of the sliding mode
function and the value of the control applied in the preceding step. Thus (20) is used as control structure as
discrete sliding mode for piezo actuation.
The observer structure is deduced based on the equation (5) under the assumption that all the plant
parameters uncertainties, nonlinearities and external disturbances can be represented as a lumped disturbance.
It is assumed that y is the displacement and it’s measurable and similarly u(t) is the input and also a measurable
quantity. Observer implementation can be found in [11].
u in

uo

Actual
Plant
Nominal
Plant
Model

u

Sliding
Mode
Controller

Figure 7. Functional Diagram of the Plant

For the translational stages, discrete sliding mode control procedure is implemented. The control structure
shown in Figure 7 had been applied for all DOF in the workstation.
The resulting step responses of the translational stages and the piezo stages are shown in Figure 8(a)
and Figure 8(b), respectively. For the translational stages, the control performance is satisfying with an error
of one encoder pulse that corresponds to 7 nm. For the piezo stages, the control performance for 10 nm step
input is shown and the performance is again satisfying with an 1 nm error caused by the measurement errors.
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Figure 8. Graphs showing Control Performance of the step responses of the translational stages (a) and the piezo stages
(b).

5.2.

Vision system

The vision system is an inevitable necessity for a microassembly workstation since it supplies the main sensory
feedback for the system. For that reason, the speciﬁcations of the components should be determined carefully
and then it should be enabled with necessary image processing techniques/algorithms in order to supply the
determination of position and orientation of the parts with respect to each other and the manipulation tools.
In addition to the visualization of the workspace which allows the operator to see the micro world and operate
manually with the system, automatic determination of object features and feedback necessary to realize the
assembly operation for the automated tasks, image processing techniques needs to be used. The eﬀectiveness
of a vision system totally lies on recognizing these features, position of the micro parts, path generation for the
manipulators by giving the necessary feedback.
The microassembly workstation is developed to have several modes of operation for the realization of
microassembly tasks. These will be explained in the experiments and results section. In some of the modes of
operation, only the mapping has great signiﬁcance since the user deﬁnes the motion. However, for the automated
tasks vision system gains signiﬁcant importance as it gives the reference for motion according to the extracted
position information.
The position determination process involves the segmentation of the captured images by thresholding,
extraction of sharp contrast changes indicating the corners or edges of object boundaries existing in the image
and identifying objects and extracting necessary information. The overall vision system structure is as follows;
ﬁrst of all autofocusing is enabled to get the clear image for further image processing, determination of the
positions of necessary components is realized in image space in pixel coordinates and ﬁnally, according to the
parameters determined by mapping from image space to real world, necessary information is fed to the motion
system in order to realize the assembly tasks. Further deﬁnition and detailed explanation of the used image
processing methods/algorithms can be found in [11].
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A graphical user interface is developed for the operator to control the system with all its features as the
main interaction block with the operator. It consists of blocks handling:
• Visual information of the micro world acquired by the optical system (global - detailed);
• The presentation of the state of the overall workstation;
• Presentation of the current position for each DOF of the motion system;
• Entering commands from operator to execute desired tasks;
• Certain level of the system diagnostics.
In order to allow operator handling of all of these information the GUI is designed as a set of screens
each allowing access to the speciﬁc tasks of the system. The operator can observe and intervene in almost
every aspect of the workstation via GUI. Desired motion commands can be given by simply clicking on the
live image captured from the CCD cameras or using the joystick controlling every axis by selecting the axis of
interest. Features related to the vision system like focusing, magniﬁcation, etc. can also be adjusted from the
GUI. Vision system also allows the realization of automated tasks with the utilization of visual feedback by
determining the relative distances between the regions of interest and supplying the necessary information to
the motion stages.

5.3.

Prior knowledge determination

Prior knowledge determination is related to the operations realized to determine the parameters before starting
the desired task such as micromanipulation or microassembly. These parameters are essential in order to realize
the assembly process. Calibration of the vision system for the mapping between the image space and the micro
world, autofocusing system for the clear visual image acquisition and determination of the vertical position
between the objects and the manipulation tool forms the main modules for prior information determination
process. There are also other so called model-based parameters such as the data (size, shape, deviation in
size, etc.) about the parts to be manipulated, and the assembly order when realizing an assembly of diﬀerent
components. The authors of [12] classiﬁed the system parameters as the static system parameters determined
before the assembly operation and the dynamic parameters initialized before the operation and updated during
the assembly process. For our microassembly workstation, static system parameters include
• Mapping between the image space and the work space established by camera calibration;
• Distance in order to bring the manipulation tool into the ﬁeld of view realized by a homing procedure;
• Depth information of the manipulation tool and the parts to be manipulated determined by autofocusing; and
• The illumination setting for diﬀerent magniﬁcation values of the microscope.
Dynamic system parameters include the positions of the motion stages, microscope settings and the
progress information about the assembly process. Actual positions of the stages can be acquired from the
internal sensory feedback and also displayed on the GUI for necessary intervention.

6.

Experiments and results

The main goal of designing the microassembly workstation is to develop a platform on which several experiments
can be realized just by small reconﬁgurations on the system like changing the manipulation tool so that the
workstation can serve as a research tool for investigating the problems and challenges in the micro world. Several
modes of operation are enabled for the system and for testing the reliability of the system, diﬀerent experiments
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are realized in diﬀerent modes like tele-operated, semi-automated and fully automated modes. The following
sections are organized according to the mode of operation and diﬀerent experimental results are given for each
mode of operation.

6.1.

Tele-operated micro assembly

Tele-operated microassembly operations are realized in two diﬀerent ways in the workstation:
• On screen operations by means of using the mouse,
• By means of a joystick.
In tele-operated systems, the operator intervenes the system by means of a MMI and in the workstation
a mouse and a joystick are enabled to be used by the operator. In the tele-operated mode, the operator is
controlling everything in the assembly process via GUI or via joystick and the buttons enabled on it. When
using the mouse, motion commands can be given by simply clicking on the screen for selecting the home and
destination points so that the motion takes place in between those points. The rest of the operation, adjusting
vertical distance, gripping (open-close), etc., is realized again using the GUI or with the buttons on the joystick
each assigned a speciﬁc task. Joystick is conﬁgured to be giving commands to the X and Y stages of the
manipulation platforms and the sample platforms.
In the tele-operated mode of operation several experiments are realized on the system using diﬀerent
manipulation tools and manipulation objects. Most of the experiments are realized using sharp tungsten probes
since for the ﬁrst trials there was the possibility to have problems which may damage the manipulation tools as
they are so fragile. Micro spheres with diﬀerent diameters are used to form patterns, pushing operations, pick
place operations and many others. A pushing manipulation experiment realized with the tungsten probes was
the formation of the letter pattern “SU” (the initials for Sabanci University) pattern by using 50 μm diameter
PMMA micro spheres. In order to form such a pattern a suﬃcient number of parts may not be available within
the detailed view of the microscope and close to the assembly point so that the global view is used to determine
the position of the parts which are scattered around diﬀerent parts of the substrate surface. These parts are
taken and carried to the place where the pattern will be formed. Enabling the sample motion platform which
can move the diﬀerent regions of the substrate surface into the ﬁeld of view of the microscope and the global
view of the microscope makes the realization of such an assembly possible. The formed “SU” pattern is shown
in Figure 9.

Figure 9. The pattern “SU” formed on the microassembly workstation using 50 μm diameter PMMA micro spheres.
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In the tele-operation mode, using diﬀerent types of manipulation tools such as microgrippers, afm probes,
etc., which is a distinguishing feature of the developed workstation, several experiments are realized on the
system. In Figure 10, two diﬀerent pick place experiments using diﬀerent type of microgrippers are shown.

(a) Gripper Type 1

(a) Gripper Type 2

Figure 10. Photographs showing types of grippers used in Microgripper Experiments.

Another feature of the second prototype workstation is the two manipulation systems which allows the
system to perform more complex manipulation and assembly tasks with the coordinated motion of the two
platforms. In Figure 11, a cell manipulation experiment is shown in which the cell (Zebra ﬁsh egg) is supported
on one side and manipulated for the determination of the deformation of the cell membrane by vision tools.
The experiment mainly aims cell manipulation (injection, etc.) and characterization by means of measuring the
deformation of the membrane using image processing techniques and piezo-resistive feedback to measure the
force applied to the membrane from the probes used as the manipulation tool.

Figure 11. Photograph showing Biomanipulation.

The performance of the tele-operated assembly is based on the performance of the operator, manipulation
tools, components to be manipulated and the resolution of the screen from which the operator is managing the
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assembly process. The experiments are generally realized at 4x magniﬁcation of the microscope, at which one
pixel corresponds to 1.54 μm in coarse image and 0.26 μm in the ﬁne image. However, the interaction forces
between the manipulated object and the manipulation tool prevents precise positioning since the parts stick to
the manipulation tool and releasing the part becomes a signiﬁcant problem increasing the positioning error.

6.2.

Semi-automated micro assembly

In workstation semi-automated mode, the intervention of the operator is limited for the task to be realized.
In the system, it is implemented in such a way that the operator selects the part to be manipulated and the
destination point and the rest of the operation is executed automatically. One of the main problems faced for
the implementation of the experiments is to ﬁnd suitable parts to be assembled. The objects that are used in
most of the experiments are polystyrene or PMMA microspheres with diﬀerent diameters in the range of 40-100
μm. By using 50 μm diameter microspheres, a line formation experiment is realized in semi-automated mode
of operation and the steps of the process are shown in Figure 12.
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x Axis

x Axis

200 micron

200 micron

200 micron

200 micron

y Axis

y Axis

y Axis
x Axis

y Axis

y Axis

y Axis

x Axis

200 micron

x Axis

200 micron

Figure 12. A line formation experiment in Semi-Automated Manipulation using 50 μ m diameter microspheres.

As already expressed, intervention in the process by the operator is limited. A task is realized as the
operator selects the particle and the desired destination; the operation is then executed automatically by the
algorithm for manipulation of the microspheres. Selection of each particle and destination is made by the
operator. A linear path from the present location of the particle to the destination is generated. The probe
pushes the particle with a small stroke. The particle’s location is reassessed, a new path is generated and the
particle is again displaced with a small stroke of the probe. The process is repeated until the particle arrives at
its destination with positioning precision of 1 μm.
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(a) 1

(a) 2

Figure 13. Fully Automated Manipulation.

6.3.

Fully-automated micro assembly

Fully automated micro assembly is the main goal of the workstation, to enable fast and precise automatic
assembly of parts without operator intervention. On the other hand, achieving fully-automated assembly is very
challenging and depends entirely on governing algorithms and the performance of all the system’s components.
In the microassembly workstation, for achieving the fully automated assembly system, several conventional
visual servoing schemes are implemented for some manipulation applications. Again, a line pattern formation
experiment using 50 μm diameter microspheres is implemented using an image based visual servoing algorithm
which depends on optimal control, penalizing the pixel error and the control signal magnitude. In order to
implement such a manipulation operation, every necessary feature for the assembly is extracted by using image
processing methods such as the tip of the manipulation probe, the location of the spheres with respect to each
other and the probe. A trajectory planning method is designed in order to avoid obstacles within the micro
environment and determine the priorities of the parts to be located [13]. The experiment is shown for the
automated line formation using three microspheres in Figure 13
In the experiment, 50 micron diameter microspheres manipulated to the desired locations with one pixel
accuracy. Interaction forces between the manipulation probe (AFM Probe) and the spheres are low as a result of
the material properties of the probe and spheres so that no sticking occurs in between. That prevents positioning
errors caused by these forces.

7.

Conclusion

In this paper, design requirements and necessities to build up a microassembly workstation are presented and
the concept is explained over a case study of design and realization of an open-architecture and reconﬁgurable
microassembly workstation for eﬃcient and reliable assembly/manipulation of micron size parts. Two main
prototypes of the developed workstation are explained and the enhancements as a result of the necessities that
appeared as several experiments are realized on the ﬁrst prototype are presented. The main diﬀerences between
the assembly and manipulation operations in the micro and macro world, like precision and accuracy requirements, force scaling eﬀects, visual sensory feedback form the necessities for the development of a microassembly
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workstation and the implementation of those concepts are presented in the developed microassembly workstation.
The realized microassembly workstation represents an important step towards the automatic, autonomous
assembly of micrometer-sized parts by means of sensory feedback. The functionality of the system is demonstrated by implementing several experiments in diﬀerent modes of operations like tele-operated, semi-automated
and fully automated by means of vision based schemes. The results of the experiments are promising in the
sense of precision, accuracy, reliability and repeatability.
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