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Abstract
This paper presents the development of a flexible force-controlled microgripping system that consists of a microgripper
and a xyz positioning system. The microgripper has two 1 DOF fingers actuated by two piezoelectric benders. The
gripper tips can be aligned in 3 DOFs and maximum opening is adjustable to handle parts ranging from several µm to
parts over 3.5 mm in a work space of 13x13x15 mm with resolution up to 50 nm. The gripping system can be controlled
in manual, teleoperated and automatic modes. Moreover, the microgripper is force controlled and bilateral gripping has
been implemented through a haptic interface. The microgripping system has been tested and demonstrated in several
case studies, where two of them are presented in this paper including automatic assembly of a 3.5 mm high 8-piece
microstructure and teleoperated assembly of a 685 µm high 13-piece microstructure.

1 Introduction

In the last decade, we saw the booming of R&D
activities in microsystems and an increasing number of
applications of micro components in various products.
Despite the previous research and development efforts in
micromanipulation and microassembly, effective
handling of microparts is still one of the most
challenging tasks in handling, assembly and testing of
mini/micro systems.

A big problem in the microworld is that the effect of
various forces is very different from the macroworld.
Because of the scaling effects, forces that are
insignificant at the macro scale become dominant at the
micro scale. Gravity force and inertia for example play
only a minor role in the microworld. The adhesive forces
that such as surface tension, van der Waals, and
electrostatic attractions have to be taken into
consideration when parts to be handled are less than 1
mm in size [1]. These forces can cause significant
limitation to handling. In the mean while, new handling
and manipulation principles can be developed. For
example, surface tension, can be used also to develop
new manipulation methods [2].

Ambient environmental conditions, such as temperature
and humidity are another important issues to be consider
during microassembly [3]. Environmental conditions can
influence micro/nano tribological properties, properties
of microforces and their distribution near/on surfaces of
mini/micro parts. To have a good understanding of

microassembly, it is essential to study the influences of
environmental conditions on adhesion forces. 

We have developed an environmental controlled micro
assembly station [4]. To systematically research the
environmental influences on microassembly, we need to
study the assembly process of microparts having
different shapes, sizes and material properties.
Especially the size of the parts can vary from several
microns to several millimeters. The assembly process
can also be traditional pick-and-place or various physics-
based methods such as fluidic self-assembly [5].
Moreover, the gripping system should work in different
environmental conditions. Such wide range of
microparts and processes require a very flexible
microhandling system. Additionally, we need force
measurement to understand the process and control the
gripping force for fragile microparts. Commercial
microgrippers are only suitable for one or several
requirements. Usually they have a fixed stroke and
fragile tips. To satisfy our requirements, several
commercial systems will be needed, which is both
impractical and expansive. Therefore, we have
developed a flexible force-controlled microgripping
system that is able to carry out a wide range of
applications. 

In the next section architecture design of the gripping
system will be presented. Section 3 discusses design and
implementation of the system. Section 4 describes the
position and the gripping control systems. Performance
tests of the gripper are presented in Section 5 and case
studies are described in Section 6. Section 7 concludes
the paper.



2 Architecture design

The design of the microgripping system follows the
engineering design methodology of [6]. Different
methods of actuation and measurements have been
considered to satisfy the requirements. Despite the
demands of very wide range of micromanipulation
capability and adaptability to different dimensions and
environmental conditions, the microgripping system is
not required to have high speed to carry out the planned
research tasks. 
Combining different actuation and measurement
methods for the gripping and positioning systems, as
many as 23 variants have been evaluated. For Z axis
actuation, alternatives such as a piezo ultrasonic linear
stage, DC motor and screw drive, voice coil motor, piezo
bender, piezo stack, pneumatic and hydraulic linear
stage have been taken into consideration. For grasping/
releasing microparts, possibilities such as piezo benders,
two-axis piezo bars, hydraulic and pneumatic gripper,
and vacuum gripper have been studied. For measuring
the displacement of the gripping system, laser
displacement sensor, rotational and linear encoder are
considered.
Each variant has been evaluated according to the
requirements while taking into consideration criterias
such as: capability, feasibility, costs, safety measures,
and risks. Some of these alternatives were not suitable
for our application because either the movement is not
sufficiently accurate, or the required mechanism and
control is too complex. Vacuum gripper is also not
suitable due to large variation of the shape and the
dimension of the microparts. Alternatives such as
hydraulic linear motion stage or hydraulic gripper are
not compatible with clean working environment. Other
variants such as piezo stack or piezo bars are not able to
provide sufficient displacement. After the evaluation, 4
variants are left. The selected variants are re-evaluated
according to technical and economical criteria, giving us
solution as shown in Fig. 1. 
The mechanical structure has been designed considering
the basic specification, especially high-precision
gripping, manipulation and positioning. The
microgripper uses two 1 DOF fingers made of two
piezoelectric bender actuators and two stainless steel
tips, a 3-DOF manual stages for calibration of the tips
and a motorize stage for movement in Z-axis. The tips
are fixed to the benders with four holders made of rigid
plastic. The tips are electrical isolated from the benders.
One bender is held by the fixed finger and the other is
held by the calibration finger. The calibration finger is
fixed on the 3-DOF calibration stage and both the fixed
finger and the 3-DOF calibration stage are installed on
the Z-axis mobile platform. The mobile platform is
driven by the Z-axis motorized stage having 50 nm
resolution and a 15 mm stroke. The dimensions of the

gripper body are  mm (in length, width,
and height respectively). A picture of the developed
system is shown in Fig. 2.

3 Design and Implementation 

3.1 Microgripper

The gripper is actuated by two bimorph piezoelectric
benders that provides movement having resolution in the
nanometer range and relatively high reaction speed (up
to 100 Hertz). The bender has a displacement of 
µm and a blocking force of . The weight of the
bender is 0.4 g. The working principle of the gripper
using piezo-benders actuators it is illustrated in Fig. 3.
Two stainless steel tips are used as the end-effector of
the gripper. The tips are produced by laser cutting. The
dimensions of the tip are  mm
(length, height, thickness). The end of the tip has a shape
of knife edge. Such shape helps it grasps a micropart
even if the parts are placed very closely. Due to laser

Fig. 1:  Design of the microgripping system. 
1) Z-axis motorize stage, 2) Z-axis mobile platform, 3) 3 
DOF calibration stage, 4) Fixed finger, 5) Calibration 

finger, 6) Piezo bender actuators, 7) Gripper tips, 
8)Mobile platform

Fig. 2: Photo of the microgripping system.
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cutting the smoothness of the tip is deteriorated, which is
usually considered as a beneficial for
micromanipulation. The the stainless steel tip is fixed on
a bender by two holders made of dielectric material to
avoid short circuit when the tips are in contact or when
grasping a conductive micropart. The tips are grounded
to diminish static charges.

To reduce the tolerance requirements of installation, one
finger of the gripper is fixed on a 3 DOF manual
calibration stages that is fastened on the Z-axis mobile
platform. The calibration stages are used for tip
alignment and opening adjustment. The stroke of each
axis is 3.175 mm. The calibration stages allowed us to
grasp parts over three millimeter wide even though
effective stroke of the gripper is only one millimeter.
Moreover, we are able to easily compensate the
misalignment of the tips caused by mechanical
deformation and ambient environmental changes, which
is important for the carry out tests related to
environmental influences. The role of the 3DOF stages
is illustrated by Fig. 4.

Entran ESU-025-1000 strain gauges have been used to
measurement the gripping force due to its small
dimension and good sensitivity. The change of
temperature in the working environment can be
compensated by balancing the Wheatstone bridges. The
Entran stain gauges measure  mm and have
an active length of 0.635 mm. The gauge resistance and
the gauge factor are 1000  and 155 respectively. To
reduce thermal disturbances and increase sensitivity, two
stain gauges are manually installed on opposite sides of
each tip. 

To understand the behavior of the tips under different
loads and to optimize the positioning of the strain
gauges, finite elements analysis has been carried out.

Fig. 5 presents the stress distribution in the tip structure,
using the color pallet. The maximum von Mises stress
area is indicated with intense colors (purple red, yellow).
The maximum computed value of the von Mises stress is
25.5562 . The figure indicates also the
displacement magnitude generated by the applied force.
The stain gauges have been placed in the area where the
von Mises stress is maximum. As we can see from the
analysis, the most sensitive area is in the neighborhood
of the tip holder. 

3.2 Positioning system

The positioning system is composed of a mobile xy
platform and a motorized Z-axis stage. The three axes
are configured in a Cartesian system. 
The Z-axis stage is used to move the gripper body while
the xy platform is for moving the micro objects. The
configuration of moving the parts instead of moving the
whole gripper reduces distrubances when measuring
forces. All three axes are actuated by a linear motorized
stage. Physik Instrumente M-111.1 is used as the
motorized stage for the Z-axis, considering the travel
range, the resolution and the velocity. The M-111.1
motorized stage is based on precision leadscrew
provides linear motion of 15 mm in a compact package.
The DC motor is equipped with an rotational encoder
having resolution of 0.007 µm per count. The
constructions have relative low stiction / friction. The
resolution of the linear stage is 50 nanometers and the
maximum speed is 2.5 mm/sec. 
Two Micro Pulse Systems L-114 stages are mounted
orthogonally forming the xy platform on which the
assembly process takes place. This configuration gives
us a workspace of 13x13 mm with a resolution of 0.1
µm. Two Opti-Cal MPE-BFZ linear encoders having a
resolution of 10 nm are installed to measure the
displacement of the stages. Gel-Pak Vacuum Release
trays are mounted on the stages to help and improve the
pick and place operation.

3.3 System configuration

Due to the confined working area and the large number
of instruments required to carry out the planed tasks,
proper mechanical configuration has to be achieved. To

Fig. 3: Working principle of the gripper actuated by the 
bimorph poled piezo-benders

Fig. 4: Aligning the gripper tips using the 3DOF stages

1.27 0.38×

Ω
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successfully carry out microassembly tasks, it is
necessary to maximize the work space where multiples
tools are installed. The work space of the microgripping
system depends on the stroke of the xy platform and the
linear stage that move the gripper in Z axis. The travel
range of the xy platform is important to increase the
effective work space that hosts the microparts, the glue
storage, and the final assembly, and allow other devices
such as additional gripper or a dispenser to work in the
same assembly process. 

Visual information is very important in both automatic
and teleoperated control. However, the working distance
of microscopes is rather small (usually 2-3 cm for long
working distances microscopes). The installation and
motion of the tools are limited by the microscope lenses
and illumination sources. Moreover, the effective stroke
of the Z axis limits the height of the final assembly.
Therefore, it is important to reduce the height of the
tools near the working area. 

The Z-axis mobile platform (Fig. 6) is the base of the
microgripper. The platform is fixed with A side on the
Z-axis motorized stage. On the B side, the 3 DOF
calibration stages and the fixed finger are installed. The
angle between side A and side B is 20°. This angle
translates to the angle between the tips of the gripper and
the top surface of the mobile platform. Such an angle
improves the accessibility of manipulation. Moreover,
this structure minimize occlusion and to maximize
working space. 

4 Control 

The microgripping system is controlled by a
multifunctional real-time microrobotic control software
µSIC (Microrobotic System and Instruments Control
Platform) developed by the research group using C++ on
the Microsoft Windows 2000TM operating system. The
software can operate in manual mode, teleoperated mode
with a joystick and automatic mode based on off-line
programing. Position control for each axis have been
developed based on rotational and linear encoders and
PID motion controllers. The teleoperated mode is
velocity controlled to translate the user movements from
the joystick to motion of the microgripping system. A
picture of the teleoperated mode is presented in Fig. 7.

The gripper can be controlled either in open-loop, force-
controlled mode and force-feedback mode. A 1 DOF
haptic device has been developed based on a voice coil
motor, a potential meter and a strain gauge. The potential
meter is used for position measurement and the strain
gauge is used for measurement of the user force. Based
on the haptic device and the force sensors on the gripper
tips, bilateral gripping control is achieved. Force control
is also implemented in automatic mode. Moreover, off-
line programing is achieved based on position learning
and a sequencer.

5 Tests

In order to characterize the gripping system and to
evaluate its performance, tests have been carried out to
measure the stroke, the blocking force and the resonance
frequency. 
The stroke of the gripper is measured using a top view
microscope and a high resolution (4 megapixels) digital
camera. A 300 µm part is used as the reference. Images
of the gripper tips at its minimum and maximum
displacement have been shot and later analyzed using a
digital image processing software (Fig. 8).

Due to the configuration of the gripper, it is expected
that the stroke of the gripper is more that 1000 µm
knowing that the displacement of each bender is ±250
µm. However, the resulted stroke obtained from the
image analyses is exactly 1000 µm. The reason might be
that the mechanical amplification come from the length
extension of the tip is cancelled by the reduced effective
length of the bender.

Fig. 6: The mobile platform role.

Fig. 7: Teleoperation interface

Fig. 8: Gripper tips fully close (left) and fully open 
(right)



In micro manipulation it is important to know the force
applied to the handled micropart. A special bench test
has been developed to measure the gripping force. The
bench includes a gripper finger (including a bender and a
tip) and a Precisa 610MC-FR SCS digital scale having
the readability of 1 milligrams.
Applying the voltage to the piezo-bender, its push the tip
and the consequently the surface of the scale. Converting
the weigh to force, the maximum gripping force of
0.069N is obtained, which is very close to the nominal
blocking force of the bender. The Fig. 9 shows the
relation of force vs. actuation voltage.

To measure the resonance frequency the displacement of
the tip of the gripper is measured by a optical non-
contact laser sensor Mel M5. The sensor has a
measurement frequency of 10 kHz and a resolution of 1
µm. The piezo bender of the gripper finger is driven by a
signal generator and a piezo-amplifier. Sinusoidal waves
of 10 Hz to 800 Hz have been used to drive the bender.
The measured resonance frequency is 154.8 Hz. The
displacement at the resonance frequency is about 4 mm
comparing to normal maximum displacement of 500
µm.

6 Case Studies 

To demonstrate the capability of the developed
microgripping system, several case studies have been
performed, including:
• automatic and teleoperated assembly of a 3.5 mm

high 8-piece microstructure; 
• teleoperated assembly of a 685 µm high 13-piece

microstructure;
• teleoperated assembly of a micro gearbox with gear

having diameter of 2 mm; 
• teleoperated assembly of a 3-piece micro structure

composed of three cylinders having diameters of
100, 25 and 10 µm respectively;

• teleoperated manipulation and test of the strength of
paper fibres (ca 30µm thick);

• automatic droplet based self-assembly of SU-8
microparts [5].

Among those case studies, two cases are presented in
this section: automatic assembly of a 3.5 mm high 8-
piece microstructure and teleoperated assembly of a 685
µm high 13-piece microstructure. 

The automatic assembly of the 8-piece microstructure is
implemented using off-line programming and capillary
forces. Before the assembly, the microparts to be
assembled are cleaned using alcohol and demagnetized
to reduce disturbing factors. The microparts include:
seven stainless steel bricks of dimensions 
mm and one aluminium washer of size Ø  mm.
The bricks and the washer are placed a prior at
predefined positions on the Gel Pack surface, placed on
top of the xy table. The assembly is performed on a
silicon wafer, attached on the top of the Gel Pack
surface. The bonding operation is realized by the
capillary force of the dispensed ethylene glycol droplet. 

The sequence for the automatic assembly is as the
following: 1) a part is grasped from the Gel Pack
surface; 2) an ethylene glycol droplet is dispensed to the
predefined position; 3) the part is placed on the droplet;
4) the part is released and held at its position by capillary
forces. 

The automation process is off-line programed and
continues until all the parts are placed at the predefined
position resulting in a final assembly of a 3.5 mm height
microstructure. Due to the big tolerance of the
microparts and the capillary force based bonding, the
assembly tolerance is approximately 20 µm. The picture
of the assembly is shown in Fig. 10.

The second case is the telemanipulated assembly of a
685 µm high 13-piece microstructure based on UV
bonding. The assemble of this microstructure is
challenging because it includes 13 different parts made
of SU-8, where the smallest has a diameter of 50 µm.
For the assembly of the structure, the necessary
microparts were mechanically detached from the wafer
on which they were fabricated. After the detachment, the
microparts where placed on a clean piece of silicon
wafer, which is used as the working surface. 

Fig. 9: Gripping force vs. actuation voltage

actuation voltage (% of the maximum voltage of 120V)

Fig. 10: 3.5 mm high 8-piece microstructure
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0.9 0.16×



The microparts are: one  µm
rectangular block, two  µm rectangular
blocks, one  µm rectangular block, eight
Ø  µm cylinders, one  µm cube.
The assembly tolerance should be 10 µm in horizontal
direction and 5 µm in vertical direction. 

The bonding operation is carried out by dispensing a
droplet of UV glue on the silicon wafer which acts as the
storage during the assembly. The bottoms of the parts
are dipped into glue and then placed at the desired
position. The position of the glue storage has to be
placed inside the working area and as distant as possible
from the illuminated area of the UV spot light, so the
drop will not be solidified during the assembly process.

The sequence for the telemanipulated assembly is as the
following: 1) a part is picked up from the silicon wafer;
2) the bottom of the part is dipped into the UV glue; 3)
the part is placed at the desired position, with the help of
top and side view cameras; 4) the glue is solidified under
the UV light and the part bonded and then is released.
The process continues until all the parts are assembly
resulting in a final assembly of 685 µm height as shown
in Fig. 11.

7 Conclusions

In this paper we have presented the development of a
flexible force-controlled microgripping system that is
suitable for gripping parts from 10 µm to over 3 mm.
This system is composed of a microgripper and a xyz
positioning system. The microgripper has two 1 DOF
fingers actuated by two piezoelectric benders. One of the
benders is mounted on a 3DOF manual alignment stage
to reduce the tolerance requirements of installation and
to compensate the misalignment of the tips caused by
mechanical deformation and ambient environmental

changes. Laser-cut stainless steel tips are used as the
end-effector where two micro strain gauges are glued on
each tip enabling force controlled microgripping. The
gripping system can be controlled in manual,
teleoperated and automatic mode. 

The performances of the system has been tested. The
capability of the system has been demonstrated in case
studies, where two of them are presented in this paper
including teleoperated and automatic assembly of a 3.5
mm high 8-piece microstructure and teleoperated
assembly of a 685 µm high 13-piece microstructureand. 

The future work includes implementing crash detection
mechanism, more DOFs for the manipulation system,
and advanced control systems.
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