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adhesive, electrostatic or van-der-Waals forces are superordinate to gravity forces. E. g. sticking parts to grippers cause
major problems in micro-assembly. Also due to the small geometric dimensions small contact forces of grippers can
actually exceed the maximum allowed surface pressures of parts. In order to give the user, particularly in the manual
mode, a “close-to-reality” feeling of the scenario, where “reality” refers to that of our macro-world, smart sensors have
to be integrated into the micro-assembly system in order to virtually simulate gravitational forces. Hence the user is
accustomed with force feedback more intuitively than simply by scaling the existing forces of the process. In automated
mode highly precise force control algorithms have to be provided by the same sensor modules.

Also the very sensitive surfaces of micro-parts, e. g. due to surface coatings, require special process environments. So
micro-assembly must be performed in clean rooms without human interference and micro-objects have to be handled
with a maximum of care. In addition micro-assembly processes require a high positioning accuracy and reliablitity.
Therefore highly precise kinematical systems and sensor components for precise online-monitoring of forces and
positions are required. Also economic requirements have to be considered for small scale micro-production.

The hardware and software setup has to consist of flexible and exchangeable modules. Accordingly the reconfiguration
time and costs for customizing the production system to different products will be reduced. This ensures a high
availability of the production system, an essential precondition for industrial applicability.

2. Micro-assembly by teleoperation

Additional requirements have to be considered for teleoperation in micro-assembly. As a main topic, ergonomic aspects.
especially physiological fundamentals of human perception. are important. In order to ensure an optimal operability of
the system and to achieve a high-fidelity impression of the assembly scenario, every component of the tele-operated
micro-assembly system has to be chosen with care in respect to the corresponding visual, kinesthetic and tactile
bandwidth of the human perception. Especially for choosing the appropriate haptic input device at the operator-end and
choosing smart sensor-components for the teleoperator, the sampling rate of kinesthetic data transmission plays a
decisive role, because the human hand has asymmetric input and output capabilities [9]. According to [10], the
maximum frequency with which the human hand can apply force and motion commands lies between 5 Hz and 10 Hz.
Contrary to the human haptic output capabilities, much higher demands have to be fulfilled for powerful haptic
perception. For meaningful kinesthetic perception. position and force input signals should be no less than 20 Hz to
30 Hz. Even higher sampling rates between 300 Hz and 500 Hz are required for feeling high frequency forces with low
amplitude, such as chatter. For the perception of vibrations during skillful manipulative tasks, required bandwidths may
exceed to 5 kHz to 10 kHz. Due to the small dimensions and to the discussed resolution of human haptic senses, sensor
data from the teleoperator often has to be processed in order to simplify the operator’s work.

A second important aspect is the intuitive operability during the micro-assembly process. By using autonomous and
self-adapting components with imegrated functions for automatic calibration and parametrization during operation. the
worker can focus on necessary assembly tasks and is not distracted by additional auxiliary operations like changing
parameters and setting of system components. For visualization and intermodal presentation of process information, all
sensor signals have to be continuously provided for further processing. Thus sensor signals have to be processed and
presented in a customized manner due to individual sensomotoric skills and preferences of the operator [11]. For quality
management purposes, both sensor signals and actor signals have to be continuously monitored and saved at given
times, e. g. at predefined limits of the force sensor signal. The saving procedure has to start and stop autonomously
without interrupting the plain assembly process by specific algorithms in the control software.

The usually unrestricted human interaction in a tele-operated micro-assembly system requires specific fail-safe features,
caused by possible operations etrors by the human operator. These safety features prevent collisions and damage to the
work-pieces and the components of the assembly system itself by continuously monitoring the current process
conditions. In the case of irregular process conditions, e. g. when predefined force limits are exceeded. the system has to
react to the situation and should support the human operator in an appropriate manner. Suitable system responses
include blocking further movements. retreating movements, an emergency stop reaction and visual or acoustic user
warning. To further improve system reliability, fail-safe reactions such as reduced speed areas are important. By
monitoring the status of all components and the exchanged data, the system has to be shut down instanily to a safe status
in case of any irregular process condition.

3. Flexible and automated micro-assembly

High accuracies, needed in the assembly of microsystems, in combination with economic aspects induce relative
positioning strategies. Most kinematic systems have a step size in the micrometer area, but position accuracy of these
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