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Manual assembly operations in microsystem technology (MST) are a promising field of teleoperation both from a
technical and economic point of view. First, human intervention in clean production environments must be prevented in
order to avoid damages of sensitive surfaces of micro-products. Therefore, a teleoperated remote control of assembly
system must bridge the physical distance between the human operator and the sealed production equipment, or so-called
teleoperator. This local separation also enhances safety issucs. Besides these environmental requirements, the
inaccessibility of the RS in MST is mainly caused by scaling barriers between the human environment and the micro-
world. Due to the small dimensions of the micro-parts, which have to be manipulated, surface forces such as adhesive
forces are eminent parameters in the micro-world. To overcome the scaling barrier and to realize a high fidelity
impression, these minimal contact forces have to be monitored, adjusted and scaled to common dimensions of the human
opcrator. Finally, precise positioning at accuracies down to the single micron and less is a crucial process in micro-
assembly. Due to the insufticient human tactile sense and the resulting unsatisfactory hand-eye coordination, alignment
tasks, which are performed manually with the help of auxiliary devices like magnifying glasses and tweezers, are
inadequate for the required accuracy. Through the processing of motion commands and highly precise actuator and
sensor components, which are integrated into the teleoperator side, teleoperation ensures long term process quality and
highly precise movements.

Besides these technical aspects, economic issues in MST can also be solved by teleoperated systems. Because MST-
applications are rapidly penetrating common market shares such as household, automotive and telecommunication, many
innovative products, for example optical telecommunication components, are emerging [4]. Based on hybrid technology,
most of these emerging MST-products consist of diverse sub-components with specific functionalities. Diverse
combinations of these components made from different materials and shapes enable highly customized micro-products
with high functional densities, but require a multitude of highly accurate mounting and joining methods. According to
small global production volumes of given microsystems with hybrid setup [5], a lot of these hybrid products are mainly
manually produced. Due to the ongoing miniaturization of products, ergonomical issues arise, involving higher process
times and costs. To increase efficiency and reduce assembly costs, teleoperation provides efficient, ergonomic and
flexible strategies for manual micro-assembly. Therefore Tele-X applications in small-scale micro-assembly of MST can
cope with the demands in accuracy, flexibility and ergonomics.

2. REQUIREMENTS FOR TELEOPERATED MICRO-ASSEMBLY PROCESSES

2.1 APPLICATION DEPENDENT REQUIREMENTS

Due to the specific nature of MST, certain requirements are to be met by the design of manual teleoperated micro-
assembly systems. For instance, handling miniaturized objects is quite different to handling in the macro-world. because
so-called “scaling effects” influence the interaction between handling equipment and micro-parts. During micro-
manipulation surface forces such as electrostatic forces and van-der-Waals forces, are far more predominant than voiume
forces, mostly represented by gravitational forces [6]. For example. in the macro-world, an object always falis down
when released from a set of grippers. But in the micro-world the object may stick to the gripper or jump away at random.
Although gravitational forces are relatively insignificant in micro-worlds, they are nevertheless expected by the
unknowing human operator, accustomed to living in macro-worlds. Therefore, to give the user 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 at the RS.

As a consequence of small component dimensions and sensitive surfaces of micro-parts, even the smallest forces, which
appear in a micro-assembly process, can cause unacceptably high surface pressures and therefore damage the product.
Hence, micro-assembly processes require highly accurate and uniform motions, which are based on actor components
with high resolutions, highly precise force control algorithms, smart sensor components and suitable input devices.

Furthermore, many micro-assembly processes involve clean room conditions, because any pollution, such as dust

particles, may affect the functionality of the micro-objects to be assembled. Uniform process environments at the
teleoperator side are best provided in laminar flow, without any direct interference of the human operator within the
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process area. Therefore. only supplying tasks need to be manually accomplished at specific interfaces without
teleoperation.

Since they are used for piece or small scale production, teleoperated micro-assembly systems must be customizable to
changing assembly tasks with minimum additional effort. Therefore. exchangeable hardware and software modules are
essential. In order to assure a wide range of application. sensor modules must also be easily exchangeable and adaptable
to different tasks.

2.2 SENSOR-SPECIFIC REQUIREMENTS IN TELEOPERATED MICRO-ASSEMBLY

In teleoperated micro-assembly systems. sensors are a core component for acquiring, processing and transmitting process
data to the operator. In the domain of operability, ergonomic requirements and physiological fundamentals of human
perception are essential. Particularly for the haptic perception, the sampling rate of the used sensor components plays a
crucial role for the achievable impression. Various scientific publications [7][8][9] report that the human hand has
asymmetric haptic input/output capabilities. According to [7], 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.

Furthermore. the design of teleoperated micro-assembly systems has to provide intuitive operability. During micro-
assembly the operator shall focus on the assembly task and must not be distracted by additional auxiliary operations such
as changing sensor parameters and adjusting camera settings. Therefore. the telcoperated system has to provide smart
sensor modules with autonomous and semi-autonomous calibration functions. After employing sensors into new
processes, they have to recognize new environmental parameters and adjust themselves. For a high-fidelity interaction
the operator must not notice this calibration process.

For visualization and intermodal presentation of process information. all sensor signals have to be continuously
monitored and provided for further processing. Sensor signals have to be processed and presented in a customized
manner due to individual sensomotoric skills and preferences of the operator. 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.

2.3 SAFTEY REQUIREMENTS FOR TELEOPERATION

Safety-issues are important for the design of teleoperated micro-assembly systems. Two groups of possible safety risks
must be considered. The first group of safety risks concerns possible malfunctions of the teleoperated assembly system
itself. To minimize these risks, the status of all components has to be monitored continuously. For example, the failure of
a force sensor may result in exceeding the maximum allowable process-forces or in collisions and may cause damages to
the micro-objects or to the micro-assembly system itself. Therefore, appropriate safety mechanisms must be
implemented in order to decide whether this failure is safety-critical and which reaction to take. In the case of severe
safety-relevant malfunctions, the system has to be shut down to prevent further damage. The second group describes the
safety risks of possible operations errors by the human operator. This class of safety risks can be handled 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. Automatic danger recognition by the sensor system based on previous
malfunctions can also be implemented as an extra safety precaution.
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