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Abstract

The demand for microfactories is constantly increasing, especially in the area of micro-assembly for low volume
production or lab environments. Here, manual assembly is reaching its limits with respect to accuracy, yield and
throughput. Therefore, a variety of microfactories have been developed, including the MiCROW -Pro factory of the
authors. When looking at the size, the demands on the working environment, or the required investment cost, one
may quickly realize that the application of such factories is not possible for everyone (especially small and medium-
sized enterprises). New technical approaches and business models in the context of the Internet of Things (loT) and
the vision of a "Smart Factory" are needed here. With this paper we embrace the concept of telecontrol of a
microfactory via internet protocol (IP). Therefore, the MiCROW-Pro control software was enhanced and a new remote
client application was developed. The key feature is the virtual representation, as this helps process understanding
and does not imply the need for high network bandwidth. Overall, remote control may offer some day the same
convenience working conditions for an operator wherever he is located. In addition, remote control allows for new
business models, as such as machine sharing or even rental of machinery time (Manufacturing time as a service).
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1. Motivation

The market-demand for so called smart or cyber-
physical systems with high functional integration rises
constantly. These systems are generally hybrid
systems, which include multiple components in one
device, e.g. a smart sensor could include a laser diode,
optics, a measurement unit, evaluation electronics and
a data interface like USB. These different components
are made from different materials with various
processes. Some are integrated in silicon, as such as
the electronics, while others are added to the system
as single components with non-rectangular shapes.
Assembling these components is the challenge. Thus,
typical production strategies, as such as monolithically
integration by batch-processing cannot be used [1].
Here, assembly of micron-sized parts is required.

For low and medium volume production, prototype
development and lab environment manual assembly
still prevails [2]. It is often done under a high-
magnification microscope with precision mechanic
tools. Due to technological advantages in the fields of
micro-electronics (including MEMS) and optics
production as well as energy restrictions the individual
part dimensions are constantly decreasing. This
introduces a major challenge for manual assembly as
human capabilities with respect to accuracy, yield and
throughput are limited. Hence, the idea of so called
microfactories was introduced in 1990 with first
prototypes reported ten years later [3]. Even though
some lab-prototypes and proof of concepts have been
developed, only a few entered the market. These
micro-assembly systems target mainly high volume
assembly of one specific product (e.g. from JOT-
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Automation, MA micro automation GmbH, H&cker
Automation GmbH). They require dedicated assembly
sites, dedicated automation environments as well as
unreasonable high investment costs for small and
medium-sized enterprises (SME). Therefore, a novel
desktop microfactory for low-volume micro-assembly
has been developed recently [4, 5].

Even though the investment costs for the latter one
are about one tenth of the systems for large quantities,
these are sometimes still too high. This is a typical use
case for contract manufacturing or machine rental.
However, these are both not suitable for all cases, as
contract manufacturing requires training and adaption
to the customer’s assembly processes and machine
rental requires sometimes high-risk and time-
consuming transport, during which the machine is not
profitable.

Therefore, this paper introduces a new method to
remote control a desktop microfactory based on virtual
reality and real-time control over internet protocol (IP).

The paper is structured as follows: First the used
desktop microfactory is presented in Section 2, which
consist of two parts: The hardware system entitled
MiCROW-Pro (Section 2.1), and the control software
named OFFIS Automation Framework (OAF) (Section
2.2). Section 3 describes the experimental
implementation including virtual reality as well as
communication. The evaluation of the overall system
and control is described in Section 4. The paper
concludes with a summary and outlook in Section 5.

2. Experimental setup

The experimental setup is based on two parts,
which have been developed in previous work and is
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described briefly in this section. A more detailed
description is given elsewhere [4, 5, 6].

2.1. MIiCROW:-Pro desktop microfactory
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Fig. 1. CAD drawing of the MICROW-Pro microfactory
preproduction prototype (patent pending). The overall
system consists of a free hanging rail guide with a variable
number of tool arms (two are shown). Each arm provides
coarse and fine positioning capabilities with at least three
degrees of freedom. A xy-rotation stage is available on the
base plate for sample and product exchange.

The MiCROW-Pro microfactory is a recently developed
system, satisfying the goals of intuitive and easy to
learn high precision handling as well as assembly tasks
with objects smaller than 1 mm. The microfactory with
an overall size of approx. 60 cm x 50 cm x 40 cm (L x
W x H) consists of the three integral parts (as shown in
the schematic drawing in Fig. 1). A base frame with a
free hanging rail guide allows mounting a variable
number of custom carriages with coarse positioning
capabilities. Every carriage is combined with several
fine positioning axes driven by piezo-principle with
travel ranges of up to 40 mm while obtaining
positioning accuracies below 50 nm'. The carriage
setup, also called tool arm, provides multiple degrees
of freedom (DOF) at the tool center point (TCP): At
least x, y, z and y along the rail. Different tools /
endeffectors can be attached; only two screws are
required for the tool exchange. Currently available
endeffectors are jaw- and vacuum-grippers, adhesive
dispensers as well as a three-terminal prober [4]. All
tools are available in different variations, e. g. different
tube inner diameters or forms of gripper jaws.

In addition to the tool arms, a sample stage with
the same precision axes as the arm is mounted on the
base plate (x, y, ¢). It allows for simple sample or
product exchange and is particularly important at high
camera zoom levels.

The whole setup is fully controlled using the OFFIS
Automation Framework described in the next section.

2.2. OFFIS Automation Framework control software

Software-based control on the small scale
requires, that predominant technical and physical
constrains are taken into account [6]. Therefore,
custom software solutions have been developed, e. g.
by Gauthier et al. [7] or Diederichs et al. [8]. The latter
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one, the already mentioned OAF, is an open-source
multi-functional robotic software framework? (RSF) and
used in this work. Instead of being monolithic and
adapted towards a specific manufacturer, the OAF
allows for vision based control and automation of
processes on the small scale with almost any kind of
external hardware (if a C++-interface is available).

The overall architecture is built from several
independent and cooperating subsystems: vision,
telecontrol and automation. The comprehensive vision
subsystems offer multiple image filters based on the
popular OpenCV image processing library [7] as well
as filters to acquire data from external sources.
Furthermore, the telecontrol subsystem allows for the
encapsulation of low-level functionality of remote
hardware, such as the arms of the MICROW-Pro, into a
so-called RC-unit (remote-controllable unit) with a well-
defined interface. Hence, the OAF offers control of
external hardware with a human input device (HID), as
such as a 3D mouse or a gamepad. In this combination
both subsystems can be accessed from the automation
subsystem to allow for vision based automation
sequences based on simple scripts written in Python3.
Every subsystem can be expanded easily via a
powerful plug-in interface.

3. Experimental implementation

To allow for remote control, the OAF was adapted
to transmit the current machine state as well as accept
control commands from remote (later referred to as
remote server). Additionally, a remote client was
developed including a virtual model of the MIiCROW-
Pro. As with the OAF, all developments described
below have been done using C++ and the Qt
framework. However, the results are transferable to any
other well-known RSF like ROS, OROCOS or OCRA.

3.1. Remote server extension for the OAF
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Fig. 2. Experimental implementation with the extended OAF
(image center) and the new developed Remote Client
Application (upper part of the image). Both components
exchange data using the QtRemoteSignal mechanism via an
encrypted SSL connection.

The basic software architecture of the OAF
remained the same. At first, a new threaded server

2 http://github.com/OFFIS-Automation/Framework
3 http://www.python.org




component based on the Qt's QTcpServer was added
to allow for transmission with transmission control
protocol (TCP) connections over internet protocol (IP).

A main concern was the data security and integrity. It
should not be possible to control the machine without
permission, infer an existing connection or get an
insight in data as they might contain business secrets.

The first step was to use a SSL encrypted socket
(QSsISocket) with SSLv3 protocol. Thus each
connection between server and client is secure and
encrypted. In order to prevent that unknown clients,
connect to the QTcpServer a challenge-response
authentication was added based on public / private
keys. Data integrity is ensured by adding a checksum
to every transmitted data package (cyclic redundancy
check). This can be checked by the client and also
applies to data transmitted in the opposite direction.

Qt is using so-called signals and slots to
communicate between objects*. This is an essential
feature for Qt and used intensely. Therefore, this
communication should also be used to communicate
between client and server. However, as there was no
solution to transmit signals over an 10 device, such as
a QTCPServer, we developed the so called
QtRemoteSignal® C++ classes. This class receives the
data of a signal (here all C++ basic types and all simple
Qt types are supported), packs it into a QDataStream
and sends it over the QTCPServer. The overhead for
the developer is minimal, adaption is very simple.

Besides the server part, the OAF was extended to
send status messages of all RC-units (at least
connection state and position) and receive commands
from gamepads which are connected to the Remote
Client Application. A plugin for the vision subsystem
accepts data from image processing pipelines (here
pre-processed images of the MiCROW-Pro cameras)
and sends them to a connected client. Every
transmission is using the described QtRemoteSignal
mechanism (see Fig. 2).

3.2. Remote Client application

The client application provides three essential
functions. First, it displays the transmitted video data.
Second, the application allows for HID connection and
forwards its data to the server. Thirdly, it is a status
display for the MICROW-Pro. But instead of displaying
simple and inexpressive strings and numbers, a virtual
reality display is used. Every part will be described in
detail in the following paragraphs.

3.2.1. Video display

As described in 3.1, the OAF sends image data
from the connected cameras. As MiCROW-Pro offers
three full frame HD-cameras (1080p, 30 FPS®) these
would result in a network bandwidth requirement of
approximately 560 MB/s if full frames with full resolution
are submitted. Therefore, the OAF server extension
only transmits images focussed on predefined regions
of interest with a reduced image resolution and image
compression applied (JPEG compression,
compression level 50:1). One should mention that this
compression is only possible because the client

4 http://doc.qt.io/gt-5.5/signalsandslots.html

5 https://github.com/OFFIS-Automation/gt-remote-signals
61080 horizontal lines of vertical resolution (progressive
scan mode) with 30 frames per second
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Fig. 3. Virtual representation of the MiCROW-Pro desktop
microfactory in the client application. The two camera side-
by-side perspectives allows for use in a virtual reality
headset, such as Google Cardboard.

application just displays the data and does not perform
any kind of image processing such as object detection.

3.2.2. Gamepad input

As described in previous work, telecontrol is
indispensable for handling on the small scale [10] and
has been used successfully for MiCROW-Pro [4, 5].
Existing source code from the OAF using the DirectX
SDK and Directlnput” was simply ported to the Remote
Client Application. A main advantage of Directlnput is
that almost any kind of joystick and game controller is
supported. This even includes exotic devices such as
3D mouse (e.g. 3Dconnexion® SpaceNavigator®?).

The implementation performs device management
as well as data retrieval (joystick movements or button
pushes). This data is send to the server application
also via the QtRemoteSignal mechanism.

3.2.3. Virtual reality

As described, telecontrol is a sensible way to
interact with a desktop microfactory. This task requires
not only comprehensive process expertise but also an
overview of the factory’s operating state. But if the
factory is not in front of an operator, it is increasingly
complex to get this overview. As described before,
common status displays with position information are
not sufficient as they provide only indirect feedback
about movement. In addition, for complex robotic
setups with multiple tools, an operator has to establish
a relation between these values, which is only possible
under a high cognitive workload.

Alive video image, which is also offered here, may
be a solution. Nonetheless, this is limited in details and
resolution (especially due to compression), update rate
and also to the given camera perspective. The latter is
tricky, as robots and tools may cover each other
mutually during an assembly process. Additionally,
video data transmission is not suitable for every
network setup as a high data bandwidth is required
even for compressed data (see Section 3.2.1.).

In this paper we thusly developed a virtual 3D
model of MiCROW-Pro which reflects the current
machine status. As noted before, the QtRemoteSignal
mechanism is used to transmit the status from the
remote server extension to the client application. The
transmitted values are the input data for a 3D model.
Its implementation is based on a CAD-model of the
microfactory, made of several STL-files (ASCII format).

7 https://msdn.microsoft.com/de-
del/library/windows/desktop/ee416842.aspx
8 http://www.3dconnexion.com
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A STL-file describes the surface geometry of a three-
dimensional object with multiple triangles (vertices).
This representation is highly suitable for rendering with
OpenGL, a software interface for rendering 2D and 3D
vector graphics [11]. Here, QOpenGLWidget was
integrated and enhanced to load the MiCROW-Pro
STL-files, render them as OpenGL graphics and allow
for user interaction. This includes rotation, zoom and
drag of the virtual microfactory. Fig. 3 shows the
QOpenGLWidget with 3D representation.

The virtual model can be viewed with multiple
cameras from different perspectives. Thus, Fig. 3., for
example, shows two cameras in a so-called side-by-
side configuration. This form of stereoscopic
representation can be used with emerging technology
such as virtual reality headsets such as Google
Cardboard® or 3D television. Especially the use of a
virtual reality headset promises emerging and easy
accessible control very close to reality, as the machine
appears (virtually) in front of the operator.

4. Evaluation

As this research work still is in a very early phase,
we performed a basic user study. Two operators had to
perform a pick-and-place task with SMD parts similar to
[12] using a gamepad and the virtual environment. Both
operators were able to perform the task, gamepad
commands were executed with no significant delay,
which results in a positive response. The virtual
environment received mixed reviews. The major
shortcomings were the way of control, as a camera
perspective change required the switch from gamepad
to mouse and keyboard. In addition, the operators
missed the handled components in the virtual reality
and thereby needed to look at the video feed.

5. Summary and outlook

This paper described the developments for remote
control of a commercial available desktop microfactory
over IP. A data transmission mechanism named
QtRemoteSignal was implemented and used to
transmit video and status data. A new client application
was used as a “terminal” to acquire control commands
via gamepad and display the microfactory status with a
3D representation suitable for virtual reality headsets.

Future work will especially focus on three areas. At
first, the transmission of live video need to be optimized
as the current approach only allows for single-digit
frame-rate. In first preliminary tests the pipeline-based
multimedia framework gstreamer'® showed promising
results. Secondly, we will focus on head-tracking and
the adaption of the camera perspective based thereon,
to make the use of headsets fully immersive. Thirdly,
as the currentimplementation only revolves around the
machine, a focus towards the components is needed.
Here, image processing pipelines will be implemented
to detect components (including their shape and
position) within the assembly space. Thus they can
simply be integrated into the 3D representation.
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