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The manufacturing industry is seeing an increase in demand for more custom-made, low-volume production.
This type of production is rarely automated and is to a large extent still performed manually. To keep up with the
competition and market demands, manufacturers will have to undertake the effort to automate such manu-
facturing processes. However, automating low-volume production is no small feat as the solution should be
adaptable and future proof to unexpected changes in customers’ demands. In this paper, we propose a re-
configurable robot workcell aimed at automating low-volume production. The developed workcell can adapt to

the changes in manufacturing processes by employing a number of passive, reconfigurable hardware elements,
supported by the ROS-based, modular control software. To further facilitate and expedite the setup process, we
integrated intuitive, user-friendly robot programming methods with the available hardware. The system was
evaluated by implementing five production processes from different manufacturing industries.

1. Introduction

In a diverse global market, the ability to adapt to increasingly fre-
quent changes in clients’ demands has become crucial to maintain
competitiveness. The increasing demand for higher production flex-
ibility and lower production costs has been pushing the development
towards more adaptable automation solutions. The manufacturing
sector had to evolve to cope with these changes. New approaches have
been developed, ranging from Flexible Manufacturing Systems (FMS) to
the logical next step, Reconfigurable Manufacturing Systems (RMS).
The RMS paradigm advocates manufacturing systems that can rapidly
and efficiently adjust production capacity and functionality to meet
sudden changes in market demands [1].

By enabling physical interaction with humans, collaborative robots
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introduce new skill and task-level robot programming methods. These
new approaches make robots a viable part of the array of reconfigurable
modules within an RMS. However, to achieve the desired RMS-like
performance, all the hardware and software components within the
system should be modular by design [2].

The objective of the work presented in this paper was to design and
implement an RMS in shape of a reconfigurable robot workceell, suitable
not only for large production lines but also for low-volume high-di-
versity production. The proposed workcell consists of the following
crucial components to achieve the stated goal:

e Modular and largely passive hardware components aimed towards
cost-effective, autonomous workcell reconfiguration.
® A software backbone based on ROS, which provides modularity of
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all software components.

e Fast programming of assembly tasks through kinesthetic guidance
and script-based state machine description methods supported by
visual programming interfaces.

e Support for quick workcell reconfiguration by manipulating and
exchanging the available hardware components, facilitated by a
digital twin.

The proposed approaches were evaluated through the im-
plementation of multiple, real-life industrial production processes in-
volving automated robot assembly.

In the following we first present the state of the art. In Section 3 we
describe the hardware design aspects of the developed reconfigurable
workcell. The software backbone of the cell is discussed in Section 4,
while the programming technologies for fast robot programming are
presented in Section 5. We present the aspects of reconfiguration of the
proposed cell in Section 6 and the methodologies applied for fast
workeell setup in Section 7. The results of the evaluation, obtained by
implementing the real industrial use cases, are presented in Section 8.

2. Literature review

Since its introduction, the Reconfigurable Manufacturing Systems
(RMS) paradigm gained significant traction within the research com-
munity [3-5]. The key characteristics of such systems are: customiza-
tion, convertibility, scalability, modularity, integrability and diagnosability
[6]. However, due to the increased complexity of design and lower
throughput of RMS, compared to more dedicated systems, it is im-
portant to thoroughly evaluate if such a manufacturing model is ap-
propriate for each specific production process [7]. RMS bring added
value in manufacturing processes where changes in production happen
relatively often [8]. Low-volume and make-to-order manufacturing [9]
is in high proportion coming from Small and Medium Enterprises
(SMEs) and suffers from delays emerging from process planning
[10,11]. Brunoe et al. [12] argue that SMEs benefit most by im-
plementing the RMS paradigm in their production at the workstation
level, rather than at the production line level. This has been im-
plemented to a degree by Makris et al. [13] who developed a flexible
dual-robot system with a human collaborator. They integrated their
robot into a virtual twin in order to efficiently organize all production
entities [14]. But in order to make RMS more viable for SMEs, it is
important to tackle the issue of the high investment costs when ap-
plying such systems to the manufacturing processes [15].

As mentioned above, modularity and customization are two of the key
characteristics of RMS. They were given significant attention in our
work. Arai et al. [16] proposed the “Plug & Produce” (P&P) concept,
which enables new devices to be introduced in a manufacturing system
easily and quickly. Chen [17] extended the idea of modular manu-
facturing devices by developing a modular robot arm that can be con-
figured on demand. Maeda et al. [18] presented a reconfigurable multi-
robot system, where new robots can be introduced to an already run-
ning manufacturing process. Neuman et al. [19] present and highlight
the importance of a high-level, skill-based control architecture of a
robotic cell equipped with P&P modules.

Hardware modularity made possible by the P&P concept signifies
that more standardized communication architectures are needed to
enable communication between robots and other workcell components.
In the recent years, the open-source Robot Operating System (ROS) has
been gaining traction not only among the scientific community but also
among various robot manufacturers [20]. Despite its name, ROS is not
limited to solve only robot communication and control challenges but
also provides tools, libraries and conventions to facilitate robot opera-
tion at different levels.

Due to their high dexterity, flexibility and a generally large work-
space, collaborative robot arms are a good fit for the RMS paradigm.
This type of robots are certified to work in close proximity with human

workers and do not require a barrier around them to remain safe for the
human [21]. They present opportunities to advance beyond standard
methodologies for robot programming, which still primarily relies on
utilising a robot teach pendant directly connected to the robot con-
troller (on-line programming) or on simulation (off-line programming).
Both of these processes are rather unintuitive, tedious, and require
knowledge of the specific robot or simulation system. The lack of robot
integration in manufacturing processes that are prone to frequent
changes is attributed to these issues [22].

A programming method that aims to close this gap is the
Programming by Demonstration (PbD) paradigm [23,24]. Among dif-
ferent approaches to PbD, kinesthetic guidance has been widely
adopted on collaborative robots [25]. Kinesthetic guidance is defined as
a process where a human operator holds the robot and physically
guides it through the desired movement. It is effective especially for
programming robot skills [26,27], but also for other tasks such as
workecell calibration. It is most effective with modern torque-controlled
robots. However, as noted by Villani et al. [28], even modern colla-
borative robots do not offer intuitive enough programming interfaces
that would allow for fast re-purposing of the robot. In this paper, we
explain how the PbD paradigm based on kinesthetic teaching can be
tightly integrated with reconfigurable hardware and ROS-based soft-
ware infrastructure to realize a workcell that can be set-up for new
production tasks quickly.

We have introduced the basic concepts and ideas of a reconfigurable
robot workecell in [29]. Since then, we expanded this initially proposed
system with additional passive hardware components and system-
atically implemented the methodologies to reconfigure passive hard-
ware with robots. We have also streamlined the process of teaching new
robot skills and enhanced programming of complex state machines.

3. Reconfigurable hardware and workcell design

When developing a Reconfigurable Manufacturing System (RMS),
e.g. a reconfigurable robot workcell, it is necessary to consider the
desired physical properties of the overall system, e. g. size, robustness
of the structure, the available robot workspace, safety, etc. The avail-
able factory space plays a significant role in determining the workcell
layout. Furthermore, it is important to ensure that the cell can be in-
tegrated into an existing manufacturing process without making too
many changes to the said process. When changes do occur, the workcell
needs to be adaptable to cope with them quickly. Finally, the re-
configurability should not significantly increase the price of the auto-
mated solution.

To comply with these requirements, we followed the concept of
passive reconfigurable components. The main reasoning behind this
idea is that a robot workcell already contains an active component,
namely a robot(s), which can be used to (re)configure the rest of the
robot’s workspace. Thus hardware components with passive degrees of
freedom can be manipulated by a robot and moved to a configuration
suitable for the desired task. They are a more affordable option com-
pared to high-cost active solutions, which are often prohibitively ex-
pensive for manufacturing SMEs that want to keep the costs of auto-
mation low. Besides the fully automated reconfiguration, the cell
should also support manual reconfiguration when full automation is not
feasible.

In the following we describe several passive hardware components
that we developed to facilitate reconfiguration and adaptation to new
production demands.

3.1. Reconfigurable frame

The frame of the workcell is a structure that connects the robot with
peripheral modules that provide different functionalities. The main
design requirement for the frame is stiffness. Stiffness is important for
robotic applications because even small frame deformations can result
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in large positioning errors, especially in the case of peg-in-hole like
operations. On the other hand, when a major change in the production
process occurs, we must be able to adapt the workcell’s structure to
make it compatible with a new product. To comply with these re-
quirements, the frame has to be sufficiently flexible (i. e. adaptable) so
that changes can be made quickly (Fig. 1).

To fulfil all these requirements, a workcell frame made of rectan-
gular steel beams was chosen. The beams are connected using an in-
novative system developed for the aeronautical industry called
BoxJoint [30]. The resulting frame structure is very stiff and compar-
able with welded joints and at the same time simple to assemble and
modify by workers. Similar characteristics can be achieved using some
other solutions, for example Bosch Rexroth or similar systems. How-
ever, off-the-shelf solutions that use extruded aluminium profiles
cannot achieve the same level of stiffness and are not as affordable.

3.2. Plug & produce connectivity

Peripheral modules are crucial for the operation of the reconfigur-
able robot workcell as a manufacturing system. A robot workcell
without any peripheral elements cannot be used to perform any real
production tasks. Thus every workcell should have the ability to be
augmented with peripheral elements (modules) that provide the ap-
propriate functionalities. Some typical modules include fixtures, tool
storage, material flow management, and other application-specific
equipment. To ensure smooth process flow and short reconfiguration
times, we need to have the ability to introduce these modules into the
workeell or swap them with others (especially the material flow mod-
ules) as quickly and with as little interruption to the manufacturing
process as possible.

To deliver the ability to quickly add and remove these modules, we
developed special “Plug & Produce” (P&P) connectors (see Fig. 2).
These are designed to provide quick mechanical coupling with highly
repeatable and stiff positioning of the peripheral modules. In order for
these peripheral components to be truly modular, they should be self-
sufficient to a certain degree, i. e. they should be equipped with the

Fig. 1. The reconfigurable robot workcell in a configuration
where it assembles an automotive headlight. The cell frame is
constructed from steel beams, held together by the BoxJoint
system. Peripheral modules are connected to the cell via P&P
connectors, e. g. blue trolleys in the back and the flexible
fixtures module in the front. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)

appropriate computing, actuation and other capabilities. It is therefore
not enough to provide only mechanical coupling but also power and
connectivity. For this reason, the developed P&P connector also pro-
vides electrical power, Ethernet connection for data transfer, and
pneumatic lines, which can all be used by the equipment contained
within the module. This in turn enables the hardware modules to be
completely self-sufficient and ready to provide the desired functionality
as soon as they are coupled to the main frame. Moreover, the developed
module provides stiff and accurate coupling, which means that when a
new peripheral module is attached, (re)calibration of the workeell is not
necessary provided the locations of equipment and parts within the
newly attached module are known. While there are commercially
available solutions that offer similar features to the developed P&P
connector, e. g. from Destaco, they are rather expensive for what is
needed when connecting external periphery. This is mainly due to
higher positioning repeatability and more connectivity options. The
simplistic design of the developed P&P connector assures that it can be
manufactured at a lower cost. On the other hand, the lower repeat-
ability is compensated in our system by using the novel robot finger
design algorithms that are described in Section 3.4.3.

This working principle is not limited to peripheral modules but can
be used for the robot’s end-effectors as well. In the proposed workcell,
all end-effectors utilize the Destaco QC/TP-30 quick tool exchange
system. The working principle of the tool exchange system is similar to
that of P&P connectors. It provides mechanical coupling of the end-
effectors with the robot as well as electricity and pneumatic air. The
active part that is mounted on the robot incorporates a ball clutch,
which is engaged or disengaged using pneumatic air. This allows the
robots to quickly and fully autonomously exchange the tools and other
end-effectors and at the same time allows the application of more ad-
vanced end-effectors, described in more detail in Section 3.4. Ad-
ditionally, the tool exchange system can be used to kinematically ca-
librate the cell and the robots by attaching the male ends of the tool
exchange system to a hardware module which position is not known in
the world coordinate system. The calibration is then preformed by ki-
nesthetically guiding the robot and attaching its end-effector to the
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Fig. 2. Female (right) and male (left) end of the developed “Plug & Produce” (P&P) coupling system.

coupling elements placed in the workcell. This way we can calibrate the
simulation to match the real cell (described in Section 6.1) or calibrate
the base frame of a multi-robot system (documented in [31]).

3.3. Passive reconfigurable hardware components

While the plug “Plug & Produce” type of connectors allow us to
introduce new modules into the workcell, thus modifying and enriching
its functionality, such modules often need to be introduced manually,
i. e. by a human worker. This type of reconfiguration is not autono-
mous. Standard off-the-shelf solutions for autonomous reconfiguration
require active components and high precision measuring equipment,
which often leads to a high price tag. To lower the price, we propose to
follow a novel concept of passive reconfigurable hardware components.
The proposed passive elements do not contain any actuators or sensing
equipment. Instead, since every robot workcell contains a robot, the
robot’s manipulation and sensing capabilities are used to carry out re-
configuration and positional sensing. We evaluated this approach by
developing a number of passive hardware components that are de-
scribed in the following sections.

3.3.1. Passive linear rail

Linear rails provide the means to increase the robot’s workspace by
moving the robot’s base along the rail. The rail units are usually ac-
tuated so this process can be done autonomously, but this in turn raises
their price. A solution proposed in this work is to use a passive linear
unit, along which the robot can move its base using its own actuators. A
set of brakes ensure that the base is fixed in place when they are en-
gaged (see Fig. 3a). The robot can reconfigure its base position by
latching onto a fixed anchor point with its end-effector and then pro-
pelling itself along the linear rail (see Fig. 3b and c). During this op-
eration the brakes have to be disengaged and are re-engaged only when
the base of the robot reaches the desired position. In compliance with
the reconfigurability paradigm, we utilized the male part of the tool
exchange system (described in Section 3.4) as the anchor point. The
time it takes for such reconfiguration depends on specifications of the
robot used: robots with a lower payload will take more time as accel-
erations have to be smaller to keep the joints torques within the limits.
Generally, it takes a couple of seconds (4-12) for the full reconfigura-
tion so it is mostly beneficial in cases where cycle times are not critical.

We evaluated the developed system by performing a series of ex-
periments with a Franka Emika Panda robot. We chose this robot for
this experiment because — unlike the UR10 robots used in other ex-
periments - it is equipped with torque sensors in every joint. This al-
lowed us to measure the strains on the robot’s joints during the motion
along the linear rail. Our experiments showed that the torques at the
joints are within the specified limits for all joints, as shown in Fig. 3d.
We also measured the positioning repeatability of the robot’s base along

the rail using a precision gauge (accurate up to 0.01 mm). In this ex-
periment, the robot moved from one end of the rail to the other where it
touched the precision gauge contact point. Our tests have shown that
the positioning repeatability of the robot base along the rail is =+

0.2 mm. This means that by using the developed system, we do not
significantly worsen the accuracy at which the robot can perform the
assembly operations, which is 0.1 mm according to the specification of
the robot. Furthermore, the positioning errors of the base can be
compensated in part since in our system, the tasks are programmed
relative to the fixed anchor point and we can compute the position of
the anchor point using forward kinematics.

3.3.2. Passive flexible fixtures — hexapods

A manufacturing process that requires a workpiece to be precisely
and firmly fixed before certain assembly operations are performed, can
be implemented using specially designed fixtures. The design and
manufacturing of fixtures can amount to 10% — 20% of the total
manufacturing system costs [32]. These costs can be reduced by pas-
sively reconfigurable solutions. Our approach is to use an unactuated
Gough-Stewart platform as the base for fixture elements [33]. These
fixtures can be, upon releasing the brakes, moved by the robot arm,
which amounts to changing the position and orientation of the top of
the Gough-Stewart platform. When the desired new position is reached,
the brakes are engaged. The robot system stores the last known position
of the fixture before fully releasing it. Just like in the case of linear rails,
the male end of the tool exchange system is placed on the top plate of
the Gough-Stewart platform while its female counterpart is attached to
the robot’s end-effector. Thus the robot can attach itself to the top of the
Gough-Stewart platform by engaging the tool exchange system. A more
detailed description and evaluation of the proposed passive flexible
fixtures is provided in [34].

A combination of the proposed unactuated Gough-Stewart platforms
(in our experiments we usually used three of them) can be used to
generate a fixture system for workpieces of different shapes. A robot can
automatically reconfigure such a system to different configurations
suitable for fixing different workpieces. An example of automatic re-
configuration of a fixture system for two different automotive light
housings is shown in Fig. 4.

3.3.3. Passive rotary table

Sometimes it is necessary for a robot arm to perform assembly and
other operations from different sides of the workpiece. We designed a
passive rotary table to address the issue when the robots workspace
does not allow the robot’s end-effector to reach the workpiece from all
relevant sides. The workpiece is placed on the table that can be rotated
by a robot to move the workpiece to the desired orientation (an ex-
ample assembly task is shown in Fig. 5b). The actuation and sensing is
again accomplished by using the robot’s actuators and sensors. A good
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Fig. 3. The developed passive linear rail allows
for re-positioning of the robot’s base to extend
its workspace. The robot is mounted on a
platform that can slide along rails and contains
pneumatically activated brakes, which disen-
gage before the robot is to be moved. For au-
tonomous re-positioning, the robot attaches
itself to the frame with the tool exchange
system and then propels its base to the desired
new position (Fig. 3b and c). Fig. 3d shows that
the arising joint torques are within the limits
for all joints.

(a) A cross section of the pas- (b) Robot on the left side of (c) Robot moved to the right

sive linear rail. the passive linear rail.

Joint 1 Joint 2 Joint 3 Joint 4 Joint 5

side of the passive linear rail.

Joint 6 Joint 7

(d) The arising toques during reconfiguration (solid blue lines) and the torque limits (dashed).

positioning repeatability is achieved with pistons pushing plungers into
the holes of the table top to fix it (a cross section is depicted in Fig. 5a).
Consequently, the table can be fixed only at a finite number of discrete
orientations. The pistons are retracted when the workpiece needs to be
re-oriented. Thus pistons and plungers provide the same functionality
as pneumatic brakes in case of linear rails and reconfigurable fixtures.
The proposed solution is cheaper to manufacture than standard rotary
tables with active actuation and sensors.

3.4. Reconfigurable robot tools

Traditionally, a tool mounted on the robot’s end-effector is rarely
exchanged. Once the tasks of the robot is defined, the robot is equipped
with the appropriate tool for the specific task. Naturally, this approach
is not adequate for a reconfigurable robot workcell. A step towards
solving this issue is to make use of the “Plug & Produce” connectivity in
the form of a tool exchange system attached to the end-effector, as
described in Section 3.2. This can greatly expand the array of tasks that
can be performed by a robot without the need to manually make
changes to its end-effector. However, with an eye on the affordability of
the overall solution and execution times, we wanted to minimize the
number of needed grippers and other specialized robot equipment. In

Preloaded
universal joints

Top mounting plate
(reconfigurable)

Bottom mounting
plate (fixed)

Legs with
hydraulic brakes

(a) Computer render of the (b) Fixtures configured for

passive flexible fixture. the X87 headlight housing.

this section, we present two reconfigurable tools that were developed in
order to reduce the number of costly pieces of equipment by providing a
degree of reconfigurability on the tool itself.

3.4.1. Reconfigurable screwdriver

Automated screwdrivers are well established in manufacturing as
they provide an efficient way to fasten screws to predefined values, i. e.
angles or torques. The commercially available industrial screwdriver
solutions are highly tailored to specific tasks and cannot be reused for
another application (e. g. different screws) without modifications. Such
modifications are trivial to do for a human but very challenging for a
robot. The lack of flexibility combined with the high price tag moti-
vated us to develop a screwdriver solution that provides means for the
robot to autonomously exchange the screw bits.

We enhanced an off-the-shelf industrial screwdriver spindle (Deprag
Minimat-EC) with a custom designed power transmission that allows
for a quick exchange of screw bits. The developed solution for the screw
bit exchange consists of two main components, the power transmission
shaft and the screw bit plug, which attaches to the shaft. A secure
connection between the shaft and the screw bit plug is achieved using a
pneumatically activated coupling system, while the angular lock is
achieved using a simplified spline joint. On the other end, the screw bit

Fig. 4. A passive fixture is designed as a
Gough-Stewart platform, containing hydraulic
brakes in each leg so that the legs can hold the
top platform firmly in the desired position. It is
possible to mount various fixturing elements
(e. g. centering cones or clamps) on the top
platform. To automate the re-positioning of
these fixtures, we also installed the male end of
the tool exchange system, thus allowing the
robot to move the top end of the fixtures when
the brakes are released.

(c) Fixtures configured for

the X07 headlight housing.
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Fig. 5. Passive rotary table that enables re-or-
ientation of a workpiece in order to ensure that
a robot can perform assembly operations from
all sides of the workipece. The cross-section of
the rotary table is depicted in Fig. 5a, whereas
Fig. 5b shows a sequence of orientations of the
table that ensure that a workpiece is placed in
such a way that the robot can fasten screws
from 3 different sides of the workpiece (the
applied  screwdriver is  described in
Section 3.4.1).
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End cover
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(b) A sequence (left to right) showcasing the use of the passive rotary table to fasten screws

on three different sides of a circular workpiece.

Tool changer Frame

Spindle

plugs can be fitted with any screw bit that follows the DIN 3126-E6.3
shank standard. Other shank shapes could be utilized with only minor
modifications. By mounting this power transmission to the screwdriver,
the robot was able to exchange the screw bits. The complete screw-
driver with the screw bit exchange system is depicted in Fig. 6.

3.4.2. Reconfigurable gripper fingers

Equipping robots with tool exchange systems is a step that adds
much needed flexibility in terms of expanding the array of operations
that they can perform without manual intervention. While providing a
large array of end-effectors increases the flexibility, such an approach
also increases the overall costs, which works against our goal to provide
an affordable system. This is especially problematic for grasping be-
cause automated robot assembly requires that workpieces are grasped
at precise, known poses. Otherwise assembly operations that require
high precision cannot be executed. Precise grasping is difficult to
achieve with current state of the art dexterous hands, therefore they are
still rarely used in industrial applications [9]. Instead, specialized
grippers are often constructed for each different workpiece. To address
this problem, we developed a finger exchange system that can reduce
the number of robotic grippers needed in the cell for grasping work-
pieces of different shapes [35].

The developed finger exchange system is shown in Fig. 7. It consists
of pneumatic couplers mounted on the robotic gripper and finger tips
that can be exchanged on demand. By providing such a system it be-
comes possible to use one gripper to grasp objects of different shapes as

Power transmission

Fig. 6. A computer render of the reconfigur-
able robotic screwdriver. It is based on a
commercially available screwdriver spindle,
which we enhanced with a specially developed
power transmission that allows for a quick
exchange of screw bits. A custom made frame
around the spindle provides a mounting point
for the tool exchange system.

Screw bit

long as their sizes are similar.

3.4.3. Position error compensation with smart finger design

To achieve precise robot part manipulation, the fingertips of the
robotic gripper should be carefully designed. Current design approaches
are time consuming, lack intuitiveness, and are inflexible in terms of re-
usability. To enable fast construction of new fingers, we developed a
new approach to design, manufacture, evaluate, and re-design gripper
fingers [36]. Our framework consists of automated design methods,
evaluation through simulation, and iterative optimization of the in-
itially designed fingers.

We extended the previously developed automatic finger design
frameworks to not only deal with two-finger servo grippers but also
with three-finger pneumatic grippers. In contrast to designing fingers
for a servo gripper, in the case of pneumatic grippers several constraints
(e. g. the opening and closing width of the gripper, exact part width,
closing force) must be considered in the design process. We utilized two
primary methods for this purpose. The first one uses the imprint of the
part’s geometry to define the relevant finger shape features, while the
second method uses a set of simple geometrical descriptors describing
the features of the object.

The initial design, acquired by either method, is then evaluated in a
dynamic simulation from which we estimate the performance of the
design. If the performance meets the specified success criteria, the de-
signed fingers are manufactured with a 3D printer and introduced into
the workeell. On the other hand, if the performance does not satisfy the
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Fig. 7. A finger exchange system allows the robot to grasp of objects of different shapes without needing to exchange the gripper. The pictures depict the finger
exchange system with no fingers (left most picture) and with 3 different fingers attached.
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Fig. 8. Graphical representation of the combined vision and finger design optimization framework.

task requirements, the finger design is further optimized until the re-
quirements are met.

In the majority of industrial manipulation tasks, the uncertainties
about the workpiece poses are related to the vision-based pose esti-
mation. For this reason, we developed a novel framework for analysing
the relation between the pose estimation uncertainty and the grasping
uncertainty for manipulation and assembly purposes. The framework
(see Fig. 8) consists of two methods:

o the first method deals with optimising the vision system’s para-
meters to reduce pose estimation uncertainty based on a set of
parameters related to vision information processing,

o the second method addresses off-line optimization of finger shapes
to make the fingers capable of compensating for the vision system
uncertainty.

The combined output of the two methods gives an optimal solution
for the desired task. The evaluation of the proposed methodology shows
that both the optimization of vision parameters and the optimization of
finger design can contribute to improving the reliability of grasping
[37]. However, the results can be further improved when the two
methods are used in combination. This is important because more ac-
curate pose estimation usually require longer processing times. Thus we
can stop vision processing once sufficient precision for the required
grasping accuracy has been achieved. On the other hand, it is not ne-
cessary to further optimize finger design once the designed fingers can
deal with the achieved accuracy of pose estimation.

4. Software architecture of a reconfigurable robot workcell

Besides providing physical connections between the peripheral
modules as described in Section 3, it is also important to ensure con-
nectivity in the context of data flow. Each peripheral module should be
connected to the same network in order to broadcast its data and re-
ceive information and instructions about what action to perform at any
given time. In this section we present a ROS-based software architecture
that — complementary to modular hardware design — ensures software
modularity. An overview of the developed software system architecture
is shown in Fig. 9. Its components and how they complement the re-
configurable hardware are described in more detail throughout this
section.

4.1. The workcell ROS backbone

Simply ensuring the data flow between various modules within the
workeell is not enough to adhere to the requirement of software mod-
ularity. In addition, we need to ensure that the data is structured in such
a way that all modules within the system can parse them. For example,
data containing the measurements of the force-torque sensor mounted
on the robot’s end-effector should be readable by all software modules
within the system without the need to code specific parsers on all the
receivers.

In this respect, the Robot Operating System (ROS) represents a
suitable framework for developing various software components that
need to share data over the shared network. The various tools and
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Fig. 9. Software architecture of the reconfigurable robot workcell with various software and hardware modules. Every module within the cell is designed in such a
way that it connects directly to the ROS network. This ensures that every module within the workcell can provide and receive data using the same communication
format. To further expand this connectivity paradigm, all hardware components are equipped with Ethernet interfaces that provide ROS connectivity to them. This

includes the tool exchange system, a smart servo gripper, robotic screwdriver, etc.

features that are available within ROS enabled us to achieve the pur-
sued software reconfigurability of the cell. In our case, software re-
configurability means that it is possible to expand the cell’s function-
alities without disrupting the current software architecture. New
software components can be developed without the need to reprogram
any of the existing ROS nodes. This also eases the development and
integration of new hardware components with their own ROS nodes, as
described in Section 4.2.

4.2. Workcell modules and ROS

Adding or removing modules and therefore reconfiguring the
workeell should not require the designer to dedicate a lot of time and
attention to the software connectivity. Our driving paradigm was that
each module within the workcell should be able to connect to the ROS
network. Thus all modules should be equipped with sufficient compu-
tational hardware to run ROS nodes, thereby exposing each module’s
data and functionalities to the workcell’s ROS network. This way the
modules can be controlled by the top-level task scheduling software as
soon as they are connected to the workcell. Some modules connected to
the cell can require more than just network connectivity in order to
function properly, e. g. pneumatic air or electric power. In such cases,
the modules must be connected using the developed “Plug & Produce”
connector, which is mounted either on the workcell’s frame or on the
robot’s end-effector (as described in Section 3). These design char-
acteristics coincide with the RMS design guidelines that advise for
software and hardware modularity.

To illustrate how a module connects to and is managed by the ROS
network, we describe the torque controlled screwdriver module in more
detail. This module is based on the Deprag Minimat-EC screwdriver
connected to the Deprag AST-11 Sequence controller [38]. To trigger a

screwing sequence, a digital signal has to be sent to the Sequence con-
troller’s digital interface. As the Sequence controller cannot be pro-
grammed to host ROS nodes, it was necessary to connect it with
something that can. For this purpose, we selected a Linux-based single-
board development computer to host ROS nodes that provide a ROS
interface to the Sequence controller of the screwdriver. The digital out-
puts of the single-board computer are connected to the Sequence con-
troller, thus enabling a bidirectional data exchange between the two.
The developed ROS nodes on the single-board computer thus provide a
ROS interface to the Sequence controller. A call to the ROS Action Server
running on the single-board computer sends the pre-defined digital
signals to the Sequence controller, which consequently triggers one of the
screwing sequences (fasten to torque, fasten to angle, etc.). The module
is connected to the workcell with the “P&P” connector as it requires
more than just Ethernet connection. This module is depicted in Fig. 9 as
Torque controlled screwdriver module.

4.3. Low level real-time robot control

A robot manipulator should integrate into the cell without breaking
the RMS principles. This means that it should be able to integrate with
the rest of the hardware components seamlessly. Most of the industrial
robots are equipped with a control box that, apart from ensuring real-
time control of the robot, also provides a task programming interface.
However, these control boxes do not support running ROS nodes so a
special communication layer to connect the robot with the rest of the
ROS network is needed. We therefore developed an abstraction layer
that supports switching between different types of robots. This layer
provides a number of trajectory and feedback control strategies in-
dependently of the selected robot and enables the programming of new
strategies via a suitable control interface. This design decision is
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compliant with our overall design concept, i. e. a robot is just another
module within the workcell and should therefore be easily replaceable.
To support real-time control, the proposed abstraction layer was de-
veloped as a real-time server that on one side communicates with the
selected robot at the highest frequency allowed by the robot’s control
box, and on the other side with a ROS node (called robot ROS driver)
responsible to communicate with the ROS network.

The real-time server is based on Matlab Simulink Real-Time Target
(denoted as SLRT Server in Fig. 9) and accepts high-level commands,
e. g. action sequences, from the robot ROS driver and applies the im-
plemented control strategies and commands to execute the required
robot motion. The server also broadcasts information about the state of
the robot and hardware connected directly to the robot control box
(e. g. 6-D force-torque sensor) to the robot ROS driver. The robot ROS
driver is a ROS node running on a microcomputer within the robot
module and connects to the ROS network via the Ethernet interface (see
Robot 1 and 2 module in Fig. 9).

The development of a custom real-time server that controls the
robot motions independently of the robot’s controller has also allowed
us to implement custom trajectory generation strategies and advanced
control algorithms that are usually not found in controllers provided by
robot manufacturers.

5. Technologies for fast programming of assembly operations

In order for the robot workcell to successfully carry out an assembly
operation, it is necessary to compile a top-level program that schedules
each of the tasks performed by the cell according to the product as-
sembly specification. This step does not only take up a significant
portion of the setup time but usually also demands proficiency and
know-how in programming and robotics. Accelerating this process is
therefore essential for enabling fast setup and short reconfiguration
times. On the other hand, increasing the ease of use and intuitiveness of
the programming process is also required in order to allow shop-floor
workers to partake in the setup process. In this section we present
technologies that were developed and implemented in order to address
these challenges. More specifically, we address the problem of pro-
gramming robot movements and skills when interfacing with the re-
configurable hardware as well as high-level task programming.

5.1. Acquisition of robot assembly skills by human demonstration

The definition of robot motions to carry out a complete assembly
process can be difficult and time consuming for non-expert users.
Programming by Demonstration (PbD) provides a methodology to de-
fine these motions in a natural way rather than by coding complex
programs in a robot programming language. In the proposed cell, PbD is
based on kinesthetic guidance, which enables the user to move the
robot through its workspace by physically guiding it along the desired
path.

To further improve on the intuitiveness and speed of programming
by demonstration, we equipped the robot with a button interface. For
this purpose, the cover of one of the robot’s joints was replaced by a
custom-made, 3D-printed cover that houses several programmable
buttons and switches (shown in Fig. 10). This way we gain the possi-
bility to program the buttons and switches for various purposes that
facilitate the PbD process. In our setup, we programmed the buttons
and switches as follows:

e Switch 1 — Gravity compensation mode toggle.

e Switch 2 — Lock/Unlock toggle for the tool exchange system.

e Button A (blue) — Mark the current robot configuration for saving.

e Button B (green) — Open/Close toggle for the air flow to the tool
exchange system.

5.2. Robot assembly skill database

Before programming a sequence of robot actions that leads to the
complete assembly, the robot operator should equip the robot with the
necessary assembly skills. To make the skills available to all compo-
nents of the workcell, the mongodb_store ROS package has been in-
tegrated into the workcell’s control system. This way we enabled all
ROS nodes in the network to access a MongoDB database [29]. In our
setup, the MongoDB database runs on the ROS master computer. As
described in Section 5.1, skills are acquired by means of human de-
monstration. Thus acquiring a new skill means demonstrating the de-
sired robot motion and saving it as a named new entry into the Mon-
goDB database. For point-to-point movements, fixed robot
configurations are saved, whereas complex trajectories are saved as
parameters of dynamic movement primitives (DMPs), which is a flex-
ible representation for complex roobt movements. See [39,40] for the
discussion of the advantages of DMPs. It then becomes possible to de-
fine a high-level assembly sequence that reads these named entries
(robot configurations or DMPs) from the database and moves the robot
accordingly. The poses and trajectories are saved in the database as ROS
messages corresponding to each type of movement. Having these skills
saved as named entries enables quick reconfiguration in terms of
changing skills. It is sufficient to overwrite the entry in the database
with a modified skill to update the assembly sequence without changing
the high-level assembly sequence program.

5.3. State machine assembler

The next step after setting up the robot workcell, both in terms of
hardware modules and robot skills, is to prepare the assembly sequence
as a computer program. While there are many libraries and frameworks
that facilitate coding of complex state machines, they all essentially
require high degree of programming proficiency, which is against our
guiding principle to make workcell programming easier. Visual pro-
gramming languages represent an alternative to hand writing code. A
widely used tool for visual programming within the ROS community is
FlexBE [41]. While it does provide a comprehensive GUI that requires
the user to form “connections” between various “blocks” to define a
ROS-based state machine, it lacks in terms of reconfigurability. All the
components that make up these blocks have to be pre-loaded on the
development computer.

To tackle these issues in a manner that preserves the principle of
software reconfigurability, we developed State Machine Assembler
(SMACHA) framework that can compile executable programs based on
top-level scripts and low-level templates. The top-level scripts have to
be written in YAML data-serialization language, while templating is
done using Jinja2 templating language. The details of how this frame-
work works are presented in [42]. Here we highlight how the func-
tionality of loading templates to the ROS parameter server is used to
support hardware reconfigurability as well.

The SMACHA’s code generation engine shown in Fig. 11 is able to
read templates that are used to generate executable code not only from
files on the development computer but from the ROS parameter server.
This gives us the possibility to develop the workcell’s modules that
upload their templates to the ROS parameter server upon connecting to
the ROS network. At a first glance, this feature seems redundant as most
of the modules within our system already provide a ROS interface either
via Action Servers or Services (detailed in Section 4.2). However, the
main advantage of using templates is that they can do more then just
make a request to the Action Servers or Services. They can also perform
data manipulation, conditional statements, etc.

6. Reconfiguration

There are several aspects of reconfiguration in the proposed work-
cell. We start by discussing reconfiguration to completely new
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Fig. 10. Custom-made, 3-D printed button interface. The replacement cover houses two buttons and two switches. The latter have a LED showing their status (in the
picture switch 1 is turned on). These buttons and switches are programmable and their functions can differ depending on the skill acquisition process.

production tasks, which usually requires some manual steps, e. g. re-
structuring the workeell frame, adding and removing some peripheral
hardware components from the workcell, etc. Once a new component
has been introduced (trolleys, tools, etc.), the workcell must be cali-
brated, i. e. the pose of the newly introduced component with respect to
the robot’s base coordinate system need to be acquired. For this pur-
pose, one end of the tool exchange system is attached to the new
component and the other end to the robot’s end-effector. The robot is
kinesthetically guided to the new hardware component and attached to
the tool exchange system part. The tool exchange system is engaged to
force the robot into the final desired pose (by connecting the two parts
of the tool changer) and the pose of the robot’s end-effector is computed
from the robot joint angles to compute the pose of a new hardware
component.

As described in Section 3.3, passive reconfigurable components
have no actuators or sensors installed in them, therefore they cannot
move on their own. However, these parts can be automatically re-
configured by a robot as they contain passive degrees of freedom. We
use a tool exchange system, kinesthetic guidance, and point-to-point
movements to program reconfiguration movements. In all cases (pas-
sive linear rail, fixtures, rotary table), we gather data by attaching one
part of the tool exchange system to the robot’s end-effector. In the case
of a linear rail, the other part is attached to the fixed holding location in
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the workcell (see Fig. 3). The robot is first kinesthetically guided to-
wards the holding locations and attached to the tool changer. This in-
itial robot pose is recorded. The linear rail brakes are then released and
the robot base is kinesthetically guided towards the desired pose. Once
the desired pose has been reached, the brakes are engaged and the final
robot pose is stored. Out of these data, the automatic reconfiguration
program can be generated: 1. move the end-effector towards the initial
holding location using a simple point-to-point-movement, followed by a
linear approach movement with a fixed orientation, 2. connect the two
parts of the tool changer, 3. release the brakes of the linear rails, 4.
move the base along the linear path from the initial to the final pose, 5.
engage the brakes, 6. release the connection between the two parts of
the tool changer, 7. withdraw the robot’s end-effector away from the
tool changer part. This programming process is fully supported by a
button interface shown in Fig. 10.

The procedure is similar for the passive fixtures (hexapods) and the
rotary table.

6.1. Reconfiguration in simulation

The manual determination of a suitable workcell layout, which in-
cludes locations of all physical components of the cell, is difficult to
perform and takes a considerable amount of time. Here we describe

Jinja2 templates

Fig. 11. SMACHA’s modular software design supple-
ments the modular hardware design of the robot
workcell. Each module within the cell can upload
SMACHA templates to the parameter server. This
scheme shows an example how the Vision module, the
Torque controlled screwdriver module, the Passive flexible
fixture module and the Robot 1 module upload their
templates to the parameter server. The robot pro-
grammer writes a top-level YAML script describing the
assembly sequence as a state machine using the tem-
plates available on the parameter server. The SMACHA
generator then combines these inputs and generates
the appropriate computer executable code.
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how the developed system supports the (re)configuration process by
making use of a digital twin.

The digital twin we developed supports the modelling of the cell
from a hardware and software point of view [43]. It connects to the
ROS software infrastructure and can access the SMACHA templates and
scripts. This allows the user to program, simulate and run the assembly
sequence with the relevant robot motions in simulation [44]. It also
provides a graphical user interface showing the 3D representation of the
cell. The workcell designers can use the GUI to determine the layout of
the cell’s hardware components for the given production task. This
includes the placement of the robot(s), end-effector tools, periphery
elements and the arrangement of the passive reconfigurable modules,
etc. This is especially useful for industrial users because it is not ne-
cessary to stop production when constructing a cell for the next pro-
duction task.

However, the main advantage of being able to simulate robot mo-
tion is the ability to autonomously evaluate different layouts. After the
initial layout has been determined in such a way that the robot(s) can
perform the desired task, the workcell designer can proceed to fine tune
the positions of various hardware elements to achieve a more optimal
solution. During this process, the chosen components are moved to new
locations (in the vicinity of the initial ones) and the assembly process is
simulated. The assembly is simulated for every new location of the
chosen components and the relevant metrics are monitored (e. g. cycle
times, energy consumption, etc.). The respective measures are shown in
the GUL

Some example measures are shown in Fig. 12. In Fig. 12a we
evaluated how the position of the robot’s base affects the cycle time of
the assembly. This evaluation measure has showed us that the initially
chosen position for the robot base was not optimal. We therefore moved
the robot’s base to the optimal location suggested by the cycle time
metrics. In another experiment, we evaluated the location of the
workpiece that the robot had to manipulate. This time we monitored
the total energy consumption to perform the required robot motions.
The results are shown in Fig. 12b. It is evident that the closer the
workpiece is to the base of the robot, the lower the total energy con-
sumption is. While this could be expected, the workcell designer can
extract additional information from these measurements. We can ob-
serve that the energy consumption rises faster along the Y axis of the
workpiece position. In case the closest position is not viable to place the
workpiece, it is better to move it along the X axis than the Y axis.

7. Integration for fast setup of robot assembly processes

Following the RMS paradigm and its characteristics, we introduced
several innovative technologies to make our system — apart from

Total Energy Consumption [J

reconfigurable — also modular and customisable. We achieved that by
designing the overall system to be constructed using modular hardware,
complemented by a modular software architecture. On the hardware
side, this comprises (Section 3): 1. several module exchange systems
including a novel P&P connector that guarantees stable mechanical
coupling and also passthrough of data and power, 2. passively re-
configurable elements, e.g. fixtures based on Gough-Stewart platform
with hydraulic brakes, 3. reconfigurable tools, e.g. a robotic screw-
driver with exchangeable screw bits, 4. design of gripper fingers based
on 3-D printing, etc.

To provide the characteristics of an RMS, the cell is also equipped
with several advanced software tools and frameworks (Section 5): 1.
kinesthetic guidance supported by a button interface to ease the ac-
quisition of new assembly skills and data for calibration, 2. a new
scripting and templating framework for high-level task programming,
and 3. digital twin component integrated with the real workcell to
support programming and reconfiguration. The developed workcell
control system (Section 4) is based on ROS, which fully supports the
modular design of the cell, including synchronization and commu-
nication between all active components.

In the following we briefly describe the workflow that leads to the
implementation of a new production task using the proposed system.
We also outline how to reconfigure the cell when changes to the pro-
duction task emerge. A diagram showing the pipeline for deploying a
new production task to the reconfigurable robot workceell is shown in
Fig. 13.

When a new production task needs to be implemented, the first step
is to gather information and specifications about the desired product.
This step is typically performed in cooperation with the client. The
process of setting up the workcell is an iterative process. After the initial
analysis has been performed, the workcell users start preparing the
solution from the available software and hardware components
(marked blue and pink in Fig. 13, respectively). On the hardware side,
the cell structure is assembled/reconfigured using the reconfigurable
frame parts, the appropriate peripheral modules (including passive re-
configurable components and external sensors), and the required robot
tools. These steps can first be done in the digital twin environment to
produce an initial draft of the cell layout. On the software side, the
assembly sequence is prepared by making use of the available robot
skills, by acquiring new skills by human demonstration, and by using
the high-level task programming framework. The developed system
also supports the integration of vision-based methods for object re-
cognition and pose estimation, which are needed if the location and
identity of workpieces are not fixed [37]. Similarly, visual quality
control approaches can be integrated using the graphical programming
methods described in our previous work [45].

Fig. 12. The digital twin can be used to sup-

port the design of optimal workcell layout.
\ Within simulation we can evaluate how dif-
ferent placements of hardware components
affect the relevant performance indicators.
Fig. 12a shows how different positions of the
robot’s base affect the cycle time of the as-
sembly (darker shades — lower, lighter shades —
higher). In Fig. 12b we can see the effects of
| workpiece location on the total energy con-
sumption when the robot picks up the work-
piece. Here the object was picked up from 14
different locations on a plane (marked with red
circles). (For interpretation of the references to
colour in this figure legend, the reader is re-
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Fig. 13. The workflow for deploying new
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brated by kinesthetic guidance, which is supported by a button inter-
face to ease the programming tasks. Similarly to the cell hardware
layout, the initial assembly sequence can be programmed in the digital
twin as well. If the solution needs to be reconfigured automatically to
switch the production process, e. g. by manipulating passive peripheral
components, the necessary robot movements should also be pro-
grammed. Finally, the solution is deployed to the real production en-
vironment. In most cases, some adjustments still have to be made after
the first deployment to optimize the performance.

The processes described above can be carried out without in-depth
knowledge of the system. However, if it is not possible to prepare a
solution from the already available components, the personnel with in-
depth knowledge can develop new hardware or software modules. On
the hardware side, this means either developing new peripheral mod-
ules or designing new robot tools and fingers. By providing the P&P
connectivity, the new hardware components can be attached to the cell
with ease. On the software side, new SMACHA scripts and templates or
ROS nodes can be developed.

While the digital twin is not strictly necessary to prepare a new
solution, its availability can accelerate the set up process. However, the
preparation of the digital twin is usually not possible without in-depth
knowledge about the desired product and the operation of the workcell.

8. Evaluation

To evaluate the developed workcell and the implemented meth-
odologies, we performed a series of experiments in relevant environ-
ments, realising five industrial production processes from different
manufacturing areas. Reference Key Performance Indicators (KPIs)
were acquired and the overall performance of the cell was evaluated.
Throughout the experiments, some of the key equipment stayed the
same, but other parts of the workcell were reconfigured according to
the requirements of each task. Some application-specific peripheral
modules were either added or removed.

All experiments were carried out in close cooperation with the
manufacturing companies that provided the use cases. The most im-
portant KPIs were defined as: 1. quality of assembly, 2. reconfiguration
time, 3. time to implement an automated assembly solution, and 4.
cycle time to assemble the products. In this section we present the
evaluation of these crucial indicators.
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We define setup times as the time it takes to setup a new production
process in the developed workcell. It is composed of several steps, in-
cluding the exchange of information with the customer, the production
and evaluation of the hardware designs, and the development of the
required software (see Fig. 13). Evaluating the efficiency of workcell
setup and its reconfigurability in a manner that provides quantitative
results is difficult due to the lack of standardized benchmarks. We
therefore approached this evaluation by implementing various use
cases from different manufacturing areas. The goal was to show that not
only different manufacturing processes can be automated within the
developed workcell, but that it is also possible to switch from one
production process to another by exploiting the workcell’s modular
design, its reconfigurability, and without making major changes to the
core software and hardware structure of the cell.

The following five different production processes were im-
plemented: 1) assembly of different automotive light housings, 2) as-
sembly of a customized linear actuator for smart furniture, 3) assembly
of a glass mounting gripper, 4) assembly of a family of airport runway
signalling lights, and 5) assembly of various versions of an electronic
device by inserting multiple PCB modules into their housing. The var-
iants of the workcell configured for each of these experiments are
shown in Fig. 14 and in videos added as supplementary material to the
paper [46-50].

We estimated the duration of implementation of the latter use cases
with the available resources (the first two use cases were developed in
parallel with the development of workeell software infrastructure, thus
their implementation took longer than necessary). Because a full im-
plementation consists of integrating both hardware and software, we
estimated the time it took for a full implementation by considering the
data from a version-control software system. In Table 1 we compare the
dates from the first and the last commit of the code for the top-level
state machine. Even though such data stem from the work done on the
software, the hardware work was done in parallel. The implementation
of use cases showed that the setup duration is most affected by hard-
ware work, as it was always necessary to develop new tools and per-
ipheral modules.

From these data and experience gathered during the implementa-
tion, we can conclude that focused implementation of different use
cases can be achieved in two weeks to one month. If all the needed
hardware is available from the beginning, it is usually possible to design
the cell and implement the assembly task in 2 — 4 days.
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(b) Assembly of a customized linear actuator

for smart furniture.

(d) Assembly of a family of airport runway

signalling lights.

(e) Assembly of electronic devices.

Fig. 14. The five industrial use cases implemented in the proposed reconfigurable workcell. The series of images demonstrates that that some of the peripheral
components stayed the same while some of the modules had to be exchanged. Additionally, different tools were made available on the tool rack for the robots to use.

Table 1
Estimated duration of use case implementations. The second use case includes
Christmas holidays, thus the duration of its implementation is somewhat
skewed.

Use case Beginning End Total duration
Glass mounting gripper assembly 29-10-2018 06-12-2018 40 days
Runway lights assembly 06-12-2018 05-02-2019 61 days
Electronic device assembly 11-02-2019 26-02-2019 15 days

8.2. Reconfiguration times & cycle times

The proposed workcell supports different forms of reconfiguration.
First we studied switching the production from one product variant to
another. For example, in case of changing the production from one
automotive light housing to another (see also Section 8.3), re-
configuration is performed by a robot physically moving the passively
reconfigurable fixtures into a suitable configuration to fix the current
light housing for assembly. In case of assembly of various versions of an
electronic device, reconfiguration consists of generating a new as-
sembly program based on identity of devices entering the cell and
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exchanging the gripper fingers to enable grasping the workpieces. We
were able to perform these and other reconfigurations fully auto-
matically in a matter of minutes.

Another form of reconfiguration involves switching the workcell
from one production case to another. We tested several combinations,
including switching from the assembly of automotive light housings to
the assembly of the customized linear actuator for smart furniture and
switching from the assembly of runway lights to the assembly of elec-
tronic devices. This type of reconfiguration cannot be performed fully
automatically and therefore involves some manual work, e.g. to rebuild
the workeell frame and bring new tools to the workcell. Nevertheless,
provided all hardware and software components are available, this type
of reconfiguration can be performed in a matter of tens of minutes.

The focus of our work is to achieve a high degree of reconfigur-
ability of the system as a whole and provide automation to production
processes, which are to a large degree still done manually. Nonetheless,
we did measure also the cycle times achieved in our use case im-
plementations. They are presented in Table 2. Some of the achieved
cycle times cannot be compared to their real-life counterparts because
we implemented the assembly of prototypes, which are not yet as-
sembled in a regular production line. In those cases where cycle times
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Table 2

Cycle times of each use case implemented in the reconfigurable workcell. Only
some of the implemented production processes have a real-life counterpart
production running in a factory. Therefore, only those ones have the corre-
sponding cycle times presented in brackets.

Description of the assembly Achieved cycle times

Automotive light housing (X07) 2°25” [1°05”]
Automotive light housing (X82) 1’53” [417]
Glass mounting gripper 4517
Customized linear actuator 6’53” [ 1]
Runway light (square casings) 1’517
Runway light (round casings) 1'22”
Electronic device assembly 4477

of the automated production could be measured, they are longer than
manual production but in two of the three use cases comparable and
actually acceptable for the company interested in automating its pro-
duction. It has been noted also by other researchers that — compared to
more tailor-made solutions — RMS usually achieve lower throughput
[8,13]. Shorter cycle times could be achieved by further optimising the
hardware and the workcell layout for each use case, but this was not the
focus of our work.

For the third use case where we could compare the cycle times, i. e.
assembly of customized linear actuator, the automated solution takes
too much time. In this case the conclusion was that the parts need to be
redesigned to enable automated assembly in real production. This is a
well known problem in automation; short cycle times can rarely be
achieved if the requirements of automation are not considered during
the product design process [51].

8.3. Robustness and quality of automotive light housings assembly

As explained above, our experiments stem from different areas of
manufacturing. For a more thorough analysis, we selected the assembly
of light housings from the automotive industry. The automotive in-
dustry has very strict and well-defined requirements in terms of quality
of the production process, which makes it easier to select the in-
dustrially relevant key performance indicators (KPIs).

The implemented manufacturing process revolves around the as-
sembly of automotive light housings for headlights. Two different
headlight models (X82 and X07) were selected for this experiment, both
shown in Fig. 15. The assembly process involves the insertion of various
components into the headlight housing. The headlights mainly differ in
shape. However, also the parts to be inserted are different (see
Fig. 15b).

In its current implementation on the factory floor, the assembly
process is in part performed manually, with a final operation performed
by a specially designed assembly machine. Each light housing model
requires a different assembly machine. Typically 2 workers are needed
to service these machines in a required cycle time and the production

(a) Automotive headlight model X82

takes place in four shifts (24/7), i. e. 8 workers each day. While these
machines provide an assembly method with short cycle times, they are
not cost effective as they have to be designed and produced for each
headlight model. Additionally, these assembly machines have to be
available for 5 years after the end of regular production, as spare parts
must be produced on demand, occupying significant storage space.

The aim of the experiment was to evaluate the proposed re-
configurable workcell as a fully automated substitute for the numerous
assembly machines and manual work needed in the current version of
the assembly line. This means that the workcell has to be able to as-
semble different types of light housings without human intervention. As
noted before, these headlight models differ not only in their shape, but
also in their assembly sequence. The challenge of the different shapes
was addressed by implementing the passive flexible fixtures (hexapods)
described in Section 3.3.2 and depicted in Fig. 4b and c. Furthermore,
the difference in the assembly sequence was addressed by providing an
array of different robot tools, mounted on the tool rack module of the
workcell. The robots were thus able to autonomously reconfigure the
fixtures and equip themselves with the tools needed for each step in the
assembly process.

8.3.1. Methodology

To evaluate the suitability of the workeell for this task, we con-
ducted the Run@Rate analysis, which consists of equipment confirma-
tion and process confirmation. The goal of Run@Rate is to identify
potential quality and/or productivity problems and put counter-
measures in place to prevent these issues affecting further development
prior to the start of production. Measuring System Analysis (MSA) and
Production Part Approval Process (PPAP) are a standard part of the
Run@Rate analysis, with the guidelines provided by the Automotive
Industry Action Group [52]. While MSA is used for the confirmation of
equipment, the confirmation of the process is done using the PPAP.

During the PPAP test, the parts assembled in the workcell were
monitored and the relevant KPIs extracted. Some KPIs required the
measurement of physical values, e. g. heat shield and screw height,
which was performed by using specialized measuring equipment. Other
KPIs, e. g. the condition of LWR drive and the bulb holder, required
visual inspection of the possible damage to the headlight housing due to
faulty insertion. These KPIs are listed in Table 3.

We studied the robustness of the manufacturing process im-
plemented in our workcell with respect to the production upper (USL)
and lower (LSL) specification limits. To quantify the results of the test,
the following two capability process indices with continuous values
were used as KPIs:

e C,, which estimates what the process is capable of producing if the
process mean were to be centred between the specification limits of
the process:

o _ USL - LsL
P 60 ’ €8]

Fig. 15. Two different automotive light hous-
ings that were assembled in the proposed
workeell and the respective parts that need to
be inserted in order to complete the assembly.
The left side figure shows the headlight model
X82 where only the LWR drive has to be in-
serted. The right hand figure shows the head-
light model X07 with the parts to be inserted
(from top to bottom): the LWR drive, a heat
shield, a bulb holder and a screw.

(b) Automotive headlight model X07
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Table 3
Key performance indicators for the assembly of automotive light housings.

Part KPI description

Heat shield
Screw height
LWR drive
Bulb holder

Height between the heat shield after insertion [mm]
Height of the screw after successful fastening [mm]
Possible material damage due to faulty insertion [OK / NOK]
Possible material damage due to faulty insertion [OK / NOK]

Table 4
Results from the statistical analysis of the production part approval process
(PPAP).

Heat shield Screw LWR drive Bulb holder
LSL [mm] 10.50 21.80 / /
USL [mm] 11.50 22.80 / /
Process target [mm] 11.00 22.30 / /
Success rate [%] 100.00 100.00 100.00 100.00
Process mean - ¢ [mm] 10.97 22.36 / /
Standard dev. - 0 [mm] 0.11 0.10 / /
Gy 1.49 1.63 / /
Cok 1.40 1.40 / /

® Cp, which estimates what the process is capable of producing con-
sidering that the process mean may not be centred between the
specification limits:

USL —u u— LSL

Cpx = min
Pk 30 30 2)

In the above equations, o represents the variability of the process

(standard deviation) and p represents the estimated process mean. A
high Cp indicates that the process is adequate and has a small spread in
relation to the tolerance width. If C is equal to G, then the process is
set to produce exactly in the middle of the tolerance range.

8.3.2. Results

The confirmation of the equipment using MSA was performed by
assessing and confirming the equipment used for the assembly. For
example, the flexible fixturing system was confirmed by concluding
that it can ensure the fixturing of good parts, whereas faulty parts
cannot be put onto the fixturing system. For the various grippers, their
suitable performance was confirmed by the correct grasping of good
parts, whereas faulty parts could not be grasped correctly.

After the equipment was confirmed, we carried on to the Production
Part Approval Process (PPAP). In this experiment, 40 pairs of headlights
had to be assembled continuously one after the other. The measure-
ments and visual inspection of the KPIs was done by a representative
from the cooperating company. From the acquired data, it was then
possible to calculate C, and Cp indices for the screw and heat shield
height KPI. The LWR drive and bulb holder KPIs are expressed in a
binary form (OK or NOK), hence it does not make sense to perform
statistical analysis beyond the success rate for these two KPIs. The
measurements taken during the evaluation are presented in the top part
of Table 4. The results of benchmarking are provided in the bottom part
of Table 4, while Fig. 16 expresses these results graphically.

Typically, the value for Cy should be at least 1.33 [53]. For the
conformation of the assembly process, C,x must be above 1.33. In our
case we achieved C,; = 1.40 for both of the measured, non-binary KPIs.
This means that both MSA and PPAP were confirmed and the Run@Rate
test was successful. Thus we have proven that the quality of assembly is
appropriate to deploy the developed solution on a factory floor.

25 - 0 Co 0 Fig. 16. The graphs depict the statistical ana-
'%ELOWGT (LSL) and upper (USL) specification hmltsiH lysis of the screw and heat shield height mea-
20L ! 6o ! ! surements. The blue bars represent the histo-
% i i i gram of the measured values, while the red line
Ab-< 151 i Process mcan%—% == Process target i represents an estimated Gaussian distribution
B ! ! for the said measurements. From the graphs it
5 i i is evident that both KPIs fall within the speci-
g 10~ ! ! fied lower and upper limit. (For interpretation
é i i of the references to colour in this figure legend,
5 ! | the reader is referred to the web version of this
I I
; ; article.)
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(a) Graphical representation of the heat shield height statistical analysis.
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(b) Graphical representation of the screw height statistical analysis.
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9. Conclusion

In this paper we present a Reconfigurable Manufacturing System
(RMS) developed as a reconfigurable robot workcell. Our work focused
on the synergies between the hardware and software modules to ensure
a high degree of reconfigurability, short setup times, and quick reac-
tions to production changes. Throughout the development of the cell,
we paid significant attention to improve affordability and ease of use of
the overall system. We introduced the concept of passive reconfigurable
hardware components to achieve affordable and autonomous re-
configuration. Further achievements presented in this work include the
integration of programming by demonstration practices into the
workecell setup streamline, the standardization of hardware interfaces
with the “Plug & Produce” connectors, hardware modularity supported
by the ROS-based software architecture, and the application of digital
twin in order to adapt and optimize the layout of the cell.

The proposed technologies and the overall system were evaluated
by implementing several real industrial production tasks. The successful
implementation of these experiments demonstrates the versatility of the
proposed system and its components. In one of the experiments, i. e.
assembly of automotive light housings, we were able to confirm the
industrial grade quality of the implemented production process.

In a large system like the one described in this paper, there are of
course many aspects that can be further improved. One important as-
pect is the overall safety of the proposed robot workcell. As described in
the paper, the system makes use of collaborative robots that are certi-
fied to be safe to operate in proximity to human workers. However, the
developed passive reconfigurable components, which use the robot arm
as the sensing and actuation mechanism, do not necessarily share the
safety mechanisms of a collaborative robot. For example, the legs of the
passive flexible fixtures have a gap between them that can change
significantly and unpredictably when it is moved by a robot. This has
the potential of harming a person’s finger and represents a safety hazard
for the person unaware of this risk. A possible solution for this specific
issue would be a protective membrane that would cover the legs of the
fixture without hindering its flexibility. However, when designing such
solutions it is important to maintain a high degree of reconfigurability
of the overall system.

Thus one important task for future research is to provide procedures
to ensure safety and define certification processes for reconfigurable
workecells. Since reconfigurable workcells are not static but change
frequently, it is necessary to define appropriate certification procedures
that will enable fast certification of new variants of the workcell, in-
cluding the certification with respect to safety issues.
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