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Abstract -
Timber construction and prefabrication are becoming in-

creasingly important in the building and construction indus-
try. The degree of automation in this area is low. Caused
by the great variability of construction projects and build-
ing components, automation systems that can adapt flexibly
to different construction projects are required. However, a
system that fulfills these conditions does not yet exist. Down-
times for reconfiguration in between projects must be short.
The use of robotics for the automation of prefabrication is
constantly developing. Recent publications present a novel,
flexible, reconfigurable, and transportable manufacturing
platform using industrial robots. A system consisting of sev-
eral of these modular platforms can be flexibly adapted to
the changing requirements of different construction projects
and set up on-site at local timber construction companies. To
ensure the manufacturability of the timber components and
to minimize downtimes between projects, the entire workflow
from digital design to fabrication must be considered. The
co-design approach makes this possible. It breaks up the cur-
rently existing sequential process from design to fabrication
and considers all sub-steps holistically. Thus, enabling the
consideration of the fabrication capabilities during building
design. This allows the planning of building components and
system layout so that fabrication is feasible. To achieve this,
the fabricability of a given system layout has to be evaluated.
This requires a digital twin of the fabrication system as a
simulation model. The reconfigurability of the fabrication
system must be reflected by the digital twin. The fabrication
tasks and the system configuration are constantly changed
in search of a valid combination. Therefore, with each it-
eration, the digital twin must be adapted or newly created.
At present, this is mostly a manual process. This makes the
whole approach unfeasible. To solve this problem, this work
presents an approach for the automated, model-based gen-
eration of digital twins for the simulation of reconfigurable
fabrication systems for timber prefabrication.
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1 Introduction

The use of wood as a sustainable building material can
help to reduce the emission of greenhouse gases from the
construction industry [1]. In terms of recycling, wood
as a building material also offers important advantages
over building with mineral materials [2]. Prefabrication
promises to at least partially solve current problems such
as the high demand for affordable housing. The construc-
tion industry currently has lower productivity and degree
of automation than the manufacturing industry. This im-
portant industry currently still relies strongly on the use of
manual labor [3]. Certain branches of timber construction
have already successfully adopted approaches from man-
ufacturing [4]. However, this highly automated branch of
timber construction is found almost exclusively in residen-
tial housing and accounts for only a very small share of the
overall construction industrymarket [5]. Themajor part of
timber construction has a strong project-based orientation
[6]. Most projects are to some extent unique.

The mostly small [7] and locally based companies have
to adapt flexibly from project to project and hence need
flexible fabrication systems. Downtime between projects
must be short. The wide variability of building com-
ponents due to location-specific building codes and the
strong dependence of the building design on the specific
building location and the client is a challenge [8]. The
wide variance in the requirements of project-based con-
struction poses currently unsolved challenges for small and
medium-sized timber construction companies in terms of
automation. This is especially true for more advanced,
higher-performance lightweight construction systems that
use fewer resources but require more complex fabrica-
tion processes and higher fabrication accuracies. Existing
automation solutions in timber construction are very in-
flexible. These often highly automated systems can be
configured from a modular component system. However,
later adaptations of these machines to specific project re-
quirements are hardly possible.
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1.1 Adaptive Fabrication Systems

Due to the lower requirements on machining accuracy
compared to manufacturing technology, especially in sub-
tractivemachining, the use of industrial robots has become
established in timber prefabrication [9]. Industrial robots
offer the necessary flexibility that timber prefabrication
requires [10]. Furthermore, the performance of industrial
robots is sufficient for most timber building components
with lower demands on machining accuracy and surface
quality. Recent examples of the use of industrial robots
in construction are the assembly of single timber frames
[11] or the construction of successive roofs using ceiling-
mounted industrial robots [12]. On the one hand, these
examples show the potential for automating highly com-
plex timber prefabrication tasks with industrial robots. On
the other hand, these systems were developed specifically
for this particular task and are not flexibly adaptable to
other tasks.
In [8], a novel approach to the automation of timber pre-

fabrication was presented using a modular, reconfigurable
and transportable platform that was used to fabricate the
building demonstrator from [6]. The platform is equipped
with end-effectors for milling, nailing, gluing, and han-
dling components.
A system consisting of several such platforms can be

adapted to the specific requirements of individual con-
struction projects by the arrangement and number of mod-
ules as well as their configuration. Since thesemodules are
transportable, the fabrication system can be set up on-site
at local timber construction companies.

1.2 Fabrication Planning and Simulation

Such a modular, reconfigurable fabrication system can
be equipped with different tools and effectors as required.
The system layout can be reconfigured by rearranging and
replacing the system modules. To ensure minimal down-
time between projects, this must be achievable in a short
time and with minimal effort.
Several aspects play an important role in the operation

and the successful, fast reconfiguration of such a fabrica-
tion system. A suitable control system is needed to operate
the fabrication system. The adaptation of the control to
a given system layout must be simple and as automated
as possible. The same applies to the calibration of the
modular system after a reconfiguration of the modules.
Another important aspect is the planning of the layout and
the transfer of the building design to the fabrication. To
keep downtimes low, both the fabrication process and the
system layout must be pre-planned and pre-validated. To
efficiently ensure the manufacturability of the components
with the existing fabrication capabilities that are available
in the given fabrication setup, the usual sequential work-

flow from design to engineering to fabrication needs to
be broken down. One such method is co-design [13]. In
co-design, all involved stakeholders work in parallel and
not sequentially. Their planning and calculation models
interact via defined interfaces. The objective is to inte-
grate manufacturability and machine skills into the design
and planning process.
This can be done in parts on an abstract level, consider-

ing the workspaces, the payloads, and the manufacturing
processes of the modules. Following on from this, the
fabrication of the components must be simulated in detail.
This requires a simulation model of the fabrication sys-
tem. To reliably validate the manufacturability for a given
system layout and task schedule, and thus to enable fast re-
configuration between projects, the simulationmodelmust
cover all relevant factors, such as path planning and exe-
cution, collisions, or reachability. This requires a digital
twin of the entire fabrication system, which also includes
the control system and incorporates it into the simulation.
In this way, the later task execution can be pre-validated
before the actual reconfiguration of the plant. To enable
the rapid simulation of different system layouts and task
schedules, a method that automatically generates the sim-
ulation models for a given system layout and manages the
entire simulation process is needed. This paper presents
the concept and early implementation of a method for au-
tomatic model generation and execution of digital twin
models of the above described reconfigurable fabrication
system for timber prefabrication. The concept is validated
based on a simulation with different fabrication layouts
and a simple tasks sequence.
The remainder of this paper is organized as follows. Sec-

tion 2 discusses related work in the field of digital twins in
manufacturing and construction technology. In Section 3,
we discuss the problem definition and present our solution
approach. This is followed by Section 4, where we de-
scribe the current state of implementation. The presented
method is validated in section 5 We conclude and discuss
our work in Section 6.

2 Related Work
Different definitions of digital twins are known in the

literature. A general definition has been established by
NASA as an "integrated multi-physics, multi-scale, prob-
abilistic as-is simulation of a product, system, or process
that can reflect the lifetime of the corresponding twin using
available physical models, historical data, and real-time
data" [14]. In principle, digital twins can be divided into
online and offline digital twins. Online digital twins run
in parallel with the system. These are used, for example,
for the measurement of hard-to-measure conditions , pre-
dictive maintenance or life-cycle management . Offline
digital twins run independently of the physical system.
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Use cases include simulation or planning .

2.1 Digital Twin in Manufacturing and Construction

Different definitions of digital twins are used in manu-
facturing technology. It can be a virtual image of products,
individualmachines ormachine components or even repre-
sent entire plants and factories. Depending on the applica-
tion, these differ in the level of detail in which the physical
instance is mapped. In manufacturing technology, the dig-
ital twin is often a model of a system or machine in which,
in addition to kinematics and dynamics, communication
via fieldbuses is mapped in real-time. In [15] the authors
present a digital twin approach that allows the digital twin
to be used as an deterministic, real-time environment for
the reinforcement learning-based training of an agent for
CNC based robotic manipulation of soft-tissue objects.
In [16] an approach for real-time co-simulation of digital
twin models is presented. In [17], digital twins for online
optimization of the real fabrication system are discussed.
The authors of [18] present a 3D reconstructionmethod for
the exploration of SME environments with drones. The
work of [19] discusses the construction of digital twins
employing model-driven approaches. The authors of [20]
present a method for the discovery and automatic genera-
tion of digital twins. The characteristics of manufacturing
systems are derived from data. The authors find that the
approach generates models that can correctly estimate the
system performance. The work of [21] describes the auto-
matic generation of digital twins for simulation. They use
model generation techniques and generate a digital twin
of the environment. The authors of [22] use a digital twin
to evaluate the reconfiguration of an automation system.
They find that their method can reduce reconfiguration
times by up to 58%. A modular framework for digital
twins of reconfigurable manufacturing systems (RMS) is
presented in [23]. The work in [24] applies digital twins of
reconfigurable machine tools for design purposes. Stud-
ies regarding different kinematics are conducted with the
digital twin. The work of [25] presents an approach to
reconfiguration planning of RMS based on digital twins.
Similarly, the authors of [26] employ a digital twin-driven
method for the reconfiguration of manufacturing systems.
In [27], the authors discuss digital twin enabled reconfig-
uration for robotics-based manufacturing systems.
In contrast to manufacturing technology, digital twins in

the construction industry are mainly used as a representa-
tion of a product like a building component or a building,
rather than as a representation of the manufacturing re-
sources used to fabricate it. The authors of [28] state
that the use of digital twin technologies offers great po-
tential for the transformation of the construction industry.
Applications include structural system integrity, facilities
management, monitoring, logistics processes, and energy

simulation. In [29], the digital twin of a building includ-
ing its equipment is used for life cycle management and
predictive maintenance. The authors of [30] aim to de-
velop an integrated digital twin that can be used to update
building information modeling. In [31], a digital twin is
presented as a framework for combining computational
design and robotic construction. The digital twin aims
to represent the built structure, which is monitored using
computer vision techniques. A detailed model of the robot
and its behavior beyond its kinematics is not part of the
digital twin.
In the field of manufacturing technology, work on the

automatic, model-based generation of digital twins is
known in the literature. In some cases, there are ap-
proaches for system reconfiguration based on digital twins.
In the construction industry, digital twins are mainly con-
sidered as a model of a building or a construction system.
In the field of robotic prefabrication, robot kinematics is
used in component design and fabrication planning. How-
ever, an actual, automated simulation with the digital twin
of the entire manufacturing system with its control system
does not take place.

3 Methodology
3.1 Problem Formulation

Reconfigurable manufacturing systems offer a high de-
gree of flexibility. However, reconfiguration planning is
a very complicated and laborious process. During layout
planning, it must be ensured that the resulting system is
capable of fabricating the desired parts. This validation
is of great importance, as the reconfiguration process in-
volves a lot of time and effort. Since downtimes should be
as short as possible, a reconfiguration due to an infeasible
layout must be avoided. In the case of the robotic, re-
configurable fabrication system for timber prefabrication
described above, further difficulties arise. First, the plant
has to be reconfigured relatively frequently from project to
project. Second, the system layout and the part geometries
have to be planned synchronously so that an optimal com-
bination that satisfies all requirements and constraints is
achieved. In addition, the environment constraints change,
since the plant is to be set up locally at the timber construc-
tion company in each case. Figure 1(a) and Figure 1(b)
show examples of different system configurations with dif-
ferent modules and constraints.
The planning and validation of a layout for a given

building system must be performed employing a realistic
simulation based on a digital twin of the reconfigurable
plant, showing an adequate level of detail. Since this is
a complex planning problem and the manual creation or
adaptation of the simulationmodels requires a lot of time, a
suitable solution for the automated generation of the digital
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Figure 1. Examples of Fabrication System Layout

twin is necessary. For each change in the development of
the building system, the system layout has to be validated
or planned again. The resulting amount of adjustments to
the simulation model underline the need for this research.

3.2 Method

To solve the existing problems and hence enable fast,
automated validation through simulation we automatically
generate and manage the digital twin of the reconfigurable
fabrication system. The generation of the digital twins is
based on a descriptive model of the system. The level of
detail of the digital twin must reflect the relevant behavior
of the entire system from task execution to path planning.
The 3D geometry, the kinematics, the dynamics, and the
system capabilities as well as a description of the control
components have to be part of the model. The path track-
ing behavior of the industrial robot control is excluded
and assumed to be ideal. The reason for this is that the
industrial robot control is a black box system. Based on a
description of the system layout, the digital twin of the en-
tire system is generated. This description holds themodule
configuration, the system layout with module poses, and
the environment. A simulation management component
is used to control initialization, simulation execution, and
deinitialization of the generated models and enables au-
tomatic iteration over different configurations. After a
successful start-up of the model, the execution of man-
ufacturing tasks that are defined through a task graph is
simulated. After that, the simulation is stopped and deini-
tialized. The simulation validates reachability, collisions
trajectory planning, and task execution. A later extension
of the simulation to include process simulation for han-
dling and assembly or subtractive and additive fabrication
is being considered and planned.

3.3 Model Structure

The digital twin of the reconfigurable, modular fabri-
cation system is composed of several modules. The indi-
vidual modules in the form of containers with robots and
tools are referred to as fabrication units (FU). These are
formed as a combination of the subcomponents platforms,

robots, and end effectors. The compatibility of the sub-
components with each other is represented by interface
descriptions.
Figure 2 illustrates this concept based on various FUs.

The description model of the subcomponents includes not
only the interfaces but also the required software compo-
nents. These are for example responsible for path planning
and I/O control. Depending on the tools and robots, CNC
components or camera drivers for a simulated camera are
also possible. This can be used to derive a dependency
tree for the individual FUs or the overall system. As can
be seen in Figure 3, each FU has a task controller. This
controller is connected to the system controller. The sys-
tem controller ensures the correct execution of the task
schedule described in the graph. As soon as a task can be
started, it is sent to the task controller of the corresponding
FU, which is then responsible for its execution. In addi-
tion to the FUs, the model consists of ENV components
that describe the environment, such as the workshop, and
OBJ components that represent passive but not static ob-
jects. These can be, for example, pallets with material
or working tables with components. Existing FUs and
their components form a library that can be used for the
reconfiguration of FUs and the fabrication system.

3.4 Model Description

Fabrication layouts are described in a text-based way.
This description contains a list of FUs that are a part of the
component library. For each FU the type and the pose is
specified. Furthermore, ENV objects for the environment
and OBJ elements for the interaction are included. The
digital twin itself is described by XML-based files. These
files are generated by the model generator and are started
gradually during the ramp-up of the digital twin. They
describe all subcomponents of the individual FUs and start
them.

3.5 Model Generation

Based on the layout description and the component li-
brary, the digital twin is generated by the model generator.
The layout description is retrieved and matched with the
component library. Based on the FU description the de-
pendency tree can be created. For each FU a Universally
Unique Identifier (UUID) is created to uniquely identify
the FU. This UUID serves as a prefix for the communica-
tion with the module. Identical FUs that occur more than
once can thus be uniquely addressed. In a second step, the
models of the FUs are adapted to the requirements of the
simulation or it is checked whether an adaptation is neces-
sary. Such an adaptation is for example the configuration
of the collision monitoring so that occurring collisions can
be registered. Furthermore, a bitmask must be generated
that defines which collision pairs should not be reported.
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Figure 2. Composition of Modular Fabrication Units

This is necessary, for example, so that collisions of the
module container with the ground are not permanently re-
ported. A start file is created as an entry point for the
launch of the digital twin. After the successful generation
of the digital twin, this file is reported to the simulation
manager.

3.6 Simulation

The automated simulation is managed according to fig-
ure 3 following model generation by theModel Composer.
The Simulation Manager component is responsible for
this. It receives pairs of digital twins and task descrip-
tions to be simulated. The individual pairs are simulated
according to their order. For this purpose, the digital twin
together with the task description is automatically loaded
into the simulation environment and started. During the
simulation, monitoring data such as the movements of the
robots or any collisions that occur are recorded. When
the simulation is finished, the digital twin is stopped. The
successful execution of individual tasks is reported by the
task controllers of the FUs. If a task could not be exe-
cuted successfully due to a collision or other errors such
as reachability problems or too large tracking errors dur-
ing path execution, the task is marked as failed. Using the
monitoring data, errors such as collisions can be analyzed
in detail and the component or system can be adjusted ac-
cordingly. If a task fails, the pair of the task description
and system layout is marked as non-functioning.
Figure 4 shows the state flow of the SimulationManager

during automatic simulation. First, the digital twin is
generated for a given layout (state 1). Then, the digital
twin is started. After the successful model ramp-up phase
(state 2) the simulation can be started (state 3). After the
simulation is finished, the digital twin is stopped during the
model ramp-down phase (state 4). In state 5, the generated
data is deleted and the workspace of the model generator

and the simulation manager is cleaned up. In this step, the
results of the simulation are saved.

4 Implementation
The above method was implemented as a proof of con-

cept and is in an early stage of implementation. The imple-
mentation is based on the open-source robotics framework
Robot Operating System (ROS) using C++ and Python.
Gazebo is used as the simulation system. The individ-
ual fabrication units (FU) and their subcomponents are
based on the IntCDC fabrication module library contain-
ing different containers and robots. The Unified Robot
Description Format (URDF) is used as description the
model for robot kinematics with the XACRO tool from
ROS. For motion planning, the MoveIt path planning li-
brary is used. In the current state, digital twins can be
generated model-based and started or stopped automati-
cally. During generation, all FUs are configured with the
required components. All configuration and launch files
are generated. In the simulation, the robots can follow the
paths described in the tasks. Any collisions that occur are
detected. Based on the simulation data, the system config-
uration or the fabrication tasks can be adapted accordingly.
The actual manufacturing simulation with handling and
assembly processes or subtractive and additive processing
is currently not integrated and will be realized in the next
steps.

5 Validation
The validation of the described concept is realized us-

ing different system layouts of the fabrication system for
testing. For this purpose, 4 different system layouts are
used as use cases with a sequence of motion tasks. The
individual tasks describe movements that have to be exe-
cuted by the robots. Use Case 1 consists of 5 fabrication
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Figure 3. Simulation Workflow

Figure 4. State Flow of the Simulation Manager

Figure 5. Use Case 1

modules with a total of 8 robots. The other use cases com-
prise 2 and 3 modules respectively. Use Case 4 is defined
in such a way that collisions with the environment occur
during certain tasks. The 3D model of the Large Robotic
Construction Lab (LCRL) of the University of Stuttgart is
used as a simulation environment.
The digital twin of use cases 1 and 4 can be seen in

figures 5 and 6. The system layouts are defined in the
configuration of the model generator. The generator iter-
ates over the individual layouts. It generates the digital
twin of the system according to the layout. The Digital
Twin is then started and initialized. After the model is
completely loaded, the simulation of the tasks is started
and performed. After completion of the task simulation,

Figure 6. Use Case 4

the digital twin is deinitialized and stopped. The log data
of the simulations are shown in Figure 6.
The log data shows the chronological sequence of the

generation of the models. The models are first created
(1). Then they are started (2) and the simulation is car-
ried out (3). After the simulation is finished, the model
is stopped (4) and the model generator is cleaned up (5).
It can be seen that in simulation 4, as expected, collisions
with the environment are detected. The validation shows
that the implementation allows the automatic generation
and simulation of digital twins for the described system.
The automatic generation and simulation of a list of lay-
outs are possible. The validation based on the current
implementation shows that the presented approach works
and that it provides a solution for the model generation and
simulation for the described reconfigurable manufacturing
platform for timber prefabrication.

6 Conclusion
This paper discusses the automatic generation and sim-

ulation of digital twins of a reconfigurable, robot-based
fabrication platform for prefabrication in timber construc-
tion. The proposed method allows an easy and automated
generation of these models. It allows the automated simu-
lation of fabrication tasks described in a task graph for
a given system layout. The primary objective of this
approach is to enable co-design through integrated fab-
rication planning and fabricability analysis. Hereby it is
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Figure 7. Simulation Log Data

possible to iterate quickly over different solutions. This
permits efficient planning and validation of the fabrication
and thus helps to keep downtimes for system reconfigura-
tion between projects to a minimum. The next step is to
extend the method to include an optimization procedure
for the planning of a suitable system layout. In addition,
the digital twin is to be extended to include a detailed sim-
ulation ofmanufacturing tasks such as handling, assembly,
and subtractive and additive processes.
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