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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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bChalmers University of Techology, Product and Production Development, SE-41296 Göteborg, Sweden
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Abstract

We introduce a novel digital factory layout tool that optimizes both the layout of machines and the corresponding ergonomic logistics consid-
ering space constraints. A model is constructed by tangible properties on machines and environment, regions on the floor and by ranking their
mutual relations. An optimized layout is then computed based on the model, the relations and an ergonomic score for the human work tasks,
which are automatically computed by digital manikins. The result is an optimized layout, visualized in 3D, with improved logistic routes. The
layout tool has been implemented and successfully tested on a relevant industrial case.
c© 2018 The Authors. Published by Elsevier B.V.
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1. Introduction and background

Regardless if it is a new installation or a redesign of an al-
ready existing layout, there are several aspects that need to be
considered in the layout planning process [1,2]. For instance,
all the logistics related to the production system regarding hu-
man workers, carriers, material and product handling needs to
be considered and there will be a need for media supply, such
as water, electricity and ventilation, as well as the possibility to
perform larger maintenance routines and future expansions of
the factory.

One way to optimize the layout is to utilize simplified sys-
tematic layout planning, also known as Muthers method, which
is a graphical pen and paper based method [3]. However, the
method is time consuming, especially for larger layouts and the
result may be hard to interpret for non-experts.

With a virtual layout planning tool, it is possible to visualize
the layout in 3D and involve multidisciplinary competences in
order to identify flaws and evaluate different layout concepts
[4,5]. Moreover, it is possible to address these aspects already
in an early stage of the layout planning process, which reduces
the need of late design changes, shortens the ramp-up time and
creates an efficient and sustainable production system [6].

To support the virtual layout process, we introduce a novel
digital factory layout tool that optimizes both the layout of ma-
chines and the corresponding ergonomic logistics considering

space constraints. The ergonomic logistics is calculated us-
ing the IMMA manikin [7–9], which automatically performs
collision-free assembly operations and creates collision-free
walking routes.

A model is constructed by tangible properties, such as con-
nections and displays on the machines and in the environment.
The space requirement of a property is defined by regions. They
may, for instance, be created around machines and on the floor
in the workshop environment in order to represent the space
needed for work, service, transportation and by legal require-
ments.

All entities in the model and their mutual relations are first
ranked and then used to compute an optimized layout that con-
siders the both relations and the space requirements. In the next
step, the digital manikins are assigned tasks, which upon suc-
cess yields an ergonomic score. The layout is then further op-
timized with respect to the logistic walking routes, which are
created when the manikins performs their tasks. The result is
an optimized layout with improved logistic routes that may be
visualized in 3D.

2. Intelligent Moving Manikins (IMMA)

The ergonomic evaluation is calculated using IMMA, which
is based on a bio-mechanical skeleton that is constructed as a
simplified skeleton with 82 joints and more than 162 degrees of
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freedom [10].
When an IMMA manikin is instructed to perform a task, it

automatically computes the ergonomically sound motions that
are needed to accomplish the task. Moreover, the motions also
consider the balance, which includes the weights of the differ-
ent human body segments, the objects being carried as well as
exterior forces and torques from the environment. The manikin
also automatically avoids collision with itself and objects in the
environment [11,12]. The logistic walking routes are automati-
cally computed to consider both the clearance to the surround-
ing and the shortest collision-free walking distance.

All simulations in IMMA are made with batches of
manikins, called families that may easily be created to cover the
majority of a population [13,14]. The manikin families are in-
structed by a high-level language [15]and each member of the
manikin family tries to perform the instructions with as good
ergonomics as possible throughout the simulation.

3. Systematic layout planning

The systematic layout planning is a method used to construct
layouts based on the interactions between the activities that
occurs among the functionalities in the plant and the method
may be applied to arbitrary layouts applications such as office
layouts, grocery stores and workshops [16]. The layout plan-
ning method is built around three fundamentals; chart the rela-
tionships, document the space requirements and adjustment to
achieve a feasible of the layout [16].

In this work, the simplified systematic layout planning
method has been implemented. It is a pen and paper method,
derived from the systematic layout planning and it consists of
the following six steps [3]:

1. Identify and chart the relationships between resources, ob-
stacles and environment based on for instance the material
flow, service and environmental factors such as noise.

2. Establish and document the space requirement and the
necessary media supply for each resource in the layout.

3. Draw a relationship graph in order to create a graphical
representation of the relationships that were defined in the
first step. The nodes in the graph represents the resources
and the edges the relations. Different types of edges may
be used to visualize the different relations.

4. Draw space relationship layouts based on both the rela-
tionships and on the space requirements of the resources,
obstacles and the environment.

5. Evaluate the alternatives by considering the importance
between the different criteria used in the evaluation.

6. Detail the selected layout and make minor adjustments, in
order to ensure proper functionality such as facility main-
tenance and to add the auxiliary equipment needed in order
to create an total overview of the actual layout.

4. Virtual layout planning

The optimized layout is based on a model constructed from
the different resources used in the layout. The resources are
general and might represent tangible objects and functionality
on the equipment and in the environment, such as drains, dis-
plays and machines.

Moreover, a resource may also contain additional properties,
such as a location and space regions. The location is used to
determine if a resource is fixed or movable, whereas the regions
are used to represent the required space for a machine or to
allocate claims on the workshop floor. This way it is possible to
include the space needed in order to work and to walk around a
machine, to perform a service, the logistic transportations and
to ensure that the legal requirement are fulfilled in the layout.
Fig. 1 shows how properties of the facility are modelled as
resources whereas a machine is modelled in Fig. 2.

Fig. 1. A workspace visualized by a point cloud where an electric service sta-
tion (blue), a door (red) and a ventilation shaft (orange) has been modelled as
resources that requires regions on the floor to ensure proper functionality and
maintenance work. Courtesy by GKN.

Fig. 2. A CNC machine that has been modelled as a resource with a working
region (yellow) and three footings to mark entry points that guides the manikins
to different functionalities of the resource. Courtesy by GKN.

Furthermore, the regions may also contain different prefer-
ences for the manikin which may be utilized by the logistic path
planner in the computation of the walking routes since. A re-
gion may for instance be preferred, non-preferred or even for-
bidden to walk across. Fig. 3 shows how the walking route is
changes when the region changed from avoid to forbidden.

An entry point is defined for each position of a resource
where a manikin shall enter when to perform a task such as
interact with a machine or to pick parts from a shelf.

The regions, their properties and the entry points will affect
the walking routes and new walking routes needs to be com-
puted for each update of the layout. Thus, the walking routes
allows an easy visualization of the different routes needed to
perform the instructions in a certain layout. An example of a
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Fig. 3. The logistic path planner utilizes the regions of the resources in order to
create collision-free walking routes are for the digital manikins. The blue path
shows the path used before the red region increased the walking penalty and the
green the path after the penalty update. Courtesy by GKN.

Fig. 4. A manikin that performs a collision-free walking route in an environ-
ment mixed with point clouds and CAD geometries. Courtesy by GKN.

walking manikin is shown in Fig. 4 whereas an example of a
walking route is shown in Fig. 5.

All entities in the model are included in a matrix and their
mutual relations ranked by the user, see Fig. 6. A score is then
computed based on the current relations and the layout. Fig. 7
shows the relations of a layout where the different weights are
represented by line width, pattern and color. A change in the
layout or of a weight will instantly compute a new score. This
enables real-time modelling of layouts.

An optimized layout is then computed based on these rela-
tions and it is then further optimized with respect to the logistic
walking routes, see section 5.3.

The digitalized systematic layout planning has been imple-
mented in the Industrial Path Solutions (IPS) software tool [17].

5. Layout optimization

The layout score is computed as

f (L) = f (D, S ) =
∑

di, j si, j (1)

where di, j is the distance between the center of the objects and
si, j is the relation weight. The resources are placed in the en-
vironment without colliding with regions in the environment or
other resources. The layout is then calculated using the follow-
ing three step optimization procedure. First, an initial layout is

Fig. 5. An overview of the logistic walking routes used when performing a set
of instructions. Courtesy by GKN.

Fig. 6. The relationship chart with the mutual relations among the resources.
The relations are weighted according to the simplified systematic layout plan-
ning method shown to the right.

constructed and then optimized in a second step. Finally, the
layout is improved with respect to the logistic walking routes.

5.1. Initial layout construction

Initially, a grid surface is constructed based on the size of
the factory, which includes the regions for fixed resources, such
as supplying media and transportation isles. Next, all movable
resources are sequentially placed on the grid based on a rank
computed from the relation chart and their closeness. More
specifically, k resources are selected at each step of the algo-
rithm and the closeness and score to all assigned resources are
computed. The resources with the highest score is first selected
to a position in the grid, followed by the resource with the low-
est closeness value. Equalities are resolved using randomiza-
tion.

There are two algorithms for placing the resource onto the
grid; evaluate all placing orders and evaluate all local combi-
nations. In the first each of the k resources are placed at the
position that yields the lowest layout score, whereas in the sec-
ond, all positions and rotations for each of the k resources are
evaluated and the layout which yields the lowest score is cho-
sen.
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constructed and then optimized in a second step. Finally, the
layout is improved with respect to the logistic walking routes.

5.1. Initial layout construction

Initially, a grid surface is constructed based on the size of
the factory, which includes the regions for fixed resources, such
as supplying media and transportation isles. Next, all movable
resources are sequentially placed on the grid based on a rank
computed from the relation chart and their closeness. More
specifically, k resources are selected at each step of the algo-
rithm and the closeness and score to all assigned resources are
computed. The resources with the highest score is first selected
to a position in the grid, followed by the resource with the low-
est closeness value. Equalities are resolved using randomiza-
tion.

There are two algorithms for placing the resource onto the
grid; evaluate all placing orders and evaluate all local combi-
nations. In the first each of the k resources are placed at the
position that yields the lowest layout score, whereas in the sec-
ond, all positions and rotations for each of the k resources are
evaluated and the layout which yields the lowest score is cho-
sen.
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Fig. 7. Visualization of the relations in a layout. Courtesy by GKN.

5.2. Optimize a layout

Different algorithms have been proposed in order to opti-
mize the layout. During the optimization, only the position of
the resource in the grid and a 90◦ rotation of the resource is con-
sidered. The rotation point of a resource is located in the center
and hence a 180◦ rotation of the resource will be redundant.

5.2.1. k-Exchange
The exchange algorithm selects k ≥ 2 resources randomly

and evaluates all possible combinations. If k = 2 they exchange
positions and the two rotations are evaluated. If the exchange
yields an improvement, the layout is preserved. When k > 2, all
the possible combinations, including the positions and rotations
are evaluated for a fixed number of iterations.

5.2.2. Hill climbing
The algorithm is iteratively constructing neighbour solutions

from the current layout state by manipulating the resources. A
resource may be manipulated by a rotation and a perturbation in
the x− and y−axis. and the manipulation that yields a minimum
to the layout score is defined as the neighbour solution. Initially,
a set of neighbour solutions is created from the manipulation of
resources and the algorithm then iteratively creates and evalu-
ates the neighbour solutions for k-random selected and manip-
ulated resources until an optimum is found.

5.3. Logistic walking routes optimization

The logistic optimization is an additional step, applied to an
existing solution f (le), that tries to find a layout lw such that
α f (le) ≤ f (lw) ≤ f (le) for α ∈ [0, 1].

The manikin is instructed to perform tasks and for each of
task there exists an entry point, see example en Fig. 2. When
the instructions have been performed, the work flow of an exist-
ing layout will be revealed and quantified with a score. The fol-
lowing algorithms has been used to improve the logistic walk-
ing routes:

5.3.1. Rotation
In order to improve the ergonomics, each resource is moved

to a new location in the grid. However, compared to the previ-
ous optimizations, where only a 90◦ rotation was considered
for each of the resource, all four directions of the resources
must now be included in the optimization since a rotation of
a resource may enable, disable or affect the length of the routes.

However, the computation of the logistic walking routes is

time consuming and instead of testing all possible rotations for
all of the resources, the following algorithm is proposed in order
to reduce the number of computations needed. Define k ∈ N.
For n steps, randomly select k resources. Rotate all the selected
resources 180◦. Let each improvement of the rotation define the
current layout and let k = k − 1. Repeat until k = 1.

5.3.2. Exchange position
In similarity to the exchange algorithm in section 5.2.1, k

resources exchange position. However, instead of searching for
the best exchange, a layout produced by an exchange that fulfils
α f (le) ≤ f (lw) ≤ f (le) for α ∈ [0, 1] is randomly selected. In
the next step, all the selected exchange layouts are evaluated
with all possible rotations. The algorithm runs for fixed number
of iterations and the layout with the best ergonomic score is
chosen as the final layout.

6. Test case and result

The layout tool is tested on a relevant industrial test case
that includes four CNC machines, a control station a computer
station, washing and a tool service station. Fig. 8 and Fig.
9 show an overview and all the resources used in the layout
respectively.

Fig. 8. The facility used in the layout. Courtesy by GKN.

Fig. 9. The resources used in the layout. Courtesy by GKN.

6.1. Layout construction

The construction algorithm has been tested on two scenar-
ios. One with no position constraints and with one resource in
a fixed location. Fig. 10 shows the result when the two algo-
rithms, evaluate all placing orders and evaluate all local com-
binations are used on the test case without any position con-
straints. In Fig. 11, the washing machine has been locked at a
fixed location before the execution of the algorithms.
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Fig. 10. The results from (a) the all placing orders and; (b) the evaluate all
local combinations algorithms. Courtesy by GKN.

Fig. 11. The result of fixating the position of a resource (orange) before exe-
cuting the (a) all placing orders and; (b) evaluate all local combinations algo-
rithms on the test case. Courtesy by GKN.

6.1.1. k-Exchange
Fig. 12 shows the results after executing the k-Exchange

algorithm with k = 4.

Fig. 12. The k-Exchange algorithm executed with four resources per exchange.
Courtesy by GKN.

6.1.2. Hill climbing
The results of the hill climb optimization where three and

two resources have been used to generate the neighbour solu-
tions are shown in Fig. 13.

6.2. Improving the walking routes

The initial layout, see Fig. 14, is achieved from the first
optimization step in 6.1 and the deviation from the initial score
is defined with α = 95. Moreover, since not all directions of
the resource have been considered in the layout optimization,
see section 5, there exist no feasible walking route in the initial
layout to this optimization step.

Fig. 13. The results of executing the hill climb optimization where (a) two and
(b) three resources has been used to generate the neighbour solutions. Courtesy
by GKN.

Fig. 14. The initial layout used for improving the walking routes. Note, this
solution lacks a feasible walking route. Courtesy by GKN.

6.2.1. Rotation
The result from the rotation algorithm is shown in Fig. 15,

which contains a feasible walking route.

Fig. 15. The rotation algorithm creates a layout with a collision-free walking
route based the initial solution. Courtesy by GKN.

6.2.2. Exchange position
Fig. 16 shows the layout with a feasible walking route that

has been found by the exchange position algorithm.

7. Discussion

The result shows that our digital layout tool succeed with
creating optimized layouts that also consider the logistic walk-
ing routes. Note, there exist no feasible walking route in the
layout solution from the first optimization step. However, this
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Fig. 7. Visualization of the relations in a layout. Courtesy by GKN.

5.2. Optimize a layout

Different algorithms have been proposed in order to opti-
mize the layout. During the optimization, only the position of
the resource in the grid and a 90◦ rotation of the resource is con-
sidered. The rotation point of a resource is located in the center
and hence a 180◦ rotation of the resource will be redundant.

5.2.1. k-Exchange
The exchange algorithm selects k ≥ 2 resources randomly

and evaluates all possible combinations. If k = 2 they exchange
positions and the two rotations are evaluated. If the exchange
yields an improvement, the layout is preserved. When k > 2, all
the possible combinations, including the positions and rotations
are evaluated for a fixed number of iterations.

5.2.2. Hill climbing
The algorithm is iteratively constructing neighbour solutions

from the current layout state by manipulating the resources. A
resource may be manipulated by a rotation and a perturbation in
the x− and y−axis. and the manipulation that yields a minimum
to the layout score is defined as the neighbour solution. Initially,
a set of neighbour solutions is created from the manipulation of
resources and the algorithm then iteratively creates and evalu-
ates the neighbour solutions for k-random selected and manip-
ulated resources until an optimum is found.

5.3. Logistic walking routes optimization

The logistic optimization is an additional step, applied to an
existing solution f (le), that tries to find a layout lw such that
α f (le) ≤ f (lw) ≤ f (le) for α ∈ [0, 1].

The manikin is instructed to perform tasks and for each of
task there exists an entry point, see example en Fig. 2. When
the instructions have been performed, the work flow of an exist-
ing layout will be revealed and quantified with a score. The fol-
lowing algorithms has been used to improve the logistic walk-
ing routes:

5.3.1. Rotation
In order to improve the ergonomics, each resource is moved

to a new location in the grid. However, compared to the previ-
ous optimizations, where only a 90◦ rotation was considered
for each of the resource, all four directions of the resources
must now be included in the optimization since a rotation of
a resource may enable, disable or affect the length of the routes.

However, the computation of the logistic walking routes is

time consuming and instead of testing all possible rotations for
all of the resources, the following algorithm is proposed in order
to reduce the number of computations needed. Define k ∈ N.
For n steps, randomly select k resources. Rotate all the selected
resources 180◦. Let each improvement of the rotation define the
current layout and let k = k − 1. Repeat until k = 1.

5.3.2. Exchange position
In similarity to the exchange algorithm in section 5.2.1, k

resources exchange position. However, instead of searching for
the best exchange, a layout produced by an exchange that fulfils
α f (le) ≤ f (lw) ≤ f (le) for α ∈ [0, 1] is randomly selected. In
the next step, all the selected exchange layouts are evaluated
with all possible rotations. The algorithm runs for fixed number
of iterations and the layout with the best ergonomic score is
chosen as the final layout.

6. Test case and result

The layout tool is tested on a relevant industrial test case
that includes four CNC machines, a control station a computer
station, washing and a tool service station. Fig. 8 and Fig.
9 show an overview and all the resources used in the layout
respectively.

Fig. 8. The facility used in the layout. Courtesy by GKN.

Fig. 9. The resources used in the layout. Courtesy by GKN.

6.1. Layout construction

The construction algorithm has been tested on two scenar-
ios. One with no position constraints and with one resource in
a fixed location. Fig. 10 shows the result when the two algo-
rithms, evaluate all placing orders and evaluate all local com-
binations are used on the test case without any position con-
straints. In Fig. 11, the washing machine has been locked at a
fixed location before the execution of the algorithms.
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Fig. 10. The results from (a) the all placing orders and; (b) the evaluate all
local combinations algorithms. Courtesy by GKN.

Fig. 11. The result of fixating the position of a resource (orange) before exe-
cuting the (a) all placing orders and; (b) evaluate all local combinations algo-
rithms on the test case. Courtesy by GKN.

6.1.1. k-Exchange
Fig. 12 shows the results after executing the k-Exchange

algorithm with k = 4.

Fig. 12. The k-Exchange algorithm executed with four resources per exchange.
Courtesy by GKN.

6.1.2. Hill climbing
The results of the hill climb optimization where three and

two resources have been used to generate the neighbour solu-
tions are shown in Fig. 13.

6.2. Improving the walking routes

The initial layout, see Fig. 14, is achieved from the first
optimization step in 6.1 and the deviation from the initial score
is defined with α = 95. Moreover, since not all directions of
the resource have been considered in the layout optimization,
see section 5, there exist no feasible walking route in the initial
layout to this optimization step.

Fig. 13. The results of executing the hill climb optimization where (a) two and
(b) three resources has been used to generate the neighbour solutions. Courtesy
by GKN.

Fig. 14. The initial layout used for improving the walking routes. Note, this
solution lacks a feasible walking route. Courtesy by GKN.

6.2.1. Rotation
The result from the rotation algorithm is shown in Fig. 15,

which contains a feasible walking route.

Fig. 15. The rotation algorithm creates a layout with a collision-free walking
route based the initial solution. Courtesy by GKN.

6.2.2. Exchange position
Fig. 16 shows the layout with a feasible walking route that

has been found by the exchange position algorithm.

7. Discussion

The result shows that our digital layout tool succeed with
creating optimized layouts that also consider the logistic walk-
ing routes. Note, there exist no feasible walking route in the
layout solution from the first optimization step. However, this
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Fig. 16. A layout with a collision-free walking route has been created by the
exchange position algorithm from the initial solution. Courtesy by GKN.

is corrected in the final optimization step and it emphasizes the
importance of including the logistic walking routes in the layout
optimization.

The computation of the layout is based on the weighted rela-
tions of the resources in the model. Thus, all aspects that shall
be considered in the layout need to be expressed as a resource
in the model. Moreover, the distances are located in the center
of the resources. This may not always be an adequate approx-
imation that prevents the possibility to for instance model that
a certain side of a resource shall face a certain direction. How-
ever, since the tool provides real-time updates of manual layout
changes, there is always a possibility for the users to edit the
solutions and to include an aesthetic view of a layout.

The layout tool allows scanned point cloud to be used to vi-
sualize the status of the facility and to provide information of
available resources and their positions when the layout model
is constructed as well as improving the 3D visualization of the
different layout concepts. Moreover, the automatic computa-
tion of the manikin motions is not limited to simulation of lo-
gistic walking routes and whole assembly sequences as well as
other tasks, such as maintenance, will be simulated in the future
work. This will result in more realistic simulations that may,
for instance, consider the ergonomics of a certain layout of the
workshop throughout a day. Finally, the tool is not limited to
manufacturing and it would be interesting to evaluate the tool
on other fields of application, as well as in large scale layouts.

8. Conclusion and future work

The digital factory layout tool, which optimizes the layout of
machines and the corresponding ergonomic logistics, has suc-
cessfully been implemented and tested on an industrial relevant
case. The tool makes it possible to easily create and visualize
different layout concepts in 3D in order to provide a clear view
of the layout that may easily be shared with non-expert users of
the software tool.

In our future work, the tool will be extended to simulate
more complex scenarios, both regarding the layout and the per-
formed task. Moreover, an in-depth investigation of the opti-
mization algorithms will be made as well as further improve-
ment of the computations of the collision free walking routes.

The tool will be further extended with functionalities to sup-

port, for instance multiple manikins, carriers and automatized
equipment in order to simulate larger production systems.
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