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Preface

Contemporary enterprises aim to deliver a great number of consumer products and
systems, assuring at the same time friendly and satisfying working environments for
people involved in manufacturing services. Human-centered design factors, which
strongly affect manufacturing processes and the potential end-users, are crucial for
achieving continuous progress in this respect. These topics have been extensively
discussed at the AHFE 2021 conference, and selected papers are included in this
book.

Researchers around the world attempt to improve both the quality of consumer
products and working environments. The advanced production management and
process control (APMPC) focuses on exchanging ideas and recent developments in
production, sustainability, life cycle, innovation, development, fault diagnostics,
and control systems. It also addresses a spectrum of theoretical and practical topics.

Furthermore, this book covers topics in additive manufacturing, advanced
modeling systems, and 3D prototyping. Digital modeling systems, empowered by
tangible and intangible tools that apply technologies such as ICTs, virtual envi-
ronments, cloud computing, intelligent user interfaces, interconnected tools, and
hybrid systems, enable us to conceive, model, analyze, virtualize, and simulate
sophisticated solutions. Additive manufacturing (AM) refers to all production
processes made with 3D printers, rapid prototyping systems, and methods for
remote fabrication, which use raw materials to create three-dimensional objects.
Such fabricated solutions become pervasive in many environments, decreasing the
cost of the entire manufacturing process.

We believe that the up-to-date knowledge presented in this book can inspire and
support researchers in manufacturing and process control to advance their designs
and implement them into practice. Therefore, this book is addressed to both
researchers and practitioners.

The papers presented in this book have been arranged into seven sections. The
first two sections focus mainly on topics in additive manufacturing, while the
remaining six sections focus on topics related to production management, process
control, and manufacturing.
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Additive Manufacturing, Modeling Systems, and 3D Prototyping

1. Advanced Technologies and Manufacturing Processes for 3D Printing
2. 3D Printing Design Applications

Advanced Production Management and Process Control

3. Production Management and Process Control

The Human Aspects of Advanced Manufacturing: Managing Enterprise
of the Future

4. Production Management in Industry
5. Human Capital Management in Industry
6. Applications in Industry
7. Lean and Agility and Enterprise

The content of this book is the outcome of the dedicated effort of many people.
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published here. Finally, we also wish to thank the following editorial board
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expertise in selecting and reviewing the presented papers:
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Determining the Optimal Orientation
of AM-Parts Based on Native 3D CAD Data

Slim Krückemeier(B), Georg Staudter, and Reiner Anderl

Department of Computer Integrated Design,
Technische Universität Darmstadt, 64287 Darmstadt, Germany
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Abstract. Due to the separation of part design and pre-processing in the indus-
trial context of additive manufacturing, design changes caused by part orientation
determination lead to time-consuming iterations. This work provides an approach
to determine the optimal part orientation and post-processing surfaces in CAD-
Systems, based on native 3D CAD data, to overcome these shortcomings. The
authors identified relevant parameters being influenced by part orientation and
propose a method to solve the multi-criteria optimization problem of the part ori-
entation.An application example is implemented using the programming language
C# and the NX Open API of the CAD-system Siemens NX 12 by vendor Siemens
PLM Software is used for validation purposes.

Keywords: Additive manufacturing · Part orientation · Additive process chain
optimization · Software application

1 Introduction

Additivemanufacturing (AM) technologies have developed rapidly over the last decades.
AM-technologies are no longer limited to the rapid manufacturing of prototypes but can
produce highly complex, functional, and end-use parts for various applications. Besides
the significant advantages over traditional manufacturing technologies, the compara-
tively low surface quality is associated as a significant disadvantage with AM. This
results from the unique process of layered manufacturing and highly dependent on the
built orientation of the surface. The manufacturer typically does the determination of the
build orientation during the pre-processing. The AM pre-process encompasses the steps
between design and printing and comprises the definition of part position, orientation,
the setting of manufacturing parameters, and the toolpath generation. One main objec-
tive of the pre-processing is to ensure that the surface quality requirements are met. Due
to the overall lack of AM-specific knowledge, parts are often manufactured by additive
manufacturing service providers, whose experts perform the pre-processing for their
clients. Therefore, part design and pre-processing are typically separated in an industrial
context. If it cannot be determined with certainty, that the surface quality requirements
can be achieved with the existing production equipment and the pre-processing settings,
either faulty parts are produced, or additional material must be added to the surfaces
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for post-processing. Both cases lead to time and cost-intensive design adaptation and
communication loops.

The design of a part has a significant influence on its orientation in the printing
volume. In turn, the orientation primarily determines surface quality, whether the sur-
faces require support structures and whether surfaces are accessible for post-processing.
Furthermore, most quality characteristics are also mainly influenced by the part orienta-
tion. Due to these strong dependencies, part orientation is of crucial importance for part
design. Thus, the determination of an optimal built orientation has been the subject of
research for many years, and several approaches and software applications are available.
The majority of these approaches are developed to support AM pre-processing and are
therefore based on the de facto AM standard for data exchange – the STL (Standard Tes-
sellation Language) data format. Due to the separation from design, quality-maintaining
adaptations must still be communicated to the design department, which is why the
problem of cost-intensive design- and communication loops is not yet solved. This work
provides an approach to determine the optimal part orientation and post-processing sur-
faces in CAD-Systems based on native 3D CAD data to overcome these shortcomings.
The sections of this paper are organized as follows: Sect. 2 gives an overview of related
work, in Sect. 3 the concept is presented and Sect. 4 describes the implemented appli-
cation example. Finally, Sect. 5 draws a conclusion and presents an outlook for future
work.

2 Related Work

Part orientation is a crucial aspect in additive manufacturing, which has no trivial solu-
tion. There is a large number of published scientific papers and commercial software
applications dealing with the topic. The solution approaches can be divided according to
two distinctive features: the optimization parameters and the optimization procedures.

The most commonly used optimization parameters in the literature are surface qual-
ity, the volume of support structures, and build time and cost [1–9]. Besides that, the sur-
face area in contact with support structure [10], the surface are needing post-processing
[11], the quality of critical features [1], the structural performance [12] as well as the
removability of the support structures [5] are also considered in individual approaches.
The second distinctive feature is the optimization procedure. The most widespread app-
roach is using a genetic algorithm for solving the optimization problem [3, 4, 6, 7, 9,
11]. On the other hand, many publications use customized algorithms or adapt different
algorithms from other fields [1, 2, 8, 10, 13]. The algorithms evaluated by Rocha et al. in
[10], for example, are based on completely different principles. They investigate whether
the electromagnetism-like (EM) algorithm and the stretched simulated annealing (SSA)
algorithm are suitable for the optimization of the part orientation. For a further in-depth
review of publications in the field of the orientation of AM-parts, see the work of Di
Angelo et al. [14].

The majority of these approaches are based on the STL data format. Due to STL-
data being an approximation of geometry, design changes for requirement satisfaction
caused by the part orientation have to be conducted in the CAD-system. After the design
change a new STL-file needs to be exported and pre-processed again. There are two
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approaches for tackling these time-consuming iterations. The first option is to integrate
the determination of the part orientation into the design domain and perform design
changes based on native CAD data. The second option is to use alternative file formats
for data exchange, such as STEP ISO 10303, which enable the transfer of the geometric
representation instead of a mere approximation. Furthermore, when using STL as data
exchange format, the surface roughness can only be considered in respect to a global
requirement equally valid for all surfaces. This is caused by the loss of information about
individual part surfaces due to the global approximation of the entire part via tessellation.

This work presents a solution for the first approach by determining the optimal part
orientation and post-processing surfaces in CAD-Systems based on native 3DCADdata.

3 Concept

Part orientation has a significant influence on various process and part properties. To
compare different orientations in order to find the best solutions, it is necessary to define
parameters that describe the quality of individual orientations. The entire set of quality
parameters should represent all aspects of the part orientation to perform a target-oriented
determination of the optimal orientation. Within the scope of this work, seven quality
parameters are used, which are to be minimized. The parameters used are:

• Support Surface
• Support Volume
• Surface quality
• Build time
• Post-processing-area
• The factor for important faces
• The factor for load direction

In this work, the post-processing area is defined as all surfaces in contact with the
support structure and whose surface quality requirements are not met, so that these
surfaces must be post-processed. Frank and Fadel already pointed out in 1995 that
for most applications, the requirement for the surface quality of the entire part is not
as critical as the surface quality of some specific geometric features [15]. Therefore,
analogous to [16], a factor for important faces is introduced, which describes the quality
of these specific surfaces. The factor for load direction has its origin in the consideration
of the anisotropic part properties of additively manufactured parts. Parts have the best
properties parallel to the building plane, such as the highest stiffness or strain at break
[17]. Therefore, a part orientation is preferred in which the load direction is parallel to
the building plane.

The quality parameters are described by mathematical models, which rely on
machine parameters such as layer thickness, hatch distance or velocities and geomet-
ric information such as part volume, surface area or face orientation. To provide the
geometric information, this work aims to extract these information from the integrated
product model of the native 3D CAD data [18]. The integrated product model divides all
product data into three information subsets: Product definition, product representation
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and product presentation. The machine-readable product representation is accessed in
this concept. The following equation shows the mathematical model for calculating the
support area of a cylindrical surface:

AS,cylinder = 2 ∗ π ∗ rcyl ∗ hcyl ∗ δZ ∗ 180◦ − θcrit

180◦ , (1)

δZ =
{
1, γi + 90◦ > θcrit

0, γi + 90◦ ≤ θcrit
(2)

AS,cylinder: support area of a cylindrical surface
rcyl: cylinder radius
hcyl: cylinder height
δz: indicator function whether support is needed
θcrit: critical overhang angle
γi: angle between cylinder axis and build direction

Each quality parameter is calculated in a separate model to ensure an easy update
for more accurate calculation models and adaptations for other additive manufacturing
machines. The quality parameters are combined into a description vector to represent
the quality of a specific orientation.

To solve the part orientation problem, it is necessary to deal with two subproblems:
The generation of a selection of different orientations and the determination of the
best orientation from this selection. The determination of the set of orientations is the
first substantial building block of the developed concept. As already stated in [15], the
requirements for a subset of specified surfaces are more important than the requirements
of the entire part. Therefore, it is likely that the optimal orientation of the entire part is
equal to the optimal orientation of one of these crucial surfaces. Consequently, the user
must specify such surfaces, usually functional surfaces,mating surfaces, or other surfaces
with special quality requirements. For each specified part surface, all orientations are
calculated, by which the surface can be produced in optimal quality. Thus, a set of
orientations is created, which is examined for its quality in the next step. For determining
the optimal orientation, this paper adopts the procedure presented by Zhang and Bernard
in [16, 19] and adapts it to the defined quality parameters. This algorithm enables multi-
attribute decision making (MADM) by identifying the best candidate from a given set
of alternatives. This approach leads to valid results when combined with an application
and problem oriented methodology that generates the set of orientations [13].

The MADMmodel used is called a distance-similarity-model. For each orientation,
the description vector of a given orientation is compared with the target vector, which
consists of the best entries of the quality parameters of all orientations. For this purpose,
the distance and the similarity of both vectors are calculated in two submodules and
merged into an overall index.When calculating the distance, the influence of the different
optimization parameters is not considered equally, but according to a relative weighting
set by the user. This work aims to provide a solution, which allows the ranking of
the orientations by their overall index. In the end, the user shall choose between the
orientations and select the optimal orientation for the problem, based on the information
provided.
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4 Application Example

For validation purposes, an application example was implemented using the program-
ming language C# and the NX Open API of the CAD-system Siemens NX 12 by the
vendor Siemens PLM Software. Due to the complexity of freeform surfaces, this imple-
mentation only uses planar and cylindrical. Therefore, the models for the calculation
of the quality parameters focus on those types of faces. The part selected for valida-
tion (Fig. 1a) was introduced in [20], successfully used in different publication and is
therefore established for the validation of part orientation approaches.

The program structure is oriented to the phases of data input, calculation, and result
preparation. The input phase is divided into five steps. First, the user has to select the
part to be oriented. Second, a set of machine parameters has to be chosen from a list
or a new set has to be created. Third, the user has to specify which quality parameters
are considered by defining their relative weights. For validation three sets of parameters
where used, one of which is for optimal surface quality using the parameters roughness,
support area, post-processing-area and factor for important faces (Fig. 1b). Further on,
only parameters with a weight greater than zero are considered. Therefore, the last
two steps are only conducted if the corresponding parameters are enabled. During the
fourth step, a vector or plane is defined to represent the load direction within the part.
In the last step, the implementation enables the selection of crucial part surfaces and
the specification of local, face-specific target surface roughness values. A global target
value valid for all faces can be set as well.

Fig. 1. (a) Part used for validation (b) GUI for setting the relative weights for the quality
parameters

During the calculation phase, the set of orientations is created, the selected quality
parameters for every orientation are calculated, the distance-similarity-model is applied
and the overall index is computed. In the last step of the calculation phase, the best
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orientation for each quality parameter as well as the three orientations with the best
overall indices are preselected. Those preselected results are prepared for presentation
and displayed as a list (Fig. 2). Two functionalities support the visual inspection of the
part. They enable the coloring of faces that meet their surface roughness requirements
in green and faces that do not meet their requirements in red. Furthermore, areas that
require post-processing can be colorized as well. For more detailed information, the user
can select a table for the estimated roughness value of each face. Eventually, the user
has to select one orientation and the part is rotated into this orientation automatically.

The validation shows that the quality parameters can be significantly improved com-
pared to those of the initial orientation. The roughness is reduced by 61%, support area
by 64%, post-processing-area by 55% and factor for important faces by 33%.

Fig. 2. GUI for displaying the information of the individual orientations.

The proposed system comes not only with the advantage of optimizing the part ori-
entation and providing a pre-selection of best results but also the possibility of inspecting
individual orientations based on preferred criteria. This allows a better understanding of
the dependencies between part orientation and achievable quality characteristics.

5 Conclusion

This paper provides an approach to determine the optimal part orientation and post-
processing surfaces in CAD-Systems, based on native 3D CAD data. The presented
concept uses seven parameters to describe the quality of different orientations and adopts
a multi-attribute decision making model to compare these orientations. The concept was
implemented using the NX Open API for the CAD-system NX 12 by Siemens PLM and
a validation proofed the feasibility of the concept. This validation shows improvements
of quality parameters up to 64% when comparing the optimal orientation to the initial
orientation.
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Abstract. Vertex morphing parametrization in combination with node-based
shape optimization has proven to be invaluable in improving the initial engi-
neering designs as it offers the largest possible design space. In this contribution,
these optimization procedures were applied to additively manufactured compo-
nentswith the aim to improve theirmechanical properties. The components present
the nodes of a tensegrity-tower, which is designed and realized by the Technical
University of Munich and will be built at the Deutsches Museum in Munich in
2021. The nodes are highly complex connections between the compression rods
and cables of the tower. They are made of aluminum andmanufactured using laser
powder bed fusion of metals (PBF-LB/M/AlSi10Mg). After the optimization, the
nodes were printed and tested mechanically to validate and verify the numerical
optimization results. Finally, an attempt to optimize the support structure required
for the additive manufacturing process is presented.

Keywords: Node-based shape optimization · Additive manufacturing ·
Powder-based fusion of metals · Tensile testing · Strain measurement ·
Tensegrity-tower

1 Introduction

Design optimization has been an indispensable part of the engineering design process
across many disciplines. Prominent fields include aerospace and airplane design. Topol-
ogy optimization procedures are prominently used to improve the designs and automate
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the design process in the above disciplines. However, the application of these techniques
is limited as they result in complex free-form geometries that can hardly be built by con-
ventional manufacturing processes such as milling. Additive manufacturing techniques
such as laser-based powder bed fusion of metals (PBF-LB/M) have shown the potential
to change this. PBF-LB/M allows to economically produce topology-optimized com-
ponents. In the course of these advancements, the construction sector is also making
increasing use of optimization methods and additive manufacturing techniques such as
PBF-LB/M. Manufacturing topology-optimized components using PBF-LB/M results
in considerably more support structure, as the topology optimization process typically
removes material, creating holes and overhangs [1].

Fig. 1. Tensegrity-
tower

In contrast to that, shape optimizationmodifies the shape of the com-
ponent without changing the topological features. Thus, the shape
optimization process will neither create new nor remove existing
holes. Shape optimization, especially in combinationwith the vertex-
morphing technique can further improve the engineering designs. In
this context, [2–4] presented some interesting applications of shape
optimization in practice. Previous works together with the original
paper of [5] and the works [6, 7] introducing vertex morphing reg-
ularization in the context of node-based shape optimization have
shown promising results in different applications.

In this paper, the workflow of applying shape optimization to a
connecting node of a tensegrity-tower is shown. In Fig. 1 the global
design of the tensegrity-tower is presented. This tower is to become
an exhibit in the DeutschesMuseum inMunich. The tower is divided
in three sections, with a total height of 5 m. Each compression bar is
connected to multiple tension cords (see Fig. 2). The tower contains
18 connecting nodes with four different designs.

The initial design of the nodes was done manually, followed by
the shapeoptimization. Subsequently, the nodeswereproducedusing
the PBF-LB/M technique out of AlSi10Mgmaterial. Figure 7 shows
the node printed through PBF-LB/M. To validate the results obtained
by the numerical shape optimization, the printed optimal node was
subjected to mechanical testing and the experimental results were
compared to the solution from numerical analysis.
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2 Tensegrity-Structure Design

Fig. 2. Close-up
of the connecting
node with cables
attached.

Tensegrity is a structural principle based on the use of isolated com-
ponents in compression inside a net of continuous tension. This is
achieved in such away that the compressedmembers (usually bars or
struts) do not touch each other and the pre-stressed tensioned mem-
bers (usually cables or tendons) delineate the system spatially. The
connections between the compression rods and the tension cables
require nodes with a complex geometry [7].

The respective nodes of this tower require multiple physical con-
straints. To connect the node to the compression rod, a clearance hole
with a diameter of 24.5 mm had to be kept, such that a threaded bar
(M24) could be inserted and fixed to the compression rod and the
node with screw nuts (see Fig. 2). The cables were connected to
the node via threads (M12). Hence, a minimum wall thickness of
3 mm had to be excluded from the design space. For pre-stressing
the threads of the cables, a flat support surface at the end of every
sub-node was required to apply screw nuts.

3 Node-Based Shape Optimization and Vertex Morphing

A general optimization problem can be expressed as

min
s�

J (X�(s),Q(X�))

Subjected to Ai,jsj − X�,i = 0 i = 1, . . . ,m�, j = 1, . . . ,ms

g(X�(s),Q(X�)) ≤ 0 j = 1, . . . ,mg

hj(X�(s),Q(X�)) = 0 j = 1, . . . ,mh

(1)

where, � ⊂ d� is the design boundary of the computational domain �; A is a generic
mapping operator which performs transformation between the design variables X� and
the control variables s; J , g, and h denote the objective function to be minimized, the
vector of inequality constraints, and the vector of equality constraints, respectively.
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Fig. 3. Optimal shape without and with vertex
morphing.

For node-based shape optimization, the
design variables X� are the nodal coor-
dinates of the discretization itself. This
choice using nodal coordinates as the
design variables has two major advan-
tages: First, it provides the largest pos-
sible design space for optimization, and
second, this approach does not require
an explicit parametrization of the design
boundary’s geometry (�). This reduces
the effort required to set up the optimiza-
tion problem and eliminates the limita-
tions introduced with the parametrization
used. The solution of the optimization problem in Eq. (1) using gradient-based first order
methods with respective shape gradients will result in not manufacturable shapes for the
components. This is because of the noisy nature of the gradients. To deal with this, the
vertex-morphing technique was applied. This defines the mapping operator A as

A =
∫

�(s,r)
F(X ,X0)s d� (2)

where F is any possible filter function, r is the filter radius, and� is the part of�, which is
in the radius of r to the point X0. This filters the sensitivities producing a smooth optimal
shape of the component. Figure 3 displays a comparison of optimal shapes generated
with and without vertex morphing applied.

For an in-depth discussion about the properties andbehavior of this technique, readers
are referred to [5] and [6]. This technique is implemented in the open-source framework
KratosMultiphysics [10]. In this work, this framework was used for both finite element
analysis (FEA) and shape optimization procedures.

4 Shape Optimization of the Tensegrity-Node

The shape optimization of the tensegrity-node was performed with mass as objective
and compliance as a constraint. This means that the shape of the node was optimized to
reduce the mass by keeping the compliance of the node below the value at the beginning
of the optimization process. The choice of the compliance as a constraint was motivated
by the fact that it is opposing to the mass objective and is an aggregated quantity on the
entire domain. This choice increases the stress in some locations, but care was taken that
it stayed below the yield stress of the material. The set-up of the optimization together
with the geometrical constraints applied is depicted in Fig. 3. Here, the surface subjected
to optimization is shown in grey. Since the ends of each sub-node and the holes inside
them had to comply with the rest of the tensegrity-tower (see Fig. 2) these surfaces
were not changed during the optimization process. These surfaces can be seen in red in
Fig. 3. The numerical optimization was conducted with simultaneous loading on all the
sub-nodes, which was derived from the tension in the connected cables (Fig. 4).
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Fig. 4. Initial tensegrity-node and optimized node (25% mass reduction)

The optimization used adjoint surface sensitivities and a gradient projection algo-
rithm. The internal volume mesh was adapted to the updated surface mesh using a
pseudo-structural mesh motion. This avoided the collapse of the internal volume ele-
ments and thus a remeshing during the optimization process. Figure 3 shows the shape
of the node after 12 optimization iterations. At this point, a convergence in the objec-
tive was observed with an improvement, i.e., decrease, of 25% in mass and a marginal
decrease in compliance.

5 Validation of the Optimization by Mechanical Testing

Fig. 5. Half-section of testing setup of
the optimized tensegrity-node

After optimization, a mass reduction of 25%
was achieved, while maintaining the compli-
ance of the node as constant. To validate
the applied structural optimization methods,
mechanical tests were executed. This was nec-
essary, since the results of standardized tensile
specimens may differ from complex geome-
tries. In this study, the optimized node was sub-
jected to tensile loading (see Fig. 5). However,
testing all the sub-nodes at once is not possible,
as the tensile testing machine can only apply
one load magnitude at a time. Thus, a spher-
ical bearing was applied to the top to ensure
a continuous tensile load on the sub-node (see
Fig. 5). The lower part was tightened with load
slings on a shackle, resulting in a fully hinged
connection, only transmitting axial loads. Two
strain gauges were applied on the curvature to measure the elastic strains. The resulting
stresses were calculated and compared to the results of the numerical simulation.
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6 Numerical Results and Comparison with Test Results

von-Mises Stress in N/mm² 

Fig. 6. von-Mises stress
distribution obtained from
numerical simulation.

The stress values at the locations of the strain gauges were
calculated by multiplying the measured strain with the
material’s Young’s modulus. This equals 85000 N/mm2

according to previously conducted standardized tensile
tests. Though the maximum design load on this sub-node
was 9.8 kN, to investigate the safety reserves, a maximum
load of 40 kN was applied to the threaded rod (M12,
see Fig. 6), which resulted in stresses of 45.6 N/mm2

and 37.5 N/mm2 on strain gauge 1 and 2. The location of
the strain gauges is marked in Fig. 5.

A numerical model was set up to simulate the condi-
tions and forces applied in the test set-up (see also Fig. 5).
Zero Dirichlet boundary conditions were applied on the
connecting surfaces colored in red in Fig. 3. A cumulative
force of 40 kN was applied on the nodes belonging to the
surface of the hole inside the sub-node. The test set-up
also restricted the bending of the sub-node and thus the
bending related stresses. To realize this in the numerical model, the nodes on the surface
of the hole inside the sub-node were constrained to move only in the direction of the
applied force.

Fig. 7. Printed optimized node

This resulted in the Von-Mises stress distribution
shown in Fig. 5. The values corresponding to the loca-
tions of the strain gauges 1 and 2 were 58 N/mm2

and 44 N/mm2, respectively. These are in good agree-
ment with the values obtained in the tests. The small
differences observed in the numerical results can be
attributed to modelling simplifications, particularly,
exclusion of threads in the hole and resulting dis-
tribution of the applied force. The results show, that
with a mass reduction of 25%, an increase of stress
is measured compared to the initial node. However,
the stresses were still in the acceptable range, as they
were below the yield strength of 290 N/mm2. Since
the strain energy was optimized (see Sect. 4), the increase of stresses was expected. The
results also strongly suggest that the safety factor must be higher than four, since no
visible damage was detected after applying a load of 40 kN, which is four times higher
than the design load.
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7 Summary and Conclusion

• A novel application of shape optimization method to additively manufactured parts
was introduced.

• The method was applied to a tensegrity-tower with complex connection nodes, which
was designed by TUM and will be realized as an exhibit in the Deutsches Museum.

• The nodes were shape optimized by using vertex morphing and manufactured by
PBF-LB/M/AlSi10Mg, resulting in a reduction of mass by 25%.

• The optimized tensegrity-nodes were subjected to tensile loading in a fully hinged
testing set-up.

• FE simulations of the testing set-up were performed with the optimized tensegrity-
nodes.

• The results of the tensile testing were compared to the FE simulations.
• Though the optimized node had considerably less mass compared to the original, the
mechanical properties of the optimized node were well below the safety limit.

This work establishes a workflow to link the numerical simulations and mechanical
testing environments. This feedback mechanism from the tensile testing results to the
numerical simulations can be used to verify and improve the shape optimization process.

In conclusion, the viability of shape optimization confirmed that it is a promising
alternative to conventional (topology) optimization methods. It has the advantage that
less support structure is created, because in contrast to the topology optimization, the
shape optimization does not cause any holes. It was also shown that the numerical results
from the optimization are in good and safe agreement with the experimental values.

8 Outlook

To further reduce the use of support structures, an algorithm is being developed to reduce
overhanging structures, which are greater than 45°. Furthermore, shape optimization of
the support structures using the thermal dissipation properties of conventional support
structure will be investigated. The aim of this investigation is to reduce the amount of
necessary support structures and to improve the thermal dissipation simultaneously.
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Abstract. The common additive manufacturing techniques like fused filament
fabrication (FFF) routinely produce physical, rigid structures. But using this pro-
duction technique for manufacturing flexible structures with high-end materials
such as thermoplastic polyurethane (TPU) is more difficult. Because of its dif-
ficulty, the fabrication of these structures requires higher-end machinery, time-
intensive fabrication, and skilled users. Therefore, we focus on the malleable
dynamics of a rigid thermoplastics with mid-range FFF technology to expand the
design-space of shape-changing interfaces and propose a fabrication approach for
it. As a result, the intended user, for example a creative designer, can also integrate
shape-changing interfaces of rigid thermoplastics in their designs, much sooner
than if constrained by an FFF printing platform. In a first phase, we experiment
with different materials through an iterative design-based process. In a second
phase, we perform an explorative design-case study to test the material’s flexi-
bility and the fabrication approach. The research is concluded with an approach
proposal, discussion and future work.

Keyword: Fused filament fabrication · Shape-changing interfaces · 3D printing ·
Additive manufacturing · Interaction design · Design experience

1 Introduction

We aim to investigate the fused filament fabrication (FFF) technology of rigid thermo-
plastics for shape-changing interfaces through an iteration-based study. FFF techniques
facilitate the production of complex design artefacts with unique aesthetics and func-
tional properties [1]. In the field of shape-changing systems, the concept of 4D printing
is also discussed [2]. It permits 3D printed structures to include a dimension of time. As a
result, it can change their form under the influence of environmental factors such as tem-
perature, illumination, pressure etc. [2]. But 3D printed materials and structures mostly
lack mechanical properties for 4D printing. To overcome these limitations, researchers
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have investigated the flexible capabilities of FFF, for example with printing layers as
thinly as possible. The garments designed by the Iris van Herpen atelier, Catherine
Wales and Michael Smidt in collaboration with architect Frances Bitonti are examples
hereof which demonstrate the flexible capabilities of FFF technology for computational
design [2, 3]. The textile properties of these woven structures with FFF printed struc-
tures have already been determined [3–5]. Fabricating these garments require specific
skills, a time-intensive production process and a considerable amount of manual labor.
The Foliage Dress by Iris van Herpen for the Paris Fashion Week 2018 took 260 h to
3D print, only for the parts, excluding the assembly [1, 6]. Therefore, we developed
and propose a semi-skilled fabrication approach based on primarily using the malleable
dynamics of FFF technology for printing upon woven fabrics to expand the design space
of shape-changing interfaces for the creative intended user.

We try make this technique accessible for the early majority of the intended users
who own mid-range 3D printers and could fabricate the proposed hybrid material with
low effort. As an opportunity, the hybrid material will consist of rigid thermoplastics
conventional materials to increase its flexibility and its appeal. In this study, we demon-
strate the following. In a first phase, we investigated the malleable dynamics, materials
and fabrication opportunities of FFF by performing an iterative prototyping process in
five phases. After the iteration process, a fabrication approach is proposed with a proto-
typed hybrid material as a result. In a second phase, we conducted an explorative design
case study to demonstrate the potential of this hybrid material.

2 Methods

An iterative-design process suited this type of research best, due to the trial-and-error
approach and low-end to high-end prototyping of the hybrid material. In total, five
iterations were performed. Each iteration focuses on a different aspect. Several tools
and machinery were used to cut or pre-fabricate each material. To speed up prototyping
with each iteration, fabrication was initially done using handheld tools, but once the
design prototype was finalised, we switched to using machinery such as laser cutters and
3D printers. The first iterations were performed without FFF printing to ensure quick
prototyping. Wooden veneer was used as replacement material for the PLA for the FFF
tiles in these iterations.

2.1 Experimental

The materials in all five iterations can be divided in three main categories: fabrics,
wood, and thermoplastics. A transparent, cellulose nitrate-based adhesive, applicable to
all wood-based materials and most types of plastic, is not included. Cotton fabric and
nylon tulle were used in the fabric category. They were all cut manually using scissors.
Three types of wooden veneer were included in the wood category: oak, bamboo and
meranti, each with a thickness of 1 mm, cut with a laser cutter. In the final category, only
the thermoplastic polylactic acid (PLA) is used as filament to 3D print structures. The 3D
models of the structures were designed with CAD software, namely Solidworks 2019.
Once modelled, the structures were exported as Standard Template Library (STL) files
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and imported in slicer software. The slicer software used is PrusaSlicer, because one of
the mid-range FFF printer, here the Prusa MK3s (Prusa Research, Czechia). The second
mid-range FFF printers was the Makerbot Replicator 2 (United States). The parameters
of both 3D printers were the extruder temperature, set at 215 °C, and the printing bed
temperature, set at 60 °C.

2.2 Iterative Design Solutions

To make the hybrid material as applicable as possible for the case study described in
Sect. 3, the test set-up resembles a cylindrical shape with the same dimensions. The
fabrics, which are fully flexible, form the base of the hybrid material to which either the
wooden or PLA tiles are glued. The design of the tiles, formerly 3D structures, determines
the foldability and the look of a corrugated effect. This design is based on earlier research
on foldable structures, such as origami, the art of making objects by folding sheets of
paper into shapes, miniature origami robots and tessellation mathematics [7, 8]. The
foldability parameter in this experiment is measured as the Z-length reduction, as seen
in Fig. 1. As objective for the iterations, the Z-length reduction must be at least 50%
compared to the original Z-length.

Fig. 1. Z-length reduction – tessellated triangular design

We decided on a triangular tessellation for following reasons. Firstly, the two
strongest shapes possible are a circle, on the first place, and a triangle, on the sec-
ond place. However, the advantage of a triangle is that the folding lines, seen in origami,
are already defined. Secondly, a triangle possesses nine degrees of freedom; six corner
translations and three corner normal rotations. With each corner added, rectangles, pen-
tagons, hexagons etc., the number of degrees of freedom increases. And thirdly, as a
linear force is applied to stretch or compress the hybrid material in the Z-direction, all
force is distributed on the tiles down the sides to the triangular joints, similar to principles
in truss design. For instance, when using a rectangular tessellation, the linear force could
also be distributed across the diagonals, resulting in in-plane bending. In-plane bending
occurs even more frequent when polygons with more corners are used.

Iteration One. The first iteration focuses on the exploration of the low-end materials,
cotton fabric and oak veneer. The hybrid material resulting from this iteration is used as
a baseline. Design process: The size of one triangular tile was set at 20 mm to 17 mm.
Seven rows and five columns of these tiles results in a size of 100 mm to 119 mm, the
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size of the cotton fabric as well. Prototype: The tiles were laser cut out of oak, meranti
and bamboo veneer. Doing so, an intricate design led to a more appealing look. Within
2 min, 100 tiles could be laser cut, called the cut-to-tile ratio further on. The tiles, 63
in total, were glued on the cotton fabric, one by one. This assembly took one hour.
The clearance between the tiles, as can be seen in Fig. 1, was 2 mm. Experiment: The
targeted Z-length reduction was 0.34 equal to 34% (x).

(Original Z-length− Z-length reduction)/Original Z-length = x. (1)

Analysis: The small tiles and large clearances set a Z-length reduction baseline of 34%.
However, the assembly time took too long. Using three wooden veneer types created a
more appealing look but will only be an option as the user sees fit.

Iteration Two. Here, a reduction of the assembly time is most pressing. This is more
specifically done by adjusting the laser cutting process. Design process: The width of
the clearance increased, hoping to improve the Z-length reduction. Seven rows and six
columns of oak veneer tiles changed the hybrid material’s size from 120 mm to 123 mm.
The tiles, however, were still connected after cutting due to nodes between them. From
this point on, the triangular tile and hybrid material sizes remain the same in each
iteration. Prototype: The tiles were laser cut in oak veneer. The cut-to-tile ratio increased
slightly. The entire piece was glued on the cotton fabric and each node was broken. This
assembly took 15min, a reduction by 300% compared to iteration one.Experiment: The
targeted Z-length reduction was only 0.11 equal to 11%. Analysis: Introducing nodes
reduced the assembly, but at the cost of the Z-length reduction, because it prevented
the foldability. The adhesive also did not adhere to all tiles. Nodes are therefore not the
solution.

Iteration Three. Although cotton fabric is flexible, it proved to be too stiff for a hybrid
material. Therefore, it is replaced with nylon tulle and 3D printed tiles. Inspiration for
this technique can be found in the work of Iris van Herpen [3]. The goal is to decrease
labor and assembly time by snap fitting the oak veneer tiles without adhesive. Design
process: The design of the 3D printed tile consisted of a full printed base and a rim
acting as a holder for the oak veneer tiles. Prototype: The nylon tulle was attached to
the acrylic build plate using paper tape. The tiles were printed directly on the nylon
tulle. The PLA melted around the nylon mesh threads, encasing it. The printing time
was 124 min at a 0.1 mm layer thickness. The oak veneer tiles were laser cut and fitted
in place. The assembly took six minutes. Experiment: The targeted Z-length reduction
was 0.23 equal to 23%. Analysis: Using FFF printing, the positioning of the triangular
tiles and the clearances were much more accurate. The triangular tiles did not adhere
good enough to the nylon tulle. The absence of adhesive and too little friction caused
some oak veneer tiles to fall out the triangular tiles (Fig. 2).
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Fig. 2. Iteration Four: Experiment and top view hybrid material

Iteration Four. The triangular tiles must adhere better to the nylon tulle by increasing
the friction between the triangular tiles and the oak veneer tiles. Design process: The
center of 3D printed tile was removed in the design to decrease printing time. The rim
was still 1 mm wide, but had a smaller tolerance between the rim and the oak veneer
tile. Prototype:A newmid-range printer was used, a Prusa MK3s. As for the fabrication
process, firstly, the bases of the triangular pieces were 3D printed. Secondly, midway,
the print was paused and the nylon tulle was clamped on the metal build plate using
eight magnets. Thirdly, the rim was 3D printed on top, adhering to the bases below with
the nylon tulle in between. The printing time was 89 min. The oak veneer tiles were
laser cut and fitted in place. The assembly took six minutes. Experiment: The targeted
Z-length reduction was 0.34 equal to 34%. Analysis: The triangular tiles adhered much
better to the nylon, as can be seen below. Some of oak veneer tiles however did still fall
out. The clearances must still be larger to reach a targeted Z-length reduction of 50%.

Iteration Five. The last problems to be solved were increasing the Z-length reduction
to 50% and preventing loose oak veneer tiles. Design process: The rim needed to be
thicker, to create more friction for the oak veneer tiles. Therefore, the base was printed
thinner, so that the number of layers remained the same. The clearances were 2 mm.
Prototype: As with iteration five, magnets were used to hold the nylon tulle in place.
The printing time was again 89 min. The oak veneer tiles were laser cut and fitted in
place with adhesive on the back. The assembly took twelve minutes. Experiment: The
targeted Z-length reduction was 0.58 equal to 58%. Analysis: The clearances were large
enough to achieve the 50% Z-length reduction and the oak veneer tiles did not fall off
because of the friction and adhesive (Fig. 3).

Fig. 3. Iteration Five: Experiment - top view hybrid material - fabrication
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2.3 Results

An overview of the parameters of each iteration can be found below. Afterwards the
fabrication process of the hybridmaterial is explained in detail as a guide for the intended
end-users (Table 1).

Table 1. Iteration overview

Iteration Materials Shape  
3D Print time 

(minutes) 
Assembly time 

(minutes) 

1 
Cotton; oak, bamboo and meranti 

veneer; adhesive 
/ 60 

2 Cotton; oak veneer; adhesive / 15 

3 PLA; nylon tulle; oak veneer 124 6 

4 PLA; nylon tulle; oak veneer 89 6 

5 
PLA; nylon tulle, oak veneer; 

adhesive 89 12 

Fixed Dimensions of Materials. To ensure a repeatable experiment with the hybrid
material, following dimensions must be maintained. Nylon tulle: 122 mm to 123 mm.
56 triangular tiles in PLA: 20 mm to 17 mm to 1.1 mm. The diameter of the PLA is 1.75
mm. 56 wooden veneer tiles: 19 mm to 16 mm to 1 mm.

Hybrid Material Fabrication. The fabrication is done in four stepswith a combination
of PLA and nylon tulle. The 3D printer used here is the Prusa MK3s.

1. Generate the CAD model consisting of 56 triangular tiles spaced in seven rows and
four columns, like the design in iteration five. Each tile consists of a base, 0.3 mm
high, and a rim, 0.8 mm high. The clearances between the tiles are 2 mm.

2. Use PrusaSlicer to convert the model to Gcode and select PLA as material. ¨Print
three layers at 0.1 mm layer height. Then, pause the print.

3. Place the nylon tulle on top and secure it with eight magnets (four magnets on the
corners and four magnets at the centre of each side).

4. Print the remaining eight layers at 0.1 mm layer height on top of the nylon tulle and
so encasing it between the prints.

Hybrid Material Customization. This process is optional. Multiple wooden veneer
types can be used to customize the hybrid material to the users taste. The customization
is done in three steps. The machinery used, is a laser cutter BRM 6090 (BRM Lasers,
Netherlands), but can be done by hand.
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5. Convert only the inner edges of the rim of the CAD model to a DXF-file. The BRM
6090 software sends the DXF-file to the laser cutter. Set the speed to 100 mm/s and
the power to 60%. It takes one minute to laser cut 56 wooden veneer tiles or 30 min
to cut them by hand.

6. Once done, snap fit the wooden veneer tiles in the triangular tiles. The rim creates
enough resistance to hold the wooden veneer tiles in place.

7. Flip the hybrid materials and use transparent cellulose nitrate adhesive to glue the
wooden veneer pieces to the nylon tulle. The gap in the base of the triangular tiles
allows for an area large enough for the adhesive to be applied.

In total, the fabrication time is 102 min; 89 min to 3D print, one minute to laser cut
and 12 min to assemble. The handwork, however, only takes 12 min.

3 Design Exploration

3.1 Case Study

In the second phase, we conducted an explorative design-case study with the objective
to test the material’s flexibility and the fabrication approach. Here, the hypothesis was
to test the aesthetics of the hybrid material as a shape-changing interface, implemented
in an intuitive flowerpot design. When water evaporates and nutrients are cut short, the
plant starts to shrink, corrugate and eventually collapse. The experiment was conducted
with six participants, all schooled in Interaction Design. They were asked to evaluate
three interactive motions and if the hybrid material was suitable here for.

The hybrid material for this experiment had a size of 133 mm to 268, with seven
rows of 20 triangular tiles on it. With this length, a full cylindrical shape could be made
with a diameter of 150 mm. Inside the flowerpot, a linear mechanism moved the hybrid
material vertically between its stretched and the corrugated position. A servo motor,
controlled by anArduino, powered the actuatedmotion in aWizard of Oz test-up. In real-
life, the actuated motion would be controlled by environmental sensors. LED’s inside
the flowerpot aided the interactive motions through colour changes. Using a variable
resistor, operated by the observer, the servo could be controlled (Fig. 4).

Fig. 4. Test set up (left: stretched position - right: slightly corrugated position)
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3.2 Experiment and Verification

The three interactive motions are a stretched position, a corrugated position and a
pulsating motion. We try to anthropomorphise the flowerpot through these motions.

Stretched Position. The flowerpot finds itself in its normal state. A white LED-light
implicates a natural feeling. The purpose of this interaction is to communicate that the
plant is healthy; enough water, nutrients and sunlight.

Corrugated Position. The flowerpot finds itself in a corrugated position. It has shrunk,
thereby creating a corrugated effect indicating that the plant has dried-out because one
of nutrients is missing. The red LED-light implicates danger. The participant needs to
replenish the growth factor.

Pulsating Motion. The flowerpot pulses between the stretched position and the corru-
gated position of 25% instead of 58%. This interactive motion simulates joy. It occurs
when the plant wants attention or when one or multiple growth factors of the plant is
replenished. This pulsating motion tested the hybrid material to its limits.

4 Conclusion and Future Work

The fabrication approach of this hybrid material can be used by creative intended user,
but it is only applicable on small scale. With larger clearances, the Z-length reduction,
can even be greater than 58%, but this results in the hybrid material being more see-
through. Field of application are, for example, the fashion industry as proven by Iris
van Herpen, engineering or advanced shape-changing interfaces [3]. Experiments on
different specifications, increasing size, communicative properties etc. of this hybrid
material does however need further research. Moreover, measurable specifications such
as robustness, yield strength, e-modulus etc. also need to be determined.
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Abstract. This study seeks to understand the impact of process variables, espe-
cially UV light distribution, on the 3D fabrication of micro features at the optical
resolution scale. In CLIP 3D technology, a Digital Micromirror Device (DMD) is
used to create a pattern of projected UV light by controlling each pixel indepen-
dently. However, as the light outputs of the projected pixels are partially overlap-
ping, there are challenges in obtaining the targeted size and shape of microscale
features. From our study, 1. the applied exposure has a direct effect on the size of
small printed positive features; 2. smaller sized negative features are even more
sensitive and require a careful tuning of the applied exposure to successfully print
desired fine structures. Overall, the applied exposure, particularly the UV dosage
is critical in the accurate fabrication of micro features that incorporate negative
and positive features.

Keywords: Digital light processing · 3D printing · Micro-fabrication · Photo
polymerization · Print resolution

1 Introduction

AdditiveManufacturing (AM) has shown fascinating growth in the last couple of decades
[1, 2]. Currently, 3D printing is considered as the first choice for rapid prototyping in
the AM sector. 3D printing technology gives extreme design freedom, greatly reduced
fabrication times, and cost reductions in manufacturing of complex structures and micro
devices [2]. Currently, 3D printing technologies can be categorized into fourmain groups
[2]: fused deposition manufacturing (FDM), selective laser sintering (SLS), inkjet 3D
printing [3], and stereolithography (SLA) [4–10].

SLA follows a layer-by-layer build scheme to construct a 3D object using photopoly-
merizable liquid resin. The printing process starts from designing the 3D model of the
part in STL format. The model is then converted to sliced (very thin) 2D layers (typically
1 um–100 um) and these slices are printed gradually into 3D objects. Light is projected
continuously for each slice onto the surface of a liquid photo-curable resin and solidifies
the resin in a desired pattern. Continuous Liquid Interface Printing (CLIP) is a novel and
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powerful method relative of SLA, where the normally problematic oxygen inhibition
during the polymerization process is turned to an advantage [11]. Since its development,
CLIP 3D technology has been used for a variety of applications, from medical device
fabrication [12, 13], sports equipment, and aerospace to automotive industries, for both
rapid prototyping and direct industrial floor production. In the CLIP system, the bottom
side of a resin vat is designed with an oxygen permeable window, and the light projected
from underneath passes through this window (see Fig. 1 (a)). Due to the uniquely per-
meable window, there is abundant oxygen in the resin near the window, even during UV
exposure, but the concentration of oxygen falls rapidly as the distance from the window
increases. A high concentration of oxygen inhibits polymerization of the resin near the
window to maintain a very thin layer of liquid resin, also known as the Dead Zone (DZ),
between the window and curing resin. The CLIP process provides two main advantages,
firstly, it preserves a continuous interface between printed layers, providing isotropic
cure and properties in printed objects. Secondly, it eliminates sticking of printed parts
on the window and enhances flow of fresh resin towards the center of the window from
the side as the build platform is raised for the next layer. The result is the dead zone
reduces printing time by 25–100% compared to conventional printing techniques and
improves final part properties.

The DLP [digital light processing] device used in CLIP technology is a Digital
Micromirror Device (DMD), an array of independently controlled reflective aluminum
plates. The resolution limit of aCLIPprinter is defined by the light projected froma single
pixel (mirror) of the optical setup. Using available high quality large micromirror arrays,
CLIP is well suited for fabrication of microscale parts and complex structures. CLIP has
been applied to produce parts with micro featured architecture such as microneedles,
micro-lattice structures and micro membranes.

However, it can be a challenge to obtain the targeted size and shape for micro scale
features at the scale of its defined resolution. In theory, there are two major factors that
can undermine the precise fabrication of small features: the cure-through effect and
the scattered light from adjacent pixels. In the DMD operation, light reflected from a
single pixel mirror is not perfectly sharp and confined within the pixels’ size but expands
beyond the desired projection area (following a Rayleigh Gaussian distribution). This is
known as pixel bleeding [7, 9]. Thus, in cases where there are multiple adjacent active
pixels, there is bleeding of light from one pixel into the neighboring pixels as shown in
Fig. 1(b). The cumulative light frommultiple pixels shows a significant discrepancy from
the theoretical output of individual pixels, that induces over-curing of certain areas (grey
region in Fig. 1(b)) and through-cure into prior layers. These circumstances impact the
accurate fabrication of micro sized features (mainly features sized between 1–5 pixels).
Therefore, it is vital to understand and take into consideration the effect of the cumulative
light distribution during accurate microscale printing.

In the case where negative features (like holes, channels or dents) are printed, a
cure-through effect is a major issue to address. The cure-through effect occurs during
a layer-by-layer curing where a layer with a hole (an intentionally uncured region) is
followed by a solid slice layer, the light projected to cure the solid slice layer can penetrate
to the prior slice and solidify the uncured resin in the hole region. As a result, it can
completely or partially change the geometric shape of layers with holes.
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This study is aimed to understand how 3D fabrication of microscale features at the
scale of the print resolution will be affected by the process challenges, mainly flux
bleeding (scattered light) and cure-through, in the case of CLIP 3D printing technology.
In this work, both positive and negative micro-features are considered.

The study designated rectangular thin bars as positive features and rectangular chan-
nels as negative features. Further, a chessboard structure was designed to combine the
effects of both features. Printing parameters were considered as experiment variables
and expected to affect the magnitude of bleeding flux (scattered light) and cure-through.
With this intention, print parameters: applied UV-intensity (I) and printing speed (s) in
continuous mode, are taken under consideration. The measured feature sizes obtained
for the different print parameters are presented.
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Fig. 1. (a) Schematic diagram of CLIP 3D printing technology, and (b) A graph that shows the
light/exposure distribution in each pixel and their cumulative/total distribution

2 Material and Methods

A custom photon-initiated resin with controllable resin photochemistry characteristics
was formulated. 350 MW poly-ethylene glycol di-methacrylate (PEGdMA-350), was
mixed (byweight) with 3%of diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO),
2%of 2-isopropylthioxanthone (ITX) and 1%benzotriazole basic light stabilizer (BLS)),
using a plate shaker. BLS materials are light absorbing compounds that have been used
to reduce light scatter and cure-through within the resin. TPO and ITX are intended
to serve as photo-initiators and also enhance photo absorption in the resin. The final
formulation has UV absorption (α) = 0.01/um and curing dosage (Dc) = 20 mJ/cm2,
where the curing dosage (Dc) is the (minimum) amount of photon energy required to
accurately cure a many pixel spot of the resin to a desired depth, and UV absorption (α)
is the measure of UV light penetration through the resin.13

A prototype 3D printer (S1-Lassen) from Carbon, Inc. is used in this study and this
printer is designed to have a pixel resolution of 20 um. The printer is operated using user-
machine interface software developed by Carbon, Inc. This software is used to upload
the 3D model STL files and generate the 3D slice model. Further, during printing, the
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software enables the user to adjust the printing parameters (printing speed (S), UV light
intensity (I), and slice thickness (St)). For these experiments, three categories of designs
were created and studied: a positive feature model (slender bars as shown in Fig. 2(a)), a
negative featuremodel (long rectangular channels as shownFig. 3(a)), and a combination
of both (checkerboard structure (i.e. pattern of solid squares placed next to square holes)
as shown in Fig. 5(a)). Each of these designs are printed at different printing speeds (S)
and UV intensities (I). Following the completion of the print, the part is removed from
the printer and washed thoroughly using IPA, either before or after removing from the
build platform, to eliminate residual resin from the surface. Finally, the printed sample
is post-cured using a FireJet© UV lamp (UV wavelength of 345–385) at 50% intensity
for 3 min. The samples were evaluated by laser confocal microscopy for quality and
feature size measurement.

3 Results

3.1 Positive Features (Solid Parts)

The For positive features at resolution scale, a slender bar/line with width/thickness of
3-pixels (~60 um), 5-pixels (~100 um), 8-pixels (~160 um) and 10-pixels (~200 um)
are considered (see Fig. 2(a)). These single lines are printed using different printing
parameters, UV intensity and printing speed. In this experiment, the printing speed
(S) and UV intensity (I) are varied, so the overall UV energy increased correspondingly.
The width/thickness of the printed bars wasmeasured using a confocal laser microscope,
shown in Fig. 2(b).
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Fig. 2. (a) Schematic diagram of positive features, and (b) Measured width of bars with different
width vs printing exposure

It was noted that, for exposure (E = I × t) below the resin curing dosage (Dc
= 20 mJ/cm2), the final print had a smaller width than its design, which indicates
under-curing. On the other hand, when the applied exposure was higher than Dc, less
significant changes in the width were observed as exposure was increased. For instance,
for the 3-pixel width sample, the printed lines were seen to experience under-cure (size
of 40 um), however, samples were consistent with their design size of 60 um in the
over-exposure region (exposure > 20 mJ/cm2). Furthermore, it appeared that samples
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with thinner width are muchmore sensitive to change in applied exposure. The thickness
variation with exposure was much less for the thicker bar (10-pixels) than for the thin
bar (3-pixels). Overall, this phenomenon is directly related to the cumulative UV light
distribution across multiple pixels. For a large number of adjacent pixels, the cumulative
effect dominates and the exposure to cure will be≥Dc, while smaller clusters of exposed
pixels are under-cured. However, in the case where there are a small number of adjacent
pixels, the cumulative effect of adjacent pixels is much less, and severe under-curing
can result. In summary, the lower cumulative exposure of individual or small clusters
of exposed pixels defines the printed size (under-cure) for small features (≤5-pixels).
Whereas, for large size features, the dominant cumulative effect explains the width
consistency in 8 and 10 pixel-wide samples showing small under- and over-curing.

3.2 Negative Features

In order to study micro negative features, plates with multiple microchannels (shown in
Fig. 3(a)) were printed at ranges of applied UV intensity (I) and exposure (E = I × t).
Samples were intended to have through-channel widths of 3-pixels, 4-pixels and 5-pixels
(60, 80 and 100 um). The channels and the plate were printed vertically to minimize the
cure-through effect, so the scattered light issue could be addressed separately. Because
of scattered light from pixels in the plate walls, the channels were frequently over-cured,
leaving them narrower than planned and often closed. The normalized channel depth
(measured depth of channels into the plate (d) divided by measured thickness of the base
plate (tp)) of channels printed at different applied UV intensities (I) (while the printing
speed was maintained the same) are presented in Fig. 3(b). Here, it should be noted
that some of the printed channels showed through-channels (completely open across the
thickness, normalized depth = 1), while others showed discontinuity (solid bridge at
the middle of the channel normalized depth < 1, see Fig. 4(b)). For the samples printed
at uniform speed, the channel depth was seen to decrease with increasing UV-intensity,
which clearly illustrated the effect of scattered light. For smaller channels (where the
walls are closer to each other), more than half the depth of the channel was solidified,
even though the total light was significantly less than Dc for all but the 20 mW/cm2

exposure. This shows that smaller gap/negative features are more sensitive to changes
in applied intensity than wider channels.

Figure 3(c) depicts the normalized depth of samples printed at constant exposure
(the speed and intensity were varied proportionally). Despite a constant total exposure,
the 3- and 4-pixels channels still decreased in channel depth (extent of over-cure) with
increases in the applied UV intensity. However, channels with widths≥ 5-pixels showed
full through-plate thickness channels regardless of increases in intensity (for the record,
sampleswith channelswider than 5-pixelswere printed and all of themshowed a through-
(normalized depth= 1) channel). Explanations for the increasing cure with higher inten-
sity/faster speed at constant total exposure include 1. changes in the kinetics of resin
chain propagation and termination with intensity, and 2. reduced time for diffusion of
oxygen into actively polymerizing areas from near-by under-illuminated areas, causing
less oxygen inhibition.

To evaluate the plate thickness effect on over-curing due to active pixels along the
thickness, the design was remodeled with different plate thickness. Figure 4(a) shows
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Fig. 3. (a) Schematic diagram of negative feature/micro-channels, (b) Normalized channel depth
vs applied UV intensity (I) at constant printing speed (4mm/hr), and(c) Normalized channel depth
vs applied UV intensity (I) at constant printing exposure

the normalized depth of micro channels obtained for 200, 300, 400 and 500 um thickness
plates. it was observed that the normalized depth of the channel decreasedwith increasing
thickness of the plate. This result was consistent for two different values of applied UV-
intensity. It is presumed that reducing the plate thickness reduces the number of active
pixels, which will lead to a decrease in the cumulative scattered peak intensity and
facilitate over-cure in the micro channels (see Fig. 4(b)).
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3.3 Combined Chessboard Structure

In the third group of experiments, checkerboard designs featuring hole (negative) and
block (positive) features (as shown in Fig. 5(a)) were printed. Checkerboards were built
with unit size (square positive and negative features) of 3-pixels (60 um), 4-pixels (80
um), 5-pixels (100 um), 8-pixels (160 um) and 10-pixels (200 um) and a thickness of
200 um and printed at a series of UV intensities (same printing speed of 4 mm/hr). At
the lowest applied UV intensity of 4 mW/cm2 (exposure ~20% of Dc for this resin),
the samples came out with through-holes (normalized depth of 1), except the 3-pixel
samples. As the applied intensity increased gradually, samples with unit size 3-pixels
and 4-pixels showed a decrease in normalized depth of the negative feature, while the
other samples showed through-holes. The high sensitivity of the 3 and 4-pixel samples to
the change in applied UV intensity is similar to the result obtained in the negative feature
experiments. Samples with unit size of 5-, 8-, and 10-pixels showed through-holes for
most of the applied UV intensity range. Therefore, during printing of geometries with
combined features, special consideration should be given to the scattered light around
the negative features.

Fig. 5. (a) Schematic diagram of combined negative and positive features, (b) Normalized hole
depth vs applied UV intensity (I) at constant printing speed (s), and (c) Microscopic images of cut
4-pixel checkerboard sample with different applied intensity (I)

4 Conclusion

Experimental work on an S1 CLIP 3D printer for printing small, high resolution objects
revealed that the optical quality of light projection is very critical in accurate micro-
printing. The scattering of projected light from nearby pixels induces a significant cumu-
lative effect that causes resin curing that leads to inaccurate features. Thus, calibrating
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light distribution in a given photo-curing system is crucial to the precise printing of
designed micro-structured parts. Furthermore, printing parameters which influence the
overall energy exposure, light intensity, and exposure time, need to be adjusted to reduce
the effect of the scattered light and cure-through effects.
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Abstract. In this paper, the development of an elastic inflatable actuator (EIA)
for the generation of unconscious sitting discomfort to encourage users towards
dynamic sitting is discussed. The EIA is printed with fused filament fabrication
(FFF) of flexible thermoplastic polyurethane (TPU). In order to adapt the actuator
to the requirements, a finite element analysis (FEA) is built up, which is based
on tensile tests of the TPU. The FEA is then compared with force-displacement
measurements of the printed EIA. It is shown that the simulation represents the
experiment, as long as similar conditions are ensured. Due to the given use case, an
almost static load can be assumed, which is represented in the simulation. In this
context, the simulation model can thus be utilized for a subsequent optimization
of the actuator for the application in intelligent seating systems.

Keywords: Soft robotics · Finite element analysis · Dynamic sitting · Intelligent
seating system · Human factors · 3D printing

1 Introduction

Static sitting is one of the main reasons of musculoskeletal disorders. The first physi-
ological effects can already be felt after a duration of 15 to 30 min [1]. Seated work-
places should therefore be designed to promote frequent changes in posture, which is
called dynamic sitting. One approach is the introduction of strain through automatic and
prospective actuatormovementwithin the seat surface dependent on the user’s individual
sitting posture and behavior [2, 3]. The aim is to create subconscious sitting discomfort,
that leads to a change of posture.

Pneumatic actuators are already successfully used in active seating systems, e.g. in
the automotive industry, for individual adjustment of the seat and backrest, as lumbar sup-
port or for massage applications. In addition, there are already some health maintenance
systems that promote dynamic sitting [4, 5].

The possibilities for executing the movement of soft robotics can generally be cate-
gorized into two classes. On the one hand, fluidic actuators are operated with hydraulic
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and pneumatic drives [6, 7]. On the other hand, electric actuators use the material prop-
erties of smart materials to exert a force [6]. EIA, as part of soft robotics, are suitable
for integration into seats or generally for human-machine interaction, since they do not
interfere with the natural movement of the human body [8]. EIA are compliant and
therefore intrinsically suitable for contact with soft tissue [9]. They are characterized by
running on a pressurized gas or liquid [10]. Their variable stiffness ensures inherently
safe operation [10, 11], because the material can adapt to the human body and does not
lead to painful stress concentrations or point contacts [8, 10]. It is also of great advantage
that there are no electric fields, currents or heat interacting with the human body [9, 12].

2 Methods

2.1 Requirements

In previous papers, tests were carried out in which the required displacement and force of
the actuator were determined by using a load cell, a linear guidance and a displacement
transducer [1, 2]. A fully automated test benchwas built on the basis of an office chair [2].
Since the subconscious sitting discomfort cannot be consciously indicated, the threshold
value at which the strain could be felt and localized by the participant was recorded. The
determined data are thus to be understood as maximum force and displacement required
for the actuator. The tests were carried out using three different velocities: 25, 50 and
75 mm/min [2]. The results of these measurements show that an average of 32.78 N and
20.20 mm are required [2].

2.2 Design of a Soft Actuator

According to [8], soft actuators can be classified into four groups depending on their
direction of movement: contracting, expanding, twisting and bending actuators. In this
paper, monolithic expanding actuators are investigated due to the given use case. The
four types of EIA differ in terms of their boundary conditions [3]. Linear actuators have
a symmetrical cross-section, whereby the pressure contracts or expands the material
and thus creates unidirectional movement of the actuator [3, 4]. The EIA are basically
consisting of bellows- or balloon-like structures, which vary in arrangement and size.
Depending on the desired direction of movement or number of degrees of freedom,
several motion mechanisms can be combined with each other in addition to the use of
materials with different stiffnesses or thicknesses [5]. The motion path is thus predefined
in the actuator design [3]. To enable motion, both positive and negative pressure can be
used. An example of negative pressure actuators are linear soft vacuum actuators as used
by [6], where a monolithic rotationally symmetrical bellows is used, which contracts
under negative pressure. If positive pressure is applied, the folds of the bellows of the
actuator open and thus cause a linear expansion. Other inflatable actuators have an non-
symmetrical cross-sections,which allows bending or twisting [5]. The asymmetry causes
a bending when the structure is inflated [3]. An inextensible, but flexible bottom layer
is needed to enable the bending due to the different compliance of the material [7].

In the use case a high strain on the material is required. Furthermore, in order to
reduce the fatigue and failure of a soft robot, it is important to limit the deformation and
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load to 70%of themaximum permissible load of thematerial [8]. To achieve the required
displacement, materials with large elastic deformability are required [4, 9]. According
to [9], five types of materials are suitable for 3D printing: elastomers, flexible/elastic
materials, smart composites, shape memory polymers and shape memory alloys. Since
3D printing will be done using FFF, TPU is used, which is already established for soft
robotics [6, 9–12].

2.3 Material Tests

In the material tests the three materials NinjaTek NinjaFlex, Recreus FilaFlex and BASF
Ultrafuse are being tested. The properties of the material are determined in a tensile test
according to ISO 37 [13]. For this purpose, five type 2 samples each with 0°/90° and
45°/135° filling were punched out of printed mats. To optimize the print quality, the
material is dried at 40 °C for at least 24 h before printing. The samples are printed on
a Prusa i3 MK3S. Prior to testing, the samples are stored at room temperature for at
least 24 h. In the tests all materials are tested on a Zwick Z010 tensile testing machine.
Since NinjaFlex shows the lowest stress, it is used for further tests. It can be seen that the
material orientation has only a minor effect on the characteristic curve and so the mean
values can be used. Furthermore, the test speed has a significant influence on the overall
results. The slower the tests are performed, the lower the stress is at the same strain.
Figure 1 shows the characteristic curve of the mean values of NinjaFlex at 200 mm/min.
Figure 2 shows the Mooney-Rivlin parameters determined from the tensile tests.

Fig. 1. Means of the tensile tests of NinjaTek
NinjaFlex at 200 mm/min

100 200 500

C10 (MPa) -0,233 -2,194 -4,896

C01 (MPa) 2,562 5,3953 9,2449

C20 (MPa) 0,116 0,0302 0,0715

C11 (MPa) -0,561 -0,129 -0,365

C02 (MPa) 0,9 0,8004 1,9541

D1 (MPa-1) 0 0 0

Test Speed in mm/min

Fig. 2. Mooney-Rivlin parameters of
NinjaTek NinjaFlex

2.4 FEA Model

In order to predict the individual characteristic of the EIA, a parameterizedCADmodel is
built up in Catia V5, which is then transferred to Ansys Workbench via the bidirectional
CAD-Nexus interface. The nominal geometry of the EIA is shown in Fig. 3 and is
designed to meet the requirements for the intelligent seating system as well as for 3D
printing. In consideration of these requirements the EIA has a given height h = 35 mm,
an outer diameter D = 60 mm and base diameter d = 58 mm. The folds of the bellows
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Fig. 3. CAD model of the EIA

have an angle α = β = 30° to the horizontal. In addition, the EIA has a constant wall
and top thickness t1 = t2 = 1,4 mm, radius r = 1,5 mm and a base length l = 10 mm.

The simulation of the EIA is done by a FEA in Ansys Mechanical. The model is
connected to the ground by a fixed support on the inside and outside of the base section
of the EIA. In the first load step, a constant pressure p is applied to all surfaces inside
the EIA. Subsequently, a rigid body is moved down 60 mm with a constant velocity to
compress the EIA. The initial position of the rigid body is 40 mm above the top surface
of the EIA under atmospheric pressure.While the rigid body is moved, the force reaction
in longitudinal direction is calculated. Due to the different initial expansions caused by
varying the applied pressure from 10 kPa to 100 kPa – with a step size of 10 kPa – the
location of the first contact shifts. Therefore, the total displacement is hold fixed so that
the change in length �s can be compared between the different pressure settings.

Due to the design of the EIA the model is reduced to a quarter of the full geometry
and a cyclic symmetry condition is implemented to reduce the effort of calculation.
The model is discretized by applying a mesh to the geometry that covers the model
evenly. To achieve this structured mesh along the perimeter of the EIA hexahedral and
wedge elements alongside the MultiZone method are used. The maximum length of the
elements is 0.02 mm in radial direction to ensure that the results are independent from
the mesh. Due to the design as well as the application of the EIA, different nonlinear
characteristics have to be considered in the simulation. In this context the material
behavior is described by the nonlinear stress-strain curve which is determined in 2.3.
This approach requires a hyperelasticmaterialmodel. As in [6], the approach ofMooney-
Rivlin represents the stress-strain curve best and is therefore used to describe thematerial
[14]. For the interaction of the EIA and the rigid body as well as the individual folds
of the bellows frictionless contacts are defined by using the pure penalty algorithm
for each contact region individually. In addition, the large elastic deformation is another
characteristic,which requires the consideration of geometric nonlinearity. The evaluation
of the simulation results is carried out by evaluating the maximum displacement in
longitudinal direction, the maximum Von-Mises stress as well as the maximum elastic
strain for the first load step. During the second load step the maximumVon-Mises stress,
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the maximum elastic strain and the force reaction on the rigid body in longitudinal
direction along its travel is evaluated.

2.5 Experiment

The validation of the simulation model is done by a test where the characteristic curve
of the 3D printed EIA is recorded and compared with the simulation results. The tests
are carried out on a fixed surface and an ABB IRB 4600 industrial robot for the linear
movement. The force is measured with an ABB load cell at 100 Hz and a resolution
of 0.1 N. The load cell is also used as contact surface to ensure that the actuator is
in full contact with the load cell. During the experiment, the actuator is fixed on an
aluminum base with a hose clamp. The base is equipped with a 1/8′′ Festo pneumatic
hose connection to which a 6 mm Festo pneumatic hose is attached. The pressure is set
manually by using a Mader digital pressure gauge type 60 with an accuracy of ±2% FS
which is mounted behind a compressed-air maintenance unit. The force-displacement
measurements are performed under the same conditions as for the simulation. The load
cell is moved down with a constant velocity. As soon as an increasing force is recorded,
contact to the EIA is assumed. The correlating displacement value is used for the deter-
mination of the expansion due to the applied pressure. The load cell is moved down until
the actuator is compressed to the bottom dead center located 60 mm below the initial
position and then returned to the starting position of the measurement. In contrast to the
static simulation, the force-displacement measurements in the experiment are recorded
for both compression and expansion to describe the characteristic curve of the EIA.
Figure 4 shows the test setup.

Fig. 4. Experimental force-displacement measurement of the EIA

3 Results and Discussion

Figure 5 shows a comparison of the measurement results and the simulation results for
the maximum displacement, depending on the applied pressure. The use case requires
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low forces associated with low pressures. Considering the results, it can be seen that the
simulationwith thematerial data of testswith 200mm/minbestmatches themeasurement
results in the range of 10 – 50 kPa.

Fig. 5. Comparison of the sumulation results and the measurements

The results of the FEA are described for an applied pressure of 50 kPa exemplary.
Figure 6 shows the Von-Mises stress for the inflation and compression of the EIA. The
maximum longitudinal elongation is 22.50 mm at the top center. The maximum Von-
Mises stress during the inflation of 4.20 MPa occurs at the outside of the top inner bend.
After the compression the maximum Von-Mises stress in this location is 4.83 MPa.
Figure 7 shows the results for the elastic strain. The maximum elastic strain during the
inflation is 23.51% at the inner radius at the top of the EIA. The maximum elastic strain
after compression can be found at the outside of the lower inner bend with 28.50%. The
maximum force reaction at the end of the compression is 133.04 N.

Fig. 6. Von-Mises Stress after inflation and
compression with an applied pressure of
50 kPa

Fig. 7. Elastic strain after inflation and
compression with an applied pressure of
50 kPa

As a result of the resolution, eleven characteristic curves are compared, first the
simulation in Fig. 8, then the test in Fig. 9. The simulation and the experiment are
structured in such a way that the same experiment is represented. Due to the setup,
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the displacement is shown negatively. The zero point is to be understood at the top
dead center. The greatest displacement and force occur at the bottom dead center. At the
beginning, a steep rise of the curves can be seen, which becomes increasingly flattened in
the wide course. In the upper area, relative force increase is small before the folds of the
EIA reach block. Reaching the block force is represented by a steep rise of the curve in
the end. Since the pressure inside the EIA remains constant throughout the simulation,
a uniform characteristic curve is obtained for both compression and expansion. The
characteristic curves from the experiment show a counterclockwise progression and
are very smooth in a range from 30 kPa to 80 kPa. Starting at 90 kPa, the curves
show a sequential behavior during compression, which is more intense with increasing
pressure. Thereby the upper fold is compressed at the beginning and afterwards the lower
fold. Furthermore, the characteristic curves show a decreasing force of the EIA at high
pressures at −40 mm and −55 mm, which corelates to the sequential folding.
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In contrast to the static simulation, the characteristic curves of the tests show a
hysteresis, whereby during compression, a higher force acts in vertical direction than
during expansion of the actuator. This hysteresis is related to a pressure increase in the
test, which is caused by a non-regulated pneumatic systemwhen the actuator respectively
the air in the actuator is compressed. The observation of the experiment shows that the
hysteresis behavior as well as the block force increases with increasing pressure. During
compression, the values of expansion are lower due to an almost constant pressure inside
the EIA. This effect can be reduced by decreasing the speed in the experiment.

4 Conclusion

The results of this work show that monolithic bellows-like structures with symmetrical
boundary conditions are basically suitable for use in active seating systems. Depending
on the scaling and the geometry of the actuator, the required characteristic behavior can
be achieved. The mechanical behavior of an EIA shows a hysteresis, which is caused
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by changes in inner pressure during compression and expansion. Due to the material
used and its properties, an increasing deformation of the top surface can be observed
depending on the applied pressure, whereby plastic deformations already occur after
a few load changes. As the tests have shown, EIA exhibit a dynamic behavior which
depends not only on the type of load but also on the test setup. These influences are
not considered in a static analysis. For this reason, the tests must be carried out under
quasi-static conditions to correspond to the FEA results. The material data must also be
determined in an almost static test, which correlates to slow speeds. If this is ensured,
the behavior of an EIA can be sufficiently predicted with a static FEA. With the results
obtained in this paper, a design of experiments (DOE) will then be carried out to conduct
a sensitivity study. In a further step, an optimization an endurance tests of the actuator
are planned.
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Abstract. The relationship between plastics and disposable domestic products
like cutlery has a long history in Design. For long time, the use of thermoplastics
has been seen as the most cost-effective solution to meet the market demands
with an affordable solution ‘for all’. Only in last decades the society got the
awareness that this way of producing products is unsustainable for many reasons:
environmental wastes, ecological threats, pollution and lack of lifecycle strategies.
An alternative creative approach for the sustainable design and manufacturing of
cutlery is needed to overcome this unsustainable business model. In this study, we
present the research and design results that have allowed to proposing an original
sustainable 3D printed solution for mitigating the use of disposable plastic in
cutlery sector.

Keywords: Sustainable 3D printing · Human centered design · Sustainable
design · Sustainable production · Cutlery · Design experimentation

1 Introduction

3DPrinting process, technologies and tools are rapidly becomingpervasive both in indus-
trial and in informal contexts. However, the risk to have new unsustainable printing pro-
cesses and production’s behaviors is high and, potentially, can increase the environmental
threats. On the other hand, Design for Sustainability is a discipline that works, since late
80’s, on the mitigation of productions-related environmental footprint and, recently, on
the development of socio-technical systems and distributed solutions empowering both
environmental aspects and socio-economic ones [1].

The recent market demands have significantly reshaped the current approaches on
sustainable productions; this aspect is today crucial for the Design discipline, which is
intrinsically links end-users’ needs, production technologies and entrepreneurial com-
petitiveness. Therefore, 3D Printing can be considered an opportunity to test and verify
new sustainable business models aimed to mitigating the use of disposable plastics.
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Today, a large part of the 3D Printing sector uses plastics. Consequently, one of
the related environmental threats is the extremization of the objects’ obsolescence, as
a reflection of the idea of ‘disposable’ products. Three additional roots have fed the
production and the disposal of plastic waste, generating the current ‘plastic problem’:
1) Quantity: a disproportionate amount of plastic is produced every year; the world
production moved from 15 million tons in 1964 to over 310 million tons today [2]. 2)
Overall environmental dispersion and contamination: the amount of plastic dispersed in
the ecosystem [3]. 3) The ‘throwaway culture’ as a reflection of the idea of modernity.
These factors, along with the plastics’ slow degradability and its reduced reuse connote
disposable products as the main cause of environmental problems to which the future
society will be asked to look for an alternative solution.

Today it is very hard to separate consumerism behavior from the ‘plasticulture’, since
this relationship has become an intrinsic aspect of people’s lifestyle. Single-dose objects
have brought to light real needs that, however, plastics can no longer respond; this is
generating more problems than solutions. Our society needs to look carefully to valid
alternatives that will not necessarily be limited to replacing plastics with bioplastics,
bamboo or any other eco-material. Addressing the cultural root to this problem is the
only solution [4] to make in practice the slogan ‘producing less and better’.

In line with the discussion started within the Design for Sustainability scientific
domain,which aims to propose alternative solutions tomitigate the environmental threats
whilst increasing the social and manufacturing awareness on the design of creative eco-
efficient solutions, this paper proposes the research and design results for the cutlery
sector, which is considered as one of the most representative examples of everyday use
products. In particular, by recognizing the need of an alternative approach for the sus-
tainable design and manufacturing, this paper presents a sustainable 3D printed solution
for mitigating the use of disposable plastic in cutlery sector. This paper is part of the
studies started in 2018 on ‘Sustainable 3D Printing’ [5] and on the ‘Integration between
Human Centered Design (HCD) and 3D Printing’ [6].

2 Strategies and Opportunities for Sustainable 3D Printing

The development of new sustainable 3D printed products needs a new approach [5]. By
combining new research models matching different levels for sustainable innovations,
which are composed by primary and secondary levels of interaction, it is possible to
develop a new scenario for Sustainable 3D Printing; this scenario defines a new set of
design opportunities for Sustainable-oriented 3D Printing Systems [6].

These data have been later combined with the Human Centered Design approach
(HCD) [7]. The combination with the so-called ‘human factor’ – the human dimen-
sion of any design intervention – into the scenario for Sustainable-oriented 3D Printing
Systems is significant for supporting the development of novel sustainable-oriented busi-
ness models, promising transition studies, aware market demands and wellbeing-based
sustainable lifestyles [6]. This integration generated a number of Research Topics and
Promising Design Opportunities for ‘HCD-oriented Sustainable 3D Printing’, which are
linked to the current advances in Design for Sustainability.

The result of this interpolation process is the ‘Framework ofDesignOpportunities for
Sustainable 3D Printing Systems’ [6], which portraits a new complete set of research and
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design topics that can be used by designers, researchers, entrepreneurs and policymakers
interested to work with 3D printed solutions to support the transition toward sustainable
ways of design, production and consumption1.

3 Design Scenario

Waste management and consumer awareness are fundamental to change the way dispos-
able products are used. New design angles focused on the reduction of plastic products
must be introduced to exceed the meanings of technological obsolescence, psycholog-
ical obsolescence, and planned obsolescence, as well as reintroducing environmentally
sustainable products that culturally stimulate aware productions and uses. The main
purpose of this stage is exploring valid substitutes to disposable products.

Food, likewise medical and personal care sectors, predisposes a wide use of dispos-
able products; this is due to the high levels of hygiene required. As reported by Legambi-
ente [8], the use of disposable products is deeply rooted in the European food sector, with
40% of production destined for food products, including packaging or tableware. The
scenario analysis aims to explore the plastics’ mitigation strategies in the production of
FMCGs for the food sector, which consequently intents to understand how to reduce the
impact deriving from the production and the use of products. This assumption is essen-
tial to improve the linear economy model, represented by the ‘Take-Make-Dispose’
process, toward the new ‘Use-Use-Reuse’ pattern belonging to the circular economy
model (Fig. 1).

Fig. 1. The sustainable scenario used to support the ‘Use-Reuse-Reuse’ circular patterns.

4 Design Experimentation

The design solution here proposed is a reusable 3D printable kit for sustainable cutlery
self-production, which can be used both in formal and informal food-related sectors.
The concept has been designed using the ‘Use-Use-Reuse’ model (Fig. 2).

1 The analysis of the Scenario is discussed in the work of Rossi and Di Nicolantonio [6].
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Forks, plates, glasses, and all related cutlery items represent the majority of dis-
posable domestic products. Therefore, a basic cutlery set (fork, spoon and knife), was
used to verify the research hypothesis. People consuming food away from home every
day: workers, students, travelers, tourists, professionals, etc. are the potential consumers.
In this study, HE students were considered as the final end-users of this solution; this
because the student population shows a specific attitude on the consumption of dispos-
able products. To collect the research data on habits, preferences and market trends, a
questionnaire has been distributed within a targeted student population.

Fig. 2. Functions generated in the early design explorations: guarantee highest levels of hygiene,
transportability, resistance and sustainability).

4.1 Survey and Data Analysis

To outline the needs of potential consumers, a questionnaire composed by eighteen
questions has been submitted to 180 students2. The questions aimed to investigate:

1. The students’ understanding about Sustainability.
2. Possible alternatives to the use of disposable products (cutlery).
3. The students’ competence on additive manufacturing technologies.
4. The needed features of reusable products for the consumption of food.

The analysis demonstrated that students:

• Prefer to use bioplastic rather than traditional plastics.
• Want to purchase recyclable solutions with a longer product life cycle.
• Have an interest in all Sustainability-related issues.

2 Students across all levels in the BA Design program at the University of Chieti-Pescara, Italy.
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• Desire to mitigate the problem of disposable items.
• Want to design, use and implement alternative solutions to cope with the problems
caused by disposable use / led by throwaway culture.

• Packaging, portability and ergonomic features are fundamental aspects.
• Hygiene is one of the main characteristics that any product must have.
• Customization is an important parameter to stimulate the product’s purchase, though
this is perceived as not essential in the context of Sustainability.

4.2 Concept Design

The survey has shown some important aspects, which have been later used for the
design of the reusable 3D printable kit for sustainable cutlery self-production: hygiene,
transportability, and ergonomic features. These fullymeet the criterion of having, always,
a clean and uncontaminated product.

The shape of the kit contributes to keep high the level of hygiene, supporting all
cleaning processes. An elegant case contributes to achieve this parameter, whilst pre-
venting the contamination as well as simplifies the transportability, the storage and the
filth removal. The case is also made with lightweight material, either thermoplastics or
metal. About ergonomics, the solution is easy to be used, suitable for repeated uses as
well as adaptable, assuring good mechanical performances.

4.3 3D Design Thinking

Autocad, Rhinoceros and SolidWorks have been used to design the kit. The technical
design has been conducted with the collaboration of COESUM, an Italian company
specialized in 3D modeling and rapid prototyping [9].

Three phases characterized the technical design (Fig. 3).

• In the first phase, 2D design software was used to originate the main product’s geome-
tries, which have been made by translating raster photos of handmade prototypes into
vector files (CAD).

• In the second phase, three-dimensional modeling tools were used to create virtual
models and to test geometries, shapes and solution’s ergonomic features.

Fig. 3. From left to right, the virtual modeling in phases 1, 2 and 3.
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• In the third phase, the use of 3D parametric engineering software allowed designing
the complex mechanical models; in this phase, all project elements have been tested
to comply with the production criteria.

4.4 Final Design

The final design – ReBio-Cutlery kit – is a customizable, portable and reusable 3D
printable kit for sustainable cutlery, containing all basic items for consuming food away
from home: fork, spoon, and knife (Fig. 4). It can be 3D printed from scratch, whose
main components are: 1) a case made in molded aluminum; 2) moulds in aluminum; 3)
a tool holder in hemp-based bioplastics; 4) some tools (i.e. separators) in hemp-based
bioplastics; 5) a hex key.

Fig. 4. ReBio-Cutlery kit: concept visualization.

5 Materials, Regeneration Process and Obsolescence Strategy

The prototype was made using the following materials:

1. Aluminum, for the case and the molds, using a CNC cutter.
2. Hemp-based bioplastic, for cutlery and supporting tools, using 3D printer.
3. The locking system, made using commercial ferrite magnets.

TheReBio-Cutlery introduces the opportunity to regenerate bioplastic products (fork,
spoon, and knife), if damaged. This is possible by reconverting bioplastics through
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thermoplastic cycles. Hemp-based bioplastics, having organic origin, do not produce
toxic substances during the thermal cycles. This feature allows consumers to regenerate
the damaged parts of their products at home (i.e. using the kitchen oven). At the end of
the product life cycle, hemp-based bioplastics can be macerated and reused, reproducing
a new filament that can be used for 3D printing, or to be used with different technologies
and processes.

Aluminum, instead, is considered an efficient sustainable alternative to plastics. It
is 100% recyclable and reusable for multiple applications as well as it guarantees better
endurance than plastics and a lower lightness than glass.

The proposed solution also complies with the idea of planned obsolescence for
products with a relatively short life cycle. This condition is often caused by a voluntary
‘bad design’, which often is linked to the use of poor or unsuitable materials. In this
way, the ReBio process is in countertendency with current consumerist thinking, which
over the years has substantially contributed to the ‘plastics issue’ worldwide.

6 Conclusions

This study introduces important advances in the sector of Sustainable 3D Printing as well
as in the Product Design domain by proposing a scalable process that can be used for the
production, and/or the self-production, of a wide range of sustainable domestic products
(i.e. FMCGs). According to the recent theories within the Design for Sustainability
scientific domain, this can be seen as an effective and proactive strategy to mitigate the
use of disposable plastics in domestic contexts of use and beyond.

The will to design new sustainable products that reduce the impact on the environ-
ment, whilst supporting the economic growth, denotes the main factor that connects
circular economy and contemporary consumerism. Although in last decades the con-
sumer dynamics have been characterized by the excessive use of plastics, the transition
to renewable energy and aware business models could be considered one of the possible
approaches to connect consumerism with circular economy. A new idea of sustain-
able consumerism can be promoted in the transition from the linear economy model,
the one responsible of the global problem of waste disposal and summarized through
the ‘Take-Make-Dispose’ process, to a circular one characterized by ‘Use-Use-Reuse’
processes.

Consumerism, per se, is independent from theuse of plastic. It depends bymarkets, by
consumers and by products’ expectations, standards and needs. For this reason it will be
very difficult to reshape the consumers’ attitude usingvertical approaches; thismeans that
the sole economy- or market-driven strategies are no longer sufficient for this purpose.
Accordingly, Sustainable 3DPrinting can be considered a cultural revolution. In linewith
this cultural shift, ReBio-Cutlery is an example of how this technology can be applied to
mitigate the problem of disposable products, introducing new sustainable perspectives
on the use and the reuse of products.ReBio-Cutlery aims to sensitize the users bymaking
them part of the recycling process as well as giving them the opportunity to learn from
recycling processes, even from the ones performed in the domestic environments. In
this way, consumers can start operating a more conscious use of the products they use
everyday, outdoing the concept of disposable products.
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Abstract. Rapid prototyping and 3D printing technologies have been innovative
options for orthotic development, that are assistive devices applied to any part of
the body to different disabilities or injuries. The aim of the study was to investigate
scientific evidence about the effectiveness of using 3D printed orthoses in relation
to conventional orthoses, through a systematic literature review in the years 2010
to 2020. Scientific evidence identifies that there are improvements associated with
the development and use of rapid prototyped and 3D printed orthoses however the
publications found present were small in sample sizes and lack comprehensive
end-user evaluation.

Keywords: Orthosis · 3D printing · Assistive technology · Rapid prototyping

1 Introduction

Currently, more than one billion people worldwide live with some form of disability, of
which around 200 million experience considerable functional difficulties [1]. With the
aim of improving the functioning of people with disabilities, Assistive Technology (AT)
resources are individually customized to assist the independence and autonomy of users.
Successful AT initiatives often require interdisciplinary practices among professionals
from the areas of Rehabilitation, Health Sciences, Product Design and Engineering, with
a view of sharing knowledge and ideas in the developing of products that can have a
positive impact on the quality of life, participation and social inclusion for people with
disabilities [2]. Interdisciplinarity approaches have given positive results in minimizing
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gaps in the development and improved usability of Assistive Technology, favoring qual-
ity in research and innovation and exploring the different perspectives of the interface
between the auxiliary device and the user [3, 4].

Orthoses are assistive devices applied to any part of the body, alone or covering more
than one joint [5]. With the aim of meeting the individual needs of each person, orthoses
may perform several functions including maintaining or promoting the range of articular
movement, preventing or correcting deformities, protecting against injuries, assisting in
rehabilitation, and maximizing function [6]. Orthotic devices are essential components
of a rehabilitation program. Although the use of such devices has increased over the
years, the range of materials used in the manufacture is still limited and costly [7].

An orthosis requires proper adjustment to the limb, since inappropriate fit can lead
to discomfort, pain and skin lesions [8]. Such problems can result in early abandon-
ment of the orthosis by the user before the rehabilitation program is completed. Shaping
the device on the subject’s limb requires extensive experience of the rehabilitation pro-
fessional [9]. Moreover, the manufacturing process is laborious and time-consuming
[10].

To reduce costs and increase user satisfaction, 3D printing technologies have been
indicated as innovative options for orthotic development [10]. Although the literature
presents studies about the process of creation and development of customized prostheses
through 3Dprinting [11], there are still few studies that have compared their effectiveness
to the orthotic devices made by the conventional process.

Therefore, this study reports a systematic review aimed to answer the following ques-
tions: Are the 3D printed orthoses better than conventional orthoses? What evaluation
measurement have been used to compare these types of orthoses?

2 Method

A systematic review of the literature was conducted through several steps. First, a search
for scientific articles published in the last ten years in the Scopus and Pubmed databases
was conducted. We used the query terms “Orthosis; 3D printing”, “Splint; 3D print-
ing”, “Orthosis; Rapid Prototyping”, “Orthosis; Assistive Technology; 3D printing”,
“Orthosis; Assistive Technology; Rapid Prototyping”, “Splint; Assistive Technology;
3D printing”, plus the Boolean operator “and”.

Next, the abstracts of the studies found were read to verify which ones met the inclu-
sion criteria, namely scientific articles reporting the manufacture of orthoses with rapid
prototyping and 3D printing technologies; comparative evaluation of orthotic devices
made through conventionalmethods and 3Dprinting and rapid prototyping technologies.

After discarding duplicate studies and studies that did not meet the inclusion crite-
ria, article data were tabulated in a Microsoft® Excel spreadsheet. The tabulated data
included theyear of publication, the typeof orthosis addressed, the number of participants
of the study and the evaluation and comparison measures used.



A Systematic Review 55

3 Results and Discussion

Study Selection
A total of 87 articleswere found using Pubmed and 117 articleswere found using Scopus,
totalling 204 hits (Fig. 1). The descriptor pair that returned the highest number of results
was “Orthosis and 3D Printing”, with 77 results.

Of the 204 studies, 147 studies were excluded as they reported (a) literature reviews,
(b) other types of Assistive Technologies such as prostheses; (c) prostheses and dental
implants, (d) items not considered assistive technology resources, (e) internal prostheses
and surgical procedures, (f) reported only the software and processes used to develop
the final product, or (g) no evaluation tests. Thus, 57 studies were classified as being
within the scope of this study. However, after the detailed reading, only 9 were finally
selected for discussion herein, as they met all inclusion criteria.
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Fig. 1. Procedure.

Study Characteristics
The characteristics of the selected articles were that 3D printing was used in the devel-
opment of orthoses. Moreover, tests were reported comparing orthoses made by conven-
tional methods (prefabricated (canvas or thermoplastic) or made to measure) of upper
or lower limbs with orthoses by means of 3D printing (see Table 1).

According to the year of publication (see Fig. 2) there was an increase in publications
addressing the comparison of 3D printing orthoseswith conventional orthoses from 2017
and onwards. In 2019, 44,4%of the publications [12–15]were on this topic. Expectations
for 2020 are there the number of publications on these topics will increase. Note that
the data collection presented herein was carried out during January 2020, and only one
publication [16] was included in the graph. However, an increase in research related 3D
printed orthoses was identified.
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Table 1. Studies that met the inclusion criteria.

Title Authors (year), country Type of orthoses

Effects of a 3D-printed orthosis
compared to a low-temperature
thermoplastic plate orthosis on
wrist flexor spasticity in chronic
hemiparetic stroke patients: a
randomized controlled trial

Zheng, Y. et al. (2020),
China

Wrist, hand and fingers
orthosis (Upper limb)

Personalized assistive device
manufactured by 3D modelling
and printing techniques

Lee, K. H. et al. (2019),
Republic of Korea

Cock-up (Upper limb)

The biomechanical difference
between running with traditional
and 3D printed orthoses

Mo, S. et al. (2019), China Ankle-foot orthosis (Lower
limb)

Small splint external fixation
combined with 3D printing brace
for the treatment of Colles
fractures

Zeng, T. et al. (2019), China Cock-up (Upper limb)

Effect of 3D Printing
Individualized Ankle-Foot
Orthosis on Plantar Biomechanics
and Pain in Patients with Plantar
Fasciitis: A Randomized
Controlled Trial

Xu, R. et al. (2019), China Ankle-foot orthosis (Lower
limb)

Fabrication and stress analysis of
ankle foot orthosis with additive
manufacturing

Banga, H. et al. (2018),
India

Ankle-foot orthosis (Lower
limb)

Effect of personalized wrist
orthosis for wrist pain with
three-dimensional scanning and
printing technique: A preliminary,
randomized, controlled,
open-label study

Kim, S. J. et al. (2018),
Republic of Korea

Cock-up (Upper limb)

Analysis and comparison of wrist
splint designs using the finite
element method: Multi-material
three-dimensional printing
compared to typical existing
practice with thermoplastics

Cazon, A. et al. (2017),
United Kingdom

Cock-up (Upper limb)

Patient specific ankle-foot
orthoses using rapid prototyping

Mavroidis, C. et al. (2011),
United States

Ankle-foot orthosis (Lower
limb)
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Fig. 2. Publications in chronological order.

Regarding the type of orthoses (see Fig. 3), we observed that there was a balance
in publications related to the target limbs, where 55,5% of the papers addressed upper
limb orthoses and 44,4% of the papers addressed lower limb orthoses. Additionally, we
found few variations as all the lower limb orthoses studies (n = 4) covered ankle-foot
orthoses (AFO) [13, 15, 19, 20]. The other 5 studies addressed upper limb orthoses. The
majority (n= 4) of these discussed the wrist orthoses, called “cock-up” [12, 14, 17, 18]
and one study documented a wrist, hand and fingers orthosis (WHFO) [16].

Cock-up

WHFO

AFO 44,4%

44,4%

11,1%

O           1 2            3 4             5 6             7 8             9           10

Type of Orthoses

Target Limbs

Lower Limbs Upper Limbs

Fig. 3. Orthosis types.

Evaluation Measurement
The evaluation measurement methods used varied greatly. Table 2 lists details about the
evaluation and comparisonmeasures used, as well as the number of participants involved
and the summary of findings.

Table 2 reveals that only a handful of studies compared 3D printed orthoses and
conventional orthoses. In addition, several studies did not evaluate the orthoses with
participants or end-users [18, 19]. Others relied on case studies [12, 20].

Regarding the measures of evaluation and comparison of upper limb orthoses, it was
possible to observe better results in goniometry, Modified Asworth Scale, Fugl-Meyer
Assessment, Edema Level [16]; Jebsen-Taylor Hand Function Test, Quebec User Evalu-
ation of SatisfactionwithAssistive Technology (QUEST 2.0) [12]; CooneyModification
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Table 2. Evaluation and comparison measures used and the number of participants.

Evaluation and comparison
measures

Participants Summary of findings

Modified Ashworth Scale,
Fugl-Meyer Assessment, Visual
Analogue Scale, Goniometry and
Edema level

40 3D orthosis showed greater changes
in reducing spasticity and motor
function

Jebsen-Taylor Hand Function Test
and Quebec User Evaluation of
Satisfaction with Assistive
Technology

1 3D printed devices showed better
results in the JHFT score and in the
most of QUEST items than
ready-made assistive devices

Measurement of the Hindfoot
Eversion Angle and Comfort level

13 No significant differences between
the two types of orthosis

Visual Analogue Scale, Edema
level, Cooney Modification of the
Green and O’Brien Score and
Patient-Rated Wrist Evaluation

60 VAS and edema level did not show
significant differences; the Green
and O’Brien Score and PRWE had
better results with the 3D orthosis

Footscan® recorded Maximum
Pressure, Maximum Force and
Contact Area at specific points, in
addition to Visual Analogue Scale
and Comfort Level

60 Higher level of comfort in the 3D
orthosis

Biomechanical Tests (Deformation
of material, Constant Load,
Mechanical Properties and Custom
Product)

0 (4 simulations) The 3D orthosis corresponded to the
physical and mechanical aspects of
the conventional; presented less
weight, greater thermal comfort and
good cost-wise

Patient-Rated Wrist Evaluation,
Jebsen-Taylor Hand Function Test
and Orthotics and Prosthetics
Users’ Survey

22 The 3D cock-up was better in
relation to wrist pain and 2 OPUS
tasks

Performance Level in displacement
and Stress values

0 (40 simulations) The 3D orthosis remains at the same
or even better performance level

Gait Analysis 1 The 3D orthosis provided a better fit
of the individual’s anatomy

of the Green and O’Brien Score, Patient-Rated Wrist Evaluation [14] and Orthotics and
Prosthetics Users’ Survey (OPUS) [17] with the use of 3D orthoses, pointing out ben-
efits in such orthoses with regard to the range of motion, manual function, spasticity,
satisfaction and performance in Activities of Daily Living (ADLs).

The Visual Analogue Scale, Edema Level (in one of the studies) and biomechanical
tests (tension/resistance) did not present statistically significant differences between the
two types of orthoses [14, 18].



A Systematic Review 59

As for publications about lower limb orthoses, it was possible to identify improve-
ments with 3D printed orthoses over conventional orthoses in items of adjustment of the
equipment to the user [20], comfort [15] and cost-wise [19].

4 Conclusions

With the worldwide increase in life expectancy and increase of individuals who expe-
rience disabilities or reduced functioning, it is expected that an increasing number of
people will need orthoses. There has been increasing use of Rapid Prototyping and 3D
printing technologies in the field of Assistive Technologies, with a great potential for the
development of personalized devices that are more likely meet the users’ needs and pref-
erences. It is therefore important to investigate the effectiveness and potential benefits
of these devices.

The results of this systematic review indicate that there are improvements associated
with the development and use of rapid prototyped and 3D printed orthoses compared to
conventional orthoses in termsof upper limb rangeofmotion,manual function, spasticity,
satisfaction, performance in activities of daily life, comfort and low cost. Although the
number of publications were low, there has been an increase in recent years, with a
sharp increase expected in the coming years. Also, some studies found no significant
differences between the two orthosis types.

In conclusion, the field of orthosis 3D printing is rapidly evolving and has presented
important benefits for the users of such resources. However, there is insufficient evidence
in support for the claim that 3D printed orthoses are better than conventional orthoses,
due to the low number of publications on this topic. In addition, the studies included
in this review were small in sample sizes and lack comprehensive end-user evaluation
which would be critical for the uptake of Assistive Technologies.
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Abstract. Developing new products through additive manufacturing is becoming
imperative in today’s industry, mainly because this technology enables the pro-
duction of products in just one step. For the Automotive industries, additive man-
ufacturing is centered on prototypes to accelerate the product design phase. The
concept evaluation phase needs to be optimized to provide mechanical and kine-
matic evaluation but not overloading the design teams with assembly tasks. This
paper presents ongoing research focusing on producing head-up displays kine-
matic concept solutions by selective laser sintering technology using part consol-
idation additive manufacturing principle. To achieve this, several production tests
were performed with one particular kinematic automotive system concept solu-
tion, changing design concepts. The performed tests permitted to better understand
the limitations and capabilities of the laser sintering technology process.

Keywords: Design rules · Additive manufacturing · Selective laser sintering ·
Head-up displays

1 Introduction

Additive Manufacturing (AM) is the process of building a 3D object in a layer-by-
layer fashion. Each successive layer of material is fused with the preceding layer by
the application of thermal energy, binders, or curing agents. In the automotive industry
beyond the customization of tools for the assembly lines, AM is widely used to shorten
product development or, by the development of physical models in the iteration stages, to
choose design concepts or, to perform testswith the combination of simulation to evaluate
form and fit [1]. Therefore, AM in the automotive sector is centered on prototypes and
not final parts, but those prototypes play an important role in accelerating the product
design phase.

In recent years, head-up display (HuD) systems have come into use in the automotive
sector. As information requested by a driver for driving increases and is more diversified,
HuD systems display critical information as a reflected image in the immediate viewing
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area of the driver, so that drivers do not need to take their eyes from the road to read
the information since the information is delivered in a superimposed manner. These
automotive systems are divided into four sub-group solutions, which are the Kinematic,
Housing, Image Projection, andAssembly. The start point of the development process for
these systems is theworkvolume,which tends to be smaller and smaller, therefore, design
concepts are being optimized to develop small scale solutions achieved by implementing
smaller parts but, at the same time, by diminishing the number of parts that the system
needs,mainly in the kinematic group. InAM technology oneway to achieve this is by part
consolidation, one of the several advantages of AM [2]. Therefore, this paper presents
ongoing research focusing on producing HuD kinematic concept solutions by Selective
Laser Sintering (SLS) technology, where themechanism is produced on themachine i.e.,
pre-assembled. The importance of the research was to verify if it was possible to produce
a fully functional mechanism pre-assembled right out of the machine, thus avoiding the
use of fixation parts/methods (e.g., Screws, retaining rings, glue), and enabling a fast
development process through the iteration stages.

2 Additive Manufacturing Approach

A variety of AM technologies are currently available for different types of polymers,
metals, alloys, composites, ceramics, and resins [3, 4], and these AM processes allow
easy and convenient creation of complex geometries [4, 5]. SLS is the main processes
currently being used and further investigated, being the most feasible process for this
approach in the short term because parts built with this technology do not use support
so this allows the operator to arrange parts more freely in a build chamber and similar
parts can be nested, therefore yielding higher productivity while lowering the associ-
ated cost [6]. Using SLS, designers have the opportunity to fabricate almost any shape
or topology, including complex internal structures such as cellular or lattice structures
[7], since the part is directly built up from CAD data by selectively sintering powder
materials layer by layer [8]. In spite of its great potentials and benefits, AM’s industrial
establishment for end-use part production purposes is still limited. One reason for this is
the insufficient availability of comprehensive design rules for AM [9]. It can be difficult
for experienced or novice engineers to design for AM. The expansive capabilities of
AM lift the Design for Manufacturing constraints of conventional manufacturing pro-
cesses, thereby expanding the design freedom of the designer, but they also leave the
designer with new sets of process-specific design rules that are often poorly understood
and quantified [10]. Therefore, Design for AM (DFAM) was introduced in order to
improve the productions of AM parts and products and to overcome some manufactur-
ing issues regarding this technology [10]. When considering part consolidation several
DFAM rules were already prescribed although there is not a common understanding and
proper specification. Although DFAM varies regarding the AM technology, for example
for the case of SLS clearance (i.e., the gap between two parts) several manufacturing
AM worldwide providers specify a 0.5 mm of clearance as a rule of thumb [11–14].
Nevertheless, ‘clearance’ is not used to describe the same type of interaction (i.e., the
geometry of the parts involved) or even interface (e.g., moving, sliding), for example
for [11] clearance is for interlocking and moving parts, for [12] it is defined for hinges
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and gears and for [13, 14] it is general and not specified. What is common to all is the
need to design a clearance measure between parts that are manufactured together and
to evaluate the mass of the parts, since it could provide the over sintering effect due to
overexposed the parts to the laser power.

3 HuD’s Product Design and Manufacturing

To evaluate if it was possible to manufacture and HuD System with part consolidation,
experimental tests were performed using a vertical kinematic HuD concept (Fig. 1).
Since this strategy will enhance the development process by avoiding the use of fixation
parts and methods such as screws, retaining rings and glue, and it will permit to reduce
the total number of parts of the mechanism, this experimental investigation was centered
in determining the best clearance to achieve a fully functional mechanism.

Fig. 1. Vertical Kinematic HUD concept used to perform the experimental tests.

In this mechanical concept, a set of gear wheels (A in Fig. 1) is responsible to (i)
trigger the vertical movement of the combiner (B in Fig. 1), (ii) the angle adjustment of
the combiner and, (iii) for the opening/closing movement of the cover.

The combiner is moved through the rotation movement of the two gear wheels. Each
gear wheel possesses a pin built-in, and these pins (C in Fig. 2) goes throw two paths of
the combiner support (D in Fig. 2). When the gear wheels rotate, the pins move in these
paths, promoting vertical movement to the combiner support. The combiner support
possesses four guide pins (E in Fig. 2), two in each side, that move in guide paths (F
in Fig. 2), built-in the chassis (G in Fig. 1), to conduct the movement. Figure 2 gives a
detail view of the mechanism designed.

The HuD kinematic mechanism had four different types of part interfaces, that were
present individually or combined. Additionally, parts had interactions with each other
through the interfaces and by different contact features that promote or facilitate those
interfaces. Table 1 presents parts involve with interactions by contact features and type
of interface. For each interaction and interface, it was necessary to establish clearance
values to be able to produce a functional kinematic concept with total part consolidation.
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Fig. 2. Detail view of the kinematic mechanism designed.

Table 1. Part consolidation matrix

Part Interaction with Contact feature Type of interface

Gear wheels Combiner support Pins & rails Rotating and sliding

Chassis Circular feature & shaft Rotating

Other gear wheel Gear teeth Connection and friction

Combiner support Chassis Pins & Rails Sliding

3.1 Design Concepts

Before performing the production of the mechanisms, it was necessary to establish some
design considerations to successfully produce the HuD’s. The first consideration was to
define the clearance between two or more moving parts to avoid the excess of friction
between them, which could turn hard the movement between the parts, and to avoid the
melting of the material that compose the parts, thus merging the parts. The second con-
sideration states that all the parts must possess some kind of feature that does not allow
them to move out of their assembly position during the manufacturing process or during
the movement of the mechanism, thus avoiding the usage of fixation methods/parts. For
the experimental tests, in the first phase, it was designed two different mechanisms with
different clearance between the walls of two adjacent parts. A mechanical concept was
designed with a clearance defined for 0.5 mm, as prescribed by several AM manufac-
turing companies (i.e., Materialise, 3d Hubs, Shapeways), and a second concept was
designed with 0.8 mm since other experimental studies were already developed that
suggested a more conservative approach [15]. Since some features of the kinematic con-
cept present different mass and contact interfaces, it was necessary to develop a second
phase, to overcome the possible over sintering issue that could occur in some features
that have a larger width. Therefore, a third concept was developed with a combination
of clearances of 0.5 mm and 0.8 mm after evaluating the two first concepts and their
performance. Moreover, all parts were “locked in place” through a circular feature in
case of shafts or were fitted between parts, thus not allowing displacement movement
by the components.
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3.2 Production and Evaluation

The equipment used for the research was the EOS P396 and the material was an unfilled
PA12 powder (PA2200 from EOS). The process parameters used, which remained
constant for all builds, were the EOS Balance Standard Parameters.

First and Second Experimental Tests. After applying the post-processing operations
required (i.e., powder removal), it was possible to observe that the experimental test with
0.5mmof clearance did not work. Although some part interfaces had beenmanufactured
correctly, the kinematics mechanism was not possible since the support powder required
to build the clearances between two or more parts, due to the high thermal load that the
sinteredmaterial has, melted and consequently, merged the parts. This was true for all the
part interfaces regardless of the features. The second experimental test with 0.8 mm of
clearance had the same overall result. The kinematic mechanism produced did not work
also. The only improvements in comparison with the first mechanism were achieved in
the rotation and sliding of all the pins and shafts of the gear wheels and the sliding of
pins of the combiner support. In fact, in this mechanism the gear wheels were able to
rotate, promoting the kinematic of themechanical concept, but due to the high clearances
applied, the interaction between the two wheels and other parts move out of its assembly
position and rotate freely, thus not working as designed.

Third Experimental Test. Attending to the result obtained in the first two experimental
trials, it was decided to do a third attempt to produce a fully functional mechanism. In
this attempt, it was decided to use a combination of clearances values between the parts
of 0.5 mm and 0.8 mm. Therefore, for this production, the clearance between the gear
wheels and the chassis were design with a 0.8 mm value to avoid the over sintering
effect, since these parts had higher mass and that were nearby during a large surface.
The same clearance was defined for the rotating interface between the chassis and the
gear wheels since that interface relays on a feature that secures the shaft-containing
parts in the place. Other clearances were designed with 0.5 mm. After producing the
kinematic mechanism, it was possible to evaluate that this concept worked properly. The
0.5 clearance was defined for the core of the kinematic mechanism where the tolerances
needed to be narrow. Thus, gear wheels and their teeth, rotating and sliding interfaces,
not geometrical constrained, weremanufacturedwith the lower clearance value possible.
Although the clearance designed in the first experiment was not suitable to achieve a
full mechanism it was decided to go back to a value of 0.5 mm since it was verified in
the second experimental test that the increase of this value led to malfunctions in the
movement of the parts, moreover, the interfaces with locking features and a large mass
were analyzed as the ones that contribute to the increase of the thermal load thus ‘gluing’
the parts. Therefore, these last features were produced with a 0.8 clearance value.

4 Conclusions

The main concerns to establish part consolidation is, clearance of parts and, the mass
of the parts involve. Therefore, to evaluate if it was possible to manufacture and HuD
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Systemwith only onemanufacturing cycle andwith parts assembled in their right places,
three experimental tests were performed using a kinematic HuD concept. The first two
experimental parts with mechanism design with clearances of 0.5mm, in the first one
and, 0.8mm in the second one, did not work, so it was done a third experimental test
with a combination of clearances. The third experimental tests revealed that important
kinematic features and rotation and sliding interfaces that are not locked can be man-
ufactured with 0.5mm of clearance and that parts with locking features and large mass
needed a bigger clearance value of 0.8mm. The overall result showed that is possible to
manufacture kinematic mechanisms with part consolidation principle in AM improving
thereby the development process in terms of efficiency and time.
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Abstract. 3D Printing is a fast-growing disruptive technology that is changing
the manufacturing sector in many ways, improving both the design of products
and the production processes. Whilst the most traditional research contributions
tackle the role of the technology in manufacturing, the implications on the social
and inclusive dimensions are less considered and explored, although it is proven
that the social instances of contemporary society can motivate the development
of bottom-up radical innovations at the small and large scales. This paper aims to
identify the design relations between 3D Printing and Social Inclusion. This study
proposes an original and promising design research framework composed by four
macro design-oriented research lines linking Design discipline with 3D Printing
and Social Inclusion. This study can be considered significant because it proposes
a convergence between 3D printing and Social Inclusion using a Design Research
processes.

Keywords: 3D printing · Social inclusion · Design research · Research
framework · Design topics

1 Introduction

According to the recent trends and market data, the 3D printing sector – also known as
Additive Manufacturing – is in constant expansion [1–3], with a strong concentration
in industrial domains like aerospace, precision manufacturing, automobile and software
engineering. Accordingly, the so-called heavy industry plays an important role in feeding
the researches and the advanced experimentations in the sector. Moreover, thanks to
intrinsic advantages like flexible design, CNC research, lower resource requirement,
savings on tooling and faster production cycle, 3D Printing has become one of the
most disruptive technologies of present times [4], able to significantly evolve the way
companies and designers conceive, produce and sell new products and solutions [5, 6].

The advances in the 3D Printing sector are well documented and explored by many
studies, which portrait a complete and complex picture. It is clear that the majority of
studies address vertical and problem-solving issues, which contribute to increase the
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skills and the knowledge framework in the sector, for the sector. Only a limited number
of studies face interdisciplinary and proactive scenarios (i.e. Sustainable Development,
Circular Economy, Design, Heritage promotion). Consequently, it is possible to affirm
that the 3D Printing sector is largely driven by technology-push actions (i.e. technology-
driven innovations).

One of the research fields where the potentialities of 3D Printing technologies are
still unexplored is Social Inclusion, although it is proven that the social instances of
contemporary society can motivate the development of bottom-up radical innovations at
the small and large scales. Referring to this context, the experiments performed mainly
concern the so-called ‘Design forDisability’ domain (i.e. design of prosthesis and anthro-
pomorphic parts) [7]. The duality between competitiveness and missed opportunities is
partially due to two aspects: firstly, Social Inclusion is a very complex research frame-
work, defined as ‘the process of improving the terms on which individuals and groups
take part in society’ [8], and it is intrinsically linked with concepts like wealth, prosper-
ity, human wellbeing and environmental protection [9], which are consequently broad
and complex to be faced through vertical explorations; secondly, Design for Disability
is often overlapped with the idea of Design for Social Inclusion [10], whilst it represents
only a minor aspect of this broader design approach. Altogether these aspects contribute
to limit the development of synergic links between 3D Printing and Social Inclusion.

Considering this current lack within the literature in the Design field, it is therefore
possible to conceive a scenario for new research opportunities and design experimen-
tations made by generating a convergence between Social Inclusion, Design and 3D
Printing.

2 Aims and Methodology

This paper aims to identify the design relations between 3D Printing and Social Inclu-
sion as well as the design opportunities for later implementations and experimentations.
Accordingly, themain aimof thiswork is to define a consistent link between social issues,
which are part of the complex scenario of Social Inclusion, and manufacturing opportu-
nities, properly developed by 3D Printing sector. The interdisciplinary connections will
be made using the Design Research.

The specific aim of this work is to propose a promising design research framework
composed by ‘design-oriented research lines’ and ‘specific design topics’ linking 3D
Printing andSocial Inclusion.Design-oriented research lineswill address the attention on
themacro-domainswhere the convergence between 3DPrinting and Social Inclusion can
generate a significant impact; specific design topics are narrowed areas where practical
explorations can generate immediate ‘inclusive’ impacts.

The methodology used by this work is line with the idea of design scenario building.
In particular, the idea of inclusive-oriented design scenario is consistent with the one
discussed by Ezio Manzini, et al. [11]: ‘a designable vision of something complex
and articulated based on a clear motivation – what is the aim? – and a practicality –
the actions to undertake to favour its implementation’. The use of the design scenario
building methodology can generate future – likely – ideas for inclusive living conditions
as well as technology-driven opportunities for the 3D Printing sector to intercept bottom-
up instances and top-down design strategies. In terms of motivation, the design scenario
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here presented aims to imagine inclusive visions, while the practicality focuses on the
range of enabling solutions that will be possible to generate in the future convergence
between 3D Printing and Social Inclusion, both at the personal and social dimension.

3 Results: Design Research Framework

The research iterations produced through the scenario building methodology allowed
defining important design-oriented insights linking AM and Social Inclusion, which
later have been used develop the ‘3D Printing for Social Inclusion’ design research
framework. It is composed by four ‘macro design-oriented research lines’, linked to a
number of ‘design topics’ usable by researchers and designers to test the viability of
these notions as well as refine the knowledge framework here presented. The design
research framework is not only focused on the design aspects (i.e. product design, use
of materials with enhanced haptic characteristics, etc.); some remarkable insights can
be found in the cross-sectorial and cross-scalar relations between Design, 3D Printing
and Social Inclusion.

In this section, the macro design-oriented research lines and the related design top-
ics are synthetically presented and discussed. These examine all dimensions of Social
Inclusion: a) inclusivity aspects (endogenous features), b) accessibility to technological
systems, c) methodological impacts on communities, and d) the role of networks.

3.1 Inclusive 3D Printing Systems

Inclusive 3D Printing Systems gathers important data and insights aimed to set the
main target strategy for combining Design, Social Inclusion and 3D Printing. This first
macro design-oriented research line addresses the most traditional and known issues
around the theme of Social Inclusion, both at the strategic dimension (i.e. system(ic)
design) and the human centred one (i.e. product design dimension). The research line
also integrates useful data thatmeet the social dimension of the SustainableDevelopment
(i.e. community-centred actions, human ecology, etc.). Therefore, related design topics
for Inclusive 3D Printing Systems are:

• Diversity-inspired 3DPrinting systemsoperating onGlobal-Local scenarios (i.e. using
diversity as a resource).

• Community-centred 3Dprinting systems based on context-based scenario and bottom-
up needs.

• Need-based economies supported by 3D printing systems.
• Socially inclusive 3D printing systems.
• 3D printing systems ‘for all’.
• Affordable 3D printing systems to prevent child labour.
• Human-centred 3D printing systems.
• Ergonomically performing 3D printing systems.
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3.2 Accessible 3D Printing Systems

Accessible 3D Printing Systems focuses on the accessibility to technological systems
considering both the technology-centered dimension and the physical one (i.e. human-
product interaction). The explicit and hidden relationships between people, economy,
services and productions systems are interpreted and translated into manageable design
topics that can be implemented with simple – accessible – and complex technological
iterations. Accordingly, the research and design attentions revolve around the broader
notion of ‘accessibility to services’, rather than only to the human-product interactions;
this new vision expands the design opportunities by integrating the design topics with
new holistic insights for theDesign of Social Inclusion domain. Therefore, related design
topics for Accessible 3D Printing Systems are:

• Accessible 3D printing systems (and their sub-parts: products, services, distribution
networks, supply chains, etc.).

• Usable 3D printing systems (i.e. solutions making users and sustainable processes
closer).

• Research and design of low-cost 3D printing systems.
• Research and design of DIY 3D printing systems.
• 3D printing systems based on collective intelligence and values sharing.
• 3D printing supporting the launch on new entrepreneurships.
• Development of economically affordable new business models (transitions from
unsustainable/semi-sustainable business models into promising sustainable ones).

3.3 Community-Oriented 3D Printing Systems

Community-oriented 3D Printing Systems examines the impacts of 3D Printing technol-
ogy into large-scale contexts of social uses, with a particular focus on the community
dimension. At this scale, the research and design interventions aim to explore, and later
reinforce, themethodological impacts drivenby technology-push innovations into formal
communities and/or informal groups of people (i.e. spontaneous groups of stakeholders)
to conceive new socially sustainable ways of living, co-producing and using resources.
Therefore, related design topics for Community-oriented 3D Printing Systems are:

• 3D printing systems for Communities of Practice (CoP).
• 3D printing systems for Communities of Interest (CoI).
• Community-oriented 3D printing solutions for the production of goods and mixed
solutions (i.e. PSSs).

• Community-oriented new business models based on the use of 3D printing solutions.

3.4 Networked 3D Printing Systems for Personal and Collective Health

Networked 3D Printing Systems for Personal and Collective Health support the col-
lective intelligence of people and actors involved in large-scale 3D Printing platforms,
which intercept the demand for proactive and socially inclusive distributed solutions,
with an emphasis on the personal and collective health. Accordingly, the switch from
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the personal dimension to the collective one is one of the topics that, better than oth-
ers, can be tackled by distributed inclusive solutions. Beyond that, the human centered
dimension is still a core topic of this research line, with interesting applications and
potential experimentations linking biological systems, behavioral patterns and intelli-
gent networks. Therefore, related design topics for Networked 3D Printing Systems for
Personal and Collective Health are:

• Development of platforms supporting human healthcare systems.
• Application of networked 3D printing systems to support housing-related issues in
emerging and developing countries.

• Autopoietic networks for fair collaborations and sharing of know-how (i.e. CoP,Wikis,
etc.).

• Networked 3D printing systems for sanitary purposes.
• Networked innovations in emerging and developing countries.

4 Conclusions

Whilst the 3D Printing sector is constantly growing, continuing in the development of
new technology-driven results aimed to increase both the market competitiveness and
the manufacturing processes, it is however possible to reflect on the future social role
of this disruptive technology, which could be even oriented toward the issues and the
dimensions of Social Inclusion. As demonstrated by this study, the opportunity to work
on Social Inclusion is a turning point for the 3D Printing sector, despite a design-driven
approach must be used to coordinate the research actions as well as to think about
proactive ideas and promising applications.

This paper has proposed a design framework composed by four design-oriented
research lines and a number of related design topics linking 3D Printing and Social
Inclusion. Although these early data need to be further refined through proper explo-
rations and practical experimentations to give consistency and scientific legitimacy, from
the methodological point of view it is possible to affirm that the use of design-oriented
methodologies can stimulate an interdisciplinary discussion around the use of 3D Print-
ing technology beyond the mere performance and the precision of manufacturing pro-
cesses. Accordingly, new ways of thinking are needed to explore alternative scenarios
for proactive uses of this technology.

The design framework here proposed and synthetically discussed can be seen as an
initial reflection – methodological outcome – around the will to look for new design
opportunities, which will always consider the technological advances produced by ver-
tical studies; therefore, this papers open up a new scenario for lateral developments – i.e.
finding new opportunities by proposing a convergence between 3D printing and Social
Inclusion using the Design Research processes.

Finally, this study has demonstrated that the issues related to Social Inclusion can be
used to develop a broad scenario for new design opportunities, evolving the restricted
idea of using 3DPrinting ‘only’ for ‘designingmedical prostheses’ toward amore holistic
concept of ‘3D Printing for Social Inclusion’.
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Abstract. By taking advantage of additive manufacturing techniques and
Computer-Aided Design software, the present work proposes modeling a per-
sonalized external breast prosthesis through three-dimensional (3D) scanning and
photopolymerization 3Dprinting.Modeling and validation of the external prosthe-
sis were performed using specialized software, considering dynamic andmechani-
cal variables such as flexibility. The results showed that the prosthesis developed in
this study has approximately six times higher contact percentage with the affected
area than a commercial prosthesis, besides revealing propitious mechanical prop-
erties. Additive manufacturing technologies are potential tools to produce breast
prostheses and maximize comfort levels while keeping up typical sales rates. The
proposed design could develop an alternative that may increase the quality of mas-
tectomized women’s lives by offering a solution that focuses on returning what
cancer has taken away from them.

Keywords: 3D scanning · 3D printing · Custom design · External breast
prosthesis · Photopolymerization

1 Introduction

According to theWorld Health Organization (WHO) study, breast cancer hit two million
women from the female world population in 2018 [1]. Most cases detected in later
stages require a mastectomy, id est a surgical procedure that involves total or partial
breast removal [2, 3]. Although mastectomy increases survival chances, it may also
leave physical and psycho-social scars in breast cancer patients too challenging to bear
[4]. Resources such as external breast prostheses are typically used to restore the bosom’s
visual appearance instead of a breast reconstruction operation.

Big-scale manufacturing of external prostheses arises with this trend among breast
cancer survivors in the current market. However, some usability issues have been iden-
tified with commercial prostheses; besides, user choice is strongly biased by the high
costs of acceptable quality models. Prostheses currently marketed do not meet size and
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weight requirements, resulting in backaches, neckaches, among other common condi-
tions. For patients who have received a mastectomy, their well-being is also affected by
the generic designs, which do not consider each patient’s anatomy features, such as the
scar’s shape and size due to surgery [5].

Previous studies have developed customizedmedication through hydrogels and drug-
loaded implants as one of the main applications of three-dimensional (3D) printing in
cancer treatments [6]. Designing a new breast prosthesis has also been proposed using
the biomimetic technique for total mastectomy cases where a coordinate measuring
machine (CMM) is used as a tool to 3D model the prosthesis [7].

3D printing and scanning techniques have proved to contribute to the optimization
of medical procedures due to the advantages it offers by materializing real images of
the human body’s anatomy [8–10]. By taking advantage of them and computer-aided
design (CAD) software, thiswork proposesmodeling a personalized external breast pros-
thesis through 3D scanning and photopolymerization 3D printing. For this procedure,
anatomical data of healthy patients were obtained with 3D scanning tools. Modeling and
validation of the external prosthesis were performed using specialized software, adapt-
ing the customized external breast prosthesis for additive manufacturing purposes, and
considering dynamic variables and mechanical properties such as adherence, flexibility,
conformation, surface topology, contact percentage, and the bosom’s density. To the best
of our knowledge, no prior work on this topic has been published.

2 Materials and Methods

Both the exterior and interior design of the custom external breast prosthesis depends
on different features that characterize each patient. Essential requirements a prosthesis
must meet to solve previously identified problems are listed in Table 1.

Table 1. Breast prosthesis design required features.

Health issue Prosthesis must reach the healthy breast’s size and weight

Comfort issue Prosthesis should be appropriately attached to the post-mastectomy scar,
feel safe, and provide women’s confidence

Socio-cultural issue Prosthesis must have a natural appearance

Economical issue Prosthesis must be commercially competitive

Environmental issue Selected material must be biodegradable

The present work develops a customized prosthesis design through four phases, as
shown in Fig. 1. In the first phase, the topological data is collected from the mastec-
tomized surface and the healthy breast, processed and modeled in the second phase as an
external breast prosthesis. Subsequently, the percentage of contact between the modeled
prosthesis and the mastectomized surface is simulated by finite elements analysis (FEM)
software to validate the design.
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Within the third phase, the interior structure is designed based on the computed
weight required to resemble the healthy breast in terms of density. Finally, to validate
the latter, a finite element analysis is performed. Information on each phase is detailed
in the sections below.

Fig. 1. External breast prothesis design flow chart with the detailed steps belonged to each phase
of design.

2.1 Data Acquisition

The females’ body 3D imageswere obtained employing a portable 3D scanner (Structure
Sensor by Occipital, Inc). This technology has been developed to three-dimensionally
replicate objects and structures through a mobile device whose size is smaller than a
smartphone. It can be adapted to the size of the smart device to which it is mounted.
Its laser sensors take billions of points from surfaces and record their topological infor-
mation, creating the 3D image. The applications are miscellaneous, from virtual reality
apps to shape prototyping projects.

2.2 Exterior Prosthesis Layout

3Dmodeling software,Meshmixer (Autodesk Inc., San Rafael, CA), was used to edit the
prosthesis’s outer surface in two stages. First, the anterior form of the artificial breast was
obtained by mirroring the remaining healthy one. Later, the posterior prosthesis section
was obtained by replicating the mastectomized surface depicted in the 3D scanned file.
Finally, the two bodies are joined and refined. The final design is exported to be used as
a CAD file.



Design of Custom Breast Prosthesis for Additive Manufacturing Production 77

The percentage of contact between the prosthesis’s posterior surface and the body’s
mastectomized area was determined to evaluate the prosthesis’s conformation to the
patient’s body. This step was carried out by analyzing the deviation between themodeled
and the scanned surfaces, id est. STL and IGE files, respectively, using the Geomagic
Control X 3D (3D Systems, Inc., Santa Clarita, CA) software comparison tool, as shown
in Fig. 3 below in Sect. 3.

This tool requires one of the bodies to be analyzed in IGES format, so the Geomagic
Design X (3D Systems, Inc., Santa Clarita, CA) software was used to convert the STL
file to IGES.

2.3 Interior Prosthesis Layout

Prosthesis performance is directly linked to the selected material properties. A solid
interior would increase the material’s influence on the design’s mechanical properties
and limit the 3D printing options. On the other hand, a hollow interior design would
not meet the weight requirements needed to comfort women. It would lack mechanical
strength and could easily deform.

The optimized internal mesh is well shown in Fig. 3. Despite representing greater
complexity, this configuration offers some advantages: 1) It allows variation of the pros-
thesis density until it meets the required value, 2) reduces the amount of material used
compared to the solid filling, and 3) cut costs. The standard bra with deposits was defined
as a support system for the prosthesis.

2.4 Detailed Design and Finite Elements Analysis (FEA)

Bra wearing is essential to keep the prosthesis attached to the body. Hence, its effects
through a static and dynamic analysis were also studied. For the horizontal axis, static
analysis was developed. A critical situation was considered where the bra force’s vertical
component does not keep the prosthesis adhered to the skin. The static model is shown
in Fig. 2 (a) where the bra clamping force’s horizontal component, Fn is intended to be
found.

Fig. 2. Mathematical models with free-body diagrams considered for analysis: (a) static mathe-
matical model for a critical situation where the bra clamping force’s vertical component is null.
(b) Dynamic mathematical model of forced damped vibration system.
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For the vertical axis, dynamic analysis was proposed to calculate the prosthesis’s
oscillations in a chain of events where the user does some sport activity such as jogging.
Figure 2 (b) exhibits the model expected to be a forced damping vibration system,
considering friction with skin subtracting the mechanical system’s energy.

A production cost analysis to determine the retail price of the prosthesis was also
performed. The prosthesis response to daily stimuli, for example, a direct hit, was evalu-
ated using FEA software to determine if it resembled a healthy breast’s behavior. Cases
were raised for the bra’s pressure (distributed force) and the stress applied at a single
point (punctual force). The displacement and efforts associated with each case were also
obtained. The three simulated punctual forces were set in different areas: in the upper
part of the breast, over the nipple, and in the lower part of the breast.

3 Results

The external breast prosthesis’s final interior design is presented in Fig. 3. The exterior
design change with each patient since it depends on the topological data obtained from
the 3D scan. The generated layout preserved the healthy breast’s characteristics and an
adaptable region to the post-mastectomy scar geometry.

Contact percentage was determined from the 3D Comparison tool of the Geomagic
ControlX software. Figure 4 shows the contact between the prosthesis’s posterior surface
in Fig. 4 (a), the generic prosthesis in Fig. 4 (b), and the mastectomized area. The green
surface in the colors map indicates the contact areas, while red indicates the non-contact
ones. Table 2 shows the tabulated results of the contact percentage. These results reveal
that the prosthesis fits the patient’s body better than a generic prosthesis does.

Table 3 presents a summarized report of results from the mechanical analysis. The
dynamic analysis was performed to determine the prosthesis behavior in motion and
evaluate the possible effects caused by friction. Prosthesis dynamic study denoted that
the bra clamping force’s vertical component is negligible, so it doesn’t result in shear
stress. The static analysis exposed that the required horizontal component performed by
bra must be above 6,9 N.

After validating the design with FEA, Table 3 also shows the maximum values
obtained through the simulation. Bra Pressure application in the prosthesis with internal
mesh structure featured a more significant deformation than the prosthesis with a solid
interior. The stress distribution caused by the Punctual Force presented the maximum
value at the point of application of the force. Punctual force in the lower part of the

Fig. 3. External breast prosthesis with the interior mesh design; (a) back cutaway view (b) lateral
cutaway view
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prosthesis case was selected since it generated the maximum values of both stress and
strain.

Fig. 4. GeomagicControlX3Dcomparison software analysiswith a green display contact surface
and red non-contact surface: (a) evaluating the surface between the mastectomized area and cus-
tomized prosthesis. (b) Assess the surface between the mastectomized region and the commonly
marketed generic prosthesis.

Table 2. Percentage of contact comparative chart.

Prosthesis Percentage of contact

Customized 96%

Generic 10%

Table 3. Mechanical analysis results: Dynamic model, Static model, and FEA

Dynamic analysis
(vertical Y-axis)

Static analysis
(horizontal
X-axis)

FEA: Bra Pressure
(15 kPa)

FEA: Punctual
Force (65 N)

Bra Clamping
Force [N]

0,03 6,90 – –

Maximum
Strain [mm]

– – 1,60 9,67

Maximum
Stress [MPa]

– – 0,32 2,57

4 Conclusions

Prosthesis developed in this study has approximately nine times higher contact percent-
age with the mastectomized surface than a commercial prosthesis. It means they adapt
better to the mastectomized body and provide a natural appearance similar to the healthy
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breast. It could meet the minimum requirements to solve the comfort issue detailed in
Table 1.

Curly tubes in the internal mesh structure provide flexibility to the design, and their
diametrical length can be adjusted to meet the weight which each patient requires.
Stresses generated in the external breast prosthesis by external stimuli such as punc-
tual and distributed forces are within the acceptable range for ordinary conditions. The
dynamic analysis showed that no friction is generated by deformation between both
surfaces and that the prosthesis moves together with the chest; hence, it is expected not
to propitiate harmful skin conditions such as dermatitis or irritations. Static analysis
established the necessary force to act on the prosthesis to keep it adequately attached to
the chest. It is within a range limited by forces that any standard bra can provide.

Besides revealing propitious mechanical properties such as isotropy, elasticity, resis-
tance, and rigidity, the prosthesis reached a weight like the healthy breast, and therefore
it would avoid injuries in patients. Additive manufacturing technologies are potential
tools to produce breast prostheses and maximize comfort levels while keeping up typical
sales rates.

Weight is a factor related to the percentage of adipose tissue in the breast that varies
from one person to another, so it is recommended to obtain this value through a patient’s
mammogram to determine the external breast’s required weight prosthesis correctly. 3D
printing materials, especially the elastic type ones, do not have stress-strain engineering
curves that allow a non-linear finite element analysis to be computed; future work could
explore this field.
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Abstract. Agile processes demand for increasing flexibility in product devel-
opment and shorter development periods. Especially when it comes to product
assessments, products have to run through a complex and often expensive devel-
opment cycle before first user tests can be conducted. We are developing a method
where a tangible XR (EXtended Reality) is used for product assessment in an agile
development process with evolving the product from a virtual to a physical state.
This approach is illustrated in a prototypical example of the implementation of an
automotive interior design of a tangible XR car door opening mechanism.

Keywords: Tangible · Agile processes · Virtual reality · Augmented reality ·
Product development · Product assessment · Human systems exploration

1 Introduction

The exploration of new product ideas and new concepts from design, engineering and
production of prototypes towards user assessments is an essential process to bring prod-
ucts to the market. Different market analysis methods exist to generate new products
or improve product ideas by analyzing trends using tools like data mining of social
media platforms. Whatever method is used, new ideas need to be implemented and
tested before market release to ensure market readiness. In software development, agile
development methods are applied to ensure altering cycles of implementation and test-
ing a digital product until market readiness, nevertheless agile methods for the testing
of physical products are not established. Hence, many ideas and prototypes are fre-
quently discarded after running through a complete physical development processes or
after a user assessment with fully developed prototypes. Furthermore, more and more
development processes become agile, especially in the transformation process to the
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Fourth Industrial revolution, and may shorten production time and therefore increase
productivity.

The Cluster of Excellence “Internet of Production” at RWTH Aachen University
focusses on research and development of newmethods in the field of the Fourth Industrial
Revolution. The interaction of automation, the application of smart methods and the
usage of huge datasets are object of investigation in finding new intelligent models
and processes to support industrial engineering and production, as well as improved
methodologies such as agile development.

The involvement of product users and/or usability experts in the development pro-
cess can additionally improve development at early stages but may also be difficult since
the products are not in a usable state yet in an early development phase. At those early
stages, prototypes need to be balanced between cost, effectiveness and readiness for
usability assessment. A possible solution to reduce costs and assess products or inter-
action methods before their physical development is tangible virtual reality, or tangible
XR. A complex virtual environment enables the integration of a new product idea as a
virtual entity in its intended context – in an interactive way for product and user assess-
ment. Methods for explorative user assessment and design explorations have already
been applied in so-called Exploroscopes [4, 7], in which experts and users assess and
explore new ideas and interaction methods in a playful, creative way.

The paradigm of exploration can be a solution to a more agile development and
product assessment process and is investigated the “Internet of production” in a DFG
cluster of excellence established at RWTH Aachen University. Our goal is to develop a
tangible XR for exploration purposes to enable both users and experts to explore tangi-
ble virtual products obtained from a digital shadow. Increasing tangibility is achieved
through augmenting the virtual world with real tangible objects, i.e., buttons, handles or
surfaces that are augmented in XR.

2 Related Work

Work on multimodal mixed reality prototypes has been focused by various researchers
recently, with and without considering the haptic, i.e., tangible, channel. Both ways of
virtual interaction may allow users and other stakeholders to be involved in the product
development process at an early stage in order to capture and take into account their
needs, the so-called Voice of Customer. To achieve this, there are several strategies for
developing mixed reality or tangible XR prototypes under usage of different technology.

Bodergoni et al. develop a framework to structure mixed reality prototypes [1]. They
identify the characteristics of the prototype, the user and the interaction as dimensions to
classify mixed reality prototypes appropriately. Prototypes and users can be either real or
virtual. As another dimension, the authors consider the characteristics of the interaction.
The interaction of users with the prototype can be either direct, through visual and
haptic feedback, or only indirect through a visual one. Depending on the prototype’s
characteristics, the authors suggest different methods and techniques for the evaluation
of products. Based on this framework, we will now focus on approaches where a real
user can directly interact with a virtual prototype via haptic elements.
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Stark et al. describe the integration of mixed reality elements as Smart Hybrid Pro-
totyping (SHP) [2]. The authors describe SHP as a concept for multimodal and cross-
domain assessment of virtual prototypes in early phases of product development. This
is based on methods of mixed reality and extends them with mechatronic input devices
as a bridge between physical reality and digital virtuality. In this way, the user can gain
haptic impressions in addition to visual and auditory ones.

In a similar way, Carulli et al. show in their work the potential of multimodal virtual
prototypes to capture theVoice ofCustomers [3]. As a use case, the authors use a newuser
interface design for a washing machine. Potential customers could adapt the interface
directly by interacting with the virtual prototype. The study’s positive feedback confirms
the use of multimodal virtual prototypes in the development process to determine the
needs and ideas of potential customers.

Flemisch et al. describe the concept of multimodal virtual prototypes under the term
tangible XR [4]. An initial concept of a tangible XR application has been implemented
in a defense project EnUSi, which deals with innovative vision systems in armored
vehicles.With a tangible XR Simulator, questions about the ergonomic design and use of
vision systems (camera monitor systems) were investigated by constructing a simplified
driver workplace mock-up. By including soldiers in a participatory design process, this
simulator has the ability to quickly evaluate new systems since the modular design of
the hardware and software allows for a faster implementation.

In addition to a tangible XR, Flemisch et al. develop the concept of Exploration, a
pre-cursor of the development phase, and complement of tests and experiments, as an
underlying principle providing a systematic way to explore the design and use space of
potential systems [5]. The core of themethodology is an iterative and participative design
approach that allows new human-machine systems to be explored and improved with
stakeholders. By integrating stakeholders at an early stage in the development process,
it is possible to balance different, sometimes contradictory product and process qualities
and therefore improve agility.

3 A Tangible XR for Agile Development

The concept of tangible XR is meant to speed up processes and reduce costs in many
ways. The implementation of the haptic channel, thus adding force feedback or physical
surfaces with texture to virtual objects, facilitates combining creativity with engineering
skills. However, we see the application of a tangible XR not exclusively as a creative
process but as an agile method to reach goals or milestones in a product development
and engineering cycle with the abilities to apply market development methods.

The usage and creation of data relates on the one hand side to the usage of the product,
i.e. the user perspective, and on the other hand side on the engineering of the product,
i.e. the production of a prototype. Our idea of an iterative process with the application
of a tangible XR is implemented in a way, where the product evolves from a virtual to a
more and more physical state.



88 R. Meyer et al.

Fig. 1. Agile Process of a Tangible XR from virtual to physical state with iterations and
development steps with feedback loops.

Figure 1 shows the sequence of our agile development process with its iteration
steps. Each step may be implemented by its own agile development method or cycle,
i.e. Scrum or Feature Driven Development. The process starts with the recognition of
a demand. A demand may have different origins – the improvement or extension of an
existing product or the invention of a completely new product. In both cases a data set
is stored in a so-called data lake, which is a collection of databases containing a digital
shadow of the customer and a digital shadow of the product. The terminology ‘digital
shadow’ has its origin in the discussion on the debate about privacy and was first used
in the context of production in 2015 with the term ‘digital twin’ referring to Liebenberg
and Jarke [5]. In their description, the ‘digital twin’ or digital shadow is a dynamic
digital view or trace on a physical process or a simulation, where only those aspects are
represented which are necessary for a specified purpose. Liebenberg and Jarke mention
the digital shadow to contain e.g. subsets of data from production processes or mapping
data that is linked to other data that are usable in certain scenarios where fast reaction
is crucial. Furthermore, we see the digital shadow as a twin of a physical object, with
properties that are related to its composition, its use or application or its relation to other
objects, either physical or virtual. We extend our understanding of the digital shadow
by not solely being a digital counterpart to a physical object but also being a virtual
product with a certain set of properties that may further evolve to a physical product
at later stages over development iterations as shown in Fig. 1. In addition to the digital
shadow of the product our described process considers a digital representation of the
user, i.e. customer, whose usage data relates to the usage of a product stored in the data
lake linked to the digital shadow. The shown process is designed to keep data accessible
over the iterations and is meant to be altered and complemented over the process with
each development step.

The iteration steps, where each of them contains the planning, design, development,
testing, reviewing and deploying the product, involves user or expert groups (or the
customer) for intense testing of the product. At early stages of the process a product or a
demand may be handled entirely virtual, i.e. the intended improvement, redevelopment,
or new product is designed as a virtual prototype, which is meant to be tested and
deployed completely in a virtual environment. Conclusions and results from the testing
phase flow back as new information into the data lake and are added to the digital shadow
of the customer and the digital shadow of the product. At this early stage of product
developmentwhere the product ideamayormaynot be atmarket readinesswe implement
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a tangible XR to explore the usage of the product and test the developed product ideas.
Therefore, we implement haptic devices replicating certain haptic impressions that are
related to the product. These haptic impressions can be e.g. imitation of surfaces or
handles, the implementation of force feedback devices imitating forces on controls and
actuators or an implementation of frames with a combination of surfaces and forces
to simulate large physical objects. Adding these impressions are meant to generate a
higher degree of immersion and therefor increase testing capabilities of users’ or experts’
(customers) on products or ideas that are not at a ready-developed state yet.

With the progression of the process the virtual idea and virtual development evolves
to a more and more physical primotype, where each step in development enables a
more and more physical implementation of the newly developed idea or product. The
iterative process provides product testing and exploration in each step and contains
so-called design explorations as described by Flemisch et al. [4]. Design explorations
allow thematically connected activities and tools to invent, design, prototype and assess
the effects of different options of human machine systems. The combination of design
explorations and agile development increases the speed of implementation, development
and evaluation of new innovations [6, 8]. The generation of feedback to the data lake
and to other iterations at each agile development step is implemented as a mechanism
in the process itself. It ends with the production and launch of a physical product that
has been explored and tested over several stages from a virtual to physical state.

4 First Application Scenario

As a first implementation of our described process, we developed an application sce-
nario with a prototype from the domain of automotive interior design incorporating the
improvement of the haptic quality of an opening mechanism of a car door. Our chosen
step of development in the process shown in Fig. 1 is located after the ‘recognition of
the demand’ at a first test of the ‘virtual primotype’. Figure 2 shows the setup of our
prototypical system. For the assessment process both user and a so-called “explorer” are
present in our laboratory, where the user is wearing a pair of virtual reality glasses. Our
physical laboratory setting incorporates a frame of extendible Bosch-Rexroth aluminum
profiles, here, extended to a frame of a car door shape. The car door shape can be rotated
to simulate the opening mechanism from the interior of the car door. The car door shape
is physically connected to an actuator, which is capable of generating force to the car
door shape through an axle when the car door is rotated/opened. The forces of the actu-
ator given on the car door rotation are perceived as passive resistance by the user, when
opening the car door. The intensity and the profile of the forces may be altered by the
‘explorer’ by manipulating force profiles on a mobile device, our so-called “exploration
panel”. This allows the ‘explorer’ to test different settings of the opening forces of the
car door and therefore evaluate different force settings spontaneously in cooperation
with the user. The user visually perceives an augmented version of the car door in the
virtual reality environment, as shown in Fig. 2 (top left corner).

The motor control is implemented using a linux/Ubuntu-based system which pro-
vides force and angle data of the motor (SensoDrive System) to a ROS interface which
sends data to a Windows based Unity System, which provides the virtual reality envi-
ronment with the augmentation of the car door. A mobile device, also connected via
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Fig. 2. Scenario of car door opening mechanism as tangible XR in a laboratory setting: Explorer
with mobile exploration panel adjusts physical forces on actuator and thus explores different
opening forces of a car door with augmented visualizations in virtual reality for the user. The
users’ haptic impression is generated by a car door frame connected to an actuator – visuals are
fully virtual and mapped on real physical objects

ROS, enables the manipulation of the force/resistance of the actuator connected to the
car door frame via a graphical representation.

The implementation of the scenario enables the ‘explorer’ to assess different types of
force/resistance in collaboration with the user with immediate feedback without imple-
menting different types of car doors. The user, i.e. the subject that opens the car door
from the inside of the virtual car, may give direct feedback on the desired improvement or
demand of the stakeholder (voice of the customer) and may explore extended scenarios
in collaboration with the explorer.

5 Conclusion

We have described a new process that enables the creation of products or ideas that may
be tested before market readiness at a virtual state by implementing a tangible extended
virtual reality, or tangible XR. The process is presented as an agile method with digital
representations of the customer and the product in a global data set which can be seen as
a data lake. The process incorporates the implementation of design explorations, which
enable a temporally and thematically connected series of activities, techniques and tools
to invent, design, prototype and assess the effects of different options of human-machine
systems. Our first implemented scenario shows the capabilities of the newly developed
process and may be extended to future scenarios.

6 Future Work

While the process we describe represents an entire chain of agile development, including
repetitive steps such plan, design, develop, test, deploy and review, we have implemented
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only an intermediate step with our prototypical scenario. The generation of user and
customer data with a feedback loop to the data lake can be executed as a proof of concept
with our prototype state. Anyway, further steps to higher physical states of development
need to be implemented and connected. The development of the process has led us to
the following research questions, which we will answer with further development of our
prototypical scenario and user/expert assessments: Can the ‘explorer’ assess the “voice
of the user/customer” reliably and realistically by following our process? What are the
limitations of our environment and which scenarios can be implemented for assessment?
How does the virtual reality influence the perception of the tangible object? Addressing
these research questions is planned for future research.
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Abstract. Special Machine Manufactures (SMM) assembling in project shops
have to ensure a high delivery performance to be competitive, while the demo-
graphic change reinforces the importance of human ergonomics. Since the degree
of standardization in project shops is low, the assembly and logistical processes
are planned and controlled insufficiently. Particularly the material supply shows
a great potential for improvement. Instead of provoking high non-value adding
shares and ergonomic risks by supplying the material for an order completely and
randomly around the mounting area at the start of assembly, a structured mate-
rial supply enables SMM to reduce and stabilize the throughput time in order
to increase the delivery performance and helps to decrease the ergonomic risks
for the workers. In this paper a promising approach for SMM is presented and
validated.

Keywords: Project shop manufacturing · Packing problem heuristics ·
Throughput time · Value adding times · Special machine manufacturing

1 Introduction

The increasing globalization accompanied with the findings in human ergonomics result
in two major challenges for special machine manufacturers (SMM) [1, 2]. Firstly, they
are confronted with new competitors and therefore strive to fulfil the agreed delivery
dates [1]. Secondly, the demographic change in western countries increases the work
age average that reinforces the importance of human ergonomics in workplaces [2]. To
master these challenges SMM need innovative approaches.

As their competitive feature SMM are focused on the production of unique large
scale products that are assembled in project shops [3]. Associated with this the assembly
and logistical processes are characterized by a low degree of standardization. Hence
all components belonging to an order are supplied randomly around the assembly area
at the start of the assembly. By that the work content of the workers is essentially
determined by non-value adding walking, searching and handling times. Therefore not
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only the throughput time of an order spreads depending on the non-value adding times
and increases the risk of delivery delays, but also the ergonomic stress for the workers
increases, since their work contains preventable non-ergonomic handlings to relocate
components as well as avoidable walking routes [3–5].

To meet the requirements of human factors and ergonomics as well as to lower
and stabilize the throughput time to prevent delivery delays, an innovative approach
for project shops is presented in this paper. Based on the technical background and
related research (Sect. 2) the approach is presented in Sect. 3. It translates the depicted
challenges into a mathematical optimization problem and solves them by adapting and
applying heuristics for packing problems. In Sect. 4 the industrial applicability of the
approach is validated by a case study. The paper concludes with a summary.

2 Technical Background and Related Research

In this section, the relevant background on project shop manufacturing and packing
problems as well as existing approaches are presented.

2.1 Project Shop Manufacturing

Products assembled in project shops are characterized by a high level of uniqueness, large
dimensions and high weights, leading to an assembly in fixed positions. Consequently,
SMM are assigned to the engineer- or make-to-order principle [3]. The most important
competitive priority is the delivery performance that is calculated from the difference
between the actual and the agreed delivery date. It therefore essentially depends on the
throughput time and the prevention of deviations [6].

A particular challenge in project shop manufacturing of special machines is the low
repetition frequency of the products, as a result of which the degree of standardization
must be classified as very low. The assembly planning and control are mainly based on
experience and lead to suboptimal planning results [4, 5].

A representative example is the material supply. Due to the low degree of stan-
dardization the material of an order is mainly provided completely and randomly on a
provisioning area at the start of production. This leads to a high non-value adding time
share for the workers, since their assembly tasks go along with high search times, long
walking and transporting distances as well as preventable material handlings [7]. By this
not only the throughput times spread depending on the orders and increase the risk of
delivery delays, but also the ergonomic risks for the workers rises. To avoid searching,
transporting and handling efforts in order to minimize ergonomic risks as well as to
stabilize the throughput time in order to ensure the delivery date, a standardized and
structured allocation of the supplied components is essential [8].

A promising approach to determine the optimal arrangement of components and
modules during the material supply is the application of heuristics for packing problems
that are presented in the following section.
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2.2 Packing Problem Heuristics

Packing problems belong to the combinatorial optimisation problems that are frequently
used to solvemanufacturing and logistical problems [9]. Thepackingproblems addressed
in the paper are the two dimensional Strip Packing Problem (SPP) and the Rectan-
gle Packing Area Minimization Problem (RPAMP), that are known to be NP-hard and
therefore need to be solved by heuristics [10, 11].

In the SPP a set of n non-rotatable rectangular items ij with j ∈ {1,…,n}, each having
a width wj and a height wh have to be allocated on a strip S with a given width W so that
the resulting height H is minimized. A solution is feasible, if the items do not overlap,
their edges are parallel to those of the strip and the strip’s width is not exceeded [12].
While the SPP aims tominimize the height of a given area, the RPAMP aims to allocate a
set of non-rotatable rectangular items on an area with an infinite width W and an infinite
height H in order to minimize the resulting area. For this purpose the available area is
divided into an arbitrary number of widths for each of which an SPP is applied. By a
final comparison of the resulting areas the minimal area is identified [13].

One of the best heuristics for the SPP, regarding its result and time complexity, is the
SC-Algorithm [12]. It is based on the idea of dividing an area in levels, whose heights
are each defined by its first item’s height. At first, all items are listed in the descending
order of their height. By going through the list the baseline is filled until no more item
can be placed (Fig. 1, 1). Following, the next items are stacked below the upper level
border from right to left (Fig. 1, 2). After an item is placed, the gap between the item and
the item on the baseline is determined and an attempt is made to fill the gap. After every
item placed in the gap, it is tested whether another item can be placed around it. After
that the next item is placed below the upper level border and a new stacking process is
initiated (Fig. 1, 3) until no further item fits a level and a new one is opened (Fig. 1, 4).
This procedure continues until all items on the list are allocated [12].

1 2 43

Fig. 1. Procedure of the SC-algorithm

2.3 Related Research

Even though many companies assemble in project shops, almost no approaches to stan-
dardize the material supply exist. Most approaches aim to overcome disturbances and
interventions in the assembly by identifying alternative target-oriented assembly routes
[14–16]. An approach focussing on project shops and the space is presented by [5]. The
authors maximize the use of the assembly space by applying a mathematical algorithm
that continuously checks the progress of all project shops and reallocates the area edges
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dynamically. Approaches using packing problems to solve logistical problems have been
presented in an innumerable amount of papers, but mainly aim to maximize the packing
density and to minimise the number of packing carriers. Comprehensive overviews are
given by [17, 18].

Considering the state of the art and the related research, heuristics for packing prob-
lems are a promising approach to achieve a high degree of standardisation during the
material supply in order to decrease ergonomic risks and delivery delays.

3 Approach to Optimize Throughput Time and Human
Ergonomics in Project Shops

To adapt the SC-algorithm for its application in project shops certain requirements have
been defined. To reduce and stabilise the throughput time as well as to avoid ergonomic
risks the share of waste has to be minimized and walking and transport distances as
well as search times and handlings have to be reduced to a minimum. Therefore, the
components that are assembled in early stages of the assembly have to be allocated
nearer to the point of fit than components assembled in later stages (R1). Furthermore,
components have to be allocated in clearly defined locations (R2), components belonging
to one module have to be allocated together (R3) and the required space for the material
supply has to be minimized (R4). To remain flexible and to be able to apply existing
approaches for interventions a permanent accessibility of all components/modules during
the assembly process has to be ensured (R5). Since the SPP and RPAMP are NP-hard,
the MBS-algorithm has to be solvable in a realistic time (R6).

While SPP fulfil R2, R4 and R6, allocating items by their height violates R1 and
R3 while the stacking fails R5. Since RPAMP find the minimal area, they fulfil R3.
Therefore, the MBS-Approach consists of two consecutive steps. At first, the minimal
area of a module is calculated by an RPAMP, before the modules are allocated on the
scheduled provisioning area by using an adapted SC-algorithm called “MBS-algorithm”.

Instead of the items’ heights, the “MBS-algorithm” allocates the items considering
the assembly sequence (R1) and ensures their permanent accessibility (R5). To fulfil R1
the MBS-algorithm does consider a list of items sorted by the decreasing height, but a
list sorted by a module’s position in the assembly process. This approach may increase
the height of the required provisioning area and lead to a lower packing density, but
it ensures, that modules being assembled earlier have the shortest transport route. To
increase the packing density, after each completed baseline the allocated modules are
resorted by their heights. By this the modules’ heights on the level’s baseline decrease
from left to right, while the modules’ heights below the upper level border decrease
from right to left. Furthermore, the accessibility of modules being assembled earlier is
bettered, since they are allocated in front of the modules that have to be assembled later,
in order to ensure a permanent direct transport route and to lower the transport effort by
avoiding lifting operations to transport modules over others.

To resolve the violation of R5, the stacking process is limited to the allocation on
the baseline and below the upper level border, while after a level is finished and before
the new level is started a transport distance is allocated in between the two levels. By
this, every item is permanently accessible during the assembly. The dimension of the
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transport distance depends on the required dimensions of the lifting aid like forklifts, lift
trucks or cranes. In this paper a transport distance of 1.8m is recommended and used.
The MBS-algorithm for project shops is shown exemplary in Fig. 2.

The starting point of the MBS-Approach is the definition of the dimensions of the
module-areas for the RPAMP. Since the SC-algorithm has been identified as the best
SPP-Algorithm, the SC-RPAMP is the preferred algorithm to be applied. The selection
of the reasonable width values is done with the WV1 approach by Bortfeldt [13]. After
the promising widths for all module-areas have been determined, the modules are sorted
by their position in the assembly sequence.

1 2
4 3

b
a

c

d
I
II

Components of the
three modules (M1-3)

Step 1:
SPP-based RPAMP-algorithm

to determine the minimum
module-areas 

Step 2:
MBS-algorithm to allocate the

module-areas on the provisioning
area considering the assembly
sequence (M1 M2 M3).

1 2
4 3

b
a

c

d
I
II1 2 43

ba c d

I II

M1

M2

M3

Fig. 2. Example for the procedure of the MBS-Approach

At the start of the MBS-algorithm it is checked whether an unallocated module
exists. In this case a new level Sj is opened and filled with modules from the list. Once
the allocation on the baseline is complete, the resorting procedure starts. Hereby the
modules on Sj are resorted by their height, so that the height decreases from left to right.
Afterwards the next items are allocated below the upper level border Sc. Each allocation
below Sc is followed by the resort procedure until the allocation below the upper level
border is complete. Once a level is completed a transport distance of 1.8m is allocated
above Sc and a new run of the MBS-algorithm for the next level is initiated. When all
modules have been allocated the MBS-algorithm is finished. To clarify and validate its
application, the MBS-Approach is applied to an industrial use case in the next chapter.

4 Case Study: Application to an Industrial Project Shop

The use case is based on an industrial assembly process of a SMM. Scenario 1 is the
status quo, while in scenario 2 the use of the MBS-Approach and the results will be
presented. Both scenarios have been carried out, while the duration of the tasks has been
measured by time studies. A layout of the assembly and provisioning area is shown in
Fig. 3.

The case study consists of the three submodules Preassembly of bearings, Pre-
assembly of flanges and the Preassembly of shafts. At the beginning of the production
thematerial is supplied on the provisioning area (4m x 14m), allocated on the left. Except
of the shafts (Fig. 3, Component 22 & 23) all components are supplied on pallets. While
the preassembled bearings are buffered next to their preassembly, the preassembled
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flanges are buffered on the provisioning area (Fig. 3, top left). Both, the bearings and
the flanges are preassembled into the shafts (Fig. 3, top right). Afterwards the shaft is
mounted into the housing, before the motors and gears are mounted on their lower sides
(Fig. 3, below). The entire assembly process takes 2509 min respectively 41.8 h. While
60.7% (1524 min) of the time is value adding, 39.3% (985 min) is non-value adding.
The non-value adding time can be divided into 317 min for search times, 318 min for
transporting the components to their point of fit and 350 min for additional tasks like
unpacking, (dis)mounting transport aids or getting tools and equipment.

According to the MBS-Approach the first step is the definition of the module-areas
by using the SC-RPAMP-algorithm. Afterwards the modules are allocated by the MBS-
algorithm regarding their positions in the assembly sequence. The width of the strip is
14m. The resulting layout is shown in Fig. 3. To prevent distortions due to a different
execution of the assembly process and to focus on the reduction of the non-value adding
time, the value adding time from scenario 1 (1524 min.) will adopted for the second
scenario.

Fig. 3. Material flow before (left) and after (right) using the MBS-Approach

As shown in Fig. 3 the MBS-Approach leads to a clearly straightened material flow.
Also, the non-value adding time is reduced to 761 min which equals a decrease of
6% compared to the first scenario. According to this, productivity has increased up to
66.7%. The non-value adding time is composed of 126 min for search times, 291 min
of transporting times and 344 min for additional tasks.

The throughput time to complete the task in scenario 2was decreased by 8.9% to 2285
min. This optimisation is solely achieved by optimising the allocation of the components
during material supply and is completely traceable to the reduction of non-value adding
time. The main improvement is traced to the increased degree of standardisation that
leads to a reduction of the search time of 60%.

The main improvement regarding the ergonomic factors is the reduction of the walk-
ing and transporting routes that have been shortened by almost 1 km and the prevention
of unnecessary handlings. These improvements not only lower the ergonomic risks but
also improve the employee satisfaction and productivity.
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5 Conclusion

The presented approach reduces and stabilises the throughput time and prevents
ergonomic risks in project shops. Based on the preliminary work presented in literature
and papers regarding project shops and packing problems, the applicability of heuristics
for packing problems to solve logistical problems has been shown.

On the basis of these findings, the MBS-Approach using heuristics for packing
problems was developed to standardize the material supply in order to increase the
delivery performance and to lower ergonomic risks. TheMBS-Approach consists of two
consecutive steps. At first an SC-RPAMP-algorithm is used to calculate the necessary
area for each module. In the second step the developed MBS-algorithm is applied to
allocate the modules on the provisioning area regarding the assembly sequence.

Finally, the potential of the MBS-Approach was applied to an industrial use case.
It was proven that the reduction of the non-value adding time reduced the throughput
time by 8.9%, while the ergonomic risk for the workers (walking and transporting times:
-10%) was minimized and unnecessary handlings were avoided completely.
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Abstract. Every organization needs to use the experience and knowledge of its
people to identify threats with a potential to cause adverse events, i.e. disruptions,
and prepare appropriate contingency plans to address them. Doing so forms a basis
of risk management. Any identifiable threats should be assigned to relevant risk
categories. A response to emerging threats will be a test not only of an organiza-
tion’s preparedness but also of its vigilance, speed of response and flexibility. The
article discusses the essence of organizational risk, which it examines in relation
to the custom production of highly complex products with particular focus on
unscheduled times. All performance times outside of such schedules are referred
to as “unscheduled” and are reported with a view to identifying their causes. The
authors analyze historical data (from the year 2018) on reported unscheduled times
and assign them to separate categories to identify their causes.

Keywords: Organizational risk ·Manufacturing systems · Risk factors · Risk
categories · Customization

1 Introduction

Any manufacturing company aspiring to achieve sustained competitive advantage in a
global market needs to improve its processes. To that end, it is imperative that it identifies
weaknesses in its manufacturing system. Ever since the advent of Industry 4.0 and the
outbreak of COVID-19, companies have been building their global position by deliv-
ering personalized products, cutting production costs and automating their processes.
Significant support in the development of auto-controlled production systems has come
from the Internet of Things1, which ensures efficient data exchange to support smart
manipulation of matter with a view to creating an environment in which the product
will “organize itself into existence” [2, 8, 12] [18]. Another aim is to create systems that
more rapidly respond to changing customer preferences and reduce failure rates while

1 Future communication systems “include vehicles that drive, maneuver and park autonomously,
systems for shipment tracing and shopper behavior analytics, automatic picking for shipping
points, smart power grids, remote medical diagnostics (e.g. to assess mental and physical condi-
tion of drivers), air conditioning systems notified in advance to adjust indoor conditions ahead
of user arrival and a host of other smart solutions” [16].
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helping conserve resources and energy. For the approach to work, it is vital to set up a
management system in which humans no longer directly engage in executing processes
but rather initiate, design, integrate and oversee them. Such a new approach to organiz-
ing manufacturing processes is therefore flexibility-oriented. The resulting systems are
not free of disruptions and breakdowns, which require additional unplanned work that
ultimately causes delays. The time wasted to perform such work is a possible measure
of organizational risk. In this paper, organizational risk relates to organizing production
(designing manufacturing systems) and setting up process execution. The causes of such
risk vary depending on the level of management. At the strategic level, threats may result
from a mismatch between the components of a given system and its designated purpose.
At the tactical level, the problem may lie in task assignment and in defining task order
and/or task overlaps in time and space. In the immediate time horizon at the operational
level, organizational risk has to do with disruptions caused by managing the demand for
the resources or their combinations that are needed to produce the final product.

This paper explains the concept of organizational risk and invokes a real-life case
of highly-customized manufacturing of complex products to make a case for gathering
historical data as a frame of reference for organizational risk management.

2 Organizational Management in Industry 4.0

2.1 Organizational Risk in Customized Manufacturing Systems

A manufacturing system should operate as continuously and in as stable a manner as
possible. There has been growing recognition of late that proper risk management can
be very useful for achieving such a state (e.g. [14, 15]). The job of production managers
is to strive to meet the objectives put to their system. Each part of the system should be
fine-tuned to achieve the prescribed higher-level outcomes and make up a well-arranged
work environment. Hence, focus is placed on organizing and thereby creating the desired
environment by defining the basic parameters2 in space and time. Viewed in this manner,
the activity of organizing is superior to that of preparing, designing, implementing and
verifying [11].

The aim in arranging resource allocation and assigning workloads to individual
workstations is to achieve the objectives put to the system. However, doing so may
cause disruptions that need to be deliberately anticipated, prevented and prepared for to
avert their impacts. Organizational risk is associated with [12, 13]:

• The design of structures (the assignment of Tasks andResponsibilities and the granting
of Authorizations) although, as individual orders are fulfilled, such structures may
impede operation,

• The setting up of processes (process design over time: defining labor intensity, dura-
tion and delay margins for process delivery, designing the spatial layout of process
execution, identifying the information needs of the management and selecting work
methods, i.e. production technologies), and with such threats and disruptions as may
result from poor coordination of the above factors.

2 Organizational relationships are described in terms of tasks, authorizations and responsibilities
[9].
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Organizational risk is a function of the rate of occurrence of undesirable states
multiplied by the extent of the consequences of negative events that require the re-
assessment of the demand for the resources and combinations thereof that are critical for
the manufacture of final goods and/or for their allocation, multiplied by the likelihood
of occurrence of such negative events. Such a risk coincides with operating risk and is
tied to the basic current (short-term) operating parameters of the manufacturing system
in space and time.

Most impacts of organizational risk can be seen at the operational level in the form
of disruptions at workstations. However, their root causes lie at the tactical and strategic
levels where organizational decisions (such as task assignment, the choice of production
model, the adoption of concurrent operation or the choice of operational priorities) are
made. While the primary impact of organizational risk is on planning and organizing,
worker incentivization and control are also significantly affected.

In the course of deploying Industry 4.0, previously known manufacturing solutions
that are already in place are redesigned. During this process, digital solutions are adopted
and links are established amongmeans of production,means of labor, goods, value chains
and business models. The aim is to deploy automation with real-time data transfers and
new technologies and methods for production oversight [1, 7, 10].

In Industry 4.0, management is geared towards delivering custom-made products at
the price of mass-produced goods. Therefore, the very process of organizing production
centers on anticipating disruptions not only on the basis of historical orders (as is done
in the case of repetitive production), but also by considering new factors and existing but
changing variables that require the business organization to approach each successive
order as if it were developing a prototype that is also the final product (as in the case of
customized production).

A comparison of the setup of serial production of new products and of customized
production to the order of individual customers is presented in Table 1.

As customized production entails risks akin to those seen in project-based systems,
it is crucial to identify threats that are unique for a given contract.

A study of a sample of Industry 4.0 deployment has guided the authors to focus their
research on highly-customized production, which was found to be partially representa-
tive of the concept in question. The biggest advantage has been seen in the ability to
simulate the operation of a production line in a way that, in a digitized system, may not
only help prevent disruptions but also significantly facilitate the process of setting up a
manufacturing system [3, 6]. However, to run such a simulation, data and information
on boundary conditions are necessary.

2.2 Significance of Historical Data - Case Study

To create smart factories, manufacturers need not only to define the successive steps
to be taken in running production processes, install proper machinery and equipment
and embrace new technologies but also acquire data analysis experience on the basis
of prior production events [17]. Information gleaned from historical data is critical for
reducing response time. Such information is available provided that themanufacturer has
analyzed and learned from past data and used it to anticipate future events and develop
future scenarios (by way of system analysis).
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Table 1. Comparison of serial and highly-customized production of new products

No Standard design for the
production of new goods
(technical production setup)

Example of
highly-customized
manufacturinga

Remarks

1 Preliminary design of new
product submitted to R&D
organization for research
aimed at defining technical
requirements for a future
product

The ability to meet tender
specifications, as
enumerated in RFP, is
assessed

An assessment of the risk of
entering into a tender
procedure followed by an
assessment of the ability of
production to meet tender
requirements

2 The product, its parts and/or
components are designed as
part of organizing
production processes

The design of individual
product and its components

Problems may arise in
connection with the
specification and the related
documents

3 A prototype is made to test
engineering solutions and
materials

The prototype is to enable
approval testing.
Commonly, the prototype is
also the final product (the
sole unit made or the first
unit made to a given order)

Production may be delayed
by solution design flaws

4 If the results of the above
tests are positive, the
technological/organizational
phase of production setup
begins. During this phase,
production/assembly
technologies are designed
and organizational
arrangements are made

Production relies on an
existing manufacturing
system. In certain cases,
additional time is allowed
and new suppliers are
brought in

Additional risks arise due to
having to handle multiple
production orders
simultaneously

5 Before serial production is
launched, a trial run is
executed. That trial run is
vital for testing technological
and organizational solutions
and testing the product in
sales and operation

The production is
customized. No trial run is
performed

With no trial run to draw on,
the technical solution may
need to be altered
necessitating modifications
to an entire seemingly
completed product/batch

(continued)
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Table 1. (continued)

No Standard design for the
production of new goods
(technical production setup)

Example of
highly-customized
manufacturinga

Remarks

6 The operation of production
line and work center is
simulated. Production
options are assessed for cost,
product quality, product
sophistication and suitability
of manufacturing process

Options are not analyzed,
production line operation is
not simulated. Line
operation is designed for
existing time settings and
standard time margins
Product quality is not
checked until the product is
made

Problems may arise in
connection with production
planning and the way the
stakeholders (top executives,
contractors, customers)
understand quality

7 Serial production begins,
sales is launched

The product is sold before
it is made. To encourage
buying, it is common to
display the prototype at a
trade fair or provide it to a
customer for testing either
on returnable basis or on
other terms

8 A distribution system is set
up

Not applicable. Each
customer presents their
own preferences for
collecting the product

Source: [Own work] based on [4].
aBased on the case of the automotive industry.

Industry 4.0 presumes an integration of all supply chain participants (suppliers,
customers, consumers, and employees) to facilitate information processing, learning and
decision-making [8]. Organizations seeking to improve their operations should focus on
managing organizational risk. To this end, they need to collect historical data and break
it up into categories to help decision makers select scenarios for which threats have been
clearly identified. In customized production, any unique risks associated with individual
orders will additionally need to be assessed. An organization’s response to emerging
threats will demonstrate not only how well it is prepared for contingencies but also
how vigilant it is in detecting early signs of disruption and how flexibly it can make
adjustments as events unfold.

The authors studied highly-customized production systems in 2016–2018 with a
focus on the so-called unplanned times and on the identification of the responsible
business units and threat categories. To ensure a synthesis of categories, a separation of
factors and a comprehensive approach, disruptions in the flow of process inputs were
identified. Both input flow disruptions (missing technical solutions during production,
parts missing during assembly, missing workstation manuals, supplier errors, errors in
the production of frame, new customer requests, and item preparation for assembly),
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particularly those concerning material and information, and facility-related disruptions
(such as damage to goods in process, deviations from process) were reported.

In 2015, a study of 20,667 reports of the so-called unplanned times3 coming from
production floor workers using the company’s electronic workflow system, showed that
such reports were ill-suited for research purposes. Therefore, the study was limited to
data from 2016 and subsequent years. The results are shown in Table 2.

Table 2. Unplanned times in manhours in 2016 and 2018

2016 2016 2018

Manhours Manhours

Damage to goods in process 189855.5 54622.30

Technical solution missing during production 68621 26705.50

Part missing during assembly 61286 19821.05

Production process 165521 12152.50

Missing workstation manual 18272 4104.60

Other 4260 3162.10

Supplier error 2889 3027.25

New customer request 3724 2019

Frame production error 1620 551.2

Item preparation for assembly 0 61

TOTAL 516048.5 126226.5

In 2016, the total average unplanned time was 258 FTEs. By 2018, that number
was reduced to about 63 FTEs. Some such manhours resulted from the assignment of
overtime to workers and from the need to hire additional workers.

Damage rates were assessed based on the total number of instances of damage
to goods in process. In 2016, the most reported category of damage was process-
related. This shows that organizational arrangements required excessive retooling, addi-
tional questions to establish customer preferences and task reassignment. While the top
unplanned-time category in 2018 was damage, the severity of each individual instance
was fairly low. As a result, the repair time was shorter than it was in “Other”. The ratio
of working time per task not included in the production plan (Table 1) to the number
of reports in a given category (Table 3) offers an indirect indication of the severity of
disruption impacts.

An analysis of unplanned times shows that the factors of key importance in cus-
tom production are not only standard operations (such as damage-related disruptions
and frame production errors) but also design considerations (such as missing techni-
cal solutions during production and missing parts). The study shows that the biggest

3 In the organization in question, unplanned times are used to identify differences between the
planned and actual lead times.
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Table 3. Number of unplanned-time reports in 2016 and 2018

YEAR/category 

2016 39 793 391 348 1151 161 15 19 37 9 0 2963

2018 7656 3891 3730 3217 735 247 744 312 124 11 20667
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share of unplanned times resulted from damage sustained in production and missing
technical solutions during production. This demonstrates the existence of organizational
risks in highly-customized production. Their existence is related not only to operational
activities, but also to decisions made at the strategic and tactical levels.

3 Summary

A comparative analysis of 2016 and 2018 data by disruption category shows a marked
reduction in the number of unplanned manhours despite a comparable, if not greater,
number of reports concerning a given type of disruption. This proves that the production
system “learned” and improved its responses to irregularities, as theywere detected. This
feature is central to Industry 4.0, which, although itself being an innovative approach to
company operation, must focus on setting up cyber-physical systems that meet market
requirements.
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27–37 (2016)

16. Wyrwicka, M.: Rewolucja czy ewolucja w logistyce? Logistyka 3, 9–11 (2014)
17. Zawadzki, P., Żywicki,K.: Smart product design andproduction control for effectivemass cus-

tomization in the Industry 4.0 concept. Manag. Prod. Eng. Rev. 7(3), 105–112 (2016). https://
doi.org/10.1515/mper-2016-0030. https://journals.pan.pl/dlibra/publication/121910/edition/
106257/content/

https://doi.org/10.1007/978-3-030-51981-0_33
https://doi.org/10.3390/su12114674
https://www.mdpi.com/2071-1050/12/11/4674/htm
https://www.pwc.pl/pl/pdf/oswoic-ryzyko-raport-2016-pwc.pdf
https://doi.org/10.15199/48.2017.6.4
https://doi.org/10.1515/mper-2016-0030
https://journals.pan.pl/dlibra/publication/121910/edition/106257/content/


Reduction of Human Effort in Technical
Cleanliness Inspection Through Advanced

Image Processing Approaches

Thorben Panusch1(B), Roman Möhle1, Ronny Zwinkau1, and Jochen Deuse1,2

1 Institute of Production Systems, TU Dortmund University,
Leonhard-Euler-Straße 5, 44227 Dortmund, Germany

{Thorben.Panusch,Roman.Moehle,Ronny.Zwinkau,
Jochen.Deuse}@ips.tu-dortmund.de

2 Centre for Advanced Manufacturing, University of Technology Sydney, Ultimo, Australia

Abstract. The inspection of component surfaces for size, number and type of
particulate contamination is carried out using the standard cleanliness analysis
described in ISO 16232 and VDA 19.1. Currently, the detection, measurement,
counting and classification of particles is performed by an analysis-system com-
prised of an incident light microscope and corresponding software evaluation
followed by manual results review. We propose advanced image processing algo-
rithms to enhance the particle recognition for the technical cleanliness inspection.
This includes extended-depth-of-field (EDoF), shape-from-focus (SFF) and peri-
odic noise removing. Furthermore, a robust image stitching algorithm is intro-
duced. Combined, these algorithms enable a higher degree of automation and
enhance the information received by the human examiner. This leads to a sig-
nificant reduction of human interaction and intervention during the technical
cleanliness inspection.

Keywords: Human factors · Human-systems Integration · Systems engineering ·
Technical cleanliness · Stitching · Image fusion · EDoF · SFF · Periodic noise
removing

1 Introduction

The object of investigation of technical cleanliness are contaminants in technical sys-
tems and their different damage potential. Our work is focused on particle contamination
as an important quality requirement on functionally relevant components especially in
automotive, medicine, electronic and food industry. Cleanliness limit values of com-
ponents are mostly specified by the property, number and size. Furthermore, because
of varying damage potential and electrical conductivity, a distinction is made between
metallic and non-metallic particles as well as fibers [1].

The aim of the technical cleanliness inspection according to ISO 16232 and VDA
19.1 is to be able to perform an assessment of size and number as well as classification of
the detected particles. For the standard cleanliness test accompanying series production,
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particles are extracted manually from the component surface and then examined with
an automatic analysis system (incident light microscope and corresponding software
evaluation). Today, this has to be done in a laboratory environment by trained personnel,
resulting in a lead time that permits only a low inspection frequency.

Due to the inadequacies of the industrially established automatic analysis systems,
misclassification and unrecognized particles can be detected, which require extensive
manual post-examination and post-processing by the laboratory staff. The process of the
cleanliness analysis accompanying series production is thus strongly influenced by the
examiner and is associated with high expenditure of time and personnel.

We demonstrate that advanced image processing algorithms can significantly
increase the performance of an analysis system. This reduces the manual effort in
post-evaluation of particle images.

2 Background

The standards ISO 16232 and VDA 19.1 specify the necessary parameters for the optical
system regarding specific optical properties. There is a multitude of devices that can be
used for an analysis, such as variousmicroscopy devices and scanners.More specifically,
there are no explicit requirements on the type of device that can be utilized in this context.
The standardization specifies a minimum size criterion for the particle size that can be
measured with the system. Aminimum size of 10 pixels in its longest dimension is given
as a minimum.We found that a minimum resolution of 5µm/pixel for 50µm and bigger
particles is necessary for the successful application of most image processing algorithms
[1].

The sample to be analyzed is characterized by a round surface with a diameter of
47 mm. In addition, there is an unknown number of different particles with an undefined
orientation in all dimensions on a white background (cellulose or PET mesh).

In order to improve the results of the analysis and at the same time minimize man-
ual effort and influence we had to assess the entire workflow containing focus, image
stitching, segmentation, measurement and classification. Themetallic/non-metallic clas-
sification based on particles images using deep learning algorithms have been discussed
by Zwinkau et al. [2]. Zwinkau also showed that particle images can be classified by
their formation mechanisms [3]. The basis for these approaches, which aim to improve
the use of information from particle images, is the efficient acquisition of high-quality
images and low inspection cycles. On the one hand, this requires the minimization of
manual effort and influence and, on the other hand, the use of advanced algorithms also
in SMEs, as laboratories usually are.

To automate the focus process and to obtain more information about the surface
of the particles, we introduce the extended-depth-of-field and shape-from-focus algo-
rithms. Information from blurred images can only be processed to a very limited extent.
In addition, only a limited area of the particle is automatically focused today. We also
investigate image stitching algorithms, which are already used in state-of-the-art tech-
nology to stitch together the individual images of the sample. Our goal is to make this
more robust against disturbances caused by vibrations or mechanical insufficiencies.
Using periodic noise removing we improve the segmentation of the particles, which is
currently improved by a manual post-control.
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3 Methodology and Results

3.1 Extended-Depth-of-Field

Optical systems only have a limited depth of field. This causes areas of a specimen that
are not within the focal range of the objective to be defocused and thus not sharply
imaged [4]. To overcome this limitation, we employ an extended-depth-of-field (EDoF)
algorithm for image fusion of a focus sequence. A focus sequence refers to multiple
images acquired successively at different focus positions, resulting in a z-stack of images
containing all available focused information of the entire sample [5]. From each slice,
the focused pixels are selected to reconstruct a single fusion image that has all areas in
focus. Therefore, a focus measurement algorithm is applied pixel-wise to each image in
the sequence [6].

Figure 1 depicts the results of the image fusion. The images were taken at a magnifi-
cation of 65x, with a depth of field of 0.6 mm. The offset between the images is 0.3 mm.
The algorithm was able to construct a completely sharp and accurate image.

Fig. 1. Focus sequence (left) with an increasing z of 0.3 mm and the resulting all-in-focus image
(right) from EDoF

The Tenengrad algorithm has been found to be the most accurate and robust focus
algorithm for this purpose. A window size of 17 × 17 proved to be the most accurate.
In addition, a threshold of 10 was applied to mask out variations in blurred pixels and
noise.

However, it must be noted that due to the different imaging conditions, different
scaling as well as small rotations or shifts occur in the images of the focus stack. These
misalignments lead to significant problems during image fusion. It is therefore essential
for image fusion that the individual images and image information are first adequately
geometrically aligned using an image registration process [7, 8].

For feature detection and description, we use the AKAZE algorithm [9], which for
our use case finds the highest number of features, has the fewest relative errors and
works fast. The nearest-neighbor distance ratio method with two neighbors was used as
the featurematching strategy togetherwith the brute force search algorithm, as it was also
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utilized by Lowe [10]. Based on the feature matches, the homography matrix is created,
which provides the perspective transformation of a second image with respect to the
reference image. As a robust probabilistic method for outlier rejection, we implemented
random sample consensus (RANSAC) [11]. The result is an image, which has all visible
parts in focus providing complete image information.

3.2 Shape-From-Focus

Shape-from-focus (SFF) is a passive optical method for 3D shape recovery [12].
Zwinkau [3] already explored the possibility of classifying particles based on their sur-
face topography. Consequently, SFF can provide even more surface information in this
context.

SFF is accomplished by determining the depth of each point of the object from
the camera lens according to the focus position of the highest focus value (Tenengrad
algorithm) in a focus sequence, similar to the EDoF-algorithm process [13]. The result
is a depth map that is subsequently refined using special approximation techniques [14].
Therefore, we implement a widely used method proposed by Nayar and Nakagawa [15].
It is assumed that the focus value of a pixel behaves like aGaussian distributiondepending
on the focus position. The peak of the distribution corresponds to the depth at which
the pixel is actually located. The respective depth is then estimated by interpolating
a Gaussian function for each pixel based on the measurements of the focus sequence
using the maximum value Fm and the neighbors Fm–1 and Fm+1. Figure 2 displays the
corresponding depthmap of an all-in-focus image of an examined particle obtained from
a focus sequence using the proposed EDoF algorithm.

Fig. 2. Resulting depth map of an examined particle (formation mechanism: turning)

Figure 2 provides an impression of the topography and the shape of the particle. It is
possible to determine the maximum height and the height profile of a particle. Relevant
shape characteristics and distinctive surface topographies can also be identified and used
as features for future automated classification approaches. Further, it is conceivable that
this approach can be used to detect particle overlays in the segmentation process, which,
as of now, leads to measurement errors and demands manual rework.
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3.3 Image Stitching

Stitching is the term used to describe image processing methods that allow images of
individual sub-areas to be combined to form a mosaic of the overall image [16].

This is not an explicitly necessary process step in light microscopic analysis. It arises
implicitly in this context, because a high resolution is to be achieved for the analysis of
the entire sample, as displayed in Fig. 3.

The creation of a mosaic of subimages has proven to be a useful technique for
expanding the field of view andmaximizing the resolution. This allows for themaximum
magnification of the optical component to be used and to capture every part of the sample
with the image acquisition device [17].

To get the most accurate translation between images, we use phase correlation, an
idea introduced by Kuglin and Hines [18]. We use a meta-algorithm for the process of
image registration and alignment-improvement [19]. This includes the selection of the
optimal maxima with the Quickselect-Algorithm [20]. The selected number of maxima
is selected according to the current state of the art [21].

The optimization and final stitching of the image mosaic is executed with the corre-
lation coefficient and the minimum spanning tree (MST)-algorithm [22]. The results of
stitched images of a sample are displayed in Fig. 3.

Fig. 3. Resulting image mosaic of a stitched sample (192 images)

The optimal results are achieved with polarized light. This enables a better stitching
because the metallic glance of particles is not overexposed. This effect is also seen in
other areas of image processing, like segmentation. Improvements to the current setup
are the selection of an optimal blending algorithm and the reduction of memory usage
of the computer. A significant advantage of the developed approach is the robustness
against disturbances caused by vibrations or mechanical insufficiencies in the capturing
process. The ability of the algorithm to compensate for these inaccuracies enables the
use of a smaller and lighter mechanical system. In our example, 192 single images are
used to assemble the image mosaic of the particles on the sample.
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3.4 Periodic Noise Removing Filter

The distinct texture of the PETmesh in the particle background can pose amajor problem
in the segmentation task, especially for low-contrast particles. Thereby, the PET threads
create differing brightness in the image because of their superimpositions in the mesh
pattern. The result is an intensity pattern that provides the background with a varying
intensity range, while also pronouncing the edges of the mesh pattern clearly. Since the
pattern consists of recurring, overlapping lines at fixed intervals, it can be understood as
a moiré pattern corrupting the image as periodic noise. Accordingly, it is composed of
individual defined frequencies, which can be identified as distinct peaks in the frequency
domain and thus removed by applying a notch reject filter [23]. We implemented an
automatic notch reject filter that detects and removes the defined frequency peaks of the
mesh pattern as local maxima. Because the amplitude values decrease with increasing
frequency, the image is divided into nine adjacent ring regions. In these, local maxima
are identified as the 1.2% largest amplitudes. A small region around the zero frequency
is omitted. The zero frequency represents the average intensity value of the image and
the low frequencies correspond to the slowly varying intensity components that reflect
important intensities of the particles [23].

The application of the proposed periodic noise removing filter is shown in Fig. 4.
The impact on a segmentation task can also be identified. The degradation of the raw
image by the mesh pattern is clearly visible. However, the results in the filtered image
illustrate that the mesh pattern could be almost completely removed, so that the image
is free of critical interference effects. This is a significant improvement: the relevant
particle information is displayed more distinctly and is easier to extract. This facilitates
processing in subsequent applications, like image segmentation, as shown below.

 )b()a(

 )d()c(

Fig. 4. Raw (a) and filtered image (c) with the respective segmentations (b, d)
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4 Discussion and Conclusion

The combined approaches permit a reduced human effort in post-processing and provide
a wider range of particle information in an automated way. Furthermore, the stitching
algorithm allows the entire sample area to be captured automatically. Another positive
aspect of this implementation is the ability to compensate for mechanical distortions
during the capture process. This leads to a possible reduction of maintenance, manual
calibration and human intervention.

Additionally, the implemented EDoF and periodic noise removing algorithms
enhance the particle images, thereby reducing the human effort. This is supplemented
by the additional geometric information provided by the SFF algorithm. Combined
this allows the examiner to receive detailed information about the particles found in a
technical cleanliness inspection.

This opens up possibilities of more use cases and reduces the necessity of specially
trained examiners. In our view, one area of interest is bringing cleanliness inspections
closer to the production processes reducing inspection lead time. This enables a higher
throughput that, coupled with faster improvement cycles, allows faster intervention in
cases of limit exceeding. Further areas of research are the possibilities of automated
integration of the cleanliness inspection into the production system and the role of image
processing algorithms in reducing human effort and interaction.
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Abstract. Technologies and development in the field of Internet of Things (IoT)
are growing rapidly. With the digitalization of industries, the importance of IoT-
platforms is increasing steadily. The large number of IoT-platform providers on
the market is representing a vast selection of IoT-platforms with all sorts of func-
tionalities. Due to the vast selection of IoT-platforms, companies and users have
difficulties to select a suitable IoT-platform for their application.

This paper presents the results of a method for the targeted selection and
installation of an IoT-platform depending on user’s requirements. For the evalua-
tion of IoT-platforms evaluation criteria are derived for the selection of a suitable
IoT-platform. Furthermore, the method includes a guideline, which presents a fea-
sible way for the installation. For the validation of the method a use case has been
defined and a demonstrator has been developed.

Keyword: Platform · Internet of Things (IoT) · Industry 4.0

1 Introduction

In recent years, the Internet of Things (IoT) has developed rapidly. The survey results
of the study by IDG Research Services [1] regarding the current and future relevance
of IoT in companies clearly show that there is already a strong awareness of the added
value of IoT and that the trend for the future is increasing. While corporations and large
enterprises have already recognised the economic potential of IoT in the early initial
phases, small and medium-sized enterprises (SMEs) have only in recent years recog-
nised the economic potential of IoT for themselves and are now attempting to bring IoT
added value into the company [2]. With the increasing digitalization of industries, the
importance of IoT-platforms as a basic framework for IoT solutions is steadily increas-
ing. According to the results of the IDG study, 55 percent (2018) of companies regard
the IoT-platform as the most important technology for the IoT. Suppliers have already
recognized this relevance, so that more than 450 different providers already exist for
IoT-platforms [3]. The number of IoT-platform providers is constantly changing as new
platform providers are founded and existing platform providers merge [4]. This mul-
titude makes it difficult for companies to select a suitable IoT-platform in a targeted
manner. It is of particular importance to select a suitable IoT-platform in order to enable
the success of the application and to extend the progress of IoT within the company.
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Choosing an unsuitable IoT-platform carries the risk that the goal of the IoT solution will
not be achieved and that it will inhibit the progress of digitization in the enterprise. This
means that, among other things, unnecessary investment costs can arise in the redesign
of the infrastructure, which represents a high investment risk for companies, especially
for SMEs. Therefore, the choice of the IoT-platform should be carefully considered in
order to minimise this risk.

2 IoT Ecosystem

For the selection and implementation of a best-fitting IoT-platform, it is necessary to
understand the role of IoT-platforms in an IoT environment. Regarding the architecture
of IoT there are no standardized models, which is why different papers propose or refer
to different reference architectures [5]. Depending on the point of view, IoT reference
architectures differ in number, definition and detailing of its layers [6, 7]. In general, the
different proposals of IoT reference architectures can be best classified by the number of
layers regarding functions and components. The models therefore illustrate the relation-
ship between different key technologies, their functions and components [8]. This paper
will refer to the five-layer model by Wu et al. [9] to explain the role of IoT-platforms
in an IoT environment. It consists of the perception layer, network layer, middleware
layer, application layer and business layer. The perception layer is characterized by dif-
ferent edge technologies and embedded systems with sensors and actuators. In this layer,
the perception and manipulation of the environment can be achieved with the help of
physical objects, which are referred to as devices. For this reason, this layer is often
referred to as the edge-, device- or perception layer [9, 10]. Perception is the acquisition
of data in which physical parameters of the objects and environment, for example by
sensors, are acquired and converted into an electrical signal for further processing with
tools provided by an IoT-platform [6, 8, 11]. Manipulation is the control of physical
objects via actuators which act on the environment and thus change physical parameters
according to instructions resulting from the data processing on IoT-platforms [6, 11,
12]. The network layer deals with the various network technologies and gateways in IoT
to integrate IoT- and non-IoT devices into a network [11]. In order to process the data
acquired by sensors, the data needs to be transported to the IoT-platform via different
network types with different protocols [13]. Typical technologies of the network layer
are for example Ethernet and Wireless Local Area Network (WLAN) in Local Area
Network (LAN), ZigBee and Bluetooth in Personal Area Network (PAN) and mobile
technologies in Wide Area Network (WAN) [5, 6, 8]. If the necessary communication
protocols are supported by the device, these network technologies are used to enable
direct communication with the middleware layer. If required protocols are not supported
by the device, gateways are needed to translate between the protocol and the device [11].
For further information and a detailed overview of individual technologies, standards
and protocols in IoT, please refer to the book by Cirani et al. [14]. The middleware
layer makes use of various technologies, ranging from databases, ubiquitous comput-
ing and cloud computing to IoT-platforms [9, 13]. From a functional perspective, the
middleware layer often acts as an integration layer for all physical objects, embedded
systems, applications and other sources [11]. The data from devices and other sources
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are collected, stored, analysed and processed with the help of tools and services of an
IoT-platform [9, 10, 13]. This layer is not only responsible for receiving data, but also
for sending data and instructions to applications and devices. Therefore, one of the goals
of this layer is to enable an autonomous decision-making process based on collected
data, existing tools and analysis methods [10]. In addition, the middleware layer enables
the integration of different applications through various interfaces, which allows those
applications to have access to the data captured by devices and processed with tools
and services of an IoT-platform [11]. The functions in the middleware layer are not
limited to the previously mentioned functions but range from device management over
to user role management to visualization options of processed data. The application
layer represents the applications and users of an IoT system [9–11]. In this context users
can be either a human or a digital system. The digital system can be a software and
application that interacts with the IoT system via an application programming interface
(API) [12]. This allows digital users to access data processed in the middleware layer
and further process it for specific use cases or to create new application areas [5, 9, 10].
The business layer is introduced with the five-layer model by Wu et al. [9]. The focus
of this layer is primarily on further development possibilities and the potential of the
IoT system. Therefore, not only the administration of applications takes places in this
layer, but also the strategic control of business affairs as well as the development of new
business models and user security within the framework of IoT is part of this layer [5, 7,
9]. As shown and explained with the five-layer model, IoT-platforms have a central role
within the IoT system. They provide functions, tools and services to connect andmanage
devices as well as to process and analyse data to optimize and create value for business
processes. Thus, an IoT-platform acts as an integration basis and intermediary for var-
ious technologies and applications. In order to successfully deploy an IoT project and
generate possibilities for future growth, a best-fitting IoT-platform needs to be selected.
An IoT-platform is best-fitting, if it fulfils the requirements of a given application and
enables its successful deployment, while providing opportunities for future growth and
deployment of more complex applications.

3 Concept for the Selection and Implementation of a Best-Fitting
IoT-Platform

After a brief explanation of the IoT system and the role of IoT-platforms in Sect. 2,
the concept for the selection and implementation of a best-fitting IoT-platform will be
described in this chapter.

Fig. 1. Two-part concept for the selection and implementation of a best-fitting IoT-platform
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The proposed concept, shown in Fig. 1 is a two-part concept consisting of a selection
and an implementationmethod.Due to the large anddynamic landscapeof IoT-platforms,
their differences in range of functions as well as the different needs of applications, a
systematical approach is needed to select a best-fitting IoT-platform and implement the
chosen IoT-platform. The concept is ensuring the selection of a best-fitting IoT-platform
and supporting its successful implementation by considering the requirements of the
application as well as mandatory prerequisites for the setup of an IoT-platform as early
as possible. After deriving requirements for a given application and deciding on an initial
selection of IoT-platforms, the selectionmethodwill be applied and provide a best-fitting
IoT-platform. This platform will be setup with help of a proposed method considering
the application and derived requirements. The result is an operational IoT-platform with
a successful deployed IoT project.

3.1 Selection Method

For the selection of a best-fitting IoT-platform a modified benefit analysis is used. The
standard benefit analysis allows the user to prioritize important requirements for the
evaluation of IoT-platforms by assigning weights to the criteria. Since the evaluation of
IoT-platforms usually considers many criteria, the modified benefit analysis, shown in
Table 1, is working with both groups of criteria and each criterion individually for the
evaluation.

Table 1. Modified benefit analysis for the evaluation of a best-fitting IoT-platform

The first step for the modified benefit analysis is to develop criteria and groups of cri-
teria. For the evaluation of a best-fitting IoT-platform following seven groups of criteria
are developed based on previous scientific work [15]: basic functions and platform ser-
vices, interoperability and connectivity, data infrastructure and processing, security and
reliability, pricing and license model, documentation and support as well as usability.

• Basic functions and platform services: This group of criteria includes criteria for the
evaluation of various functions of the IoT-platform. The aim is to investigate which
functions and to what extent those functions are provided by the platform.

• Interoperability and connectivity: This group of criteria contains criteria for the inter-
operability, connectivity and communication of IoT-platforms. Thus, it describes the
ability of an IoT-platform to interact with other systems.

• Data infrastructure and processing: For this group of criteria, criteria on infrastructure
and processing of data are considered for the evaluation of the IoT-platform. The focus
will be on how the IoT-platform deals with data.
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• Security and reliability: With this group different criteria related to security and
reliability are considered for the evaluation of the IoT-platform.

• Pricing and license model: Criteria in this group relate to the pricing and license
models offered by IoT-platform providers.

• Documentation and support: This group of criteria contains both criteria for the evalu-
ation of the IoT-platform in terms of documentations aswell as support levels provided
by the IoT-platform provider.

• Usability: In this group of criteria, the focus is on the usability of the IoT-platform.
With criteria of this group, the user-friendliness of the functions of an IoT-platform
and the transparency of its user interface are evaluated based on the principles of
dialogue design according to DIN EN ISO 9241-110 [16].

A collection of criteria can be taken from previous work [15] and can be extended
if necessary.

The second step is to assign weights to the developed groups of criteria according to
the priorities of the given application. Therefore, the modified benefit analysis assigns
weights to the groups of criteria (A), which will contain the average value of underlying
criteria (A1, A2). To rate the underlying criteria, a general rating scale must be defined.
Following rating scale is defined for the proposed concept:

• 0 – Criterion is not fulfilled or no information available
• 3 – Criterion can be fulfilled to a limited extent with the help of additional parties
• 6 – Criterion can be fulfilled with minimum requirements
• 9 – Criterion can be excellently fulfilled and has the potential for future growth and
scalability

With the above defined rating scale, the criteria will be rated and provide values
for the calculation of the average value of the criteria group. Then the average value
of the criteria group will be weighted so that the user will receive a weighted value for
the group of criteria. The sum of all weighted values of groups of criteria will be the
total value, which will be used to evaluate and compare the IoT-platforms with each
other. For this concept and benefit analysis, the IoT-platform with the highest score is
the best-fitting IoT-platform for the given application. This method is open in terms of
numbers of criteria, groups of criteria as well as IoT-platforms. Thus, the user can add
requirements and IoT-platforms as needed and is not limited by a certain amount.

3.2 Setup Method

After selecting a best-fitting IoT-platformwith the proposedmethod, the following setup
method will introduce steps for the implementation of a given application with a selected
IoT-platform. The setup method consists of six steps: Preparation, Setup IoT-platform,
Setup Devices, Establishing Connection, Create Applications and Test of operational
IoT-platform.

• Preparation: The first steps towards setting up an IoT-platform are already taken with
the requirements of an application, the subsequent benefit analysis and thus the selec-
tion of a best-fitting IoT-platform. The application simultaneously defines application
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goals as well as framework conditions, such as hardware compatibility, interfaces and
protocols, so that aspects of the technical integration are already considered during the
selection process of a best-fitting IoT-platform. Furthermore, the user should specify
the supported network technology as well as interfaces and protocols that will be used
for the communication between the hardware and the selected IoT-platform. In this
step, the user should also define aspects regarding the data sources, data points and
intervals of sending data.

• Setup IoT-platform: After finishing preparation, the user needs to access the selected
IoT-platform. Depending on the IoT-platform provider, the user can access the IoT-
platform in theweb browser either directly after registration or after installing required
software packages. In the console the user can select the requested service to create an
instance of the service and start an IoT project. Initially, the user should set up various
user roles and access rights with provided functions for identity and access manage-
ment (IAM). Then the devices must be registered in the IoT-platform before they
can be connected to the IoT-platform. In the IoT-platform, a virtual object, containing
properties and status of a connected device, is then created and provides authentication
options for the device.

• Setup Devices: After the setup of the selected IoT-platform and the registration of
devices, the devices and sensors need to be connected to power and the network. After-
wards the development environment needs to be setup on the devices. This includes,
for example, the download of device drivers, necessary programming libraries, soft-
ware applications, software development kits and certificates provided by the selected
IoT-platform.

• Establishing Connection: With the provided interfaces a connection between devices
and the selected IoT-platform can be established according to the defined specifica-
tions in Preparation. For this purpose, the user should familiarize himself with the
interfaces provided by both the device and the selected IoT-platform. Togetherwith the
provided certificate or authentication options, the user can initiate a message client for
message exchange between the IoT-platform and device. Thus, a connection between
the selected IoT-platform and device is established.

• Create Applications: Once the message client has been initiated and messages can
be exchanged between the devices and the selected IoT-platform, the user can start
creating applications according to the application goals. Depending on the application
objective and the selected IoT-platform, different IoT tools and cloud services are
available for the creation and deployment of IoT applications.

• Test of operational IoT-platform: Once the selected IoT-platform has been set up, the
system can be tested for functionality. At the beginning, the applications should be
selected as simple as possible so that the basic functions can be checked, and problems
can be solved at an early stage before they become more complex.

This setup method is formulated in a general way so that it can be used as a guideline
for setting up an IoT-platform for a chosen application.
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4 Application: Processing Real-Time Visualization of Temperature
and Humidity Data

For the selection of a best-fitting IoT-platform and its setup, a simple application is
used. The objective of the chosen IoT application is to acquire the room temperature
and humidity with the help of sensors. The acquired data is then sent to an IoT-platform,
which will process the data and visualize it in real-time. Tinkerforge modules (Master
Brick 2.1, Humidity 2.0 Bricklet and LCD 20x4 Bricklet) and a Raspberry Pi 3 are used
for the chosen application. The proposed concept and its setup are applied for the chosen
IoT application. Criteria for the selection of a best-fitting IoT-platform for the chosen
application are taken frompreviouswork [15].Thefirst steps after defining the application
goal is to specify the communication concept and other aspects for data processing. In
this case, the programming language will be set to Python and the communication
protocol Message Queuing Telemetry Transport (MQTT) is used to exchange data from
the Tinkerforge sensor between the Raspberry Pi and the IoT-platform. In addition, the
interval of sending data to the IoT Hub is set to 1 s. Now, the user must set up the device
and the development environment. Necessary python libraries for the connection with
the IoT-platform must be installed prior for establishing the connection between the
Raspberry Pi 3 and the IoT Hub instance. For this case, the necessary python libraries
are installed on the Raspberry Pi 3. With the help of the documentation, the user can
create a python script, which use the primary key and authentication token to initiate
the MQTT client and establish a secure connection between the Raspberry Pi 3 and its
endpoint in the IoT Hub instance. After establishing the bidirectional communication
between Raspberry Pi 3 and the IoT Hub instance, data can be sent to the corresponding
endpoint with an interval of 1 s. For the chosen application a service of the provider for
analytics is used to analyse and stream the data from the receiving endpoint to another
defined endpoint. Since the application goal is to visualize the data in real-time, an
application is defined as the final endpoint for the analytics service. As the last step
of the proposed concept, the user needs to check whether the operated IoT-platform
achieves the application goals and whether the IoT application functions as desired.

5 Conclusion and Outlook

To conclude, the aim of this paper is to provide a systematical approach for the selection
of a best-fitting IoT-platform and its setup according to a chosen application. This is
necessary due to the large and dynamic landscape of IoT-platforms, which offer dif-
ferences in range of functions for different application scenarios and requirements. In
this paper, a best-fitting selection can be understood as a selection of an IoT-platform
that meets the requirements and goals of the application. At the same time, it takes into
consideration the prerequisites for the setup of a selected IoT-platform. By incorporating
the prerequisites for setting up an IoT-platform into the selection process, it is ensured
that the selected IoT-platform can be setup purposefully according the chosen appli-
cation. For the evaluation and selection of a best-fitting IoT-platform with a modified
benefit analysis, the user can adapt criteria from previous work [15] or add own criteria
to carry out the evaluation as described in this paper. Depending on the requirements of
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the chosen application, the user can prioritize certain groups of criteria, which supports
the selection of a best-fitting IoT-platform. For the selected IoT-platform with the best
fit, a concept with general steps for the setup of an IoT-platform is proposed. The user
can use the setup concept as a guideline to build a selected IoT-platform and deploy a
chosen application. This paper is using criteria from [15] to apply the proposed concept
for a simple application and evaluate several IoT-platforms to define the best-fitting IoT-
platform. The proposed concept for the selection of a best-fitting IoT-platform and its
setup can be used as a basis for the evaluation of further IoT-platforms and applications.
Moreover, this concept can be used to evaluate individual adapted IoT-platforms in order
to check the extent of the fulfilment of given requirements.

References

1. Maurer, J.: Studie Internet of things (2019). https://www.q-loud.de/hubfs/Kundendownloads/
IDG-Studie_IoT_2018_2019.pdf

2. Wischmann, S., Wangler, L., Botthof, A.: Industrie 4.0 - Volks- und betriebswirtschaftliche
Faktoren für den Standort Deutschland. https://vdivde-it.de/system/files/pdfs/industrie-4.0-
volks-und-betriebswirtschaftliche-faktoren-fuer-den-standort-deutschland.pdf

3. IoT Analytics, IoT-platforms Market Report 2018-2023. https://iot-analytics.com/product/
iot-platforms-market-report-2018-23/

4. Krause, T., et al.: IT-Plattformen für das Internet der Dinge (IOT): Basis intelligenter Produkte
und Services. Fraunhofer Verlag, Stuttgart (2017)

5. Pethuru, R., Raman, A.C.: Internet of Things: Enabling Technologies, Platforms, and Use
Cases. CRC Press - Taylor & Francis Group LLC, Boca Raton (2017)

6. Bloom,G., Alsulami, B., Nwafor, E., Bertolotti, I.C.: design patterns for the industrial internet
of things, imperia, pp. 1–10 (2018)

7. Sethi, P., Sarangi, S.R.: Internet of things: architectures, protocols, and applications. J. Electr.
Comput. Eng. 1, 1–25 (2017)

8. Patel, K.K., Patel, S.M.: Internet of things: definition, characteristics, architecture, enabling
technologies, application & future challenges, pp. 6122–6131

9. Wu, M., Lu, T.J., Ling, F.Y., Sun, J., Du, H.Y.: Research on the architecture of Internet of
Things. In: 3rd International Conference on Advanced Computer Theory and Engineering,
Chengdu, pp. V5-484–V5-487 (2010)

10. Antao, L., Pinto, R., Reis, J., Goncalves, G.: Requirements for testing and validating the indus-
trial internet of things. In: IEEE International Conference on Software Testing, Verification
and Validation Workshops, Vasteras, pp. 110–115 (2018)

11. Guth, J., et al.: Comparison of IoT-platform architectures: a field study based on a reference
architecture. In: Cloudification of the Internet of Things, Paris, pp. 1–6 (2016)

12. Internet of Things (IoT) - Reference architecture, ISO/IEC 30141:2018 (2018)
13. Happ, D., Karowski, N., Menzel, T., Handziski, V., Wolisz, A.: Meeting IoT platform require-

ments with open pub/sub solutions. Ann. Telecommun. 72(1–2), 41–52 (2016). https://doi.
org/10.1007/s12243-016-0537-4

14. Cirani, S., Ferrari, G., Picone, M., Veltri, L.: Internet of Things: Architectures, Protocols and
Standards. Wiley, Hoboken (2019)

15. Kugler, S., Czwick, C., Anderl, R.: Development of a valuation method for IoT-platforms. In:
Fortin, C., Rivest, L., Bernard, A., Bouras, A. (eds.) PLM2019. IAICT, vol. 565, pp. 293–301.
Springer, Cham (2019). https://doi.org/10.1007/978-3-030-42250-9_28

16. DIN EN ISO 9241-110: Ergonomie der Mensch-System-Interaktion - Teil 110: Grundsätze
der Dialoggestaltung (2020)

https://www.q-loud.de/hubfs/Kundendownloads/IDG-Studie_IoT_2018_2019.pdf
https://vdivde-it.de/system/files/pdfs/industrie-4.0-volks-und-betriebswirtschaftliche-faktoren-fuer-den-standort-deutschland.pdf
https://iot-analytics.com/product/iot-platforms-market-report-2018-23/
https://doi.org/10.1007/s12243-016-0537-4
https://doi.org/10.1007/978-3-030-42250-9_28


Predictive Model of Rock Fragmentation Using
the Neuro-Fuzzy Inference System (ANFIS)
and Particle Swarm Optimization (PSO)

to Estimate Fragmentation Size in Open Pit
Mining

Betty Vergara1, Maria Torres1, Vidal Aramburu1, and Carlos Raymundo2(B)

1 Ingeniería de Gestión Minera, Universidad Peruana de Ciencias Aplicadas, Prolongación
Primavera 2390, Lima 15023, Peru

{U201611305,U201611203,pcgmvara}@upc.edu.pe
2 Direccion de Investigacion, Universidad Peruana de Ciencias Aplicadas, Prolongación

Primavera 2390, Lima 15023, Peru
carlos.raymundo@upc.edu.pe

Abstract. The objective of this research is to generate a predictive model to esti-
mate rock fragmentation size using the Neuro-Diffuse Inference System (ANFIS)
in combination with Particle Swarm Optimization (PSO). To build the predictive
model, 92 blasting events were investigated and the rock fragmentation values
were chosen, as well as three effective parameters on rock fragmentation, that is,
burden, burden / spacing ratio, overdrilling and power factor. Likewise, they were
separated into training and test data (70%–30%) for the generation of the fuzzy
rules of the model. Based on statistical functions, correlation coefficient (R2) and
mean square error (RMSE), it was found that the ANFIS-PSO model (with R2 =
0.85 and RMSE = 0.78) can be used as a reliable and acceptable model in the
field. prediction of rock fragmentation.

Keywords: ANFIS-PSO · Prediction · Rock fragmentation · Open pit mining

1 Introduction

In themining industry, one of themost influential parameters in productivity performance
is the quality of rock fragmentation. The rock fragmentation size is a general term used
to define the granulometric distribution of the blasted material, which is why it is the
main result of the blasting process, in which the pressures generated by explosives
confined within holes drilled in the rock originate a high zone of energy concentration
that produces the fragmentation and displacement of the rock [1]. However, only 20–30%
of the energy produced is actually destined for rock fragmentation [2], which hinders
the success of the blasting process and, therefore, different sizes of fragmentation are
generated. Likewise, there are a series of factors that directly or indirectly intervene in
the fragmentation size, that are mutually dependent or that are related to each other [1,
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3]. These factors are divided into blast design factors and rock mass properties, also
called controllable and uncontrollable parameters.

The objective of this research is to generate a predictive model of rock fragmentation
using the Neuro-Diffuse Inference System (ANFIS) and Particle Swarm Optimization
(PSO) techniques to estimate the size of fragmentation that may impact operational
processes. and overall costs in open pit mines. The ANFIS and PSO techniques are
related creating a hybrid model that works very well for the prediction of fragmentation,
since the PSO is an optimizing algorithm that is easy to understand and implement [2].

2 State of the Art

2.1 Predictive Model of Rock Fragmentation in Open Pit Mining

Through the blasting process, an optimal rock fragment size that facilitates subsequent
unit processes, for which, in the last decade, various models or experimental equations
have been proposed with the aim of estimating the fragmentation size of the rock product
of blasting, however, these still do not meet the expected level of precision [2, 3]. The
empirical models are based on data obtained in several blasts, collecting the parameters
that are considered relevant but with the risk of presenting problems in relation to the
variation of geological conditions, blast design configurations and the amount of effective
parameters that are analyzed., since it is not possible to collect the parameters with the
greatest influence on fragmentation when information is sometimes not available or is
difficult to quantify; For this reason, predictive models have taken a greater position in
the engineering field, being able to accept qualitative or quantitative variables, in addition
to accepting changes in the model without compromising predictive performance [2, 4,
5].

2.2 Predictive Model of Rock Fragmentation Applying the Neuro-Diffuse
Inference System (ANFIS) in Open Pit Mining

The neuro-fuzzy inference system (ANFIS) is a hybrid method that combines the ben-
efits of fuzzy inference systems (FIS) and neural networks (ANN) to solve complex
non-linear systems, this is evidenced in the interpretability of human language which
uses fuzzy rules and the ability to understand the structure of a database with a high
capacity for adaptation and rapid learning [6–8]. The data selection stage must be metic-
ulous, since knowledge about the geological conditions of the rock mass will be used,
which are not modifiable, but which facilitate the selection of the explosive characteris-
tics and the blasting parameters, avoiding experimental work that they are more hectic
and expensive [6, 7]. In addition, modeling by ANFIS implies different adjustments of
the input parameters, seeking to find the appropriate type and amount of membership
functions and fuzzy rules, all this is achieved through multiple simulations for the data
training stage, that is, vital, since at that point the type of function belonging to each
variable entered into the system is defined, which will later be applied in the test stage
[1, 9].
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2.3 Predictive Model of Rock Fragmentation Applying the Particle Swarm
Optimizer (PSO) Algorithm in Open Pit Mining

Among the variety of algorithms developed for optimizing predictive models of artificial
intelligence is the PSO algorithm, which is a powerful computational method that opti-
mizes the input and output parameters of a predictivemodel by adjusting themembership
functions of each parameter; bymeans of the PSO algorithm it is possible to significantly
improve the predictive performance in the data training stage [10, 11]. In the field of
geotechnics, various techniques have been tested that can handle the complexity of the
geotechnical behavior analysis, which is subject to multiple rock variables that generate
problems to estimate a non-convex and discontinuous objective function such as the
fragmentation size of stone. Therefore, the PSO algorithm, being an easy to understand
and implement tool, provides great capabilities to optimize input parameters adaptable
to any predictive model without affecting the characteristics and variables that compose
it, in addition to maintaining a complete balance of precision and more interpretability.
adaptable for the problematic [10, 12].

3 Input

3.1 General Contribution

The present study proposes the creation of a predictive model combining the ANFIS
and PSO techniques in order to obtain an efficiency advantage to estimate the size of
fragmentation since it is a model capable of handling complex problems and possessing
high-level learning capacities [3], making it more systematic and less dependent on
expert knowledge [8]. Therefore, the ANFIS-PSO predictive model will be created in
the MATLAB system from the data load. Where the study of rock fragmentation will
be carried out through the historical blasting processes of the open pit mine and the
selection of the most significant parameters that will be input to the model (Fig. 1).

3.2 Detailed Contribution

Database Preparation. The input database consisted of 3 blast design parameters Bur-
den (B), Spacing (S) and Load Factor (PF) different from those used by Hasanipanah,
Amnieh, Arab & Zamzam, 2018 since parameters of drilling and explosives. Likewise,
the database was separated into 2 stages: training and testing, which had a relationship
of 70% -30% of a total of 92 data from blasting processes. On the other hand, frequency
diagrams were made for the input and output parameters in order to visualize the values
within each one and, therefore, if there is a possibility of data dispersion.

Estimation of ANFIS Fragmentation. In the estimation with the use of the MATLAB
R2020a software, the ANFIS model used the membership functions that were Gaussian
for all the input parameters. In it, a rule of the numbers mfs 5 was used, which generated
a difference than that proposed by Hasanipanah, Amnieh, Arab & Zamzam, 2018 in the
number of nodes, linear parameters, non-linear parameters, training parameters and rule
parameters diffuse.
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Fig. 1. Proposed model

Analysis of Data and Results ANFIS-PSO. In the present investigation, the analysis
of data and results generated by MATLAB was used two statistical criteria for the
comparison of results and the acceptance of the model consisted of the correlation coef-
ficient (R2) and the mean square error (RMSE), unlike Zhou, Li, Arslan, Hasanipanah
& Amnieh, 2019 that make use of other statistical values to value the predictive capacity
of the model.

3.3 Indicators

If the values theoretically give 1, 0 for R2 and RMSE respectively, they show that there
is a perfect agreement between all the measured and predicted values. Therefore, if
the results of the statistical values of the present study are far from the results, other
alternatives would have to be evaluated since the closer they are, it means that the model
has reached a high performance capacity.

Root Mean Square Error (RMSE). Allows you to measure the error between actual
and predicted fragmentation.
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Determination Coefficient (R2). Lets youmeasure the relationship between actual and
predicted fragmentation.
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4 Validation

4.1 Design of the Validation

To identify and select the input parameters to the model, a database was obtained by the
mining company, which was given through 3 summary files of the projects flown during
the 2019–2020 period with the respective analysis of fragmentation that they do through
the Split Online. A total of 92 data were obtained from the blasting carried out, these
have been based on variables already established by the mining unit such as the drilling
mesh, explosives, etc. For the study and analysis of fragmentation, we used what was
already established by the company in terms of geology, which are lithology, alteration
and rock hardness, which are variables that have been considered for the selection of
drilling and blasting parameters. by having a direct relationship in the blasting results.
Within the drilling mesh, there are parameters of Hole Diameter, Rock Density, No. of
holes, Burden (B), Spacing (E), Bench Height (H) and Overdrilling (SD).

The identification of the input parameters to the model was based on a choice of the
controllable parameters determining the rock fragmentation. Based on the previous stud-
ies analyzed, it was determined that the parameters of the drilling mesh and explosives
usually have an important role in the general results of the blasting, they must also be
related to the characteristics of the rockmass, in this case they are related to lithology and
alteration. The selected input parameters covered both determining variables, therefore,
Burden (B), Relationship between Burden and Spacing (E/B), Overperforation (SD) and
Power Factor (PF) were those established for the present investigation.

On the other hand, frequency diagrams were made for the different selected param-
eters in order to facilitate the information contained in the data. In this you can see the
number of times that the input and output parameters take a certain value and, therefore,
shows the distribution of each of them (Figs. 2 and 3).
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In order to create the rock fragmentationmodel, themost influential parameters in the
rock fragmentation that entered the system as input parameters were identified: burden,
burden-spacing relationship, over-drilling and power factor. The mentioned parameters
were selected and used for the prediction of rock fragmentation in the present research
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Table 1. Parameters for Genfis 3

Parameters Value

Number of clusters 10

Number of rules 10

Exponent U 2

Maximum number of
iterations

100

Minimum number of
upgrades

1e−5

Table 2. Test results

Iterations

100 300 500 1000

RMSE 0.9102 0.8304 0.7814 0.8506

Mean Error 0.11 −0.05 −0.08 −0.27

Error St. D. 0.9104 0.8304 0.7814 0.8506

work. The database considers 92 blasting events that include the values measured in the
field of the parameters mentioned above with the fragmentation results (P80).

For the creation of the fragmentation model, the Matlab R2015a software was used,
it has the ANFIS editor that consists of 4 steps for its implementation.

In order not to compromise the merging process in the following section, the data
must be separated randomly, fulfilling a ratio of 70–30. The data that makes up 70% of
the records are applied for the training phase, where the ANFIS system will create the
rules of the predictive structure, and 30% for the test phase that will serve to verify the
efficiency of the structure already created.. Therefore, 64 records are used in the training
stage and 28 records are used for the test.

Next, a fuzzy inference system is generated. For the nature of the data, which is
related to the geological and geotechnical characterization of the study area, it was
decided to apply a fuzzy clustering that determines the relationship that exists between
parameters by means of a Genfis3 function, which the program offers Matlab. The type
of input membership function is’ gaussmf, which obtained the highest precision result
compared to the other alternatives. By default, the output membership function type is
‘linear’. From this, it is possible to generate the inference rules of the model (Table 1).

Themodel chosen from the generation of the FIS begins its training process applying
the PSO algorithm, however, it is important to determine the number of iterations that
suits the model. Given this, it is recommended to test with different values, so that the
optimum can be determined (Table 2).

Themodel chosen from the generation of the FIS begins its training process applying
the PSO algorithm, however, it is important to determine the number of iterations that
suits the model. Given this, it is recommended to test with different values, so that the
optimum can be determined. Variations were made with iteration values of 100,300,500
and 1000, of which it was determined that with the value of 500 iterations the RMSE
value drops considerably and its mean error, despite being negative, is close to 0. By
identifying the iterations that the model requires, the rest of the parameters can be
calculated.
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Finally, the test data is applied to evaluate the training performance, obtaining the
training and test results. This data can be extracted from the program for its corresponding
evaluation.

With the results given by the ANFIS-PSO model, the value of R2 is analyzed, which
the closer its value is to 1, the greater the fit of the model to the variable that we are
trying to explain. Conversely, the closer to zero, the less tight the model will be and
therefore the less reliable it will be. As can be seen in the scatter graphs, the training
data obtained a value of 0.9315, which indicates that, for a reevaluation of the training
data, the ANFIS model responds adequately according to what has been learned. On the
other hand, the test data obtained a result of 0.8511, which indicates that the model is
responding to expectations, complying with giving a level of precision in accordance
with previous research.

In addition, it was also considered at what level the PSO algorithm contributed in
the training stage, which can be seen below (Table 3).

Table 3. Summary of final results

Model Statistical indices

R2 RMSE

Train Test Train Test

ANFIS 0.7519 0.6129 1.03 0.91

ANFIS-PSO 0.9315 0.8511 0.67 0.78

4.2 Analysis of Results

A correlation index of 0.85 and a mean square error of 0.78 were obtained, being within
the range of the various scenarios analyzed. Regarding the influence of the entered
parameters, the power factor was the most effective on the fragmentation of the rock in
the present case, this suggests that making changes in the parameter with the greatest
influence in the course of further studies to improve fragmentation.

5 Conclusions

The results generated by the application of the ANFIS-PSO hybrid model to predict the
fragmentation of rock product of blasting in open pit mining, confirm the effectiveness
and reliability of the methodology used, since a precision level of 85% was obtained in
the ANFIS-PSO model, which compared to previous research is within the acceptance
range of the model, which determines that if the model does not reach at least a value
of R2 = 0.70, then it is not reliable, the present study shows the high performance of
the predictive model as long as it is created properly, this considers the correct selection
of the input parameters, as well as the standardization of the database. Likewise, it is
important to consider the parameters widely used in previous research, which prioritize
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the burden, spacing, specific load and block in the selection of parameters, since they
have given the best results, of which burden and spacing were taken for the present study.

In the research process, it was identified that for the generation of the FIS the most
appropriate type to the fragmentation problem is the sugeno, with which the results of
R2 = 0.85 were obtained, on the other hand, the option of the Mamdani type FIS gave
As a result, R2 = 0.56, for which the first option was chosen.

Finally, it was determined that themethodology applied in the study can be replicated
in different open pit mining scenarios in Peru, for this it is essential to have a solid
database and that simulations are carried out varying the parameters of both the ANFIS
and the PSO until you find the right model for the stage.
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Abstract. This article aims to present how manage the team using Individu-
alised Management to support efficient achievement of specific business objec-
tives. An individualised approach to employees and the whole concept of Indi-
vidualised Management works for individual employees, hence the approach has
been expanded to incorporate entire teams. An IT tool i.e., an application that
uses AI has been developed to enable individualised management and support
managers in analysing the internal needs of employees and teams, and in using
this knowledge to effectively manage their teams. Knowledge from various fields
was used to develop the tool: Artificial Intelligence (AI) as well as psychology of
management and needs.

The tool presented here provides managers with recommendations on how to
manage teams, thus supporting organisations in fast and effective achievement of
business objectives through an individualised approach and utilising state-of-the-
art information technology. The IT solution operates on the basis of proprietary
algorithms and models developed during research.

Keywords: Team management · Setting goals for the team · Effective team ·
Needs assessment · Individualised management · Artificial

1 Introduction

The goal of the research was to figure out how could be possible manage the team using
Individualised Management to support efficient achievement of specific business objec-
tives. It was assumed that the above research objective could only be achieved by answer-
ing the following research question: why do some teams work effectively and achieve
the set objectives, while some do not? Too often team management overlooks the role
of individual employees and the conceptualisation of the team as a multi-level structure
consisting of individuals (multilevel entities) [1]. More and more research are focusing
on group processes, looking at them not only from the level of the whole team, but
paying more attention to individual employees [2, 3]. In our article we intend to present
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a method for managing teams which focuses on individual resources of employees, pro-
filing their needs and applying individualised management using Artificial Intelligence.
The diagnostic app we are developing is a response to the needs of many companies
and the problems addressed in research on the impact of individual differences on team
effectiveness and the decline in commitment.

2 Individual Differences vs Team Efficiency and Commitment

Research into the development of interpersonal relations, which includes among other
studies of the individual fit between theworker and the team [4] and impact of personality
on interactions with fellow team members, suggests that individual character traits have
a significant impact on relations and effectiveness of the team [5]. Bell and Outland
(2017) [6] demonstrated in their study that individual character traits are an important
factor affecting team cohesion.

In teams composed of different professionals, there are three levels of factors that
support or inhibit group processes: organisational, group and individual. The way indi-
vidualmembers understand cooperation and theway they communicatewith fellow team
members influences the quality and effectiveness of relations [7]. The lack of consensus
in how different aspects of group work are interpreted has a significant impact on the
understanding of group roles, decisions on compromises in communication and thus on
group dynamics and the learning process.

Differences in perceptionof groupworkhave an adverse effect on efficiency.A shared
vision, good communication and understanding of group roles all result in improved
efficiency [7]. Research also suggests a significant role of different perceptions of group
work and the matching of values of individual employees. On the one hand, different
values differentiate employees into, for example, those who prefer hierarchy or open
communication. On the other, depending on the perception of group work, it is important
for employees to share a common vision, as a team [8].

Studies of Tasa, Taggar, and Seijts [9] demonstrated that individual task-related
expertise and the feeling of efficacy are key predictors of group behaviour at the indi-
vidual level. Research also points to other individual characteristics, such as empathy,
self-confidence, affect management, identification with the company or expression of
emotions [10]. Particularly in areas that require specialised knowledge (e.g., product
development, software and hardware design; [11, 12]), the requirements related to inter-
actions with other team members or effective information sharing are high [13], since
mastering them is crucial to ensuring team effectiveness [3]. In order to develop an effi-
cient team working model it is essential to focus on the behaviour of not just the group
as a whole, but also individuals in the context of group work, to identify predictors of
individual behaviour and their impact on the dynamics of group processes [14].

Manymanagers and teammembers share the sameviews onproblems in the company
or their daily working experience [15] One of the more visible challenges to teamwork
is the lack of commitment of individual members [16]. Research shows that individual
members of the group differ in their levels of commitment even at the level of specific
group tasks [17]. Another difficultywith teamwork is the dominance of overly aggressive
individuals [18],who can have a negative influence on less assertive persons. Considering
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the importance of an individualised approach and seeing the team through the lens of
the individual, we have decided to develop an application which would, while referring
to numerous studies of group processes, focus not only on the team as a group but on
individual persons and their individual needs.

3 Diversity Management. Opportunities and Threats

Diversity in teams is an increasingly popular topic in the field of organisational culture.
Individual resources of the employee contribute various experiences, skills and problem-
solving capacity to the team. In the age of globalisation having culturally diverse teams
is becoming increasingly common, however diversity should also be understood more
locally – as individual differences between team members. An individual skill set sig-
nificantly influences the team’s ability to innovate. At the same time, a high level of
diversity may result in communication problems and conflicts caused by differences of
opinion, ultimately resulting in lower motivation to get involved in teamwork [19].

Many studies have shown a link between cohesion and positive group performance
[20]. Team cohesion is identified as a priority value for effectiveness. It is defined as per-
ception of group experiences shared by the teammembers [21]. There are two aspects of
cohesion: social and task-related [22].While social cohesion represents the interpersonal
nature of the construct, task cohesion represents activities focused on the task [23].

Diversity in the team may lead to conflicts, which in turn result in reduced effective-
ness of the whole group [24]. On the other hand, research points to positive impact of
task-related diversity on the achievement of group goals [25]. The analysis of 41 teams,
performed at the University of Haifa, made it possible to establish which personality
traits a group should have in order to be innovative. The data shows that the team should
include people who are flexible, easy to work with and highly self-confident [26].

The interviews with team leaders in international projects mentioned the lack of
knowledge of the employee [27], insufficient communication skills and lack of face-to-
face contact [28] as some of the most important reasons for unsatisfactory cooperation
and conflicts. Vakola and Wilson [27] warn against underestimating the importance of
the human factor and the way employees communicate for team effectiveness. Impor-
tant elements of satisfying cooperation included communicating change and keeping
employees informed, a pleasant working environment, a positive atmosphere as well as
highlighting positive results and rewarding employees for a job well done [27]. More-
over, accepting the employee’s weaknesses and matching their tasks to their strengths
also played a key role in an effective and fruitful collaboration. The conflicts emerging
in the team were attributed to personality differences. Group members who, according
to the employees, had a negative impact on group cooperation were described as “over-
extroverts”, “difficult people” “aggressive people who are always right”, and “introverts
who never share their knowledge” [29].

In summarising the above research, the significance of an individualised approach
for effectiveness and commitment in the team should not be overlooked. On the other
hand, it is easy to notice the inconsistent results related tomanaging diversity in the team.
Social psychology research shows that we like people who are similar to ourselves [30].
However, the diversity of individuals in a team positively influences the creativity and
variety of proposed solutions to problems.
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The application we developed enables the user to analyse the needs of individual
team members, identifying an ideal set of characteristics to ensure a positive influence
on work effectiveness and the achievement of goals. What is more, the app also supports
the manager, providing them with the necessary set of recommendations to manage the
diverse needs of individual team members.

4 Research Method

Social research is based on defining and finding a method of measurement for the phe-
nomenon being measured. The psychometric tools available on the market are often
expensive to use and difficult to interpret. Moreover, the use of tools in social sciences
has recently raised many questions among researchers. There is a lack of transparent and
reliable methodologies that would make it possible to collect the right content, interpret
it quickly and draw conclusions [31]. Barry and colleagues [32] showed in their research
that 40–93% of measurement methods used in studies published in scientific journals
lacked confirmation of the accuracy of the tool.

The selection of psychometric tools is one of themost important steps in themeasure-
ment of variables. The social sciences offer at least 280 scales tomeasure depression [33],
65 different scales to measure emotions, 19 of which are dedicated to the measurement
of anger [34]. The app used in our study exploits the potential of Artificial Intelligence
and machine learning. Artificial Intelligence provides many innovative techniques in
various areas of business and science. Intelligent agents [35] are used to assist in the
search for information and manage systems in organisations. Expert systems used in
companies take over tedious and repetitive tasks such as protocol analysis, simulations
or document sorting [36].

The starting point for our tool (AIA), which aims to manage employees in an indi-
vidualised way to ensure quick and effective achievement of business objectives, is the
analysis of the individual needs of the employee. On the basis of the research into needs
analysis, the number of needs was limited to 32.

Every human being has all the needs mentioned above, but with different saturation.
In order to determine the level of saturation on a scale of 0 to 100 percent, you first
need to fill in the questionnaire in the AIA application. Once the value of the need is
defined, the system develops recommendations for the manager. The application sug-
gests which actions should be taken towards the employee to boost their effectiveness.
The role of the supervisor is limited to following the suggestions from the system and
providing feedback on whether a given recommendation was useful or not. Through
this system of active cooperation between the manager and the application, the AIA
app continues to learn about every person, and its suggestions become more and more
relevant. The development of this system has only now become possible with the use of
Artificial Intelligence and deep learning. Until now, the manager had to not only watch
the employee to be able to analyse their individual needs but also to draw conclusions
on how to manage the specific employee and the entire team. The development of an
individualised management strategy was not only tiring and time-consuming but also
fraught with many potential errors.

The AIA app used in this study is easy to interpret and delivers a high level of
relevance and reliability. A set of questions and needs was defined during system design.
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The number of needs was then reduced to 32 during the development, validation and
tests. The mobile app performs an online survey, and a profile is developed individually
for the tested personwith the use ofArtificial Intelligence. The fact thatAI is used ensures
that the profile is calculated from the responses taking all parameters embedded in the
app into account. AI looks for correlations in the calculations obtained. The application
improves the model as new surveys are delivered along with new data, including user
confirmations/denials at later stages.

The figure below shows the process of deploying the application to a company. The
organisation identifies all existing teams. The system analyses the individual needs of
all employees, and then aggregates them. The identified teams are analysed for strengths
and weaknesses and potential conflicts. The system develops teammatrixes based on the
individual needs of employees along with recommendations for the manager formulated
in such a way so as to reach as many individual team members as possible. The rec-
ommendations include: guidelines for setting goals for the team, how to communicate,
how to build a positive work environment and how to effectively motivate the team.
In addition, every team member (employee of the organisation) receives guidance on
communication within the team.

In situations where the team is ineffective, a “rotation” is suggested; the system
currently only examines needs related to personality, it does not consider competence.
In the future we plan to develop the system further by adding competence, in order to
strengthen the results of the team survey and expand the value of the IT system.

A sales team can serve as an example of individualised analysis of team members.
The research compiled suggests that the most effective sales staff have a set of three
needs:

• High need of social contacts,
• High need of status,
• Low need of acceptance.

In order to check whether the team under examination has the necessary set of
characteristics to sell effectively, you need to analyse the needs of the team’s members
and check the strength of these needs e.g. for social contacts the median should be above
50 percent. At the same time, the standard deviation of the needsmentioned above should
be as low as possible, while other needs should remain diverse (Fig. 1).

5 Conclusion

Effective teams are characterised by the fact that they consist of people with diverse
personality types. At the same time, the more diverse the team, the more difficult it is
to manage. While individual employees are relatively easy to manage, managing entire
teams represents a challenge, as you are dealing with very different people, with varied
value systems and different needs. The market lacks tools to support the manager in
team management, tools capable of providing clear, precise and reliable support.

The app, developed on the basis of empirical research, analyses the individual needs
of team members and presents them in aggregate form on the matrix of team needs. The
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Fig. 1. Description of the AIA system based on artificial intelligence Source: Own work.

software uses neural networks. Collected samples were used during the deep learning
process to develop the correct model. The software works on a case-by-case basis. The
app analyses the team’s results to determine those individual needs of team members,
which are consistently shared by all of them. The results are analysed further and ulti-
mately the manager is presented with a system of recommendations and guidelines on
how to manage the entire team, set goals and motivate it in a way that is consistent with
the needs of team members. The software learns about the team and supplies optimum
suggestions based on the user’s assessment of its recommendations.

Apart from the most consistent needs of the teams, the system also analyses those
that differentiate the teams the most, as they are a likely reason of conflicts. Awareness
of these areas coupled with the right suggestions for the manager, also developed by
the app, are an indispensable element of the tool that has been created to support the
manager in their daily work with people.
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The paper describes a new approach to team management through individualisation,
at the same time addressing the needs identified in research on group processes and team
effectiveness.UsingArtificial Intelligence aswell as expertise and experience in studying
motivation, we offer support in managing and analysing internal needs of employees and
teams, and in using this knowledge in effective team management. By analysing needs
at individual level, companies will not only be able to achieve their business goals more
effectively but also to create specialised and highly motivated employee teams. The key
advantage of the proposed solution is not only the fact that it automates the process of
needs analysis but also that it offers support to managers with specific recommendations.
The needs assessment allows you to check the potential of the team, identify its strengths
andweaknesses and analyse potential conflicts. Through amultiple needs analysis and by
including and removing individual team members it is possible to create a homogenous
team with skills and needs matched to a specific task.
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Abstract. Corrosion resistance of automotive components has become a sensitive
topic over time, becoming an important improvement requirement for materials
used in themanufacture of automobiles, especially for the functionality of vehicles
on roads treated with de-icing salt. By preventing corrosion, an annual expenses
of about 25% is estimated to be eliminated.

This study details a failure analysis on doorsill panel returned from Russia
after 41 months in service. Customers reported five cases via a Quality Report,
of which there are three different cases. Firstly, corrosion forming underneath the
door opening seal. Second rework from a previous repair to top of rear doorsill.
Third corrosion forming frompaint becomingdamaged to base ofBpillar area. The
analysis includes a visual inspection of the corroded surface at high magnification
and chemical analysis of the substrate material, corrosion product and surface
contaminants. The analysis results consist as input elements for the next step of
simulation including corrosion tests, humidity and hot test, dry cycle so as to
improve corrosion protection.

Keywords: Sill panel · Automotive industry · Quality inspection ·Market ·
Customer satisfaction

1 Introduction

Corrosion performance can be a key factor in determining the life of the vehicle and is
the basis of a corrosion guarantee offered by manufacturers [1]. In line with corporate
goals of increasing customer satisfaction and long-term improvement, this paper will
present an analysis of corrosion around the surface of the doorsill panel and identify the
possible cause of degradation. It is necessary to take into account the aspects related to
corrosion control when designing and producing automotive components and subassem-
blies, respectively for major modifications or their repairs [2]. The weight of the coating
is the major factor that determines the corrosion resistance to perforation of existing
coatings in automotive environments [3].

A comprehensive review of the process and divert outputs has indicated that the
current process requires accelerated focus. The cost of poor components quality may
result in increased work-in-progress or unnecessary additional financial expenditure
(overtime) and potential customer delivery commitment delays. Failure to comply with
key performance indicatorswill have an impact on the ability tomake successful products
[4].
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2 Problem Statement

The study is part of a project carried out within an automotive company, the company
manufacturing sill panels used for assembling Side Door Systems. The objective of the
paper is to identify and analyze the statement of the corrosion problem in the sill area
that caused the perforation of the panel. Table 1 presents problem statement analysis on
the issue reported by customers: corrosion around the sill area.

Thedata presented in the table indicate the need for a detailed analysis of the corrosion
problem.

2.1 Customer Concern

In Russia, customers reported five cases of corrosion of the sill panel surface. The still
is not sealed correctly to stop the elements entering via the sill seams, causing over
time corrosion from the inside out [5]. Corrosion perforation proceeds from the inner
side of automotive outer panels to the outer side. Thus, when corrosion is discovered
by visual inspection, repair is extremely difficult. Corrosion is considered the most
important problem in vehicle resistance [6]. Customer required having no corrosion on
their vehicles.

Customers are concerned over Corrosion around the sill area, as presented in Fig. 1.
Customer usage: This vehicle was used on city roads. Sometimes the customer visits

the nearest suburb no more 20 km away from the city. This car is not being used in off -
road, or swampy areas. The car has been keeping in an indoor parking for last 3 months.
Before that, the car had kept outside in an outdoor parking.

The Fig. 2 shows the Sill panel Issue: Body paint above the right sill is damaged.
Investigation: No signs of mechanical impact or body repairs were found.
Presumably, paintwork was damaged due to corrosion from the other side of the sill.

2.2 Supporting Graphical Evidence

The Data collected will support the graphical evidence, as shown in Fig. 3 and 4.

3 Inspection

Many automotive components, especially those metal manufactured, are exposed to the
risk of salt corrosion [7]. Corrosion problems can lead to costly repairs and can cause
considerable damage. Degradation will occur from either electrochemical or chemical
processes with different materials or protective coatings reacting at varying rates. Pro-
viding results in a relatively short time, chemical analysis can help engineers select types
of materials and review projects to minimize susceptibility to the effects of corrosion
[8].

The task now is to find out, through a chemical analysis, performed in the test
laboratory, if the product will continue to function as it was designed during the useful
life of the vehicle [9, 10].
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Table 1. Problem statement: Corrosion around the sill area

IS/IS NOT Problem statement: corrosion around the sill area

Problem
description

IS IS NOT Get information

WHAT What object Sill corrosion

What Defect Corrosion on the
sill panel from
inside out

What the Russians use
on the roads in winter
conditions

WHERE Where on
object

Sill door shut
panel face and
where the door
aperture seal fits

Where first
observed

First seen in
Russia high time
in service

No reports from
any other market

Temperature/climatic
condition at time of
year

Where seen
since

Belarus

WHEN When first
observed

Russia, 21st of
Apr

What pattern
since

All different dates
and Different
Km’s but all in
Russian markets

HOW BIG How many
affected

Each Object could
have several sill
sealing issues
letting in the
elements

What size 5 cases to date, i
per 1000 = 0.22

On every vehicle
built in the market

Defects per
object

Several One

Trend Expecting to
Increase due to
cold weather
temperature and
the use of the salt
and grit used on
the roads

Decreasing
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Fig. 1. Sill panel design

Fig. 2. Sill panel internal corrosion

Fig. 3. Number of complaints reported by customers monthly
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Fig. 4. Number of issues reported by region

3.1 Laboratory Quality Report

Chemical analysis of body sidematerial confirms the alloy composition of the sill section
is to specifications as shown in Table 2. Figure 5 shows the inner surface had no e-
coat coverage and a distinct water line, where corrosive media filled the lower section,
corroding the bare aluminum until complete perforation through to the outer surface.

Table 2. Problem statement: Corrosion around the sill area

Element (%) Fe Si Cu Mn Mg

Specification
[max]

0.35 0.3–0.95 0.25 0.15 0.4–0.85

EOS 0.19 0.604 0.147 0.10 0.73

Element (%) Cr Zn Ti V Ni

Specification
[max]

0.05 0.15 0.15 0.05 -0.25 0.05

EOS 0.012 0.003 0.024 0.074 0.006

Element (%) Ca Co Pb Sn Sr

Specification
[max]

0.05 0.05 0.05 0.05 0.05

EOS 0.0001 0.001 0.001 0.001 0.0001
*Equation of State (EOS) is a semi-empirical functional relationship
between pressure, volume and temperature of a pure substance.

Figure 6 shows magnified images of a paint blister highlighted in Fig. 4. The paint
layer and underlying corrosion product was removed to reveal a hole in the panel that
was associated with a wider area of pitting corrosion on the inner surface. This clearly
shows that corrosion initiated from the inside surface and perforated outwards.
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Fig. 5. Left hand doorsill outer surface (top) and inner surface (bottom). Inside surface showing
‘water’ line, dirt and pitting corrosion

Fig. 6. Outer surface paint blister (a), paint layer removed (b), corrosion product removed (c)

Chemical analysis of the corroded inner surface (Fig. 7) shows major elements
associated with aluminum oxide corrosion product as expected and minor elements
associated with corrosive chloride-containing road de-icing salts of sodium, magnesium
and possibly calcium. Calcium and Silicon would be expected as a constituent of mud
(SiO2 and CaCO3).

Chemical analysis of mud collected from the inner surface (Fig. 8) shows major
elements associated with SiO2 as expected in mud, minor elements associated with
corrosive roadde-icing salts as before, but also includes a potassiumpeak,which suggests
the use of potassium chloride as a road de-icer, which is also a common ingredient in
fertilizers.

From the chemical analysis, we obtained adequate results that prove once again that
corrosion has perforated the panel and we can say that the production of panels should
be improved in the future.
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Fig. 7. Chemical analysis of corroded inside surface

Fig. 8. Chemical analysis of mud collected from inner surface

4 Conclusions

The results of the chemical analysis of the corroded inner surface shows that corrosion
has perforated the panel.

The inspection investigates the corrosive inner surface, inside surface and mud
collected from the inner surface. The inspection shows without doubt that corrosion
initiated from the inner surface resulting in complete panel perforation. A corrosive
chloride-containing poultice on bare aluminum with no e-coat protection caused cor-
rosion. The composition of the poultice would retain moisture at low humidity levels
allowing continuous corrosion attack of the passive film by aggressive chloride ions.

Following the analysis performed, corrosion tests, humidity and hot test, dry cycle
was proposed for simulation. The test will be performed in laboratory conditions and
will be investigated from a qualitative and quantitative point of view. Improvements in
corrosion protection resulting from significant advances in design, material selection,
protective coating systems and application methods, as well as sealants and application
methods will help to improve corrosion protection on new vehicle components.
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Abstract. Industries face challenges in achieving and maintaining economic and
environmental sustainability indicators. The risks must be reduced in terms of
time and the possibility of an accident. This work intends to apply tools to mini-
mize operating costs with the reduction of the unloading cycle and with the risk
analysis of this activity. The applied concepts and tools the study of times and
movements, as well as the application of the LOPA tool for the success of this
activity. The main intention is to prevent human error. This activity was applied in
the case of a chemical industry in Brazil. It is including: (1) Operational context;
(2) Scenario and Task Analysis; (3) Time Study; (4) Application of the LOPA; (5)
Recommendations in the areas of checklist, automation, training, and task review.
This job authorizes new activities and reduces the risk. An annual savings of 1.5
million in the local currency.

Keyword: LOPA · Times and movements · Risk analysis · Chemical process
industry

1 Introduction

The relationship that employees havewith the company and its organizational culturewill
reflect on how the worker validates and understands the company’s mission, vision and
values, affecting their performance and satisfaction [11]. The good work performance
of employees is fundamental to the survival of companies within the current global eco-
nomic scenario. Competitiveness in the economy demands continuous improvement of
processes [1] to reduce production costs without losing product quality and maintaining
the safety standard. This set of initiatives strengthens the economic, environmental and
social survival of businesses. Within this context, the concept of lean manufacturing is
discussed, which aims to reduce waste in companies through the analysis of hazards and
risks for the promotion of reengineering of facilities, respecting the HSE pillars.

The principles of process safety and lean manufacturing when combined bring about
an improvement in productive activities as in this particular case, where there is an
improvement in the sulfuric acid discharge system in the Camaçari Pole Industry, located
in Brazil [11]. The work has as one of the main objectives to reduce human error, so the
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human reliability will act in order to guarantee the adequate performance of the operator
in the execution of the task, aiming at the non-occurrence of failures for a certain period.
A study of time and movement applied using the chrono analysis technique indicates
which activities add value and how to minimize or eliminate unproductive activities due
to their high cost of production and possible environmental impact. The idleness of the
acid truck unloading operator was considered as one of the main activities that reduces
the value of manufacturing in the production system [2].

Following the principles for Process Safety Projects, we seek to design safeguards
such as instrumented systems, procedures and training to partially or completelymitigate
the process risks identified in the risk assessments. The LOPA method was applied for
risk assessment [3] in the activity. Independent Protection barriers (IPL) incorporated or
revised include administrative controls, communication devices, and improved human
responses to ensure production and safety. logistics for unloading sulfuric acid in the case
of the truck handling station. The LOPA is a semi-quantitative method and it involves
the identification and measurement of failures within the independent protection layers
to achieve an expected standard indicated by the literature and standards. The LOPA [5]
when applied in the Chemical Industry shows through scenarios what are the risk levels
associated with dangerous activities and provides necessary information for decision
making avoiding events of environmental accident or process safety, whenever possible
through installation of fail-safe devices, called poka-yoke.

2 The Process

This activity studied in the logistics area in order to discharge sulfuric acid, is composed
of steps listed in Table 1 and due to the risks associated with handling sulfuric acid,
they must be accompanied by occupational safety instructions. For the discharge of the
acid there are preparations and final activities. Of the activities listed in the table, the
acid unloading step from the tanker takes the longest, at a duration of about 1 h, as it
requires the responsible operator to remain. Most of this period (40 min) involves the
centrifugal pump, present in topic 6 of Fig. 1. This pump operates to discharge the acid;
however, the list does not include the action of the performer. Under normal conditions,
the operator only watches the pump re-press the acid, and will only intervene if there is
a leak or to stop the pump at the end of the discharge. This assessment was the trigger
for change in the process in order to generate greater operational productivity.

Figure 1 illustrates the block diagram of the acid discharge preparation and the
sulfuric acid discharge task. Including the time to put on and take off the special clothes.
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Table 1. Unloading steps of sulfuric acid

Steps Description

1st Truck entrance at the industrial unit

2nd Parking at the unloading dock

3rd Connecting the discharge hoses

4th Opening of the pressure relief system

5th Opening of the relief valves (manhole)

6th Connecting the sulfuric acid discharges pumps

7th Transfer the analysis of acid discharge to the control room

8th Close the valves after the discharge is complete

9th Disconnect the hoses after unloading

10th Release the truck to exit the unloading area

11th Release the truck to leave the industrial unit

Fig. 1. Flowchart for unloading the acid

3 Human Factors with Study of Times and Movements

The stimuli to weakening the performer’s mental map are enhanced both in the shift
change and in embarkation and disembarkation situations, in the case of an oil platform
for example. The details of thesemotivations that detract from the operator’s focus should
be studied for further treatment [14] [15]. According to SPARH [12] and API770 [10],
worldwide reference documents for the analysis of the human factor.A study of times and
movements would be necessary to detail the operations, identifying important factors,
namely: Stress level, availability of time to perform critical steps, audit the quality of
procedures, assess the interfaces between the operator and the machines, understand
the complexity of the task, assessing the seniority of the team, as well as the stages
of the process and the conditioning of the performers to perform them. Thus, it is also
necessary to diagnose the team with characteristics of individuals such as: Consolidated
competences, communication, cooperation and commitment [13]. Thus, allowing the
analysis of activities that do not add value or are considered waste, they would possibly
be minimized or eliminated. Based on this study, it is possible to calculate and measure



Improved Sulfuric Acid Discharge Through Combined Task and Risk Analysis 151

the efficiency and productivity of the manufacturing process, making the organization
more competitive and being an economical differential in the production chain. The
TOLL TIME study tool was applied to increase the productivity of the discharge of
sulfuric acid seeking to contribute to achieving lean manufacturing. The work enabled
the new performers of the task the possibility of online visual monitoring and flow
interlock, unifying the control location in the main operating room (Same location) and
also allowing the control room operators to have all the same information as before.
viewed only by the field (Same crew).

3.1 Evaluation of Shift E&I

The studied company operates on a 24-h basis in an uninterrupted shift, with six classes
following a relay table. The demands for electrical maintenance and instrumentation are
met by an electrical and instrumentation technician per shift. The latter is responsible
for allocating the unit in the event of power outages and carrying out minor maintenance
that puts the plant’s operational continuity at risk.

The study of times and movements indicated the average times for using the main-
tenance resource in the shift, where 39% of the time of the person performing the shift
maintenance was waiting for the equipment to break, as on duty. About 3 h and 12 min,
on average, were not transformed into useful work, excluding the time of physiological
needs, meal, commuting, and rest performed by the performer. Only 13% of the time
was used for maintenance work, as shown in Fig. 2.

.

Fig. 2. Study of shift maintenance times and movements – before changes.

3.2 Merger Proposal Between Functions

By compiling the data on the time spent by the operator for the discharge of acid together
with the available timeof the shift performers, a great opportunitywas identified to use the
shift E&I in the discharge and mitigate the idle time, increasing operational productivity.
Table 2 shows the unloading demand with the availability of the maintenance worker in
the shift.
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Table 2. Comparison of the maintenance performer’s availability times with the time required
for acid discharge in a day.

Evaluation items Results

Time required by trailer 20 min

Time available per player 192 min

Unloading capacity 9,6 tanker

Seeking to ensure that the shift executor will have full availability to perform the
unloading, after the implementation of the project, the activities of inspection, carrying
out routes and pending issues arising from the administrative shift have been removed
from the obligations of this function. The useful timewas broken down intomaintenance
time, together with unloading time. Figure 3 illustrates the change in the distribution of
times and movements.

Fig. 3. Study of shift maintenance times and movements – after changes.

4 Improvement Implementation Projects

Through the study of times and movements, points of improvement were identified,
which will be presented in the Fig. 4.

4.1 Collapse Protection

The step of opening the relief system valves is important to avoid the collapse of the
tanker when unloading the input, the truck is equipped with a relief valve, following
the requirements of NR13 [16], but this opening is an unwanted occurrence. In order to
prevent this, it is necessary for the tank opening at the top of the tanker to be open. Human
factors engineering, or ergonomics, is the design of equipment, operations, procedures,
and work environments that are compatible with the capabilities, limitations and needs
of the workers [10]. According to the incompatibility of the design of the truck manhole
and operator access, there are two risks in this activity: the operator falling on the tanker
to open the BV, indicated in Fig. 4 in topic 8 and exposure of the operator to gases
emitted from sulfuric acid while conducting this same task. The time spent to carry out
the activity totalled about 20 min, counting the time of connection and disconnection of
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Fig. 4. Scheme for improving acid discharge.

the tankers. After the time studies, it was recommended to install a pneumatic valve to
relieve the tanker as indicated in Fig. 4 in topic 1, without the need for access at height,
as it is at ground level.

Using the new system, the operator activates the manual air supply switch for the
pneumatic actuator of the tank relief valve, promoting its opening. This solution removes
the performer from the risk of working above 2 m and removes the performer from
gases derived from sulfuric acid at the moment of opening the manhole. The actuation
to close the valve will be through the air supply of the truck’s air balloon, produced
by its compressor. In the event of a shortage of air in the pneumatic actuator of the
valve during the discharge, by means of mechanical systems, the latter must ensure that
the relief valve remains in the last actuated state, being closed or even open. For this
reason, the valve has no spring return as is commonly used in pneumatically operated
valves, but it is necessary to activate the air both to open the relief valve and to close
it. Within the piping circuit, between the trailer tank and the acid discharge pump, there
is an intermediate tank called the vacuum break tank, in Fig. 4, topic 4. This tank, with
opening at atmospheric pressure, was assembled with purpose safety having the role of
receiving acid from the carts through gravity. This equipment adds yet another safety
barrier because if the duct responsible for the intake of air to the trailer tank is blocked,
all the acid in the vacuum breaking tank will be sucked and the pump will cavitate. This
sequence of events occurs to prevent the collapse of the cart, ensuring that all the acid
inventory in the tanker is safe.

4.2 Deployment of Online Camera Monitoring

The monitoring of the unloading site was installed using high precision cameras in the
field and imaging in the control room. As it is an inhabited place 24 h a day, as indicated
in Fig. 4, topic 9, it frees the unloading operator to carry out other productive activities.
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Another measure was the installation of an acid flow meter (in Fig. 4, topic 7), used to
detect the end of the acid level in the tanker, generating a process action through the
SDCD, commanding the discharge pump to stop automatically after the end of the acid
flow in this instrument. In this way, 40minwere available for the performer for every two
unloaded trailers. The performer spent 1 h to unload two acid trucks, with the change,
the process started to require only 20 min, 10 min to put on the special clothes and align
the valves and hose connections, and after the acid transfer for the storage tank to finish,
another 10 min to return the alignment of the valves and hose connections. Totaling 20
min.

4.3 Creation of a Tool to Prevent Movement of the Acid Cart at the Time
of Unloading

As the sulfuric acid carts access the industrial unit through the main entrance. The
security guard receives the tanker and adds another security key to the tanker key, using
a special keyring. This security key is used in a fail-safe device that will prevent the
driver from leaving with the tanker inappropriate moments that pose risks to the process
during the sulfuric acid unloading step. Figure 5A illustrates the key ring before adding
together with tanker key; Fig. 5B illustrates the key ring add together with tanker key
both are fixed at Interlocking panel; Fig. 5C illustrates; Fig. 5C illustrates the point to
insert the key released from interlock panel to release the hose used to discharge sulfuric
acid.

A B C 

Fig. 5. A, B, C Devices systems to avoid tanker movement at inappropriate time.

This fail-proof device is used to prevent potential tanker driver despairing behaviour,
as this professional, being unfamiliar with the reality of the industrial unit, may be
frightened by ordinary events, such as the opening of a trap or an emergency alarm test.
In the event of an event that leads this professional to remove the tanker from the site,
even if connected, it will not be able to, due to this set of keys developed to protect the
system from this action. Figure 6 indicates the flow that the safety switch travels from
the truck’s entrance to the main entrance, through the acid discharge area to the exit.
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5 Risks Involved in Change

Human errors have either directly caused or significantly contributed to many major
accidents in the process industries [10]. The LOPA methodology ware use in this case
to detect human errors and mitigate their effects. The Protection Analysis Layer [4–
6] is a method that assesses the risks of possible incidents and provides guidance on
the adequacy of the independent protection layers (IPLs) to mitigate the risk. During
an LOPA, the team is responsible for assessing the risk of the process from various
deviations and determining the consequence of possible incidents, usually using order
of magnitude categories to initiate frequency of events and for the probabilities of failure
of IPLs [5]. The difference between the level of real risk and the tolerable risk is the
necessary level of risk reduction, also called the risk reduction factor (RRF).

RRF is the relationship between the real risk presented by the installation and the
risk that must be achieved as a goal based on the acceptance criteria [7]:

RRF = Risk Real risk/tolerable target risk
Therefore, this methodology was implemented to evaluate the new process proposed

for the discharge of sulfuric acid in a TiO2 industry, highlighting the 3 main scenarios
highlighted in Fig. 2 and topics 1, 2 and 4. Figure 7 shows the LOPA table for the
scenarios.

The function of the columns in the table is described below [7]:

• Accident event and the potential severity level (columns 1 and 2). These come from
an earlier hazard identification study, e.g., HAZOP, WHAT IF, etc.

• Description of the cause and its probability (columns 3 and 4) The single cause of the
dangerous event. The probability is usually expressed and the frequency per year.

• Independent protection layer, IPL (columns 5 and 8) These columns include protection
layers to mitigate the accident event. An IPL is a device, system or action capable of
preventing a scenario from proceeding to its unwanted consequence, regardless of the
initial event and any other layer of protection. An IPL must meet these conditions: 1)
it must be effective in preventing the consequence; 2) independent of the initial event;
and 3) auditable.

• Conditional modification (columns 9 and 10) One of several probabilities included in
the scenario’s risk calculations that modify the frequency of the dangerous event.

Risk analysis using the LOPAmethodology was used in the scenarios defined below
in order to identify the safety status of activities in the current scenario and to implement
layers of protection tomitigate risks.The companyhas a risk criterion [8],which indicates
two categories:

• High severity level: serious injuries or a fatality; tolerable risk: 1 x 10–4 per year
• Exceedingly high severity level: more than 1 fatality; tolerable risk: 1 x10–5 per year

5.1 Scenario 1 - Moving the Trailer at the Time of Unloading

The initial event corresponds to human error during a routine task that is performedmore
than once a day,with a failure rate of 0.01 / year. These protection layer failure probability
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values were obtained from CCPS [9]. The severity level of the event is conceived as low,
with the potential for 1 fatality. As IPL, human action was identified in 10 min due to
the presence of the operator at the unloading, culminating in an RRF factor equal to 10.
The addition of the locking device for the truck keys increased safety, adding an IPL,
bringing the RRF to 0, as evidenced in the LOPA in Fig. 6.
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Fig. 6. LOPA of scenario 1

5.2 Scenario 2 - Collapse of the Cart Due to Acid Exit in Atmospheric Air Entry
to Compensate the Acid Mass Leaving the Cart

The initial event for the cart collapse corresponds to human error during the task of
opening the cart manhole to enter atmospheric air in order to compensate the mass of
acid that leaves the cart, with a failure rate of 0.01 / year, is due to human error. These
protection layer failure probability values were obtained from CCPS [9]. The severity
level of the event is conceived as high, with the potential for more than 1 fatality. As IPL,
human action was identified in 10 min, culminating in an RRF factor equal to 100. The
addition of the Air Inlet Test Valve through the relief system increased safety, adding an
IPL, bringing the RRF to 10, as evidenced in the LOPA in Fig. 7.
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Fig. 7. LOPA of scenario 2

5.3 Scenario 3 - Drop and Inhalation of Acid Gases During the Opening
of the Manhole on Top of the Cart by the Operator

The initial event for the drop and inhalation of acid gases during the opening of the
manhole on top of the cart by the operator, which is performed every time the unloading
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of a cart starts with a failure rate of 0.01 / year, it is human error and the breaking of the
supporting cable. These protection layer failure probability values were obtained from
CCPS [9]. The severity level of the event is conceived as high, with the potential for
more than 1 fatality. As IPL human action was identified in 10 min, culminating in an
RRF factor equal to 10. The addition of the Air Inlet Test Valve through the relief system
increased safety, adding an IPL, bringing the RRF to 9, as evidenced in the LOPA in
Fig. 8. The test valve made it unnecessary to climb into the tank to open the manhole in
order to avoid the collapse of the cart in the discharge of acid.
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Fig. 8. LOPA of scenario 3

6 Conclusion

Using methodology of studies of times and movements and applying new technologies,
this work presented gains both improving the safety level of the task, reducing the chance
of human error, and bringing better financial results to the business. With a process less
dependent on the operator that was directed to perform tasks of greater technical require-
ment and less manual. All risks studied were properly controlled. The risks of working
at heights, inhalation of gases from sulfuric acid and the event of a trailer collapse were
eliminated, after the development of the safe fail valve the operation no longer required
access at heights greater than 2 m. It also removes the possibility of inhaling sulfuric
acid vapors and allowing air to enter to compensate for the release of sulfuric acid during
unloading. The risk of removing the truck with the hoses connected was also eliminated,
as the creation of the interlocking method starting from keys between the activation
of the trailer, central panel and easels of the hoses, made possible a fail-safe solution
and/or human error. The reduction in the execution cycle was made possible by the auto-
matic stop of the discharge by the flow monitoring through the unit’s DCS. The remote
detection system, monitored by the control room, complemented the productivity gains,
making the performer available to work with more noble tasks even during unloading.
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Abstract. In the knowledge economy era, knowledge production and dissem-
ination are of key interest to individuals, organizations, and economies. Tacit
knowledge results from experience, leading to innovation. The learning culture
can facilitate the transformation of errors into experiences. This study explores
whether mistake acceptance facilitates tacit knowledge awareness and sharing
in the information technology, healthcare, and construction industries in Poland
and the United States. The findings show the influence of mistake acceptance
on knowledge production and the differences between countries and industries.
The US showed a higher level of mistake acceptance, which was similar across
the three industries, than did Poland, which showed differences between sectors.
In general, the higher the acceptance of mistakes, the greater the effect of tacit
knowledge awareness on sharing. This study shows that there is no knowledge
production without learning and no learning without mistake acceptance.

Keywords: Knowledge production · Tacit knowledge awareness · Tacit
knowledge sharing · Learning culture · Mistake acceptance · Error management

1 Introduction

In the knowledge economy era [1], the production, capture, and dissemination of knowl-
edge is of key interest to individuals, organizations, and economies. How is knowledge
produced? According to the SECI (socialization–externalization–combination–internal-
ization) model [2], tacit knowledge is converted to explicit knowledge through social-
ization and externalization, while explicit knowledge contributes to tacit knowledge
through combination and internalization. Thus, given that tacit knowledge is character-
ized as novel, personal, produced and stored in human mind, and it is the root of one’s
entire knowledge [3], the human factor is key in knowledge production. Therefore, any
new knowledge is based on tacit knowledge. Unlike the production of tangible assets,
the production of knowledge, especially tacit knowledge, is usually not formalized.
While explicit knowledge results from structured and sequential analysis, the produc-
tion of tacit knowledge is unstructured and nonsequential. New ideas are generated in
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the human mind when it is ready. Therefore, typical error management based on mean
values and deviations is not suitable. Since tacit knowledge production is not formalized,
then management of mistakes during this production also can’t be formalized. There-
fore, managing of it can only rely on company culture that supports critical and creative
thinking. The culture of learning, collaboration, and safety is the best what organizations
can do to support somehow tacit knowledge production.

The capture and sharing of tacit knowledge are crucial challenges in knowledge
management [4]. Mueller [5, 6] notes that while both knowledge and learning cultures
are vital, the latter is essential for continuous development. According to Kucharska and
Bedford [7], a continuous learning culture includes factors such as a learning climate and
mistake acceptance. Zappa and Robins [8] argue that the essence of organizational learn-
ing is to identify and modify errors. Therefore, this study explores how tacit knowledge
awareness affects tacit knowledge sharing, facilitated by the learning cultural factor of
mistake acceptance. Therefore, the research question is:Does the acceptance of mistakes
facilitate tacit knowledge awareness and sharing? Studies by Farnese et al. [9, 10] have
stressed the importance of cultural orientation in learning from mistakes. Vanderheiden
andMayer [11] highlighted the cultural factor of mistake perception. Given that we can-
not learn from mistakes if we do not accept them as part of the learning process, mistake
acceptance should be included in the organizational culture of learning [7]. Therefore,
this study aims to explore cultural perceptions of mistake acceptance in the production
of knowledge in the information technology (IT), healthcare, and construction industries
in Poland and the United States (US).

2 Theoretical Framework

The theoretical framework for this study is based on Olaisen and Revang’s [12] study of
tacit knowledge. Tacit knowledge is gained from personal experience, repeated on-the-
job activities, and those who are willing to share their knowledge. Asher and Popper’s
[13] “onion” model posits different layers of tacit knowledge and describes knowledge
as a matter of degree along a single axis, being more explicit at one end and more
tacit at the other, with elements of both comprising the middle. Knowledge ranges from
being explicit and explainable at one end to being virtually impossible to explain and only
demonstrable (perhaps verging on insight/intelligence) at the furthest reaches of the tacit
end. Kucharska and Erickson [14] show that the awareness of tacit knowledge affects
the sharing of such knowledge. Moreover, recent studies by Farnese et al. [9, 10] have
demonstrated the importance of cultural orientation in learning from errors. Kucharska
and Bedford [7] have proposed a scale that measures the mistake acceptance factor in
the learning culture. Love and Smith [15, 16] and Love et al. [17, 18] assume that the
learning culture can transform error events into experiences, leading to tacit knowledge
[12]. Therefore, based on all of the above, the following hypotheses are proposed:

H1: Tacit knowledge awareness fosters sharing.
H2: Mistake acceptance as a learning culture factor enhances the relationship between
tacit knowledge awareness and sharing.
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Figure 1 presents the conceptual framework of the current research.

Fig. 1. Theoretical framework

3 Method

To verify the hypotheses and answer the research question, the collected data were
analyzed using structural equation modeling and visualized using the PROCESS macro
in SPSS version 3.4 [19]. Data were collected from January to February 2020 using
Qualtrics (US) and ASM (Poland). Knowledge workers, employees whose main input
and output of work is knowledge; in other words: they produce new knowledge using
existing knowledge; the mind is their key tool, and knowledge is their key resource
when working, were targeted. Specifically, knowledge workers from the IT, healthcare,
and construction industries in both countries were invited to participate in the survey.
Final sample sizes exceeded 1,000 cases for each country. The questionnaire began with
a short introduction providing an overview of the study, including a definition of tacit
knowledge to ensure respondents understood what they were being asked. All constructs
were measured on a 7-point Likert scale based on the items presented in the appendix.
Assessment of sample quality began with invariance, followed by the Kaiser–Meyer–
Olkin test of sampling adequacy (Poland = .789, US = .871) [20, 21] and Harman’s
one-factor test [22]. Both achieved an acceptable result, with 31% and 38% for Poland
and the US, respectively, and a commonmethod bias of 19% and 30% for Poland and the
US, respectively. Total variance extracted exceeded 68% for both samples, confirming
that sample quality was good and enabling further analysis.

Based on recommendations for large groups [23, 24], the measurement tool was
verified to be nationally invariant: � comparative fit index (CFI) = 0.02; � Tucker–
Lewis index (TLI) = 0.03; � root-mean-square error of approximation (RMSEA) =
0.01. The validity and reliability of applied measurement scales and quality of the model
were confirmed: CMIN/df = 3.7 and 4.61, CFI = .971 and .971, TLI = .948 and .959,
and RMSEA = 0.51 and 0.57 for Poland and the US, respectively [25].

4 Results

Tacit knowledge awareness was strongly related to tacit knowledge sharing in the US
(β = .74, p < .001) and weakly related to tacit knowledge sharing in Poland (β = .27, p
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< .001). However, in Poland, this relationship was more strongly moderated by mistake
acceptance (β = .27, p = .001) compared with the US (β = .10, p < .001). This was
because the acceptance of mistakes as part of the learning culture is lower in Poland than
in the US. The mean value of this variable for Poland was 5.14 (SD = 1.4) compared
with 5.66 (SD = 1.34) for the US. Mean tacit knowledge awareness was 5.83 (SD = 1)
for Poland and 5.93 (SD = 1.06) for the US, while mean tacit knowledge sharing was
5.90 (SD = 1.09) for Poland and 6.18 (SD = 0.94) for the US. Figure 2 presents the
general results, while Fig. 3 details how mistake acceptance influenced this relationship
for each industry studied (Table 1).

Fig. 2. Results for Poland and United States: a) CMIN/df = 3.7/4.610; CFI = .971/.971; TLI =
.948/.959; RMSEA = 0.51/0.57; b) CMIN/df = 4.45/5.07; CFI = .971/.971; TLI = .944/.962;
RMSEA = 0.57/0.60. Note: Poland (n = 1,050); United States (n = 1,118), ML–standardized
results. CMIN/df; CFI: comparative fit index; TLI: Tucker–Lewis index; RMSEA: root-mean-
square error of approximation. ***p < .001, **p < .01, *p < .05.

Table 1. Basic statistics, correlations, and root square of average value explained.

Variable Mean SD Cronbach’s
α

CR AVE MA TKA TKS

MA 5.14/5.66 1.4/1.34 .86/.84 .87/.82 .66/.53 .825/.729

TKA 5.83/5.93 1.0/1.06 .70/.76 .74/.77 .50/.53 .143/.327 .708/.728

TKS 5.90/6.18 1.1/0.94 .71/.81 .74/.80 .55/.56 .319/.324 .310/.723 .742/.743

Note: MA: mistake acceptance; TKA: tacit knowledge awareness; TKS: tacit knowledge sharing

The results confirm the influence of mistake acceptance in knowledge awareness and
sharing in Poland and the US. All hypotheses were supported. Themodel using “mistake
acceptance” (see Fig. 2a) as a control variable fit the data better compared with themodel
without the control variable (Fig. 2b), justifying the control variable imputation [26].
Moreover, R-squared obtained for the US (59%) was much higher than that obtained for
Poland (17%). The difference in R-squared between the models with and without the
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mistake acceptance factor was larger for Poland (9%/17%) than for the US (57%/59%).
This means that mistake acceptance in the learning culture in Poland is more problematic
(imputation of this factor makes a difference) than in the US. Therefore, the acceptance
of mistakes contributes more significantly to tacit knowledge awareness and sharing in
Poland than in the US.

a) 

b) 

Fig. 3. Results for each industry: a) Poland; b) United States. Note: Level of confidence for all
confidence intervals in output: 95.0000.

5 Discussion

The findings confirm that the acceptance of mistakes in a learning culture is vital in
the relationship between tacit knowledge awareness and sharing. So, it matters for the
learning organizations [27]. This study has been empirically shown that there is no learn-
ing without mistakes [28]; thus, by accepting mistakes, we can learn faster, which was
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confirmed by the presented results. Moreover, tacit knowledge is a source of innova-
tion [29, 30]; therefore, individuals in industries that shift their learning cultures and
include mistake acceptance in their policies will learn faster and develop and share tacit
knowledge more effectively, thus will be more innovative. The findings show that mis-
take acceptance enhances tacit knowledge awareness and sharing in the IT, healthcare,
and construction industries in Poland and the US. In the US, where the general level of
mistake acceptance is higher, this transformation is smooth for all industries. In contrast,
in Poland, there are differences in the level of mistake acceptance between industries.
Specifically, the highest level of tacit knowledge sharing via tacit knowledge awareness
was observed in the construction industry, but only for the lowest level of mistake accep-
tance. When mistake acceptance was high, tacit knowledge sharing was similar for each
awareness stage (as measured on a 7-point Likert scale). Thus, mistakes are perceived in
mostly negative way in Poland’s construction industry, and employees were likely to col-
laborate on how to avoid them but not how to learn from them. So, they are more focused
on error prevention than on learning from their occurrence at the organizational level.
For the healthcare and IT industries, the higher the level of tacit knowledge awareness,
the higher the sharing of knowledge, a process that was supported by the acceptance
of mistakes. The acceptance of mistakes was slightly higher in the IT industry than in
healthcare, while tacit knowledge awareness and sharing was generally greater in health-
care than in IT. In conclusion, mistake acceptance influences tacit knowledge production
and, as a potential source of learning for novelty, competitive advantage, and the overall
innovativeness, is a source of worthy of more in-depth investigation across nations and
industries.

6 Limitations and Conclusions

The findings of this study show that the higher the level of mistake acceptance, the
stronger the effect of tacit knowledge awareness on knowledge sharing. This effect
was similar for all industries in the US but differed between industries in Poland. The
US economy is undoubtedly more innovative than that of Poland; thus, accepting and
learning from mistakes may support innovation because of the authenticity of learning.
Learning cultures that ignore mistakes waste the opportunity to learn through mistakes
and it is critically important. As Kucharska and Bedford [7] note, if an organization’s
learning culture is inauthentic and ignores mistakes, employees may learn from their
mistakes to avoid problems but will learn poorly or not at all. Moreover, in the Polish
model R-sq, of the relationship between tacit knowledge awareness and sharing moder-
ated by the mistake acceptance factor was only 17% compared with 59% in the US. This
shows the existence of cultural differences in the perception of mistake acceptance and
exposes that other factors in Poland may contribute to the unexplained 83% by the pre-
sented model factors influencing tacit knowledge production in Poland (compared with
only 41% unexplained factors for the US). Thus, further studies are encouraged. The
main limitation of the study was that it involved a comparison of only two nations and
three sectors. The presented findings empirically show that accepting and learning from
mistakes is complex and depends on national culture. Thus, more in-depth investigations
into the phenomenon are warranted. This study has shown that there is no knowledge
production without learning and no learning without mistake acceptance.
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Appendix: Measurement of Constructs

Construct Source Items (authors’ compilation
based on source)

Tacit knowledge awareness Kucharska and Erickson
(2021)

I can create and explain new
ideas or insights
Even if my idea is hard to
explain, I am able express it or
demonstrate it
Sometimes I am sure about a new
idea but find it difficult to express
As I have accumulated
experience, I find it is easier to
express

Tacit knowledge sharing Kucharska and Erickson
(2021)

I share knowledge learned from
my own experience
I have the opportunity to learn
from others’ experiences
Colleagues share new ideas with
me
Colleagues include me in
discussions about best practices

Learning Culture -mistake
acceptance factor

Kucharska and Bedford
(2020)

People know that mistakes are
learning consequences and
tolerate it up to a certain limit
Most people freely declare
mistakes
We discuss problems openly
without blaming
Mistakes are tolerated and treated
as learning opportunities
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Abstract. This research is proposed to better detail the economic information
that is handled and is necessary for the evaluation of a mining project, and in turn
to reduce the uncertainty that exists regarding the economic results that the mining
operation will obtain. In the same way, it is expected to optimize the extraction
process and consequently increase the income generated in the operation, this will
be evaluated with the economic measurement tool: net present value (NPV). The
research will be developed through the use of mining software such as Datamine
OP and NPV Scheduler, in which simulations of the various scenarios will be
carried out where the cutoff grade will be the main variable to modify in order to
verify the increase in the VPN in the mining operation.

Keywords: Cutoff grade · VPN optimization ·Mining costs · Economic
evaluation · Datamine

1 Introduction

The mining industry is currently, and as it has been for many years, one of the most
important industries for the economic and social development of the country, it is also
an activity where there is a high risk mainly due to large investments that must be
carried out to start a mining project, as well as the different social conflicts that exist
in our country and that can, as has been seen in recent years, paralyze an entire mining
operation for many years.

It is for these reasons, and others, that the studies carried out to define the viability
of a mining project, based mainly on the economic value of the project, are of great
importance and require a broad analysis of all the variables that influence, directly and
indirectly, in said process.
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The importance of this study lies in the fact that by being able to correctly handle said
economic variable, it will allow us to maximize the economic value that the exploitation
of the deposit will generate, thus generating a more optimal and efficient sequence
of exploitation. This is expected to improve the economic income generated by the
project, while at the same time reducing the time and costs used in all the processes
of the operation. The economic tool: NPV will be the main factor that will indicate
the changes that arise at the time of the simulations applying the variable cut-off grade
methodology. Within the calculation of the variable cut-off grade, some factors will be
taken as constants, in the multiple scenarios, and only a few will change, this will define
the scope of the investigation.

2 State of the Art

2.1 VPN Optimization in Open Pit Mining Project

Obtaining the cutoff grade, appropriately, in a mining project will define the future
production and planning of the mine, in turn this is an important indicator of the amount
of economic income that will be obtained period by period throughout the life of the
mine and will also influence the correct implementation of the concentrator plant [1].
The choice of an optimal cut-off grade directly influences the net present value (NPV)
that the mining project will generate throughout the life of the mine, this results in the
determination of a correct cut-off grade is of vital importance in In the planning and
evaluation stage of any mining project, a poor choice of the same can lead to an over
or under estimate of the project, generating, in the worst case, considerable economic
losses for the company [1–3].

2.2 VPN Optimization in Open Pit Mining Project Through Computer Analysis

For the simultaneous optimization of production sequences anddynamic cut-off grades in
an open pit mining operation. It consists of simulating the support of the points of a dense
grid that covers the region of interest and then taking the average within the mining unit
(s) to be analyzed or in the relevant blocks in order to perform a correct simulation. This
simulation process has two main disadvantages, specifically in the computational area
[4]. First, this process consumes a significant amount of time to perform all the necessary
operation. Secondly, a computer or Workstation with a high-level processing capacity
is required, for these reasons instead of performing a grid simulation that discreet the
blocks, it is recommended to perform a direct simulation on the support blocks [5, 6].

2.3 Optimization of NPV in Open PitMining Project Through the Use of Variable
Cut-Off Grades

In relation to the aforementioned, an investigation has quantifiably demonstrated that
the use of a fixed cut-off grade strictly applied to all mineralized bodies that generally
exist within a mining operation can generate a considerable economic loss in the income
generated by the mine. This, added to the large dimensions of mining operations in
general, can be deduced that the optimization of variable cut-off grades can generate
great economic benefits in most mining operations [7–9].
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2.4 Optimization of the NPV in an Open Pit Mining Project Applying Variable
Cut-Off Grades Using a Computer

When using stochastic algorithm optimization software such as NPV Mining, higher
NPV values were generated than those obtained with other simulations, this is explained
by the fact that in this type of models different parameters are included that are not
incorporated in the other models. most used [10, 11]. This shows that superior results
are obtained when incorporating parameters such as uncertainty in classical models such
as Lane’s cut-off method [12].

3 Contributions

3.1 General Contribution

The research proposal will contribute to the search for the optimization of theNet Present
Value of a mining project, this through the analysis and simulations of various scenarios
with the variations of somevariables in the calculation of the cutoff grade, thus generating
that it may fall modified within the same scenario, in this way you can get to more detail
about a better extraction. Through the use of software such as Datamine, for modeling
and NPV Scheduler, to carry out scenario runs, the different scenarios will be analyzed,
thus obtaining the result that maximizes the NPV of the project.

To be able to do this, the data of a mining project that has certain variables within it
must first be collected, with this data the scenario simulations are carried out, changing
some variables to designate the laws of variable cuts and therefore the costs. Finally, the
economic calculation is carried out and the NPV factor is obtained as a result and when
comparing them, the scenario that provides the highest NPV will be found (Fig. 1).

Fig. 1. Proposed model

3.2 Contribution to Detail

3.2.1 Identification of the Parameters for the Cutoff Grade

With the information already filtered and validated, data will be sought for the variables
that manage to define the cut-off laws to be followed, for this an analysis must be made
of both the equipment that will be used up to the prices to be taken. It is known that
with greater knowledge of the project it will be possible to have more accurate results,
for this research the information is limited so we focus on covering the most necessary
variables.
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In general, a single cut-off grade is calculated and through this, the calculations for the
modeling of a mining project are generated, either by underground or surface methods.
By finding different cutting laws with this, the design itself can be optimized and thus,
for example, reduce waste rock extraction or otherwise, extract profitable mineral that
with the first design would not be counted as such.

3.2.2 Preparation of the Base Scenario

The elaboration of the base scenario will be given precisely with the initial information
that has been filtered and validated, once this is done, the economic calculation is carried
out to see how much your NPV amounts to, which will later be compared with the
scenarios that arise.

With the base scenario already carried out, it can be tested through the use of software,
changes in production, costs, thus generating other scenarios with which we will end up
comparing your final VPNs.More factors can be established for the creation of scenarios
such as a distribution of the deposit by zones, identifying the mineral grades and cut-off
grades for each zone.

3.2.3 Software Application

Here, both modeling and evaluation softwares will be used, using these softwares they
will obtain the results of the alternative scenarios that were proposed, in the same way
the use of these provides a certain degree of reliability because they are handled under
very advanced estimation algorithms and data processing (Fig. 2).

For this case, 4 scenarios will be proposed apart from the base scenario, in order to
achieve a notable increase in the economic value. By applying the variable cut-off grade
method, it will be possible to identify costs by sectors and mineral grades by sectors.

4 Validation

4.1 Initial Study

Within the study carried out using Datamine, the Net Present Value (NPV) is calculated,
under this metric the performance of the simulations of the different scenarios that are
proposed is evaluated, as well as the same base or initial scenario.

The NPV or NPV is calculated using the following formula (Fig. 3):

VAN =
n∑

t=1

Ft

(1− f )t
− l0 (1)

Where:

Ft: Money flows by period
I0: Initial investment
n: Number of periods
k: Discount rate
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Fig. 2. Cost Fig. 3. Assumption

The NPV can be calculated using the Datamine itself and using Microsoft Excel,
where economic parameters such as costs, prices, production, mineral grades must be
established. There are limitations since it is not very detailed information, it will not
be possible to make calculations related to the different geologies of the project, as is
known, the geology will change and therefore costs will change, either due to drilling or
locations. With the objective of this research, we will seek to increase this value within
the same time period or without having to affect other variables that, on the other hand,
may harm the project.

The evaluated project has an initial economic value of US $ 22 million, based on
this factor, comparisons are made with the results obtained from the simulated scenarios
where the variable cutoff law will be applied.

4.2 Validation Design

Initially, the necessary information for the calculations is collected, this data must be
validated, that is, it must be filtered to avoid data that distorts the values such as 0 values
or erroneous or atypical data. The variables to be taken into account to calculate the
cut-off grades are identified, mostly that refer to production costs.

When these data have been established, the scenarios and the parameters that will
follow are planned, the exploitation sequence and the calculation of tonnage that will be
estimated per extraction period. Once the scenarios have been established, the scenarios
are run using optimization software and economic calculations.
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Once the results of these are obtained, they are compared against the base scenario
in order to define the variation of the NPV where a significant increase is expected to be
found.

5 Discussion

5.1 Results

Four scenarioswere executedwhere variations in costs and daily productionwere chosen,
basically a sectorization of the deposit was made in order to identify the difference in
costs. These results were compared against the study or base scenario.

For scenario one, the EAST, NORTH, WEST and SOUTH fronts were identified.
The following mineral grades were defined per front, in addition, the costs for each
production front were estimated.

The prices of metals and concentrates will be constant for the different scenarios, in
addition to mineral recovery. There will be a plant of 300 tons per day. Operating costs
were calculated for each zone, taking into account geology, rock quality and location.
Transportation costs were determined by the distances of the different fronts to the
mineral stockpile. After the economic analysis and simulation of the scenario, a NPV
of 25 million dollars was obtained.

For scenario 2, a NPV of US $ 24 million was obtained with an IRR of 35.3%, this
reduction in the IRR is mainly due to the implementation of a higher capacity process
plant compared to scenario 1. For this case, managed a 500 ton plant, this generates a
higher initial investment and therefore the IRR will be lower.

In scenario 3, a NPVof almost 24million dollars was obtainedwith an IRR of 43.1%.
Although the plant conditions were similar to those of scenario 1, the distribution of the
mineral grades by phases did not allow to maximize revenues as expected, otherwise it
generated higher costs.

In the last scenario, a NPV of 22 million was obtained with an IRR of 34%, this low
IRR is mainly due to the increase in production. This caused the investment cost to be
much higher compared to the base scenario.

5.2 Analysis of Results

Under the results obtained, we see that scenario 1 is where there is a greater increase in
the NPV.

This increase turns out to be 13% more or almost 3 million dollars in terms of the
valuation of a mining project (Table 1).

In the results table shown, it can be seen that the variation of the values obtained
in the investigations carried out by other authors applying a similar methodology are in
the same range as those of the present investigation, except for only one of the cases [2]
in which the methodology was used in a long-term planning evaluation, in which the
variations of a series of operational factors were not taken into account, thus the results
obtained in said investigation would have been greatly diminished.
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Table 1. Results

Cases Base VPN (US$) Final VPN (US$) Difference (US$) Difference %

1 22,188,132 25,095,360 2,907,228 13.10

2 22,188,132 24,019,365 1,831,233 8.25

3 22,188,132 23,969,838 1,781,706 8.03

4 22,188,132 22,893,842 705,711 3.18

6 Conclusions

Following the structured and proposed design, it was possible to obtain a significant
increase in the NPV of 13% for an open pit mining project. It is a result that, based on
other research that sought to increase the NPV, is within the average.

These results could be improved if the scenarios were worked with a broader amount
of information, as well as having knowledge of the terrain or area where the project will
be developed, since the locations of the facilities will influence the calculations.
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Abstract. The underground mining is an activity that occurs in the depths of the
rocky massif, which makes it possible to enter scenarios that may or may not
be safe; This will depend on the quality of the rock and the engineering team.
Until now, there is no support method that has been defined only considering
the safety factor. For this reason, this research has been developed to use a type
of support in gold mantles, in such a way that the spacings can be determined
considering the maximum deformation lengths and therefore a safety factor. To
determine the spacing between support elements, progressive results are taken as
they contribute to the final stage of prediction of support spacing. Through the
tests using the Rocscience RS2, spacings with probabilities of 90% compliance
and with safety factors of 1.7 were determined; which allows to give more security
and confidence in the work of auriferous mantle.

Keywords: Underground mining · Stress concentration · Auriferous mantles ·
Reduction factor ·Woodpack and longwall

1 Introduction

Underground mining is developed in mountain range type deposits, which are presented
as veins for which they are also known as filonianos, these deposits are located in the
eastern mountain range and in the western mountain range of Peru, some mines that are
included in these types of deposits areMarsa, Poderosa andConsorcioMineroHorizonte.
As the mining activity has evolved, different conditions created by the tillage activities
have appeared, so much so that, until today, in underground mining with gold-bearing
mantles, the main problem is the concentration of induced efforts that give rise to the
instability of the work, that instability, leads to accidents; The same ones that, according
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to the Ministry of Energy and Mines, between 2000 and 2019, 29% of accidents were
due to rockfall.

2 State of the Art

2.1 Support Method in Underground Mine

There are different types of support in underground mining, in that sense it is very
important to take into account the concentration of efforts and the variables that are
strictly related to each other such as type of support, rock quality and stability of the
work; This will make it possible to avoid generating negative events that can compromise
the integrity of the people and the stability of the work, for that the choice of support
elements is crucial to support the mining components [1–3]. The conditions of adequate
interaction within the “rock support” system are not very effective for any of the supports
that are used. This is due to the fact that many times the support capacity of a certain
type of support is not taken into account, in other cases it may be that due to operational
issues it ends up being oversized in terms of response as support.

2.2 Woodpack as a Support Method in Underground Mining

The support in an underground mine is very complex, since there are different types
of support such as shotcrete, friction and anchor bolts, falsework, RS-Bolt, woodpack,
among others. One of the many types of support is the Woodpack; the same that is
applicable in the construction of gold-bearing works; In this type of reservoir, sometimes
it is chosen to leave pillars as support, it is necessary to mention that the behavior of the
efforts will be different in the support pillars [4, 5].

In this context, it can be concluded that the horizontal columns suffer a single com-
pression load, while the inclined columns are exposed to combined loads; that is, a com-
pressive load and a shear load [2, 6, 7]. Faced with this behavior of forces in inclined
columns, it is necessary to look for more effective mechanisms to sustain the compres-
sive and shear loads. In this sense, the woodpack, due to its characteristics, is a potential
element of analysis to determine its behavior in low-angle work.

2.3 Sustainment in Longwall Exploitation in Underground Mining

The longwall or long wall exploitation is used in veins smaller than 30°; that is to say,
in mantles, and for this it is convenient to use a type of support that interacts effectively
in this type of work with powers and inclinations less than 2 m and 30°. This type of
reservoir is usually exploited by the longwall or long-wall exploitation method [8, 9].

Therefore, theworking conditionswith slopeswill give rise to the formation of pillars
as the exploitation of the vein progresses, however this is a practice that contributes to
leaving buried mineral and at the same time these pillars tend to weaken by the effect of
the action of the efforts [2, 10, 11], since the reduction factors depend on the inclination,
being that for greater dip the factor is lower and while for smaller dips, the reduction
factors they are older.
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3 Input

3.1 Proposed Method

The support analysis method is based on three stages, the first being the study of geology
at a structural level, where the type of rock that is included in the surroundings of the
mining work is taken into account and also the mineralization it contains. the area of
exploitation. The second is the evaluation of the geotechnical parameters where the
quality of the rocks is defined and for this, field tasks are practiced making on-site
analysis of the main characteristics of the rocky massif; Here too, an evaluation of the
mining work is made, which consists of identifying where it is located and what existing
works may be close to it. Finally, in the third phase with the information collected in the
field, that is, the geomechanical mapping, the geomechanical classification of the rock
is made and based on it, it is located in the RMR ranges using the classification of the
rock suggested by Bieniawski of the year. 89; with this, the application of the support
is made and therefore the exploitation of the mineralized zone. According to research, a
proposed method is presented (Fig. 1).

Fig. 1. Mechanism for method proposed

3.2 Components of the Method

The proposed method is based on three stages. The first is to determine the RMR (Rock
Mass Rating) in the exploitation area. The second is to identify the area of the zone
of deformation of the rock, according to dimensions of work. The third, evaluate the
woodpack spacing according to the RMR and the support capacity of the support system.

Phase 1: Evaluation of the Rock Massif to Determine the RMR
First, it was necessary to identify the study area where the problem is located, after
that, information was collected that consists of obtaining references of the structural
geology, this allowed to identify the main characteristics of the rock both of the boxes
and of the mineralized zone. After identifying the type of rock, we proceeded with the
geomechanical mapping to obtain input data, after which simulations were carried out
using the Monte Carlo method, with which ten thousand iterations were made; keep in
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mind that, with more iterations, the results are better compared to when they are done
with few iterations.

Phase 2: Identification of the Deformation Zone
The configuration of the project was made in the RS2 engineering software, that is, in
the general tab, stages, stress analysis, groundwater, strength Reduction, and assign the
project name. Subsequently, the geometry was assigned and the discretization (triangu-
lation) was made, the initial stress field to which the excavation is subjected was entered;
since before making the excavation the field is subjected to stresses and deformations.
Likewise, it is also necessary to enter the constants of the rocky massif; To find these
constants of the boxes (roof and floor) and vein, the RocLab was used, since through it
the calculations of the rock mass constants (a, mb and s) are simplified using the general-
ized Hoek Brown criterion. When processing the information entered through the RS2,
the isovaloric curves were obtained from which, based on their scope, the maximum
deformation distance was deduced.

Phase 3: Determination of the Type of Support and Its Spacing
To achieve phase 3, correlative information was taken that was obtained in phases 1
and 2, of which, a fundamental factor to find the spacing between woodpacks was the
deformation length and the iterations of different spaces between the proposed support
element.. Thus, a spacing in meters was achieved, a distance that would be the radius of
influence of each woodpack, taking into account that according to studies carried out on
eucalyptus (wood to be used), as a whole, it reaches a support capacity of 120 tons; and
on the side of the unstable load comprised in the area of the plastic zone, it also generates
a tonnage that acts as a function of its specific weight and gravity. With this information,
safety factors are obtained, which to be taken into account must be greater than one and
based on this, the spacing between each support element can be established.

3.3 View of Indicators

The indicators used in the development of the phases are the geomechanical tables where
it indicates and can determine the quality of the rock mass, the zone of deformation of
the rock included in the surroundings of the work that is opening and the factors of
security to determine spacings.

• To determine rock quality - RMR, its indicator is a table geomechanics.
• To determine deformations, its indicator is isovaloric curves.
• To determine spacing, if indicator is a safety factor.

4 Validation

4.1 Description of the Scenario

The area where the sustaining method was applied is in underground mining in which
mining activities are carried out through tillage that consists of generating tunnels in the



180 C. Saldaña-Paredes et al.

rock mass. To obtain the mineral by means of underground mining, it is necessary to
make a series of excavations or holes in such a way that it can reach the mineralization
zone. The tillage system is done from the beginning of excavation until reaching the
mineralized zone; In the process of exploitation of the mineral, unstable areas appear,
where it is necessary to adopt certain mechanisms to create conditions of safety in the
work area.

4.2 Initial Diagnosis

In the first place, there is the Mercedes vein, which has orientation and variable dips
East - West and South, Northwest-South East; It has a dip between 10° and 30°, vein
width (power) ranging from 0.02 m to 2 m and is located on granodiorite rocks; the
mineralization is together with quartz, pyrite, arsenopyrite and sphalerite; the quartz
fracture and micro-fracture system are filled with sulfides; this vein is influenced by
main faults (La Brava, Corihuarmi and María; North, Center and South).

Secondly, the Glorita 2 vein, the orientation of this vein is to the Northwest with
slopes to the Northeast ranging from 0° to 30°, the power of the vein is from 0.02 m to
2 m and it is located on granodiorite rocks; the mineralization is together with quartz,
pyrite, arsenopyrite and sphalerite; the quartz fracture andmicrofracture system are filled
with sulfides; This vein is affected by the vein called “La Lima”, which is acting as an
inverse fault and is found in the ceiling box, the Glorita 2 vein and in the floor box, the
Esperanza vein is located.

Finally in third place, there is the El Carmen vein, here there is a system of parallel
veils and it is located at the ceiling of the vein called “Padre de Dios”; El Carmen has a
power of 0.1m to 0.8m, it is shown in the form of quartz lenseswith various veil systems,
it contains galena, pyrite, sphalerite, arsenopyrite and contains high oxide contents,
which are from sulfides; in contact with the boxes, it contains high concentrations of
oxides and with free gold content whose grades are on average 2 Onz-Au/TM.

4.3 Application of the Contribution on Stage

Determination of the RMR in the Exploitation Area
To determine the RMR, the Montecarlo method was used, for this, the information
obtained on-site, was processed and used as input parameters; From these inputs, RMR
values were selected differentiating by box (floor box and roof box), in the floor boxes
all the values belong to the Regular A rock type (RMR between 51 to 60), while in the
roof boxes, the values have RMR between 41 to 60; that is, some have RMR that belong
to Regular B and others Regular A. Therefore, for the purposes of the investigation, two
tasks were considered, one with RMR in the ceiling and floor box from 51 to 60 and 41
to 50; that is, Regular A and Regular B, while the other was considered with RMR in
the ceiling and floor box from 51 to 60 and 51 to 60; that is, Regular A for both boxes.
The following table shows the iterations for the ceiling box and for the floor box.

To define the scenarios, a frequency table was built for each rock quality (Regular
A and Regular B), then ten thousand iterations were carried out; As can be seen in the
tables below, for this purpose, probabilistic tools were used; This process was repeated
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Table 1. Summary of statistical
data from probabilistic RMR

Statistical data roof box RMR
IIIB

Average 38,12167792

Standard
deviation

0,508948345

Statistical data roof box RMR
IIIA

Average 46,03912267

Standard
deviation

1,225639019

Statistical data floor box RMR
IIIB

Average 45,78399738

Standard
deviation

0,785325526

Statistical data roof box RMR
IIIA

Average 52,73809873

Standard
deviation

0,593037747

Table 2. RMR calculation from probabilistic data

Probabilistic calculation_montecarlo

P90 (RMR) roof box with RMR IIIB

90% 39

P90 (RMR) roof box with RMR IIIA

90% 48

P90 (RMR) floor box with RMR IIIB

90% 47

P90 (RMR) floor box with RMR IIIA

90% 53

four times considering the deterministic results, that is, one job with a box and ceiling
of RMR 41 to 50 and another job with a different RMR for each box; that is to say, from
41 to 50 and 51 to 60. The following tables show the summary of statistical data that
was obtained after doing the 10 thousand iterations with the Monte Carlo method and
with it the results of the RMR with a probability of 90% (Tables 1 and 2).

Determination of the Deformation Area
To finish the plastic area deformation area, calculations of the rock constants (a, mb and
s) were first performed, for this the Rocscience software was used since with this tool
the calculation of the mentioned constants is simplified.

For the process of determining the plastic zone, fundamentally the use of some
software, for this case Phase 2D or RS2 was used (Fig. 2, Table 3).

Spacing According to the Support Capacity of the Support
To achieve the third objective, correlative information was taken that was obtained in
objectives 1 and 2, ofwhich, a fundamental factor to find the spacing betweenwoodpacks
was the deformation length and the iterations of different spaces between the proposed
support element.. Thus, a spacing of 3m was obtained, a distance that would be the
radius of influence of each woodpack, taking into account that according to studies
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Table 3. Rock constants

Constant a Mb s

Roof box 0.511 0.815 0.0001

Vein 0.544 0.180 0.0000544

Floor box 0.503 2.2846 0.0027

carried out on eucalyptus (wood to be used), as a whole, it reaches a support capacity
of 120 tons; while on the side of the unstable load comprised in the area of the plastic
zone, it generates a load of 70.2 tons; the interaction of these two loads gives a factor of
safety of 1.7 (Fig. 3).

Fig. 2. Length of deformation area Fig. 3. Determination of woodpack spacing

5 Conclusions

Using the Monte method Carlo, it was possible to improve the analysis of the results by
7.8% on average since, by complementing with the data obtained from the field, they
allowed to generate more robust scenarios because it considers iterations of thousands
and thousands of scenarios; This is equivalent to making multiple mappings in the study
area and while you have more data, you can work with greater accuracy and improve
the results.

In underground mining, the workings are exposed to stress concentration and con-
sequently deformations of the rock that is included in the surroundings of the workings.
For this, it is necessary to carry out an engineering analysis in such a way as to be able
to determine the parameters that serve as input elements for the software such as mb, s
and a, which allow the analysis of rock deformations.

The results obtained were compared with those obtained in on-site mappings, it was
found that 90% have concordance; In other words, by taking into account statistical tools
for geomechanical mapping, I help determine the quality of the rock in the study area
with quantitative results with RMR from 39 to 47 and RMR from 48 to 53; that is, a
rock Bad A/Regular B and Regular B/Regular A.
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After the analysis after generating the opening, a plastic zone is created around the
excavation with an approximate deformation length of 2,493 m, which, when supporting
the work, it was observed that the distance or reach of the deformation curve tend to be
reduced.

Based on the tests, considering different spacings between woodpacks, it was deter-
mined that the spacing of the supporting element is 3.0 m, thus achieving a safety factor
of 1.7, while, if there are spacings greater than three meters, said factor was less than
1. In operational practice, not much is taken into account; However, doing this test is
better since it allows us to identify safety factors greater or less than 1 and thus make
the decision.
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Abstract. In the search for operational excellence of equipment and systems in
the industrial sector, it is essential to analyze their failures and seek solutions to
increase the reliability of the process. This article aims to investigate the causes for
the failure of a turbogenerator in a refining unit based on reliability tools, analysis
of critical variables and elaboration ofmental map root cause. The failure occurred
after 5 months of operation due to high vibration, with erosion of the vanes and
severe unbalance of the assembly. The studied turbogenerator generates electrical
energy using the energy from the combustion gases of an FCC (fluid catalytic
cracking) unit. The investigation showed that human factors, such as operational
discipline, decision-making added to technological factors, such as low efficiency
of the combustion gas cyclones of the FCC catalyst, in addition to the design
failure of the pipeline contributed significantly to the occurrence.

Keywords: Human factors · Oil and gas · Turbogenerator · Reliability

1 Introduction

In the current global situation, where environmental resources are scarce, it is necessary
to seek solutions in the energy field, to make these processes more efficient and more
reliable. This implies a scenario with energy savings and reduction of CO2 and green-
house gas emissions, which impacts society. According to [1], the carbon emissions in
the world from energy use grew by 0.5% in 2019, less than half 10-year average growth
of 1.1% per year. This means that the world is changing, and large energy companies
need to adapt and improve efficiency in their processes to be competitive in this sector.

The petrochemical industry has great relevance in the global energy scenario. In
Brazil, the oil production grew by 7.8% in 2019 and the national refineries processed
1.8 million barrels per day [2]. Due to its high complexity, it is important to monitor
its parameters and study reliability solutions including human and technological factors
with real cases.

This article aims to investigate the causes for the failure of a turbogenerator located in
a fluidized catalytic cracking (FCC) unit of an oil refinery in Brazil.When this equipment
is operating continuously, it produces electrical energy from the heat generated in the
process itself. This work is based on reliability tools, human factors, and analysis of
critical variables, to identify the causes of failure, mainly the root cause of the event.
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2 Literature Review

Oil is basically composed of a mixture of hydrocarbons. Its chemical composition may
vary widely. The combustion of petroleum products generates energy to power auto-
mobiles, trains, ships and airplanes. There are numerous possible applications using
petroleum products and refineries are responsible for transforming oil into its products
that are consumed by the society [3]. According to [4], the different refining processes
present in a refinery can be classified according to the transformation that aggregate the
input stream, which can be separation, conversion and treatment processes. One of the
most profitable conversion processes is catalytic cracking. The main purpose of the unit
is to convert high-boiling petroleum fractions called gas oil to high-value, high-octane
gasoline and heating oil [5].

A catalytic cracking unit operates under severe temperature conditions and uses a
catalyst based on silica and alumina in the process. In these units, the energy contained
in a flue gas stream in the regenerator can be used to generate steam in boilers and
electrical energy in turbogenerators. The role of this equipment integrates the demand
for power in this industry with the process of expansion of flue gases. This machine is
complex, large and has auxiliary systems that are essential for its continuous operation.
Common causes of failure of turbogenerators are discussed in [6], where we highlight:
failures due to expander support, unit vibration, rotor rubbing and catalyst deposition
and plugging.

The search for operational excellence and operational continuity of the turbogener-
ator involves the study of reliability to achieve good results. Complex systems involve
several factors that can contribute to the failure of a component or equipment. According
to [7], a study of accidents in Petrochemical and refining units identified the following
causes: equipment and design failures (41%), operator and maintenance (41%), inad-
equate or improper procedures (11%), inadequate or improper inspection (5%) and
miscellaneous causes (2%). This guide aims to understand the causes of human errors
and suggest ways to reduce them. The PSF (Performance shaping factor) is anything
that affect a worker’s performance. So, managers can improve the PSF’s and reduce the
frequency of human errors.

Human error is discussed in [8] by the traditional view and by the systemic view.
According to the traditional view, errors occur due to negligence, lack of commitment
and failure to observe rules or procedures. Meanwhile, the systemic view of human
error says that they occur due to the complex relationship between factors such as:
environment, culture, inadequate guidelines and systems. It is a challenge to create an
environment of antecedents appropriate to the behavior that one wishes to achieve in the
organization [9]. Amodel of human reliability analysis is SPAR-H, which is amodel that
combines elements of the stimulus-response and the information processing approaches
and acknowledges the role of environmental factors upon diagnosis and action [10].
Thus, it is possible to identify human factors that contribute to the occurrence of a
failure.
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3 Methodology

The methodology for investigating this failure was based on technological and human
factors. The development process involved: reading and analyzing manuals, books and
procedures; interviewing specialists, operators and engineers; application of reliability
tools and analysis of the causes of equipment failures. For this, the methodology is
described in Fig. 1. In the first step, the operational context of the process in which the
turbogenerator is presented and of the equipment itself was defined. In the second step,
critical variables and tools were defined and we investigated operational reliability with
the appropriate tools applied in the process. In the third step, we discussed the human
factors that influenced the failure of the turbogenerator. In the fourth step, a mental map
with human and technological factors that led to the failure of the equipment was drawn
up and a discussion of the results was made.

1. Operational 
context: Process 
and Equipment 

2. Investigation 
of operational 
reliability 

4. Root 
Cause Map 

3. Human 
Factors 

Fig. 1. Block diagram of methodology.

4 Case

This work will be applied to a turbogenerator in a fluidized catalytic cracking unit in an
oil refinery in Brazil. The operational context, equipment and analyzes performed will
be discussed below.

4.1 Operational Context

The FCC unit uses a fine solid catalyst based on silica and alumina, which behaves like
a fluid when it is crossed by a gas stream, such as air or steam. In the studied unit,
there is generation of combustion gases capable of generating electrical energy and high
pressure steam. This current is named flue gas and goes to a vessel where there is a third
phase of cyclones to remove entrained catalyst fines and then it will be used to generate
electricity with a turbogenerator and high pressure steam with a heat recovery boiler.
The studied turbogenerator is inserted in this flue gas energy recovery system of an FCC
in Brazil. Its objective in the process is to generate electrical energy from the heat of the
flue gas. For this, the equipment consists of an expander that drives a generator through
a gearbox. There is a lubricating oil system that supplies the expander, generator and
gearbox bearings. In addition, the expander has a steam sealing and cooling system. To
monitor and control the machine at startup, normal operation and shutdown, there are
instruments that measure vibration, temperature and speed.

An interlock system is used to protect the machine in situations that are unsafe for it.
In summary, the situations that lead to the turbogenerator shutdown are low lubricating
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oil pressure, high temperature in the expander, low cooling vapor pressure, low cooling
vapor temperature, over speed, rotation signal failure, axial displacement, vibration,
rotation signal failure, lubricating oil supply and cooling vapor pressure. An operation
group is responsible for doing the field and control panel routines. There is also a dynamic
equipment engineering team that monitors the operation of the turbogenerator. The
equipment manual highlights that a regular operation routine of the equipment depends
a lot on the continuous operation or not of the FCC unit. It is worth mentioning that the
flue gas that goes to the equipment, despite going through 3 cyclone stages, has catalyst
particles in its composition. The piping design that surrounds the system has expansion
joints and supports that have the purpose of absorbing expansion and vibrations.

4.2 Investigation of Operational Reliability

The campaign in which this study took place between September 2016 and February
2017.The turbogenerator operated for 5months until a highvibration shutdownoccurred.
This investigation consisted of reading the reports of the shift operational group, choos-
ing the appropriate variables to analyze this campaign, analyzing photos of the blades
of the rotating set of the turbogenerator and post-parade maintenance reports, in the
conversation with operators, engineers, mechanics of the plant and elaboration of the
methodology and application of reliability tools.

The figure below shows a PI (plant information system) screen with green and blue
vibration instruments, yellow speed, pink power generation, and FCC unit feed in Red.
A timeline was drawn up with significant events at the bottom, which are: (A) the startup
of the equipment, (B) operation of the turbogenerator with an average generation of 15
MW, (C) shutdown of the turbogenerator for thermal shock, (D) emergency shutdown
of the FCC unit, (E) significant increase in vibration and reduction of power generated,
(F) shutdown of the turbogenerator due to the need for the process, (G) shutdown of the
turbogenerator due to high vibration (Fig. 2).

From this screen, at each shutdown of the turbogenerator, the rate of increase in
equipment vibration is higher. This occurs until the limit of vibration supported by the
machine is reached. The operational instability of the FCC contributed to the reduction
of the turbogenerator’s campaign time.

The figure below shows the relationship between the vibration of the turbogener-
ator and the temperature of the day. There is a significant variation in vibration. This
graph shows that the vibration variations with the temperature were not absorbed by the
expansion joints, as well as by the pipe support design (Fig. 3).

The photos below were taken after the turbogenerator interlocked by vibration. The
image on the right shows the blades of the turbogenerator. This picture shows the process
of erosion that these blades have suffered. The low efficiency in separating the flue gas
from the catalyst caused excess catalyst particles in the flue gas to go to the turbogen-
erator, and this erosive jet caused severe unbalancing of the assembly and continuous
increase in vibration. The image on the left shows that there was an opening in the clos-
ing of the high-pressure box. This indicates that the machine has been over tensioned
(Fig. 4).
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Fig. 2. Critical Variable in Turbogenerator process September 2016 to February 2017. Green and
blue vibration instruments, yellow speed, pink power generation, and FCC unit feed in Red.

Fig. 3. Variation of the vibration (blue and green) and the temperature (red) of the day during the
campaign.

Fig. 4. Photos of the turbogenerator after the interlock by vibration.

4.3 Human Factors

The human being has a fundamental role to guarantee the operational continuity of the
studied turbogenerator. Some error likely situations described in API 770 were found
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here. Regarding the operational group, it was noted after talking with experienced oper-
ators in the area that their training in relation to the turbogenerator is insufficient. As it
is a complex machine, a specific and continuous training program is necessary, which
was not noticed. There are procedures for operational routines and equipment startup
and shutdown. However, in this period studied there was no adequate system to ensure
that routines were performed. The emotional structure of the operators affects their work
and routine. Ergonomic factors such as high noise from the operating area in addition to
external personal factors increase the stress of operators and decrease their performance.
The engineering team responsible for monitoring the equipment has adequate knowl-
edge about themachine. However, points of improvement in the sense of communication
with the operation can be upgraded. In addition, a human analysis is up to managers, as
their decision making influences the machine, as they can maintain or modify the third
stage of cyclones and the design and piping items of the turbogenerator. Some human
factors are discussed below.

Procedure: Starting the plant involves remarkably high flow rates, time and quality
targets that are difficult due to the complexity of the process and the possibility of
mechanical impact. The checklist for this procedure is completed quickly and there may
be slips. In addition, since the FCC unit is large and complex, there may be mistakes in
completing routine checklists.

Insufficient knowledge: Training a large turbogenerator requires hours of dedicated
study and proper instruction, as well as refresher courses. For not having full knowledge
of the equipment, problems can occur and do not receive the proper treatment.

Monitoring of engineering and communication: The dynamic equipment engineering
sector serves the entire refinery. There is no specific engineer for the FCC unit alone.
As a result, there may be slips in certain analyzes as well as communication failures
between this important team and the operational group.

Decision of the Manager and Supervisor: The leaders of the plant have the power
to maintain or change a specific project or component of equipment. Keeping the tur-
bogenerator operating with a third stage of cyclones with low efficiency can result in a
gas for the equipment with a high number of solid particles, creating an erosive jet in
the vanes.

4.4 Root Cause Map

Based on previous discussions on the investigation of operational reliability, this mental
map was elaborated with factors that influenced the operational continuity of the turbo-
generator, causing it to shutdown due to high vibration with damage to the blades and
the set as a whole. The factors were divided into technological (TECH - Technological
factors) and human (HUMAN - Human factors). There is also the operational instability
factor at FCC unit, which was classified as human and technological (Fig. 5).

5 Conclusion

Failures resulting from the design of the turbogenerator are mixed with human errors
due to deficiencies indicated in human factors. The mechanical stress of solids on the
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HUMAN
Insufficient 
knowledge and 
training of Operation

HUMAN
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mantaining the third 
stage of cyclone and 
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HUMAN
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Engineering 
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Shutdown the 
turbogenerator due 
to high vibration and 
structural damage to 
its components

TECH
Low efficiency of the 
third stage of 
cyclones. 
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Turbogenerator 
system piping 
design error

TECH/HUMAN
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instability of the 
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HUMAN
Emotional factors of 
the employees

HUMAN
Deficient Procedures

Fig. 5. Root cause map.

blades of the turbogenerator is a technological issue accompanied by undue human
factors. The root cause map presented in Sect. 4.4 shows the causes contributing to the
shutdown of the turbogenerator due to high vibration. This work showed that the failure
of the turbogenerator comes from human and technological factors. In human factors,
insufficient training, deficient procedures, automatic check list and decision making to
maintain the projects of the third stage of the cyclone and the pipes may have contributed
to the event. In technological factors, the main contributions were the low efficiency of
the third stage of cyclones and error of piping design, in addition to the operational
instability of the FCC unit. Because it is a complex machine, it is difficult to determine
the root cause. This will be for a future study.
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Abstract. The diversification of mining in different geological contexts and the
need to work at higher depths has shown that the stability graph method has disre-
garded scenarios with the presence of water and different confinement regimes. It
is for this reason that the present investigation sought to incorporate these scenar-
ios through the Gradient Boosting Machine algorithm. For this purpose, scenarios
with different levels of water pressure were simulated and the degree of confine-
ment around the excavations was considered. The generated model was based
on the binary classification criterion, I feel the predicted classes, “stable” and
“unstable”; with which an AUC value of 0.88 was obtained, which demonstrated
an excellent predictive capacity of the GBM model. Likewise, the advantages
over the traditional method were demonstrated, since a component of rigor and
generalization is added.

Keywords: Gradient boosting machine · Active stresses · Chopping · Graphical
stability method

1 Introduction

The Gradient Boosting Machine algorithm is a prediction tool for “objective variables”
from a set of predictors (independent variables). Its importance lies in the ability to
control aspects such as variance and bias; while its success is due to its composition,
which consists of decision trees such as “weak learners”, where the results of the model
are weighed based on the results of the previous tree. Its application in the field of
civil engineering and in geomechanical research has been positive and has allowed the
development of various studies, which is why the creation of a classificationmodel based
on geological and geometric parameters of the pit will be sought to be able to analyze
the degree of influence of active stresses on the stability of underground pits.

The pit design phase of a mining project depends fundamentally on the geomechan-
ical characterization, lithology, and disposition of the mineralized body. In the graphical
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stability method, a large part of these parameters are considered, since the Stability
Number (N’) is made up of adjustment factors that address the stress relationship (Fac-
tor A), the geometric properties (Factor B and Factor C) and the characteristics of the
rock mass such as the alteration and roughness of the discontinuities, the RQD index
and the number of main families. However, aspects such as the presence of water in
the discontinuities (Jw) and the stress reduction factor (SRF) are evaluated with a score
equal to unity; so that the quality index of the modified rock mass (Q’) is obtained. In
such consideration, a dry excavation and with a stress tension state is assumed.

2 State of the Art

2.1 Pitting Stability Method

The graphical stability method has been a design tool with an application history of four
decades. In that course, various researchers identified opportunities for improvement
to extend the scope and precision of its use. In this way, a probabilistic approach was
developed based on the Mathews [1, 2] stability graph method, in order to optimize the
structural parameters. Similarly, the parameters of cohesion, stress, deformationmodulus
and friction angle were considered as stochastic variables to study the deformation of
the pits, so that the optimal geometry was selected to optimize the design process [2,
3]. Likewise, it was sought to study the influence of the efforts around the excavation
in order to propose new modeling criteria and propose improvements to the existing
representations (Effort factor A) [3, 4].

2.2 Grading Method Gradient Boosting Machine

There has been a growing acceptance in the application of artificial intelligence to per-
form various tasks in the field of geomechanics. Under this approach, one of the inherent
challenges is the variability of the rock mass and raises the need to study its properties,
for which artificial intelligence algorithms such as the Gradient Boosting Machine and
the Support Vector Regression were used [5, 6]. Likewise, the capacity of the algorithms
to relate non-linear variables with the stability of the slices was used [7, 8]. There is a
plethora of algorithms, which is why the question arises as to which one has the greatest
predictive ability. Then a comparative study of 5 algorithms was proposed: [5, 9].

2.3 Cutting Dimensioning Method

Pit dimensioning involves understanding the intrinsic parameters of the rock massif, the
stress regime in the ground and the geometric aspects of the pit. The relaxation and
creep zones were studied, which are related to the deterioration of the ceiling box and
the result of such, the unplanned dilution [10–12]. On the other hand, the geometry and
dip of the pit will be characteristics that influenced the stability of a pit by subjecting its
dimensions and geometries to a sensitivity evaluation [11, 13].
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3 Input

3.1 General Contribution

As observed in Fig. 1, the work criteria and the main components are presented. With
the execution of the activities corresponding to the workflow, it is possible to achieve the
quantitative effects obtained when comparing the MGE with the model obtained by the
GBM algorithm. These results will be able to corroborate the theory around the loss of
normal efforts due to the effect ofwater, aswell as to analyze the degree of importance that
active forces are having in the stability of the pit. Models based on artificial intelligence
were previously carried out that considered the geological and geometric characteristics
that influence the behavior of the plowing. However, a simulation phase is added for
the incorporation of active efforts, which, according to the research criteria, will allow a
better performance of themodel andwill allow to extend the scope of use of the graphical
method to other scenarios.

Fig. 1. Main figure of the investigation

3.2 Detail Contribution

3.2.1 Incorporation of Water Pressure (Jw)

The parameter “Jw” describes the water pressure in the geological environment of the
pit, which is why it is a data that can hardly be deduced from diamond drilling. The
methodology for the present investigation proposes a stochastic simulation of water
pressure. The behavior assumption will be obtained by means of a uniform distribution
function. The values of this distribution will allow describing various measurements in
kilograms per square centimeter (kg/cm2). Later, these values will be categorized so that
they acquire a qualitative meaning, so that three scenarios will be obtained. (1) For a
Jw = 1 it will be considered as a dry excavation. (2) In the event that Jw = 0.66, it will
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refer to a scenario with average presence of flows or water pressure and there will be
an occasional backfill of the discontinuities. (3) Finally, for a Jw = 0..33, a large influx
and pressure of water and notable washing of the filling of the discontinuities will be
recognized. The table that will allow recording the procedure described is set out below.

3.2.2 Incorporation of the Confinement Regime (SRF)

Like the previous parameter, it was necessary to simulate scenarios for the “SRF”. There-
fore, it was established that, for the present investigation, the parameter represents only
the state of confinement around the pit, namely: low confinement, medium confinement
and high confinement. The criterion for categorizing the parameter “SRF” will be based
on the result of the quotient of the uniaxial compressive stress and the main induced
stress (σc/σ1); therefore, a range was established that will allow each quotient to be
assigned its confinement category.

3.2.3 Grading Model Gradient Boosting Machine

Once scenarios are randomly generated that describe the presence of active efforts; these
characteristics will be incorporated into the historical database of pits. This database
compiles 169 structured samples that contain geometric and geological features of pits.
You can identify the fields that represent the stress factor (A), the adjustment factor by
orientation (B), gravitational factor (C), the hydraulic radius (HR), the RQD index, the
set of discontinuities (Jn), the alteration of discontinuities (Ja) and roughness (Jr). The
consigned characteristics were used for the design and construction of the previously
analyzed stability methods. Precisely, if you want to externder and check the scope of
the tool in question, you should consider the reduction and adjustment offered by the
factor (Jw/SRF).

3.3 Contribution Process

First instance, a data pre-processing will be carried out that consists of cleaning and
balancing the samples; followed by dividing the same into two groups: in the test data
and the training data. Later, in the learning stage, we will seek to make a hyperparameter
adjustment of the model based on the Gradient Boosting Machine algorithm. For the
evaluation of the performance of the model, measurement criteria such as the confusion
matrix, the ROC curve and the area under the ROC curve (AUC) will be used. Once the
internal evaluation of the classification model has been finalized, an external comparison
with the original stabilitymethod (MGE)will be carried out. In order tomake adistinction
between the aforementioned methods, the. Finally, an analysis of the importance of the
characteristics will be carried out, in order to identify the influence power of the active
efforts (Jw and SRF).

3.4 Indicators

3.4.1 Area Under the ROC Curve (AUC)

The objective of the area under the curve is the characterization of the performance of a
classification model: 0.7–0.8 Acceptable; 0.8–0.9 Excellent; 0.9–1.0 Outstanding.
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3.5 Model Accuracy (ACC)

The goal: to provide general information about misclassification of test samples. The
data are obtained from the construction of a confusion matrix.

Calculation formula: the formula that represents the described index is listed below

ACC = TP + TN

FP + FN + TP + TN
(1)

Reference Level: it is understood that on a scale established between 0 and 1, as the
result is made to the unit, the precision of the model is greater.

4 Validation

4.1 Initial Validation Scenario

The validation scenario is based, fundamentally, on the compilation of historical plowing
data, on which the characteristics corresponding to the active efforts were attached. For
this purpose, the python programming language is used; with which the necessary codes
for the preprocessing, training and validation of the stability classification model were
made. The codes of the environment and the use of libraries allowed the deployment of
all the functions for the application of the Gradient Boosting Machine algorithm. The
interpreted language of python was complemented with libraries such as Numpy, Scipy,
scikit-learn, among others.

4.2 Validation Design

The consequent procedureswere carried out in the PythonNotebook environment, where
libraries were used for data management. The data was partitioned in the test set and
the training set. Subsequently, the grid search and cross-validation criteria were used
in order to identify the hyperparameters that improve the predictive performance of the
GBM classification algorithm.

Once the optimal hyperparameters were obtained, the adjustment of the Gradient
Boosting Machine classification model was carried out. Therefore, it was necessary to
apply metrics to elucidate the accuracy and predictive performance of the fitted model.
The confusion matrix, ROC curve and AUC curve metrics were used to evaluate the
model. In Fig. 2 and Table 1.

The previous results denote the achievement of the first objective of the research,
which resides in the generation of a classification model of pit stability and which was
carried out based on the first group of data. The consequencewas to compare the resulting
model with the graphical stability method. For that purpose, the second set of data was
used.

The data were loaded into the Python environment and the stability class was
preceded in the GBM classification model.

Then, of the totality of samples of the second group of data, that is, of the classes
predicted according to the Gradient Boosting Machine model, 77 were classified as
unstable, while 8 were stable after using the GBM classification model.
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Fig. 2. ROC curve and average AUC value of the trained GBM model

Table 1. GBM model performance metrics

Performance metrics

AUC value 0.88

Accuracy (ACC) 0.885

Error (ERR) 0.115

Completeness (REC) 0.833

The same samples were classified according to the criterion of Potvin’s modified
graphical stability method, 47 were classified as unstable, while 38 were stable.

Finally, the analysis of the relative importance of the variables was carried out, in
which the following hierarchy was observed: the variable with the greatest influence
was the size and shape of the pits, followed by the efforts around the excavations. With
a relative importance of 0.175, the orientation of the surface of the pits was placed in
third order; followed by the gravitational effect and quality of the rock, the variables
corresponding to the presence of water and resistance to shear stresses showed little
significance in the prediction model.

5 Results

As shown in Table 2, a considerable difference is observed in terms of class classification.
The proposed method was characterized by predicting 90.5% of the pitting as unstable.
This would be warning of a possible overestimation of the method compared to the
proposed GBM stability method.

A disagreement was found between the variables of greatest importance in both
models. However, this difference could be due to the samples used to generate the
model. In other words, the research [9] focused on the roof box of the pits, while the
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Table 2. Summary of predicted classes in method comparison

Method Stable Unstable

MGEM 38 47

GBM 8 77

present research used samples from the different surfaces of the pits. Given this diversity
of surface, it is consistent that the shape and dimensions have had a great influence on
their stability. On the other hand, since there is little significant influence of the presence
of water in the pits, the opportunity was opened to be able to extend the scope and use
of the GBM pits stability method.

Regarding the similarity of the predictive performance of both compared models, it
can be confirmed that the development of the proposed methodology was carried out
appropriately.

6 Conclusions

A stability classification method was generated using the Gradient Boosting Machine
algorithm that incorporates active efforts, whose performance was measured based on
the criterion of the area under the AUC curve, from which an average value of 0.88 was
obtained, demonstrating an excellent predictive capacity..

The most important variable was the shape and size of the pits, this is due to the fact
that different plowing surfaces were used. However, this represents an advantage for the
generalization of the method.

The stability method obtained by means of the GBM algorithm proved to have an
advantage over the graphical stability method, this is due to more rigorous results that
allow visualizing the probability of failure of the pit that is being evaluated.

The generated method is susceptible to generalization, allowing the incorporation
of different scenarios that describe different geological conditions around the pits. This
leverages industry expertise for pit sizing and enables the method to continue to learn
from future new experiences to achieve higher predictive performance and range in use.
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Abstract. The provision of sustainable houses for the multitudes in developing
nations has been a priority over the years. Numerous ecological issues, such as the
use of unsustainable construction materials and non-economical building mate-
rials, are necessitating the search for improved and economical alternatives in
housing delivery. As a result of research and technological improvements, mod-
ern eco-friendly building materials have been developed to fulfil the requirements
of sustainability issues and alleviate environmental problems. One such material
is expanded polystyrene (EPS). This paper focuses on EPS wall and conventional
concrete wall sustainability issues in housing delivery. A comprehensive literature
review was conducted to analyse the sustainable potential, environmental impact,
timely delivery and economic implications of EPS and conventional concrete
walls. EPS walls provide higher sustainability potential, and are environmentally
friendly and cost-effective, with faster construction time than conventional con-
crete. The conceptual framework developed from this study could help government
agencies, real estate developers and other stakeholders to solve the sustainability
issues of housing delivery.

Keywords: Concrete wall · Expanded Polystyrene (EPS) wall · Housing ·
Sustainability

1 Introduction

Urbanisation leads to an exponential population growth, as a result of an extraordinary
leap in the quantitative housing needs of the public [1]. These housing needs do not
correspond to effective demand, since most of the populace do not have the means to
afford satisfactory housing. According to Adejumo [2], the rate of providing sustainable
housing stock has lagged severely behind the rate of population growth in Nigeria,
resulting in a huge housing deficit; a yearly production of more than 70,000 housing
units is required to cope with the population movement. This deficit is more visible
in urban centres, where the rapid rise in the population has caused an increase in the
standard of living because of the sophisticated demand for urban goods and services. In
urban centres, there is scarcity and high cost of land and housing, which are often in short
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supply and beyond the economic reach of most urban households [3]. The urban centres
are occupied by a broad range of people with low income and seasonal unemployment,
who are often poor, and are hence forced to occupy limited, insufficient, jam-packed,
unfriendly and muddy shelters, and a generally dishonoured environment. These urban
poor are exposed to a life marred by hazardous conditions of nutrition and well-being,
with few or poor-quality material belongings [4].

As stated by Olotuah and Ajenifujah [5], most urban centres in Nigeria are cate-
gorised by high masses of buildings with a dense population. There is no adequate space
for natural ventilation between houses, poor well-being, inferior housing, and severe
environmental and hygienic difficulties. The scarcity of affordable and decent accom-
modation for the urban poor is thus a significant housing problem in Nigeria. In large
urban centres such as Abuja, meagre housing conditions are often evident in the high
numbers of people living in one room and paying excessive rent. This physical con-
gestion is the primary determinant of health risk and destructive social behaviour; as
sleeping accommodation is poorly ventilated, transmittable (air and water-borne) dis-
eases spread rapidly under such conditions [6]. More coherent construction methods
could be employed, with new production technologies that allow exceptional modular
plans, high-strength and load-bearing capacity materials, as well as minimal labour,
materials, mass, time and cost. For example, the Expanded Polystyrene (EPS) initia-
tive Adedeji et al. [7] allows the reduction of mass in construction through the use of
lightweight and heavily insulated envelope wall panels. Thus, EPS can be classified as
a sustainable building material in construction. Consequently, this research work will
focus on the sustainable construction issues of EPS walls and concrete walls in housing
delivery.

2 Conventional Concrete Walls

Concrete is the most useful material in construction, but leads to the depletion of nat-
ural resources and increases the shortage of the ingredients, such as steel, cement and
aggregates. Consequently, there is a large demand for these materials in the commercial
sector [8]. The global consumption of natural sand is exceptionally high because of
the intensive use of concrete. The aggregate properties affect the sturdiness and perfor-
mance of concrete; hence, fine aggregate – typically natural watercourse or pit sand – is
an essential component of concrete. Fine and coarse aggregate constitute 75% of total
volume; thus it is essential to obtain the right type and good-quality aggregate at the site,
because this forms the main matrix of concrete or mortar [9, 10].

2.1 Concrete Wall Components

According to Fridman [11], the components of concrete and the method of preparation
are as follows:

2.1.1 Cement

Concrete without admixtures and of high cement content (over about 460 kg/m3) will be
difficult to pump because of high friction between the concrete and the pipeline. Cement
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content below 270 to 320 kg/m3, depending upon the proportion of the aggregates, may
also prove difficult to pump because of segregation within the pipeline [12].

2.1.2 Aggregate

The determined size of crushed aggregate is limited to one-third of the smallest inside
diameter of the hose or pipe, based on simple geometry of cubical shape aggregates. For
uncrushed (rounded) aggregates, the determined size should be limited to 40% of the
pipe or hose diameter. The shape of the coarse aggregate, whether crushed or uncrushed,
has an impact on themix proportions, although both shapes can be pumped satisfactorily.
The crushed pieces have a greater surface area per unit volume, compared to uncrushed
parts, and thus necessitate relatively more mortar to coat the surface. Coarse aggregate
of a very bad particle shape should be avoided. Difficulties with pump mixed have often
been experienced when too large a quantity of coarse aggregate is used, in an attempt
to economise by reducing the amount of cement; such mixes are also more difficult and
expensive to finish. The grading of coarse aggregate ought to be as per IS: 383–1970.
If aggregates are nominally single sized, then 10 mm and 20 mm are specified in the
ratio of 1:2 for a graded coarse aggregate. In the same way, 10 mm, 20 mm and 40 mm
aggregates should be used in the ratio of 1:1.5:3 for a graded coarse aggregate. A fine
mixture of Zone II as per IS: 383–1970 is mostly appropriate for pumped concrete,
provided that 15 to 30% of sand passes through the 300 micron sieve, and 5 to 10%
through the 150 micron sieve [12].

2.1.3 Water

Water actively participates in the chemical action with cement. Potable fresh water with
pH value of 7 should be used, which is available from local sources and is free from
deleterious materials.

2.2 Preparation of Conventional Concrete

Volume batching is not a suitable method for proportioning the material, because of the
exertion required to measure granular material in terms of volume. The volume of moist
sand in a loose condition weighsmuch less than the same volume of dry compacted sand.
Thus, the effect of bulking should be considered for moist fine aggregate. For low quality
concrete or for any small job, concretemay be batched by volume.Weight batching is the
correct method for determining materials, as the weight system of batching facilitates
accuracy, flexibility and ease. Large weight-batching plants have accurate weighing
equipment. On large sites, the weight bucket type of weighing equipment is used.

2.3 Environmental Impact of Conventional Concrete Walls

The production and use of concrete have awide range of environmental and social conse-
quences. A major component of concrete is cement, which equally exerts environmental
and societal effects [13]. The cement manufacturing industry is one of the three prime
producers of CO2, which is the main greenhouse gas (the other two sectors being the
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energy production and transportation industries). The production of Portland cement has
contributed 7% to worldwide anthropogenic CO2 emissions, mainly due to the sintering
of limestone and clay at 1,500 °C (2,730 °F). (Turner et al. [36]). Concrete is used to
form hard surfaces that contribute to surface overflow, which can cause heavy soil ero-
sion, water contamination, and submerging; but equally, it can be used to divert, dam,
and control submerging. Concrete is also the one of major contributors to the urban heat
island effect, though less so than asphalt [14].

3 Construction of Three-Dimensional EPS Walls and Its Merits

Traditional earth materials from soils and rocks are heavy and can cause settlement,
instability or lateral pressures; while other lightweight materials, such as foamed con-
crete, wood chips, clay and wood fibre, have higher densities, limitations in handling,
and can be weather-sensitive, thus requiring staged construction and/or preloading, sur-
charging and draining [15]. The ultra-lightweight property of EPS is evident, as it is
98% air captured within a 2% cellular matrix. The advantages of on-site production
and conveyance bring unique economic benefits, while considerably reducing the health
and safety risks associated with the use of heavier materials. It is an excellent supernu-
merary for infill materials and ballast, where it also brings load and fill times down in
time-critical building projects [16].

Despite the lightweight nature of EPS, its structure brings the benefits of exceptional
compressive strength, rendering it suitable for use in areas of construction and civil
engineering applications [16]. In order to prove the strength of EPS, several research
institutes across the globe have conducted studies showing that EPS panels can serve as
a structural base infill for roads [17], railway and bridge infrastructure [16].

4 Environmental Impact of EPS Compared to Conventional
Concrete Walls

Currently, procedures are in place globally to reduce the impact of activities on the
environment [18]. For the building and construction industries worldwide, this involves
the selection of building materials; specifically, the choice of insulation [19]. Therefore,
the use of environmentally friendlymaterials such asEPS, as an innovation, has improved
housing delivery.

Concrete technology is progressing, with many advances and inventions in the
construction context, including the production of lightweight concrete, and use of
lightweight aggregates and artificial aggregates such as EPS beads, fly ash and slag
[20–23]. EPS beads can be added to mixes, either partially or wholly replacing aggre-
gates, subject to the desired strength and properties. Lightweight concrete is beneficial
in many applications and is attractive; it is frequently used in the form of cement-foam
composites. EPS is commonly accepted as a permanent formwork, as merged construc-
tion materials with a sandwiched core are becoming a more conventional construction
material.
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4.1 Economic Implications of EPS Walls

On the financial side, EPS material technology appears to be very attractive for the key
players in the construction industry. Frequently, the clients, projectmanagers, contractors
and end users are at loggerheads, in terms of reaching a satisfactory balance on the
foremost building industry anxieties of cost, quality and time [24, 25], while end users
are concerned about standard houses with excellent facilities at an affordable price. The
most appropriate technique to accomplish this is through proper and careful selection of
buildingmaterials. EPS can help attain high quality, low cost and record-time completion
of the building. At all stages of its life cycle, from manufacture to an application, and
to recycling or disposal, EPS has shown excellent performance. Indeed, the use of EPS
offers considerable cost and environmental advantages, since it contributes positively to
a better environment at minimal cost.

4.2 Environmental/Sustainability Potentials of Conventional Concrete over EPS

The report of the World Commission on Environment and Development stated that in
“Our common future, in a quest for a possible solution to environmental challenges
through the concept of sustainable development. Fundamentally, sustainable develop-
ment signifies meeting the needs of the present without compromising the ability of
the future generations to meet their own needs” [26]. It also means the consumption of
resources available to the current generation without depriving the future generation of
resources for their effective living. It strives to achieve the goal of social, environmental
and economic co-development [27].

Global discussions regarding sustainability emphasise the comparative analysis of
building materials, in terms of quality of CO2 released by the material into the atmo-
sphere; absorption and storage of CO2; amount of fossil fuel required in the materials
production; amount of fossil fuel released into atmosphere; and thermal conductivity. The
studies by Ferguson et al. [28] and Lienhard [29], regarding the environmental impact
of common building material, revealed that the amount of fossil fuel required to man-
ufacture concrete is 4,800 MJ/m3; whereas steel uses 266,000 MJ/m3, and aluminium
employs 1,100,000 MJ/m3. Similarly, of the materials mentioned above, concrete, steel
and aluminium cannot store any amount of CO2.

Regarding the thermal conductivity of building materials, EPS possesses better heat
resistance than concrete. The conductivity rate of EPS is 0.05–0.0.15 J/m-Ik-I, concrete
is 1.4–2.9 J/mIK-I, and steel is 19.0–21.0 J/m-I k-I; whereas fired clay is 1.0 J/m-IK-I,
limestone gravel 0.6 J/m-I k-I, cement board 0.6 J/m-Ik-I, and stone 1.5–3.0 J/m-IK-I
[29]. Apparently, EPS buildings do not require artificial insulation inside to maintain
the interior temperature. Chen [30], and Ede and Okundaye [31] also stated that EPS is
environmentally friendly, since it contains the lowest embodied energy in comparison to
other buildingmaterials, such as concrete. Despite the great efforts in the development of
building materials, little attention has been directed towards the sustainability potential
of buildingmaterials. Often, information on new innovations, aswell as the opportunities
offered by new building products, takes a long time to reach building consultants and
prospective clients. According to Ljungberg [32], sustainability goals should not only
consider the environmental aspects, economic impact and customer needs, but also the
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market demands. In the quest for sustainability, efforts should be directed towards raising
public awareness of the opportunities and environmental demerits of building materials,
so that prospective clients and consultants canmake best choices for the collective benefit
of our environment.

4.3 Economics, Implications and Timely Delivery of EPS Compared
to Conventional Concrete Walls

Agabi [33] states that the construction cost of buildings is established by estimating the
cost after the building is designed, or by using a cost-control guide during construction.
A huge advantage is gained through the reduction of construction cost. To achieve a
complete superstructure (less fittings, fixtures and finishes), the polystyrene panel system
will cost approximately 10% more in price of materials; however, it saves up to 30%
in formwork for suspended slabs and walls, 100% in formwork and reinforced concrete
in openings, and up to 30% in floor reinforcements, depending on the design. Finally, a
70% saving on labour is achievable in the erection of walls [34].Moreover, the additional
overhead cost incurred from long construction duration is eliminated on superstructural
development by 50% or more, depending on project management. Setting up three
(lightweight) polystyrene panels per 45 m2 wall will take two people one day to set up
all four walls, brace them and cut out windows and doors. They can then be sprayed the
following day; therefore, four days using a conventional construction technique can be
cut down to half the time by using the EPS system [33].

5 Recommendations and Conclusion

Resources are finite and we have to reserve our future on this planet by adopting sustain-
ability approach [35]. This paper has presented the issues regarding EPS and conven-
tional concrete walls in the construction industry, detailing construction processes and
methods of construction using EPS and conventional concrete walls. It concludes that
EPS walls have higher sustainability potential over conventional concrete walls, as well
as being more eco-friendly and economical. Even though EPS is a sustainable build-
ing material, it also saves time in housing delivery. Therefore, it is recommended that
government agencies, real estate developers and all other stakeholders in the building
industry accept the concept of contemporary building materials, to ensure that buildings
satisfy the energy requirements for the actualisation of the period’s development goals,
and significantly reduce the cost of construction. The application of EPS in housing
projects should be encouraged; not only to provide cost savings, but also for the delivery
of sustainable residential and commercial housing.
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Abstract. In recent times, the market strategy in which most nations that are
already developed SMEs operation has witnessed a tremendous change in the
past, due to the implementation of globalization, highly advanced technologies
and supply chain management to its highly competitive market landscape. Nige-
ria SMEs have not fully taken advantage of these management tools because of
lacking the quality or quantity required knowledge of globalization, research and
supply chainmanagement. The over dependence on crude oil as themajor financial
of its economy has caused a major neglect of other aspects of the economy such
as garment industry, shoe making industry and textiles industries through inade-
quate or no funding. These reasons had prevented Nigeria SMEs to enhance its
profitability and competitive advantage with the developed nation’s global market.
The aim of this paper is to present a literature review on the impact of globalization
on current practices in the supply chain management of Nigerian SMEs.

Keywords: Globalization · Supply chain ·Market strategy ·Management tools

1 Introduction

Nigeria is a country with diverse natural and human re-sources that could make it a
leading economy in the world within two decades of its independence. It is a country
with the most population growth in Africa and currently places fifth in the world [18].
The over dependence on crude oil as the major financial of its economy has caused a
major neglect of other aspects of the economy such as garment industry, shoemaking
industry and textiles industries through inadequate or no funding [14]. Owing to the
recent fall in the oil prices which is the driving force of Nigeria economy, there is an
urgent need to actualize and stabilize the economy which implies channeling all re-
sources and factors that can reshape its economy to achieving a purported growth rate.
In this regard, Small and medium enterprises (SME) have been identified as a reliable
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employer of labor and a source of financial security for most Nigerian youths. Supply
chain management is a technique that involves the coordination of the business activities
within a particular firm and across businesses within the supply chain with the sole aim
of achieving the long-term performance of the separate companies and the supply chain
[20]. As a result of these developments, small andmedium enterprises (SMEs) in Nigeria
realized that they must partake in the logistics management of suppliers responsible for
goods delivery, aftermarket service of the goods to the final/end customers and efficient
& effective monitoring of day-to-day activity in the manufacturing of finished goods and
services. The incessant increase in customers’ demands for speed of goods delivery or
service, higher quality andmore flexibility all at lower cost have necessitated a new trend
in the global SMEs industries [1]. As a result of these, the recent global competition in
manufacturing is increasingly difficult for SMEs industries while trying to remain safe
and competitive.

Globalization is defined as the technique used to access rise in social and cultural
association, political interdependence, and financial integrations [12]. To compete in a
global environment, organizations have had to be flexible in their strategies to sustain
growth and break new boundaries. As a result, most industries have trans-formed com-
pletely from a manual way of manufacturing to automated technologies and strategies.
Entrepreneurs in various sectors ofmanufacturing/enterprises in nations across theworld
have seen the benefit of supply chain management, Logistics management, globaliza-
tion and lean manufacturing practices and have invested in its implementation [11]. For
example, industries such as Amazon, Toyota, Dell, DHL have se-cured a strong compet-
itive advantage due to the use of these practices. Most Small and Medium Enterprises
(SMEs) in Nigeria are yet to embrace fully the globalization practices to their operations
thus preventing them to compete in transforming to world-class organizations. The aim
of this work is to present a literature review on the impact of globalization on current
practices in the supply chain management of Nigerian SMEs.

2 Supply Chain Management

Supply ChainManagement can be defined as the constant and coordinated flow of goods
and services from origins through suppliers into and through the organization and onto
the consumers in a way to maximize profit and minimize cost [5]. It is all about the con-
nections between links of the immediate seller/buyer relationship into a longer series of
occurrence. This means that industry suppliers have their own suppliers, which are direct
customers other than the ultimate consumers. [21] reported that a competitive advantage
can be achieved in supply chain management if only the activities are integrated through
improved supply chain relationships, associated flows of funds and information. Supply
chain management highlights sales increment, expenses reduction while making full
potential of organizational resources by direct participation in teamwork and informa-
tion sharing along the supply chain. Over the years, manufacturing companies are more
involved in customers and supplier’s ways of conducting business due to globalization.
It is a very challenging rule because to be successful in today’s competitive business
environment, entrepreneurs and business owners should be able to effectively integrate
the functions within a firm and also link them efficiently with external operations of



210 A. D. Adeitan et al.

suppliers and supply chain members. They need to focus on supply chain management
practices that have an impact on enhancing supply chain activities and performances [3].
The functions of supply chainmanagement are not restricted not only on the supplier and
the manufacturer; it also involves customers, transporter, and retailers. These functions
include new product development, marketing, operations, distribution, finance, and cus-
tomer service [6]. The planning and execution of upstream and downstream activities
with suppliers and customers to deliver effective, efficient and superior customer value
at minimizing cost is the function of supply chain management [7]. It summarizes the
activities involved in converting the product, processing it, creating a market and finally
fulfilling all logistics management activities. Supply chain management is a process that
goes into improving the way a company finds the raw components, transforming it needs
to make a product and finally deliver it to customers. The five basic components of sup-
ply chain management as recommended by [26] are planning, source, make, delivery
and return. The benefits of Supply chain management include; the supply of quality,
quantity number of parts for production, cost-effective and safe transportation of mate-
rial for delivery, smooth manufacturing without hindrance due to transportation. The
flexibility in producing goods at lower prices and distributing to consumers quicker and
maintaining the cost of purchased products and parts at acceptable levels. The simplistic
view of supply chain management is presented in Fig. 1.

Fig. 1. The simplistic view of a supply chain (Adapted from [17])

Figure 1 above, highlights the roles of a supply chain in moving of physical goods as
raw materials to the manufacturers and then as a finished commodity from same manu-
facturers to the final consumers. It is evident that supply chain management incorporates
reverse movement of goods to indicate the level of economic value to organization and
related information flows. According to [15], supply chain management needs to be
assessed in businesses for its performance in order to evolve an efficient and effec-
tive supply chain. SMEs and manufacturing firms need to measure the performance of
their supply chain management practices by applying the five dimensions of measure-
ment, namely Supply Chain Flexibility, Supply Chain Integration, and Responsiveness
to Customers, Supplier Performance, and Partnership Quality [22].
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3 Globalization

Globalization can be referred to as the intent of expanding capital, world trade, capital
markets and social formations [16]. Globalization is the interaction that brings closer
contact within cultures by identifying their cultural differences, resource management
and government roles in the national economy while focusing on project changes and its
effect. The effect of globalization can be felt in all cities economic activity by increasing
capital mobility, advanced manufacturing, information & communications technology
and logistics technology. In recent time, globalization is seen as extension of forces that
determine expanded market through the integration of economies around the world. It
is a term that is characterized over time because of its promises and consequences, it is
happening, and it is difficult to stop.

As reported by [25], Globalization consists of five progressive stages which are;
exporting, translation of sales and marketing, localization of production etc. This is best
explained through populationmigration; trade in goods& services,movements of capital
and financial markets. The primary role of globalization is the continuous expansion of
the business through a capturing share of the expandedmarket. The continuous expansion
is achieved by further improvement in the economies of scope, control of supply chains
and production control decisions rather than involved in the supply networks. As a part of
the operation, supply chain management with Globalization holds an important position
in maintaining the flow of materials from the production units to the supply of finished
products to the end users [6]. As a result, the drivers of these operation processes include
(a) improvement in the technology of logistics to reduce transportation and production
cost (b) ease in government policies to facilitate speed of globalization (c) preferential
change in a product to avoid taking advantages in the price reduction of transportation and
communication. Even though the importance of globalization cannot be overemphasized,
underdeveloped and developing nations like Nigeria continue to lose out on the benefits
[9]. Therefore, there is a need to identify various challenges facing globalization in these
nations and thereby proffers solution to reap its benefit if they want to be relevant in this
present-day competitive market.

4 SMEs in the Nigerian Industry

According to [13], SMEs can be defined as an enterprise whose annual turnover not
exceeding EUR 50 million and employs less than 50 people. SMEs have more flexible
procedures, simple coordination, less standardization and control systems which allow it
to accomplish its daily activities. However, there are many limitations SMEs experience
in order to achieve products quality such as human resource, capital, information system,
material resources, and manufacturing. The limitations in information acquisition and
human resource experience by SMEs will lead to higher capital, higher transaction cost
[8]. With an estimated 170 million inhabitants, Nigeria is the most populous nation in
Africa, and it is now acknowledged as the continent’s largest economy [19]. However,
the budget and government spending were characterized by rising or fall in the price
of oil and the effects were felt across the sectors. Nigeria remains highly reliant on oil,
about 75% of Federal revenue comes from taxes on the oil and gas industry, and oil & gas



212 A. D. Adeitan et al.

make up more than 90% of exports, providing the critical source of foreign exchange to
aid Nigeria’s consumption of imports [19]. In recent years, oil production has dropped,
and this has caused massive rate in unemployment and low earnings in federal revenue.
In an effort to revive the economy, the Nigerian government has relatively diversified its
economyand focus onSMEs industry. TheNigeria SMEs industries includes the garment
industry, shoe industry, food/beverage industry, gaming industry and logistic companies
etc. They are part of the supply chainmanagementwhich activities includemanufacturing
goods, services within the packaging line and the distribution of goods through logistic
services to the end consumers. The Nigeria SMEs industries have harness re-sources and
relevant innovations to stabilize and reshape the nation’s economy to purposeful growth.
According to Global Competitiveness Report on ease of doing business (2016), Nigeria
compares absolutely well with the big emerging markets such as China and India in
some key metrics used by World Bank to compare general business environment.

For example, the garment industry has been identified to be an employer of labor
and a source of living for Nigerian youths [4]. [24] also reported that the Nigerian gar-
ment/textile industry had been identified to be a major employer of labor (about 60%) in
the manufacturing sector. It implies that SMEs has contributed immensely to the social
and economic development of the nation. Unfortunately, the factors limiting the garment
industry include inadequacy of locally manufactured raw materials, manpower develop-
ment, taste for foreign textiles, and dependency on foreign technology, electricity, and
manufacturing of low-quality materials, among others. If these factors are addressed, it
will result in the ability of Nigerian garment industry to reduce unemployment among
the youth, compete against large enterprises and less vulnerable to changes of the mar-
ket. Nigeria SMEs needs to integrate globalization in its operations to boost technical
and social knowledge of the market. It is also important to apply to [22] supply chain
management five dimensions of measurement to assess their performance instead of a
one-way process.

5 Analysis of Impact of Globalization in the Supply Chain
of Nigeria SMEs

Globalization impact on the supply chain of many SMEs is very evident in humanmigra-
tion, the transaction in goods and final market (stocks and bonds). In recent years, supply
chain and logistics sector had been facilitated by the spread of globalization. This implies
that most of the production is been moved to less developed nations due to an average
length of transport distances. Globalization will position organizations in a highly com-
petitive framework if the five basic components of supply chain management such as
planning, source, make, delivery and return implemented. Impact of globalization will
enable Nigeria SMEs to integrate information systems and processes through the supply
chain to transportation, inventory control, and market forecasts. The supply chain man-
agement will become limitless and flow of resources will not be limited to a certain place.
At this point, Nigerian SMEs supply chain management will see a drastic reduction in
the cost of materials, cost of labor and ease of access to raw materials. Presently, SMEs
in Nigeria operate in a very competitive environment and the only way to survive in these
business environments is to invest in effective logistics arrangements, cost-effectiveness,
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Product innovation, expertise and timely execution of contracts. However, the level to
which these expectations can bemet is to have functional, effective supply chainmanage-
ment that can translate the strengths and vast opportunities into a competitive advantage.
The aim of all SMEs is to maximize profit through the reduction in inventories, delivery
time and cost of production while still maintaining quality needs to customers. It has
been reported in various articles how globalization and Supply chain management could
determine the survival in the SMEs industry of countries like USA, China, and South
Korea etc. However, there has not been any empirical model to measure the performance
or justification for implementing these programs to Nigerian SMEs industry. Therefore,
there is an urgent need for an empirical study to provide insight into the performance of
Nigerian SMEs industry.

6 Conclusion

The impact of globalization on current practices in the supply chain management of
Nigeria SMEs, have been successfully discussed. This paper examines the importance of
globalization and Supply chain management to Nigeria SMEs, and how it has improved
the GDP of Nigeria economy. The literature has shown that SMEs is a major employer of
labor among Nigerian youth, it has also contributed to the socio-economic development
of the nation. Also, it has highlighted the problems facing Nigeria SMEs such as inad-
equacy of locally made raw materials, human resource, electricity, capital, information
system and high logistic problem. It was discovered that much has been said in supply
chain management to Nigeria economies, but no literature was found on the impact of
globalization on the nation SMEs. This inadequacy has shown that there is a need for
more empirical research on globalization impact to Nigeria industries.
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Abstract. Under the SDG goals put forward by the United Nations, all things,
races, universities, governments, institutions and organizations on the planet are
working together for sustainable development. The blue economy, which goes
beyond the Globalized and the Green Economy. This economic philosophy was
first introduced in 1994 by Prof. Gunter Pauli when asked by the United Nations to
reflect on the businessmodels of the future in preparation for COP3 in Japanwhere
the Kyoto Protocol was decided. Starting from economy, ecology and culture, it
is increasingly clear that it is possible to generate more revenue, while generating
more jobs and still compete on the global market. But in this way of sustainable
design, we need a very professional economics, ecological background, and long-
term research and observation, for designers, it is difficult to quickly capture an
effective solution, so benefiting from data system is an inevitable necessity for
company to direct the sustainability business operation.

This article introduces new ideas about sustainability system design with data
and elaborates on how to collect data, which can be collected from computer
modeling or real-world measurements; analyzes all inputs and outputs in the sys-
tem; calculates carbon emissions and other impact; and presents all the data in a
visualized way, so designers can choose the most appropriate solution.

Keywords: Sustainability · Systemic design · Data visualization · Supply chain

1 Introduction

1.1 Systems Thinking

“Systems Thinking is a context for seeing wholes. It is a framework for seeing interre-
lationships rather than things, for seeing patterns of change rather than static snapshots”
[1].

Looking through a systems lens can be overwhelming. As a system theorist Donella
Meadows said System Thinking needs to see all dynamic changes and potential changes
brought about by it [2]. The major characteristics of this systemic thinking are as shown
in Fig. 1.

Therefore, systematic thinking can help us see the problem in a macroscopic view.
In the current complex environment, it is easier to find the root cause of the problem
than linear thinking.
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Fig. 1. Tools for systems thinkers: the 6 fundamental concepts of systems thinking (resource:
Disrupt Design) [3].

1.2 Systemic Design

Systemic Design integrates systems thinking and human-centered design, with the
intention of helping designers cope with complex design projects (also called Wicked
Problems [4]).

Traditional design methods are inadequate to face the recent global challenges
stemming from increased complexity as globalization, migration, and sustainability.

Systemic Designers need improved tools and methods to design responsibly while
avoiding uninterested consequences/side-effects.

2 Systemic Design Methods and Tools

2.1 Systemic Design Methods

Since Karl Ludwig von Bertalanffy (1968) put forward the “general system theory”
[5], system design has gradually been applied to artificial systems and management
organizations. Treating productive organizations as complex adaptive systems allows
a new management model to emerge in economical, social and environmental benefits
(Pisek and Wilson, 2001 [6]). With the further improvement of society to the environ-
ment, systemic design has gradually produced theories such as industrial ecology (Frosh
and Galopoulos, 1989 [7]) with multiple design dimensions. Therefore, systemic design
requires strong interdisciplinary and cross-disciplinary design in the design stage. Dis-
ciplinary competence (Fuller, 1981 [8]). The systemic design initiative is addressing
this problem by seeking new connections and relations between systems thinking and
designerly ways of working. This is also the systemic design process and method that
is more acceptable to designers.

2.2 Systemic Design Tools

One of the well-known tools is the system design toolkit (as shown in Fig. 2). Built
by Namah in collaboration with shiftN, MaRS and SDA, the Systemic Design Toolkit
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is a methodology and a library of tools based on academic research and human-center
design expertise [9].

Fig. 2. The structure of the Systemic Design Toolkit (resource: Massimo Curatella. https://curate
lla.com/systemic-design-toolkit-virtual-design-thinking-barcamp).

It’s based on the principle that SystemsChange should be co-designed and co-created
within the system and with the actor of the system, preferably, with the stakeholders in
the same room. And provides tools to foster dialogue between the parts without requiring
participants to master its inner working and principles.

The Systemic Design Toolkit is composed by seven steps: Framing the system (Sys-
tems Thinking); Listening to the system (Design Thinking); Understanding the sys-
tem (Systems Thinking); Defining the desired future (Design Thinking); Exploring
the possibility space (Systems Thinking); Designing the intervention model (Design
Thinking); Fostering the transition.

2.3 Challenges

Among them, the first, third, fifth, and seventh steps require systems thinking. However,
for designers and even corporate decisionmakers, the current systemic design has several
difficulties that are difficult to be widely used:

• System thinking is very abstract and the cost of learning is high;
• Current system design theories and tools are biased towards manual drawing and
analysis, which is less efficient;

• A research is only for one complex system, it is difficult to examine the relationship
between multiple systems from a higher dimension, and it is difficult to produce a
multi-system cooperation scheme;

Therefore, this paper proposes a systemic design visualization model. Using data
sharing and visualization methods. Firstly, quantify the key factors in each system, digi-
tize abstract thinking, and lower the threshold of use; Secondly, data can be automatically
analyzed by the platform to efficiently generate valuable information, and by adjusting
the data to achieve rapid comparison; Third, through the sharing of part of the system

https://curatella.com/systemic-design-toolkit-virtual-design-thinking-barcamp


218 Y. Chuai and H. Yan

data by enterprises, a matching network can be built together to achieve a more local,
low-cost, and recyclable economic cooperation forum.

3 Systemic Design Visualization Model

3.1 System Unit

In order to visualize the core content of the system, this research first clarifies the core
elements of the system. System theorist Donella Meadows [2] proposed “A system is
not just any old collection of things, a system is an interconnected set of elements that is
coherently organized in a way that achieves something”, and he concluded a systemmust
consist of three kinds of things: elements, interconnections, and a function or purpose
(as shown in Fig. 3).

Fig. 3. Three kinds of things in a system.

Therefore, based on this, this paper establishes a systemic design visualizationmodel.
From the three necessary components of the system, the system unit in the system
is deduced. Through the system unit, the data input dimension is clarified, and the
visualization chart is displayed by obtaining the corresponding data (as shown in Fig. 4).

Fig. 4. Systemic design visualization model.
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3.2 Data

Elements. In order to be able to calculate the scale of the elements and the corresponding
benefits and costs, each element needs to have a clear name, quantity, and profit or loss
per unit quantity.

Interconnections. The interconnections developed within the system generate the open
system itself, and in the Systemic Design: the outputs (wastes) of a system become the
inputs (resources) of another one [10]. Therefore, in order to be able to perform subse-
quent input and output calculations and supply chain network analysis, interconnections
need to be marked as “+” (input) and “−” (output).

A function or Purpose. Since in the systemic design, the design integrates the three
perspectives of economy, humanities, and engineering, this model defines the function
or purpose of each system unit as whether there are three aspects of influence, namely
economy, ecology, and local community/territory is shown in Fig. 5 [11].

Fig. 5. Relationships between the four courses of the lab [11].

3.3 Visualization

Through data collection and corresponding calculation formulas, the following data
visualization charts can be generated:

Input and Output Summary. Through the calculation of all the elements, quantities
and interconnections (input/output) in the system unit, the corresponding total chart can
be obtained. Through this chart, the designer can clearly distinguish the total input and
the total situation of certain companies from the system.

Impact Summary. By judging the purpose or function of each transition in the system
unit, the impact of each type of system design in the full life cycle of the production
process can be restored, and the designer can adjust the plan according to the specific
alternative.



220 Y. Chuai and H. Yan

Profit and Loss Overview. In order to monitor the economic impact of the system
solution on the enterprise in real time, through all the elements, quantity and direction
(input/output) in the system unit plus the calculation of its profit and loss, the most
simplified profit and loss overview can be obtained. The designer checks this table in
real time to ensure the profitability of the company.

Carbon Footprint. In order to ensure that the design plan can have a sustainable impact
on the environment, the carbon footprint of the plan can be viewed in real time by
inputting and outputting summary data, plus the local Carbon emission calculation
formula.

Supply Chain Diagram. By inputting and outputting summary data, combined with
each company’s own information and local location, the system can automatically cal-
culate supply chain costs and environmental impact, and finally recommend a suitable
supply chain network map.

Therefore, this model can convert steps 1, 3, and 5 of the 7-step process in the
above-mentioned System Design Toolkit into a data visualization method to analyze
the current system, and directly explore possibilities by adjusting the data to achieve
systemic design is easier to understand and apply.

4 Enterprise Systemic Design Co-creation Platform

This platform could have transformed the first, third, and fifth steps of the 7-step process
in the aforementioned Systemic Design Toolkit into a data visualization method, making
the system design easier to understand and apply. Therefore, the 7-step process for using
the platform is:

Step1: Framing the system (Systems Data). Complete the platform registration and
enter the basic information of the company, including name, headquarters, number of
employees, fixed assets, etc.
Step2: Listening to the system (Design Thinking).Designers or decision makers need
to disassemble the system to minimize the production steps (i.e. system unit) according
to the industrial process of the enterprise, and put the elements involved in each step
according to name, quantity, profit and loss, whether it is input or output, the target or
function classification is input into the platform.
Step3: Understanding the system (Systems Thinking). The platform will analyze
according to the corresponding data and calculation relationship. The designer can place
the auxiliary understanding system according to the following icons. Take a Chinese
animal husbandry company as an example is shown in Fig. 6.
Step4: Defining the desired future (Design Thinking).Based on the above-mentioned
visualization plan, alternatives can be adopted to make stakeholders consistent in value.
By imagining how we can improve the future environment of individuals, organizations
and society, together we design an ideal future.
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Fig. 6. Systemic data visualization of a Chinese animal husbandry company.

Step5:Exploring the possibility space (SystemsThinking). In order tomake thewhole
process reasonable, designers need to explore various types of possible interventions to
ensure that they cover the conditions that occurred in the initial research activities.
Through brainstorming, designers can try to adjust the quantity, type, manpower or
transportation cost of each raw material on the platform, and see the corresponding
visual chart changes in real time.
Step6: Designing the intervention model (Design Thinking). Based on the above
exploration, clearly improve the innovative plan, and find a suitable supply chain partner
according to the supply chain map.
Step7: Fostering the transition. Plan the transition towards the desired goal by moving
from the Minimum Viable Product (maybe the Minimum Viable Solution in this case)
to the full implementation of the intervention model.

5 Discussion and Conclusions

In response to the current complex environment and social progress, this article intro-
duces the use of data visualization to improve system design methods and promote new
ideas for system design to be widely used. It explains in detail the visualization model
of the system design, including how to divide the data dimensions, how to use the data
to analyze the input and output of the system, calculate carbon emissions, and visualize
better supply chain methods. However, due to the lack of practice in real companies,
this theory needs further exploration and iteration in application. The design of the data
dimension is only a preliminary stage, and it needs to be verified and supplemented by
practice.
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Abstract. The objectives of this study are to explore the effects of disruption
events on the manufacturing supply chain and investigate the strategies to min-
imise the impact of disruption events. A survey of professionals involved in supply
chain and have dealt with disruptions in the supply chain was carried out with the
aid of a well-structured questionnaire. A mean item score was carried out and the
findings from the analysis of the effect of catastrophic events to manufacturing
supply chain revealed death and injuries. Furthermore, Creation of risk manage-
ment that include top leadership and strong integration/teamwork, using informa-
tion technology are the main strategies to minimise the impacts of catastrophic
events on manufacturing supply chain. The study recommended that organisa-
tions in the manufacturing industry can use the strategies to minimise the impact
of future catastrophic events on Manufacturing supply chain for creating resilient
manufacturing industry.

Keywords: Supply chain · Resilience · Supply chain resilience ·
Manufacturing · South Africa

1 Introduction

In today’s rapidly changing environment, supply chains are more easily exposed to risks
due to factors such as increased globalisation, higher customer expectations, environment
volatility, and the occurrence of internal and external risk events [1–3] (Chen, Sohal,
and Prajogo 2013; Ivanov, Sokolov, and Dolgui 2014; Aqlan and Lam 2015). Scholars
and practitioners emphasize that managing risk and disruption in the supply chain is
a crucial capability for firms, in order to compete in the today’s increasingly turbulent
and unpredictable marketplace [4–7] (Melnyk et al. 2009; Colicchia and Strozzi 2012;
Nooraie and Parast 2016; Yang, Pan, and Ballot 2017). This has led to the concept of
supply chain risk management (SCRM), SCRM is the management of supply chain’s
risk through coordination or collaborations among the supply chain partners to ensure
continuity of the supply chain. This was emphasized as the supply chain executives in
IBM believe that SCRM is the second most important issue for the company (Butner,
2010) [8].
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Supply chain risks can be classified into disruption and operational risk (Chen, Sohal,
and Prajogo 2013) [1]. Disruption risks can be defined as events unplanned that restricts
a supply chain system, this may be resultant from man-made or natural events such
as economic downturns, technology changes, hurricanes, terrorist attacks (Parast and
Shekarian 2019) [9]. Operational risks are more about the events such as supply-demand
coordination, which often is as a result of inadequate processes, control, people or
systems (Nooraie and Parast 2016 [9]; Yang, Pan, and Ballot 2017 [7]). Thus, operational
risks are relativelymore controllable than disruption risks.Moreover, catastrophic events
such as 9/11 in 2001, the tsunami in 2004, hurricaneKatrina in 2005, hurricaneHarvey in
Houston in 2017, and hurricane Maria in Puerto Rico in 2017 are motivation for supply
chain researchers to consider supply chain risk and its effects on the design of supply
chains [10, 11].

Supply chain resilience (SCRES) reduces the impact of disruptions by identifying
strategies that allow a supply chain to react to a disruption while recovering to its original
functional state or better. SCRES has received more attention in recent years as one of
the main characteristics of a firm to improve responsiveness to unexpected dynamics in
the business environment [12]. Melnyk et al [13] asserted that SCRES is at the heart of
current supply chain management thinking. Based on Tukamuhabwa et al. (2015) [14],
more than 80% of companies were concerned about their SCRES. Hence, SCRES is of
a great interest for firms and organisations [15, 16].

The study aims to address the following objectives, the effects of catastrophic events
to manufacturing supply chain, the strategies to minimize the impacts of catastrophic
events on manufacturing supply chain.

2 Literature Review

Organisations worldwide are increasingly vulnerable to high impact/low probable events
[17]. Assertions by Stecke and Kumar (2009) [18] showed that there has been a marked
increase in the frequency and losses economically from natural and man-made catastro-
phes. Despite all this effects, Vanny et al 2009 [19] highlighted that there has been less
attention to the catastrophic events in the SCM literature. Catastrophic events have been
identified in various ways under supply chain risks.

Catastrophic events can be defined as events beyond the ordinary and are charac-
terized by being of low probability but high consequence [20]. Brindley (2004) [21]
categorised potential supply chain risk based on probability and severity perspectives.
Mitroff and Alpaslan (2003) [22] classified catastrophes into seven categories such as
economic crises (recessions, hostile takeovers), physical crises (industrial accidents,
product failures), personnel crises (strikes, exodus of key employees, workplace vio-
lence or vandalism), criminal crises (product tampering, act of terrorism), information
crises (theft of proprietary information, tampering with company records), reputation
crises (logo tampering, rumour mongering) and natural disasters (floods, fires). Wagener
and Bode (2008) [23] recognised natural hazards, socio-political instability, civil unrest,
economic disruptions and terrorist attacks as catastrophic events. Stecke and Kumar
(2009) [18] broadly classified catastrophes into two main parts: man-made and natural
catastrophes.
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2.1 Impact of Catastrophic Events on Supply Chain

From time to time, frequent disruptions as well as rare catastrophes disrupt supply
chain operations and every organisations supply chain is susceptible to a diverse set of
risks. Research has shown evidence to prove that failure to manage supply chain risks
effectively may lead to a significant negative impact on organisations. Furthermore,
discovery by Stecke and Kumar (2009) [18] showed that business losses constitute a
major percentage of the total losses caused by the catastrophes. Failure to manage risks
effectively, has led to wider consequences as identified by Cousins et al 2004 [24],
these consequences are not limited to financial losses but also product quality reduction,
damage to property and equipment, suppliers and the wider public and delays in delivery
days. loss of reputation in the eyes of customers. Knemeyer et al. [25] stated that if, for
example, a manufacturing plant is lost due to a catastrophic event, the consequences
affect supply chain operations, financial flows and possibly information flows too.

Manufacturing industry is also highly susceptible to catastrophic events. The impacts
of catastrophic events on manufacturing industry include manufacturing supply chain
breakdowns, information and communication breakdowns, significant damages to prop-
erty and infrastructure, increased demand for reconstruction, injuries and deaths. The
impacts lead to increase cost and time, reduce quality and devote moremanagement time
for crisis handing. Catastrophic events may have wider implications such as extensive
delay or plant failure, significant business failure, loss ofmoney and loss of reputation for
all concerned [25]. Extreme weather events such as floods, hurricanes and storms have
significant effects on the manufacturing supply chain, and according to Wedawatta et al.
2010 [26], supply chain disruptions due to extremeweather events can create a substantial
impact on a manufacturing company. Therefore, potential consequences of catastrophic
events on manufacturing supply chain are wide ranging and long-lasting.Developing
strategies to mitigate disruptions has grown to become a necessity, this is so because the
supply chain system has grown complex [27]. This has been revealed as there is more
research is focused on the on the vulnerability off the supply chain and we need for orga-
nization to assets a more systemic systematic analysis off their supply chain for ability.
This one vulnerability has led organizations to develop plans to protect against recurrent
low impact risk in the supply chain although there are many who have ignored the high
impact of low likelihood risk. A requirement of action plan was sanctioned by Norrman
and Jansson 2004 [28] in their study as it required to ensure continued operations in case
of a catastrophic events in the supply chain.

Stecke and Kumar (2009) [18] introduced the following four strategies to make sup-
ply chain components robust. Proactive strategies—Help a company to avoid or decrease
the impact of possible types of future disruptions. Advanced warning strategies—Gain
benefits from advance information (forecast) of a catastrophe. Coping strategies—Flex-
ibility and redundancy in various supply chain components to mitigate catastrophe.
Survival strategies—Aid companies to reduce losses and duration of disruptions.

Stecke and Kumar 2009 [18] stated that proactive strategies can help a company
to avoid or decrease the likelihood of certain forms of disruptions. Researchers have
further emphasised that a well developed and implemented proactive strategies can
lower the need of mitigating strategies. Furthermore, developing strategies that can help
in forecasting a catastrophe under the advanced warning strategies was put forward by
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stecke and Kumar. The researchers highlighted that these advanced warning strategies
can provide valuable preparation time to align its capabilities to minimize disruption
effects or may avoid complete prevention of a disruption. Flexibility and redundancy
in various supply chain components help in defining coping strategies, which help to
mitigate disasters [5]. A severe catastrophe and/or lack of proactive and coping strategies
may result in the breakdown of the supply chain, which can leave an organisation out of
operations. Survival strategies can be used by companies in such situations [5]. Survival
strategies can be implemented in two stages: immediate response to a catastrophe (i.e.
save life and property) and steps taken to recover (i.e. reorganise resources to restart
supply chain operations).

Tang (2006) [29] came up with nine different robust supply chain strategies that aim
to improve a firm’s ability to achieve supply and/or demand better under normal cir-
cumstance and to improve a business’s capability to sustain its operation when a major
disruption happens. The nine strategies include. postponement, where a strategic stock
was developed, by employing a flexible supplier base, make and buy, offer economic
supply incentives, flexible transportation, revenue management via dynamic pricing,
assortment planning and silent product rollover. Tang (2006) [29] was of the opinion
that although robust supply chain strategies enable establishments to utilize the corre-
sponding contingency plans when disruption happen, these businesses would become
less susceptible if they could reduce their risk exposure. Hence, several possible ways
to reduce the impact of disruption on the supply chain operations such as proactively
form strategic alliances with other suppliers in different countries; reduction of the lead
time by redesigning the supply chain network and establish a recovery planning system
to gain visibility of inventories, sales and shipments.

3 Methodology

To adequately achieve the objective of this study which is to investigate the effects
of disruption events on the manufacturing supply chain, identify the strategies to min-
imise the impact of disruption events. A quantitative research method was adopted. This
method is used by researchers to “provide solutions to predetermined research questions
and objectives, by analysing the relationship between the different variables through the
use of an experimental or non-experimental data collection instrument (survey), in turn
yielding results which are numerical, thus can be analysed using statistics” (Creswell,
2014) [30]. The study focused on the three main municipalities that made up Gauteng
province of SA which are “City of Ekurhuleni Metropolitan Municipality (EKU), City
of Johannesburg Metropolitan Municipality (COJ) and City of Tshwane Metropolitan
Municipality (COT) all in the Gauteng province of South Africa. Respondents were
chosen from professionals who have knowledge about supply chain resilience, risks.
The total number of the target population could not be ascertained as the study requires
respondents to have a minimum of 5 years experience in the manufacturing industry
coupled with adequate knowledge of risk and resilience of supply chain. This, therefore,
led to the adoption of snowball sampling technique to reach out to the respondents, and
a total of 51 were identified. To carry out the snowball sampling technique, a primary
network of professionals currently in the supply chain domain was identified first and
were sent the questionnaires electronically.
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They were further obliged to distribute the questionnaire to colleagues who meet up
with the study’s target population criteria.

A five point Likert scale was used to gauge the opinions of the respondents. Test
of reliability and validity was carried out on the retrieved data using Cronbach’s alpha,
and the result showed 0.978 value for effects of catastrophic events to construction
supply chain and 0.981 for strategies to minimise the impacts of catastrophic events on
manufacturing supply chain. According to Tavakol and Dennick (2011) [31], with the
Cronbach’s alpha value ranging between 0.70 and 0.95, the statistical tool is reliable, and
values close to 0.95 represents a high level of inter-dependence between the different
concepts being measured or investigated in the study. Retrieved data was analysed using
Mean Item Score (MIS), which is the main analysis carried out to rank the variables
based on respondents’ agreement to individual variables.

4 Findings and Discussion

Effect of Catastrophic Events to Manufacturing Supply Chain
Respondents believe that death and injury is a major impact of catastrophic events on
the supply chain with a mean of 4.33 respectively. While breakdown of information and
communication among the supplier and organisationwas ranked the least by respondents
with a mean of 3.84. The findings from the survey proved that failure to manage supply
chain risks effectively may lead to a significant negative impact on organisations. The
findings from the study also is consistent with findings from stecke and Kumar [18] who
stated that effects of catastrophic events leads to business losses. Furthermore, findings
from cousins et al. [24] that financial losses but also reduction in product quality, damage
to property and equipment, loss of reputation in the eyes of customers, suppliers and
the wider public and delays in delivery days are the effects of catastrophic events on
manufacturing supply chain, which is consistent with our findings (Table 1).

Strategies to Minimise the Impacts of Catastrophic Events onManufacturing Sup-
ply Chain
Respondents believe creation of risk management that include top leadership and strong
integration/teamwork is one of the primary strategies to minimise the impacts of catas-
trophic events on manufacturing supply chain with a mean of 4.39. This finding is
consistent with the findings of [28] whereby they were of the opinion where they stated
that an adequate risk management framework must be developed. Furthermore, the con-
structs measured in this studywere consistent with variables and possible strategies from
Tang 2006 [29] and Stecke and Kumar 2009 [18] (Table 2).
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Table 1. Effect of catastrophic events to manufacturing supply chain.

Effects Mean Ranking

Deaths 4.33 1

Injuries 4.33 2

Important damage to infrastructure and Property 4.29 3

Machinery harm 4.22 4

Loss of revenue 4.18 5

Manufacturing stoppages 4.16 6

Decreased production quality 4.14 7

Failure of business 4.12 8

Delay in transport 4.10 9

Production delays 4.10 10

Logistics breakdowns 4.08 11

Loss of organisation reputation 4.06 12

Closure of plants 4.00 13

Reconstruction cost 3.96 14

Senior management time devoted to crisis management 3.84 15

Information and communication breakdown among suppliers and
organisations

3.84 16

Table 2. Strategies tominimise the impacts of catastrophic events onmanufacturing supply chain.

Effect Mean Ranking

Creation of risk management that include top leadership and strong
integration/teamwork

4.39 1

Using information technology 4.29

Contingency scheduling 4.27

Supplier selection 4.25

Ensuring agility in the supply chain 4.24

Increasing flexibility in the supplier base 4.22

Building logistics capabilities 4.20

Increasing velocity 4.18

Inventory management 4.16

Redundancy creation 4.10

Increased visibility 4.14
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5 Conclusions and Recommendations

Catastrophic events are unique among supply chain risks due to low probability of
occurrence, difficulty in prediction and severity of impact. Vulnerability of MSC for
various types of catastrophic events has been substantiated in the literature. The study
further identified that the impact of such catastrophes is highly diverse and has different
effects on MSC performance. According to the findings, the most significant impact of
catastrophic events is a business failure and least significant impact is loss of focus to
work. The research finally established the need to implement strategies not only after
catastrophe occurs but also before the catastrophe in order to avoid severe consequences
on construction organisations. The catastrophic event risk minimisation strategy devel-
oped in this study would be useful for manufacturing organisations to identify suitable
strategic actions according to the risk level that they faced. The organisations in the man-
ufacturing industry can use the strategies to minimise the impact of future catastrophic
events on MSC for creating resilient manufacturing industry.
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Abstract. The growth of any logistics firm and its ability to compete globallywith
developed nation’s businesses depends on effective information flow. Information
flows in the manufacturing sector is vital in enhancing both economic develop-
ment and material flow in today’s competitive economy. The manufacturers had to
reexamine their method to ways of getting efficient, quality and up-to-date infor-
mationwithin the enterprises andways of dispatching the information. Sadly,most
logistics firms in Nigeria are among companies who are slow to realize the benefit
of new information flow on modern logistics management. Therefore, this article
is built on a review of literature on the influence of effective and new informa-
tion flow on logistics management in Nigeria. This study elaborates the benefits
of effective and competent information flow to Nigerian firms, types of logistics
information, and influence of information flow to the management of logistics
firms.

Keywords: Information flow · Logistics ·Management · Logistics information

1 Introduction

The growth of any logistics firm and its ability to compete internationally with developed
nations businesses depends on effective information flow.According to [6] the usefulness
and influence of new information flow in the logistics chain have been identified together
with material flow. Even though the aim of every logistics firm is to make a profit
through quality services and cost-effective means, they still suffer from inefficiency and
insecurity due to an omission of information flow processes in their daily activities. As
logistics chain becomes bigger and larger, it will become more difficult to keep up with
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efficient and effectiveness of information flow. Therefore, there is a need to improve on
the implementation of logistics in reducing waste such as inventory and prime time from
suppliers to end consumers [8]. The assessment of information flow within a logistics
chain can be referred to as the accomplished profitswhich surpass the charges convoluted
[4]. This cost mentioned includes; communication and administration costs, costs by
suppliers for providing new information and information systems investment. These
costs can be compressed significantly, as reported by [24], new effective information
flow in logistics chain can help improve logistics disruptions, optimize inventory levels,
achieve higher efficiency, deliver products to customer on time and analytics on business
partner performance.

Sadly, some logistics firms in Nigeria are among firms who are slow to realize the
benefit of new information flow on modern logistics management. They still apply the
manual information processing (paper-based inventory management system) and as a
result, they experienced prolonged cycle time and lead time in delivering products to cus-
tomers. These practices have managed to reduce the profitability, customer satisfaction
and increased overhead cost of this logistics firms due to inefficient logistics operations
or management. Therefore, this article is built on a review of literature on the influence
of effective or new information flow on logistics management in Nigeria.

2 The Concept of Logistics Management

The development of logistics management function started during the 1990s in a bid to
control ever-rising costs and to address the problem of logistics being overlooked by
more developed functions like purchasing, marketing, and production [1]. Logistics in
contrast to supply chain management is the arrangement that its important in moving
and positioning inventory throughout a supply chain. Integrated logistics serves to link
and accompany the overall supply chain as a continuous process and is vital for a desired
result in supply chain connectivity [2]. The Council of Logistics Management (1998)
defines Logistics management as that element of the supply chain system that plans,
implements, and tests the efficient, effective flow and storage of goods, services, and
new information flow from the initial point to the consumption stage in order to meet
customers’ specifications. This implies that Logistics management deals with the short-
term aspect of a supply chain where products are moved into a facility, properly stored,
handled and moved out.

The transportation management, distribution management, management of 3PLs are
identified as ‘logistics activities’ and their management are vital to the performance
of the supply chain and the organizations as well [20]. Thus, logistics management is
involved with the effectivemanagement of activities all along the supply chain. Logistics
management target is to get the best out of the firms and to have an outlining perspective
that seeks to create a single plan for the flow of goods and information through a business
[4]. Furthermore, if logistics is mentioned as a combine concept that seeks to develop
a system-wide view of the firm, it is still primarily a planning concept and the goals
of logistics management are to create a single plan mindset within the business. The
combination of physical supply and physical distribution came in handy to the high cost
of logistics and management’s desire to minimize these costs while also elaborating on
customer service [15].
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3 Information Flow In Logistics Management

According to [23], Information can be defined as a cluster of facts that is structured
in such a way that they possess extra worth beyond the worth of the certitudes them-
selves. It comprises of raw facts which comprise, employee’s information, number of
hours, list of inventory and order of sales. The info flows in the manufacturing sector is
vital in enhancing both economic development and material flow in today’s competitive
economy. The manufacturers had to reexamine their method to ways of getting effi-
cient, quality and up-to-date information within the enterprises and ways of dispatching
the information [18]. [21] and [17] mentioned that the availability of the information
resource such as hardware and software only is not enough. This implies the organiza-
tions ought to participate in information flow activities because if they operate alone,
information flow and sharing will only be limited to a single organization. Influence
of new information flow is the way dissimilar structures of network can be linked to
make the organization among logistics chain associates closer. The importance of this
coordination includes; rise in effective Information flows, reduction in uncertainties and
the clients will collect higher goods quality with a minimal cost in a short period [7].
Customers’ needs can be met through the planning and management of the information
flows and resources from the source, via the operating environs of the company and to
the suppliers [4]. [10] mentioned that the flow of material cannot be set-apart from flow
of information; there are association between the physical flow and the info that flows
between the sources. In present times, the information flowwithin the logistics chain has
become essential since it permits logistics firms to perform in real time with precise and
efficient data. Firms today classify flow of information as an asset since it is unfeasible
to have well-organized and accurate flow of material without it [12].

This implies that the information flow ensures the logistics chain’s quality, from the
place of departure at the supplier’s right through to the final consumer. The information
flowmust not be directed to suppliers alone both also on the customers’ ability to source
and determine what they need or requires in a shorter ordering time. New effective
information flow enables firms to make better planning decision in their operations such
as; improved utilization of resources, supply and logistics chain costs minimization and
better responsiveness to customer’s needs [9, 13].

3.1 Types of Logistics Information Flow

[25] expresses in a research that there are various dissimilar sorts of effective info that
can be apportioned within a chain of logistics, such as; Inventory Info, Sales Dataset,
Forecasting of Sales, order info, Information of Product Ability, and Exploitation Info
of New Merchandises. Two types of logistics information have also been established
by [15], they are strategic and operational info. Operational information involves quan-
titative information about daily sales on inventory levels and Its importance includes;
demand sequence times reduction, reduction of inventory levels, and to upgrade customer
service. Tactical information involves qualitative issues about the company’s business
strategies and Its importance includes; enhanced cooperation among associates of logis-
tics chain and future forecast on operations of logistics based on scheme variations. As
per [2] who further characterizes logistics flow of information in two major procedures
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namely; Planning and Operations. Planning/management is used to facilitate capacity
limitations, logistics needs, inventory preparation, manufacturing needs, procurement
demand, and forecasting while Operations is used to facilitate order processing, order
project, distribution operations, and inventory management.

3.2 Benefits of Logistics Information Flow

Numerous studies have been carried out bymany authors to ascertain the benefits of infor-
mation flows in logistics companies’ management. Some of these sources include; [11,
17], and [24]. These authors have emphasized on the information flow benefit within the
supply/logistics management chain, it is done by identifying distinct parties within the
firm’s network and finding a way to improve the business contacts. The benefits of infor-
mation flow include; 1) increase in safety of stock, 2) inventory reduction, 3) decrease
in cost, 4) reduction of uncertainties, 5) enhanced resource utilization, 6) Better tracing
and tracking, 7) expanded network, 8) negotiate better contracts, 9) find less expensive
transportation modes, 10) efficient and precise reporting 11) better understanding of the
various types of cost to serve customers.

3.3 The Implication of Information Flow in Nigerian Organizations

In a review by [19], the introduction of new information flow to logistics management
can help in knowledgeable resolutions which can save a firm up to 40% on expendi-
tures of logistics, so one of the most excellent logistics management applications is
to make improvements on logistics information flow. Therefore, the implementation
of logistics information flow will help to bring ease in firm’s decision-making process
and increase in timely execution of contracts. [14] mentioned that usage of intensive
information resource, logistics firms can gain access to the active flow of information,
less transaction costs, and develop a capacity for information gathering. According to
[3] presently, logistics firms in Nigeria operate in a very competitive market and the
only way of surviving in these business environments is to incorporate information flow
into their firms’ operations. For example, Nigerian wine industry dealers face various
challenges in logistics for an assortment of the wine stocks imported from South Africa,
European countries and the rest of the world. Some of these logistics challenges include;
distribution limitations, limited storage facilities, and the problem of inventory manage-
ment. This means that competitive advantage growth is mainly required in the dispersal
costs acquired and efficiency in the procedure of transporting cargo to final consumers
from distributors. Therefore, the competitive advantages of the suppliers in the Nigerian
wine industry can be boosted using logistics management information flow in their daily
activities that will help to bring ease in consignments ordering process and increase in
timely execution of distributions. The incorporation of effective information to logistics
management will bring about innovation, expertise, timely execution of contracts, and
cost-effectiveness. However, the only way these expectations can be met is to have oper-
ational and strategic information flow that can convert the strengths and opportunities of
their organizations into what could boost their competitive advantage, thereby giving a
continual survival and relevance in the industry. The urge for competitive advantage in
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today’s global market has brought the whole supply chain environs in a continual devel-
oping market, so the functions of logistics must be supple. To determine the influence of
effective flow of information on logistics management, analysis of the existing logistics
processes must be performed [19]. Therefore, the following questions are to be used for
the analysis; 1) Is there a plan that defines when an item should be cataloged and when
an item should be sent directly to a consumer? 2) Would your firm prefer to have a third-
party logistics firm manage some or all aspects of your logistics functions? What cost
effective and customers service applications must you take into detail before making this
decision? 3)What part of your delivery network should be improved? 4) Could a change
of mode of transportation save cost? 5) Do you channel too much inventory? Too little?
6) What are your definite customer service goals? Smooth item returns? The speed of
delivery? Safety of the consignment? 7) What form of future business operations will
affect logistics management functions?

4 Conclusion

This study provides an insight on the influence of new information flow in logistic
management, how it has increased the growth of developed nation’s logistic chain. It
was discovered that many logistics firms in Nigeria are slow to realize the benefit of
new information flow on modern logistics management. As a result, they experienced
a prolonged cycle time and lead time in delivering products to consumers. Therefore,
this study has highlighted the benefits of effective and competent information flow to
Nigerian firms, types of logistics information, and influence of information flow to
Nigerian logistic firms.
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Abstract. This paper reports the use of Structural Equation Modelling technique
to test the influence of resource commitment as a predictor of reverse supply
chain management implementation. The study was conducted among profession-
als involved in supply chain and reverse supply chain using a survey method for
data collection. At total of 314 questionnaires were filled completely and retuned
back. The data gathered was analysed using structural equation modelling, which
was used to assess the factorial structure of the constructs, the structural equation
modelling software used was the Amos 26.0. the factorial structure, reliability
and validity of resource commitment indicator variables were investigated. The
finding revealed a positive influence on the outcome of the implementation of
RSC. Further SEM analysis revealed that the Rho and the Cronbach’s alpha coef-
ficients of internal consistency were over 0.70 criterions for acceptability, and the
constructs shows a good mode fit to the sample data.

Keywords: Manufacturing · Resource commitment · South Africa · Reverse
supply chain

1 Introduction

In today’s business world, reverse supply chain is growing with immense importance to
becoming a competitive necessity. Returns in recent times have become more liberal, an
increase in the use consignment inventory, shorter product lifecycles, more demanding
customers has translated to more returned products [1]. As a result of more returned
products, organisations are seeking ways to find more efficient was to reclaim, redis-
tribute and/or dispose of returns. In this respect, end of life take back laws have been
enacted in past periods in the European Union (EU) and United States of America [2],
examples of such takeback laws are Waste and Electrical and Electronic Equipment
(WEEE) and End-of-Life Vehicles (ELV) [3].
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These directives have led to the buzzwords of reverse logistics, reverse supply chain
spoken about in recent times. Reverse supply chain is the management of a series of
activities vital to recover a product from a customer to dispose of the product or recover
value of the product [4]. In the same length, reverse logistics as defined by Rogers and
Tibben-Lembke (1999) [5] as the process of planning, implementing and controlling the
efficient, cost-effective flow of raw materials, in-process inventory, finished goods and
related information from the point of consumption to the point of origin for the purpose
of recapturing or creating value or for proper disposal.

For this study, the research focuses on the role resource commitment plays in the
implementation of reverse supply chain for manufacturing companies.

2 Resource Commitment and Reverse Supply Chain

In order to attain an effective RSC, it is important to incorporate the commitment of
resources, whether it is managerial (such as day to day decision making) or financial,
such as an investment in training personnel on the new technology, and information
at levels on what should be done [6]. An organisations resources include all assets,
capabilities, Organisational processes, firm attributes amongst others controlled by a
firm that enable it to conceive of and implement strategies that improve its efficiency
and effectiveness [7]. In order for organisations to implement reverse supply chain,
organisations have to allocate their limited resources to enable the implementation of an
effective reverse supply chain [8]. It has been suggested by Sweeny and Szwejczewski
(1996) [9], that as managers commit more financial human and physical resources to a
program, superior financial performance may be realized [10].

Regarding RSD specifically, the commitment of RSC resources has positive impacts
on the achievement of RSC program goals, including environmental regulatory com-
pliance, reduced inventory investment, improved profitability, and increased economic
performance [11]. Recent studies have suggested that resource commitment makes RSC
programs efficient and more effective [12].

Resource commitment to reverse supply chain should be a priority because of the
possibility for enhancing the implementation of reverse supply chain. In addition, it
offers a strategic way of developing lasting connections with customers [13]. However,
allocation of insufficient financial and personnel resources has been identified as one of
the principle obstacles to development of a good RSC program [14].

3 Methodology

A quantitative methodology was selected for this study, as it based on the positivist
approach which describes the connecting variables that establish realism [15]. As well
considered, in order to carry out a quantitative method, it is dependent on collection
of data and analysed by statistical analysis and mathematical formula. The statistical
analysis selected was the structural equation modelling software, Amos 26.

Data was collected using an electronic method. A total population of 512 firms
was sampled, from which 302. The Survey instrument used on this study was designed
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to obtain the perceptions of respondents to determine the influence of resource com-
mitment on the implementation of reverse supply chan. The instrument consisted of a
demographic’s sections. In addition, the construct of resource commitment. Individuals
items were valued on a 5-point Likert scale.

Factor analysis and internal consistency tests were conducted on the constructs to
determine reliability and validity. Confirmatory factor analysis (CFA) was selected, as
it provides a more rigorous testing of theory as compared to exploratory factor analysis
(EFA). Furthermore, CFA ensures that the researcher is able to evaluate a priori rela-
tionships whereas EFA does not require priori specifications for relationships theorised
priori to model testing. CFA allows the indicators to load on certain pre-selected factors,
while EFA allows the data and statistical techniques to determine the measurement of
the model [15].

Internal consistency of the questionnaire was tested for the Cronbach alpha, with an
acceptable cut off criteria of 0.70 and 1.0 is deemed better. But Hair et al (1998) [15]
stated that the Cronbach alpha accepted when performing an EFA is 0.6. For this study,
the Cronbach alpha is 0.965, for the following constructs to measure RC as shown in
Table 1 and for Table 2 the Cronbach alpha is 0.975.

Absolute Fit Indices: These indices determine how good a priori fits the data sample
[16] and further shows the model which has a superior fit. These include the foremost
fundamental sign of how well the anticipated theory fits the data. Calculation of SEM
does not rely on comparison with a baseline model but instead measure of how well in
comparison the models fit.

This calculation does not rely on comparison with a baseline model but is instead a
measure of how well the model fits in comparison to no model at all [17]. Included in
this study to be measured are the chi-squared test, RMSEA, GFI, the RMR, SRMR and
the reliability.

Root Mean Square Error of Approximation (RSMEA)
RSMEA reports how well the model, with unknown but optimally chosen parameter
estimates, would fit the populations covariance matrix [18]. Up to the early nineties the
cut-off criteria of RSMEA ranged between 0.5 to 0.10 with values above 0.10 considered
a poor fit [18]. It was formerly assumed that a RMSEA of between 0.08 to 0.10 provides
a mediocre fit and values below 0.08 shows a good fit [19]. Recently, a cut-off value
close to .06 [20] or a strict upper limit of 0.07 [21] is considered a good-fit and it has
been the general consensus amongst authorities in this area.

RootMean Square Residual (RMR) and Standardised RootMean Square Residual
(SRMR)
The RMR and SRMR are the square root of the difference amongst the residuals of
the sample covariance and the hypothesised covariance model. The range of RMR is
grounded on the type of Likert scale used which could hold varying levels ranging from
1–5 while others range from 1–7. This often makes the interpretation of RMR difficult
[23]. Hence SRMR resolves this difficulty and its interpretation is clear. The values of
SRMR range from 0 to 1 with models’ well-fitting obtaining values less than 0.05 [19,
24]. However, values as high as 0.08 are considered acceptable [20]. For a perfect, the
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value of SRMR is 0 but it is seen that SRMR will be low when there is a high number
of parameters and affected by large sample size.

Normed-Fit Index (NFI)
These indices assess the model by relating the χ2 value of the model to the χ2 of
the null model. The null/independence model scenario is the worst case as it puts all
measured variables as uncorrelated. The statistical range varies between 0 to 1 with the
recommendation from Bentler and Bonnet (1980) [26] putting the values to be greater
than 0.90. However, in recent times, the range has been put at a cut-off criterion be ≥
.95 [20] One of the limitations of this index is its sensitivity to size of sample, thus
miscalculating sample fit for sample size fewer than 200 [27, 28]. This led the NFI not to
be depended on solely (Kline, 2005). This limitation was corrected by the non-normed
fit index, also identified as the Tucker-Lewis index, an index with a preference for simple
models. In situations where the sample sizes used are small, the results of the NNFI can
show poor fit in spite of all the added indices pointing to a good fit [23, 28, 29]. One
more limitation of the NNFI is that owing to its non-normed nature, values can go above
1.0, making it hard to interpret [30]. Values of 0.08 and less have been recommended as
preferred; however, Bentler and Hu suggested greater or equal to 0.95 as threshold.

Comparative Fit Index (CFI)
The CFI is a revised form of NFI as this takes account of the sample size [30]. It also
performs even when the sample size is small [29]. [28] introduced it and later included
it as one of the fit indices in the SEM programme [23]. Just like the NFI, the statistics
assumes that the latent variables are uncorrelated and brings into comparison the sample
covariance matrix as well as the model. The cut-off criteria range from 0 to 1 with
values closer to 1 showing a good fit. However, recent research has shown that a CFI
value greater or equal to 0.95 is indicative of a good fit.

Goodness of Fit Statistic (GFI) and the Adjusted Goodness-of-fit Statistic (AGFI)
The goodness of fit was created as an alternative to the chi-square test. GFI computes the
measure of variance that is taken into by the population variance [29]. GFI takes account
of the covariance accounted for by the model. It also proves how carefully the model
comes to repeating the observed covariance matrix [24]. The cut-off criteria are between
0 to 1. Related to the GFI is the AGFI which adjusts the GFI based upon degrees of
freedom, withmore saturatedmodels reducing fit [29]. Thus, more parsimoniousmodels
are preferred while complicated models are penalised. In addition to this, AGFI tends
to increase with sample size. As with the GFI, values for the AGFI also range between
0 and 1 and it is accepted that values of 0.90 or greater show well-fitting models. Given
the often-detrimental effect of sample size on these two fit indices, they are not relied
upon as a standalone index. However, given their historical importance they are often
reported in covariance structure analyses.

4 Analysis and Discussion

Structural equation modelling was used alongside CFA to analyse and evaluate the
model proposed and hypothesis. SEM is a multivariate statistical technique that defines
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and estimates the relationships between the endogenous and exogenous variables simul-
taneously [35]. Firstly, before a CFA is carried out, there will be a descriptive analysis
carried out to determine the variables the respondents considered important, as shown
below in the Table 1. In addition, the KMO and Bartlett test of sphericity where within
acceptable range of 0 to 1 and for this study it is 0.948 [29]. TheBartlett test for sphericity
was significant at 0.00. For the test for communalities, the variables should be greater
than 0.5 to enable it to be good enough to carry out a CFA (Pallant, 2013).

Table 1. Descriptive analysis for resource commitment

Constructs Mean Std Dev Communalities

Having personnel to run the RSC 3.98 1.073 0.722

Having resources to train personnel regularly 3.98 1.107 0.841

Having resources to store and remanufacture
most of the returned goods

3.94 1.089 0.807

Having resources to manage third party
suppliers

3.93 1.101 0.825

Having resources to ensure proper selection
of suppliers

3.91 1.091 0.827

Having resources for necessary information
technology

3.87 1.086 0.747

Having necessary financial resources 3.72 1.082 0.793

Kaiser-Meyer-Olkin Measure of Sampling
Adequacy

0.948

Bartlett’s Test of Sphericity Approx.Chi-square 2512

Df 6

Sig. 0.000

Table 1 reveals the convergent validity and internal consistency of the resource
commitment construct. The threshold of average variance extracted (AVE) is above 0.5 as
recommended by Fornell and Larcker [37] and Hair et al. [39]. The composite reliability
(CR), threshold as recommended by Litwin [36] is 0.5, but Fornell and Larcker [37]
and Wong [38] recommended 0.7. The AVE finding of this study is above 0.5, meeting
the cut-off criteria. The CR for this construct is 0.96 because they indicate that all the
indicator variables are measuring the same phenomenon [39].

The X2 divided by the degree of freedom (Df) revealed a good fit of 3 to 5 as noted
by Hu and Bentler [20], while the goodness-of-fit (GFI) must be from 0 to 1 as observed
by Doloi et al. [40]. Similarly, the CFI met the minimum threshold of at least 0.80 set
by Hu and Bentler [20] and a cut-off of 1 as set by Hu and Bentler [20]. The normed
fit index (NFI) can fall within the 0.6 to 1.0 threshold observed in Doloi et al. [40]. The
chi-square was 4.6 which makes it a good fit. The GFI, CFI, NFI, RFI and TLI all met
the cut criteria of >0.90 and >0.95 respectively. The RSMEA gave a fit 0.08, which
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makes it acceptable and the SRMR is 0.05. This means that all the variables of resource
commitment are fit for acceptance into the final structural equation model.

5 Conclusion, Limitations and Recommendation

This study focused on the role resource commitment play in the implementation of
reverse supply chain. The study focused specifically on the impact from a reverse supply
chain standpoint of view, of resource commitment and implementation of reverse supply
chain. The findings from this study is consistent with the theory of resource-based view
which suggests that much of the differences in performance or among organisations
results from resource heterogeneity (Christmann 2000). However, a firm leverage on
the committed resources is important (Cho, Kim and Rhee 1998). Resources of an
organisation include all assets, capabilities, organisational processes, attributes of the
firm amongst others which are controlled by the organisation to allow it to comprehend
and implement strategies such as RSC that improve its efficiency and effectiveness (Hall
1992). Firms have to allocate resources which are limited resources between two key
processes of creating value and appropriating value which includes extracting profits in
themarketplace (Mizik and Jacobson 2003). Isobe et al (2000) stated that a high resource
commitment has positive impact in overall customer satisfaction. The commitment of
resources, specifically to RSC has positive impacts on the achievement of RSC, as seen
in the findings including greater profitability (Daugherty et al. 2002).

The limitation of the study is that data was collected from only manufacturing organ-
isations in Gauteng, this may limit the findings. Also, the methodology used is also a
limitation. As well, the sample size could also be limitation, as a bigger sample size
could lead to a better result.

Recommendations, the geographical region must be spread, which simply means
othermetros, provinces in SouthAfricamust be explored.More variables could be added
to measure the construct of resource commitment and the output of the implementation
of RSC. Also, a mixed method is also recommended to get the best of results.
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Abstract. This article sought to carry out an experimental study for the optimiza-
tion of fragmentation through the implementation of a rubber plug to apply the
air chambers technique; For this, based on past research, the best position of the
accessory and the length of the air chamber that provide the best results in the
size of the fragment were also identified. The tests were carried out in an open pit
mine, with proven geological and geomechanical characteristics and calculated
in geomechanical laboratory tests by compression and tensile tests. There were 3
proposals for the position of the air chamber accessory with the determination of
the corresponding length. After the blasting process, the comparative granulom-
etry measurements of the proposal were made versus the granulometry obtained
without the application of the accessory, for which the use of an image analy-
sis software was proposed to determine a P80 of fragments passing through said
mesh.

Keywords: Drill and blast · Air chamber · Fragmentation · Rubber plug · Open
pit

1 Introduction

Themost important purpose of the blasting is to reduce the rockmass to smaller particles,
called fragments, allowing their practical loading and subsequent transport with the use
of machinery to the concentration plant or waste pile. Blasting, thanks to the detonating
power of explosives, produces shock waves and, through a reaction, releases gases at
high pressure and temperature in a substantially instantaneous way, to start, fracture or
remove a quantity of material according to the design parameters of the blasting itself
[1].
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The fragmentation of rocks by blasting plays an essential role in hard rock mining
since it is considered the most important effect of blasting, which will depend on certain
factors such as: quantity of explosive, accessories, techniques, etc.; the efficiency of these
will influence that of subsequent systems such as loading, transportation, crushing and
grinding in mining operations [2]. The fragmentation distribution in most of the blasts
that are carried out does not reach the optimum size required; even obtaining oversized
fragments that affect the following loading, transportation and crushing processes. The
distribution of the sizes of the blown material reveals the efficiency of the parameters
that were considered and used in the development of the blast to obtain the optimal sizes
necessary [3].

2 State of Art

2.1 Implementation of Plugs in the Air Chambers

Plugs or plugs as air chamber generating agents can improve the utilization of explosive
energy to a considerable and considerable extent. Research confirms this statement by
the fact that an obvious improvement has been achieved in the use of the energy released
as a result of the blasting, with the application of the air chambers. The generation of air
spaces requires an important accessory that allows the formation of this empty space,
which is why the plug that is used or also called Stemming Plug Augmenting Resistance
to Stemming inHoles or by its acronymSPARSH, is next to the high-strength polypropy-
lene caps one of the available devices that can be used effectively as an accessory to
generate the void space or air chamber [3, 4].

2.2 Air Chambers in the Blasting of Mineralized Banks of an Open Pit

Air chambers are emerging as an alternative in open-cast manganese mines. The air
chamber in the fragmentation of the rock mass of a manganese open-pit mine was
investigated, revealing that air chamber blasting improves the degree of fragmentation
and produces a more uniform fragmentation compared to conventional blasting. The
aforementioned regarding the benefits of applying a new blasting technique is reinforced
by what has been said by those who expose the study of a new technique; in parallel
compared between conventional blasting, the air chamber and plastic tube [7, 8]. A
comparative is also presented with the evaluation of rock fragmentation from these
techniques. In addition, among the factors that complement the use of the technique, the
non-restriction on the type of material used for the plug or the length that it may have
are considered [9–11].

2.3 Positioning of the Air Chamber Within the Explosive Column

This technique was evaluated in a scale scenario, but recreated in tests with concrete for
experimentation; since, the investigationwould test the study to scale in a laboratory. The
reason for the use of concrete is due to the property that allows to eliminate the effects
of uncertainties and geological irregularities such as: fractures, folds, faults and joints
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in blasting results. The study phases took place in a base scenario (without technique),
then the use of the air chamber was implemented and the chamber was positioned in a
superior, middle and inferior way; finally, the appropriate length was sought by testing
4 lengths corresponding to 10%, 20% and 40% of the total length of the hole. The use of
the air chamber gave a reduced fragmentation screen in the middle and lower position
[12–14].

3 Input

3.1 General View

The present investigation presented a proposal in order to remedy or solve the problem of
the fragmentation of the rock mass produced by the blasting of banks in surface mining
(Fig. 1).

Fig. 1. Proposed model

Geological Maps. This resource allows us to previously know the scenario and all the
studies that are had on it. The correct collection of bibliographic information and the
validation in the field of the work previously carried out will allow the scenario to be
accurately contextualized. Likewise, the geological formations and super units present
in the study area influence the results of the research, it seeks to reduce the uncertainties
that interfere with the veracity of the results.

Rubber Stopper. This variant in the material of the accessory that allows generating
the air space inside the hole obeys similar behaviors to the already known conventional
materials, with the benefit of its high elasticity and tensile strength, which qualifies it
as a resistant material in the moment of blasting. Another of its characteristics is the
impermeability and property of conforming to irregular spaces within the drill. This last
property allows the air chamber to be further sealed.
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Fragments. This research identified that there are several benefits that can be obtained
by achieving the correct location of the bucket plug and its corresponding length in the
bark, but it mainly focuses on reducing the size of the fragments in order to favor post-
blasting processes. It can be inferred that the application of the air chambers technique
reduces the size of the fragments compared to not applying it. However, factors such as
the type of rock, the compressive strength must be taken into account.

4 Implementation

4.1 Baseline Scenario

The initial blasts were carried out at the Ccoriccocha mine in the mineralized zone,
located in the Lurigancho district, Lima province and region; resulting in being located
within the quadrants of Lurín-25j and Chosica-24j of the national geological chart of
Peru, as can be seen, in effect 3 maps were used in order to observe the quadrants in
greater detail.

These mineralized structures are present in rock types such as monzogranite, diorite
and granodiorite. For this, it was necessary to select a reduced stage that would serve as
a scale bench for the blasting. A test blast was carried out with the drilling of 8 holes
(Figs. 2 and 3).

Fig. 2. Drilling the holes Fig. 3. Drilled holes for test blasting

The parameters considered were applied in the same way as in the large open-pit
drilling campaigns, in order to apply this same concept for all subsequent blasts and thus
there are no variations in the blast variables.

The granulometry obtained served as a starting point for comparison with the granu-
lometry of the fragments after the application of the rubber stopper. The results obtained
after the image analysis are summarized in Fig. 4.

Finally, the P80 was calculated following an interpolation of the data obtained by the
fragmentation. The concentration of the fragment size can be observed above 100 mm,
with an established P80 of 7.30” (Fig. 5).

Implementation of the rubber stopper in the air chamber technique.
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Fig. 4. Granulometric table of the base scenario

Fig. 5. Granulometric curve

The accessory or rubber plug was developed that will allow the creation of the air
chamber or air deck in English, this has a concave circular design allowing the formation
of the compression chamber in a blasting drill, its design allowed it to be easily installed
with the help of an inert attacker (plastic or wood) without resorting to the need for
additional efforts.

The plugs were requested according to the requirement with the appropriate dimen-
sions of 1 ¼” in diameter and ¾” thick. The internal hollow structure that the circular
cap has allowed the application with the etcher. Having carried out the necessary safety
procedures to carry out the drilling and blasting process, the triangular mesh of 8 holes
was marked and the drilling of these began.

The mesh of 8 holes was drilled for a calculated volume of 0.768 m3 considering a
burden of 0.4 m., Spacing of 0.4 m. bench height 0.6 m. and 8 holes.

It was not necessary to place a mass of detritus on top of the plug. With the holes
drilled as established, the rubber plugwas placed considering a length of 0.1m calculated
from the bottom, said application was carried out with the support of an attacker to direct
the plug and prevent it from pointing in another direction (Fig. 6).

The distance from the location of the plug is measured, this length corresponds to
the length of the air chamber.

The plugs were placed in the considered production holes of the scale bench to
perform the test. After having placed the plugs in the wells, the process continued
with the loading of the explosive column; for this the UM. Ccoriccocha provided the
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Fig. 6. Placing the plug in the holes

acquisition of explosives and accessories, which met the requirements indicated in the
mining safety regulations.

5 Results

Uniaxial compression tests were performed on the samples taken from the field. From
the laboratory tests carried out on the rocky massif to detail its characterization, it was
obtained that the resistance to simple compression of the granodiorite present in the
study area of the Ccoricocha mine is 114 MPa, a value very close to the minimum limit
that it accepts the application of the technique of air chambers.

For the first blast with a length of 0.1m in the lower position of the hole, the following
results are obtained (Fig. 7).

Fig. 7. Result table - Test 1

Likewise, the granulometric curve made graphs a curve with values close to 100mm.
of particle size (Fig. 8).

TheP80 calculated for this blast delivered a value of 4.84 inches, evidencing a notable
reduction in the size of the fragment compared to the base blast.

For the second blast, the position to the central part of the hole is varied. It is analyzed
by digital images and the following results are obtained (Fig. 9).
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Fig. 8. Granulometric Curve 1

Fig. 9. Result table - Test 2

Likewise, a graph of the granulometric curve that behaves linear and with values
close to 100 mm. (Fig. 10).

Fig. 10. Granulometric Curve 2
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For this second technique test, a calculated value of P80 of 5.61 inches is obtained.
The third and last test is carried out with a length of 0.1 in the upper position,

immediately close to the block.
For this last validation the results were not so favorable, since larger fragments were

obtained compared to the base scenario in which the technique was not used. This test
gives us a calculated P80 value of 7.91 fleas, a value above that calculated in the base
scenario.

6 Conclusions

Compression tests validated the type of rock corresponding to the granodioritic intrusive.
This calculated resistance of 114 MPa in a simple compression test and 110 MPa and
105 MPa in two validated sclerometric tests, allowed the application of the air chamber
blasting technique in this scenario.

The results obtained in this research article responded to the reduction in the size
of the fragments and irregular fragmentation, however, the reduction percentage for the
lower positioning of 33.4% is significantly different when compared with trials and
implementations of other authors that obtain a 20% reduction. The explanation could be
given because the index of resistance to simple compression of the granodiorite present
in the study area was close to the lower limit allowed for the application of the technique.

It is concluded that the recommended position of the air chamber according to the
results obtained for this type of test scenario in granodioritic rock is in the lower part of
the hole at a bottom length of 0.10 m.
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Abstract. The objective of this article is to obtain geopolymer cement for the
manufacture of shotcrete from the alkaline activation of mining tailings, which
can improve the durability, resistance to compression, setting and fluidity of the
shotcrete. For this, alkaline activators such as sodium hydroxide (NaOH) and
sodium silicate (Na2SiO3) will be used. Likewise, the standardized test will be
carried out to determine the compressive strength of concrete in cylindrical sam-
ples, in order to analyze the mechanical properties acquired by the shotcrete made
with geopolymer cement of 12 and15MNaOHconcentration.The results highlight
the possibility of obtaining an eco-efficient cement with compressive strengths of
up to 18 MPa at 28 days, reductions of up to 73% in CO2 emissions from the
production of Portland cement and a sustainable alternative for the use of tailings.

Keywords: Alkaline activation · Geopolymer cement · Tailings

1 Introduction

Currently, Peruvian mining is suffering from rockfall problems, many of which have
caused accidents and the death ofworkers. According toOSINERGMIN [1], it was found
that 20%of accidents with fatalities that occurred in 2019were caused by geomechanical
failures, due to an inefficient application of adequate support. In addition, the Ministry
of Energy and Mines (MINEM) [2] indicated that 29% of accidents in the last 20 years
were caused by rockslide, which refers to failures in support. That is why the mining
sector has the need to design more efficient processes, methods and/ or techniques to
reduce the problems caused by the instability of underground workings. Consequently,
today a suitable and optimal type of support is being sought, since it is an essential
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process to protect personnel and equipment from accidents, it also encompasses value,
because it is an additional high-cost work that reduces the speed of mining progress
and/or production [3].

According to the Chilean Cement and Concrete Institute (ICH) [4], in underground
mining, support has a great scope because, due to the nature of the work, all work carried
out inside the mine is carried out in empty spaces, unstabilized product of the breakage
of the rock or mineral extracted. To cover and minimize the problems of geomechanical
instability,mininguses passive and active support, of these two types of support, shotcrete
(passive) is the most used support in the Peruvian-mining industry.

2 State of the Art

2.1 Shotcrete Production Method

Since its successful application in the United States in 1907, shotcrete has quickly
become popular in geotechnical engineering. During this period, the quality of the
shotcrete, the working environment, the production efficiency and the mechanical prop-
erties have been significantly improved through the continuous reform of the technology
and the improvement of the composition of its raw materials. However, these studies
only focused on the composition, proportion and additives of shotcrete raw materials [5,
6].

2.2 Method of Making Shotcrete with Geopolymer Cement

According to C.S. Cundy, geopolymerization is any reaction that transforms a well-
defined solid precursor, in the presence of an alkaline solution with or without soluble
silicate, into aluminosilicate gels. The formation of geopolymers can be summarized in
three steps: the first step consists of the dissolution of the Si and Al species in an alkaline
medium; the second step is the condensation of the dissolved species in manometers
and, finally, polycondensation occurs, which leads to the formation of an amorphous gel
[7, 8].

2.3 Method of Making Shotcrete by Alkaline Activation of Mining Tailings

Currently, in alkaline activation in tailings containing lead, it has been shown that this
compound is immobilized in the forms of lead in network (41.75%), lead in silicate
of PbO-3SiO2 (3.89%) and PbO -7SiO2 (54.37%), respectively. On the other hand,
by increasing the addition of Pb (NO3) 2 to 6%, more PbO-3SiO2 is formed, while
the network lead fractions and PbO-7SiO2 decrease, due to the formation of a more
geopolymer gel phase. Low and more lead oxides participate in the alkaline activation
process. Thiswas determined in an investigationon the implementation and improvement
of the alkaline activation ofmining tailings for the immobilization of lead in cementitious
binders, which sought to reduce the impacts caused by mining tailings, this in terms of
its ecological approach, since it it is known that tailings are composed of heavy metals
that penetrate and damage soil and water resources [9–11].
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3 Input

3.1 General Contribution

Figure 1 represents the flow chart of the process from a general point of view, divided into
three fundamental phases. The process begins from theAnalysis Phase, which consists of
the collectionof information and the takingof samples of tailings from the tailings deposit
No. 2 of the Huancapetí mining unit of Compañía Minera Lincuna SA, in addition to the
granulometric analysis and chemical analysis of said samples, which must meet certain
conditions. In the same way, the Design Phase is presented, consisting of the design
and preparation of the activator solutions at different molar concentrations of NaOH
(12M and 15M), the dosage of the activator to carry out the alkaline activation of the
polymetallic mining tailings and the design of themixtures of shotcrete with geopolymer
cement activated at different molar concentrations of NaOH. Finally, the evaluation and
discussion phase is represented by the evaluation of the mechanical properties of the
shotcrete with geopolymer cement by means of the simple compressive strength test of
the shotcrete samples and the comparison of the different previously designed mixtures.

Fig. 1. General flow chart

3.2 Detail Contribution

Activator Solution Design. For the preparation of the activator solution, necessary for
the alkaline activation of the tailings, Sodium Silicate and Sodium Hydroxide (NaOH)
will be used, the first being a commercial alkaline activator (pH = 2) and of high
efficiency, which will grant greater mechanical resistance to the geopolymer cement to
be obtained, in addition to accelerating the activation process. On the other hand, NaOH
is an activator that will be necessary due to its ability to activate a greater number of
aluminosilicate species.

Alkaline Activation. For the alkaline activation of the mining tailings, the solid com-
ponent (dry tailings) was progressively mixed with the previously prepared activating
solution, both 12M and 15M NaOH in separate containers, for which two types of
geopolymer cement were obtained. It is important to emphasize that the workability of
the geopolymermixturewas determined by the amount of the activating solution that was
used. Likewise, to obtain the ideal geopolymer cement, a solid/activating solution ratio
of 1.5 was used, as a standard measure to obtain a pasty mixture, ideal for cementitious
material.
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Shotcrete Mixing Design. For the design of the shotcrete mixture, geopolymer cement
was used as a replacement for Ordinary Portland cement together with the aggregate of
settling type sand and steel fibers. For the pertinent calculations, the ACI 211 Standards
were used, referred to the “Guide for the design of concrete mixtures”, hand in hand with
the criteria imposed by the ACI 506 R standards (Shotcrete Guide). The calculations
were developed based on a design of 210 kg/cm2 and a volume of 1 m3, in addition to
considering a particle size of the arid aggregate not greater than 3/8”.

3.3 Indicators

Moisture Percentage
Calculate the water content present in the mine tailings sample. Calculation formula:

% humidity = mh − ms

ms
× 100 (1)

Where:

mh: wet mass.
ms: dry sample mass.

Reference Level:

Good: Percentage of humidity less than 45%.
Medium: Percentage of humidity between 50%–75%.
Bad: Percentage of humidity greater than 75%.

Water/Cement Ratio
It allows to improve the workability or mechanical resistance of the designed concrete
mix. Calculation: (Fig. 2).

Fig. 2. Water/cement ratio
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Reference Level:

Good: Complete hydration will be obtained with workability with a ratio greater than
60%.
Medium: Complete hydration will be obtained with greater mechanical resistance with
a ratio between 40% and 60%.
Bad: Full hydration will not be obtained with a w/c ratio less than 40%.

Compression Stress. It allows to measure the resistance that a sample is capable of
supporting.

Calculation formula:

(2)

Where:

P: Applied load (N).
A: Cross-sectional area that supports the applied load (m2).

Reference Level:

Good: superior resistance (>5%) to samples with ordinary cement.
Medium: Equivalent strength (0%–5%) to samples with ordinary cement.
Bad: lower resistance to samples with ordinary cement.

4 Validation

4.1 Validation Scenario

The validation scenario took place in the laboratory of the LEM - ENGIL SRL facilities.
To carry out the elaboration method, shotcreting with geopolymer cement product of the
alkaline activation of mining tailings was used, polymetallic tailings from the tailings
deposit No. 2 of the Huancapetí mining unit of CompañíaMinera Lincuna SAwere used,
whichwere characterized physically and geochemically, in addition to being conditioned
for this research through drying in a laboratory oven to determine its humidity. On the
other hand, 2 activating solutions of sodium silicate (Na2SiO3) and sodium hydroxide
(NaOH) were designed, which are necessary to carry out alkaline activation; Design
1 being an activator solution with a molar concentration of 12M NaOH and design
2 an activator solution with a molar concentration of 15M NaOH. Consequently, two
mixtures of shotcrete with geopolymer cement called “12M” and “15M” were designed,
corresponding to the activator solution used to obtain the geopolymer cement used in
each of themixtures. Then, 8 test pieces were prepared in cylindrical molds of 4 inches in
diameter and 8 inches in height for each type of mixture, which were cured and subjected
to the resistance test to simple compression on days 1, 7, 14 and 28 with respect to the
cure time, with the use of a concrete dam.
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4.2 Design of the Validation

Two shotcrete mix designs were established, based on the ACI 506 R (GUIDE TO
SHOTCRETE) Standard. The first design used geopolymer cement obtained from tail-
ings activation with an activator solution with a molar concentration of 12M NaOH,
while the second design used geopolymer cement activated by an activator solution with
a molar concentration of 15M NaOH. Table 1 indicate the amount (in Kg) of the com-
ponents used for each of the shotcrete mix designs, differing mainly by the volume of
geopolymer cement that was used in each design. The water/cement ratio used was 0.40
in order to give the shotcrete mixture greater mechanical resistance, but a reduction in
workability.

Table 1. Shotcrete mix design with geopolymer cement.

Componente Peso (Kg) Densidad (Kg/m3) Volumen (m3)

Agua 7.44 1000 0.007440

Cemento geopolímero (12M) 18.60 2860 0.006503

Cemento geopolímero (15M) 18.60 3000 0.006200

Agregados 47.41 2680 0.017690

Fibra de acero 0.95 2700 0.000352

A total of 16 cylindrical specimens of 4 inches in diameter and 8 inches in height, 8
shotcrete specimens with 12M geopolymer cement and another 8 shotcrete specimens
with 15Mgeopolymer cement were prepared, in order to have two specimens of the same
design for each day of failure to give reliability to the results obtained after the execution
of the resistance test to simple compression. The test was applied on days 1, 7, 14 and
28 according to the curing time of each of the specimens to perform an analysis of the
variation of the resistance of these shotcrete designs over time, in addition to analyzing
the influence of activation alkaline to different molarities of NaOH to its mechanical
properties.

Table 2 represents the results of the test of the resistance to simple compression of the
shotcrete specimens with geopolymer cement at a molar concentration of 12M NaOH,
called “P-12”; It is important to emphasize that only the results of those specimens that
presented greater resistance than the 2 tested per day were represented. The load factor
(F’c) was taken as = 20.594 MPa or 210kg/cm2, these results were obtained at days 1,
7, 14 and 28 of curing at room temperature, where a maximum of 88.3% resistance to
compression with respect to the established F’c. Likewise, the samples presented a type
3 fracture, which means that vertical columnar cracks were evidenced in both bases and
not well-formed cones.

Table 2 represents the results of the test of the resistance to simple compression of the
shotcrete specimens with geopolymer cement at a molar concentration of 15M NaOH,
called “P-15”; It is important to emphasize that only the results of those specimens that
presented greater resistance than the 2 tested per day were represented. These results
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were obtained at days 1, 7, 14 and 28 of curing at room temperature, where amaximumof
92.4% compressive strength was reached with respect to the established F’c. Likewise,
the samples of this design also presented a type 3 fracture.

Table 2. Results of shotcrete compression strength test with geopolymer cement.

Code Break
date

Age
(days)

Specimen
area
(cm3)

Burden
(kN)

Burden
(Kg)

Strength
(MPa)

Endurance F’c
(MPa)

Type of
fracture

P-12-1 30/10/20 1 75.4 7.2 734.2 1.00 4.6 20.594 3

P-12-2 06/11/20 7 75.4 18.2 1856 2.40 11.7 20.594 3

P-12-3 13/10/20 14 75.4 64.8 6604 8.59 41.7 20.594 3

P-12-4 27/10/20 28 75.4 137.1 13977 18.18 88.3 20.594 3

P-15-1 30/10/20 1 75.4 7.6 775 1.00 4.9 20.594 3

P-15–2 06/1120 7 75.4 29.4 2998 3.90 18.9 20.594 3

P-15-3 13/10/20 14 75.4 69.4 7073 9.20 44.7 20.594 3

P-15–4 27/10/20 28 75.4 143.5 14632 19.03 92.4 20.594 3

As a final result, when making a comparison of the behavior of both designs with
respect to time, it was obtained that the shotcrete design that used geopolymer cement
obtained from the alkaline activation of the tailings with a solution of higher molar
concentration of NaOH (15M) presented better mechanical properties on each of the
test days.

5 Results

Two types of geopolymer shotcrete were obtained as a result of alkaline activation (12M
and 15M NaOH), of which the 15M shotcrete has greater resistance with 18 MPa at
28 days of curing, for which it can be stated that it is found in the optimum range of
shotcrete performance according toACI regulations. In terms of percentage, the shotcrete
reached 80% efficiency, being an average value among the various scenarios studied.

6 Conclusions

It is concluded that the formation of geopolymer concretes for the elaboration of shotcrete
is possible using the alkaline activation of polymetallicmining tailings. The tailings from
deposit No. 2 of the Huancapetí Mining Unit of Compañía Minera Lincuna S.A. It is a
source of aluminosilicates that has a reactivity in highly alkaline media; in other words,
this material facilitates the alkaline activation.

Likewise, the molar concentration of the sodium hydroxide solution directly influ-
ences the mechanical strength that a geopolymeric mixture will develop. As the concen-
tration of the solution increases, the mechanical resistance that will develop increases,
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this increase would be given by the increase in amorphous material that can be dissolved
and by a greater amount of positive ions that stabilize the geopolymer chains.

In addition, the use of sand type settling for the dosage of the mixture of shot-crete
with geopolymer cement following theACI 506R (SpecializedGuide for the preparation
of shotcrete) regulation produced an increase in mechanical resistance as the amount of
this arid in its composition. Likewise, the water/cement ratio has a double influence on
the dosage of the geopolymeric mixture, on the one hand, it entails an increase in the
workability of the mixture, but at the same time it produces a significant decrease in
mechanical resistance as the amount of water increases.

Also, the curing process influences the development of mechanical strength of the
specimens. According to the literature analyzed, a higher curing temperature increases
the speed at which the geopolymerization chemical reactions develop, however, at room
temperature it is possible to obtain good resistance in these days in 1, 7, 14, 28 days.
materials.

Finally, the analysis of the mechanical properties of the shotcrete with geopolymer
cement of 12M 15M indicates that the addition of an adequate amount of activating
solution (NaOH + Na2SiO3), allows to achieve compressive strengths ranging from
3.15 MPa to 18.60 MPa approximately.
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Abstract. This paper examines the implication of globalization and the global
competitiveness of SouthAfricanAutomotive Industry (SAAI). TheSouthAfrican
automotive industry forms part of small and medium scale enterprise (SMEs).
However this industry has been going through a number of constrains ranging from
competitiveness and innovation problem, therefore getting an optimum solution to
the global competitiveness of this industry is of great importance and the economic
wellbeing.

Keywords: Competitiveness · Globalisation · Process control

1 Introduction

South African economic growth is influence by three main industries that are domi-
nant which includes mining, agriculture and manufacturing. The manufacturing indus-
try plays a vital role in the economic growth of the country, ranging from employment,
domestic growth and exporting. This clearly shows that any improvement related to this
industry is of great importance for the nation as a whole. However, despite the impor-
tance of this industry, growth in the automotive industry in particularly has been very
slow in both domestic and international market. The automotive industry is a global
industry and South African automotive industry must compete with other automotive
industries globally in order to gain growth and competitive advantage. International-
ization is acknowledged and profoundly referring to the increasing linkage of national
economies by way of international trade [1]. This perspective refers to the characteristic
and trend of global production. Globalization and internationalization coexist, that they
are interrelated terms pertaining to the geographical extension of economic activities
across nations and state borders but however, includes transnational and functional inte-
grations of dispersed activities [2]. This was further contended by a research scholar
Gereffi G, were he argued that the search for new markets, raw materials and other
resources including manufacturing exports for goods, started centuries ago and that
internationalization is not a new thing [3]. Also according to another research work,
multinational enterprise can be classified as an example of internationalization whereby
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they try to sell their products in a foreign country or aspires, through trade policies,
and are obliged to establish production facilities offshore in order to gain access to new
markets [4].

On the other hand, automakers were rationalizes as the first to globalize and whilst
therewas a significant difference betweenvehiclemodels produced in different countries,
therewas no reason for suppliers to follow [5]. The importance andorigin of globalization
was also analyzed by a number of scholars, were they stated that once similar vehicles
were being manufactured by different automotive industries in different regions, it made
economic sense for them to work with the same suppliers for standardization of parts
purposed [5, 6].

This authors later added that “ despite the opportunity and development that glob-
alization in the automotive industry may create for developing countries, it may pose
some limitations to local suppliers due to the preference of global suppliers of cheap
automotive components [5, 6].

1.1 The Automotive Industry

Globalization is the term that is used to describe theworld economic trends that is pulling
previous economies of distinct nations together. Furthermore, many research noted the
significance of globalization, by including the fragmentation of production to lower
product units, dissatisfaction with the expensive systems and strategies of manufacturing
cars for stock, and not to order, innovativemodular construction of parts used to assemble
cars by suppliers and possible switch to alternative energy power cars [7].

As a result of this, created room and opportunity for global economy participation by
a number of suppliers in both the international and local market, According to Kaplinsky
et al. [8], This also created a huge competition that has expanded significantly to the extent
of surfacing of two major type of automotive industry suppliers and the competitors are
no longer those merely down the street but now span across the world.

Direct investment across national borders has increased, which means that the econ-
omy now function on a global scale with severe competition, as a number of nations seek
to attract new investment. The increased competition, promotes individualism as firms
pursue increased profit and not really development, ultimately making the Multinational
Corporation a threat to the local firms.

In recognizing the significance of South African automotive contributions to the
national economy, they are factors affecting it competitiveness that have become amatter
of prime concern [9]. According to Joshi et al. [10], this factors are often identified
as Determinants of Competitiveness, and developing strategies that can improve this
indicators, will result in sustainable competitive advantage. In a similar research work
done by Gratama, et al. [11], states that globalization has created business opportunities
for all nation, but however, the gap between developed and developing countries is
alarming and making it difficult for developing countries to be independent genuinely.

In majority cases, the developing countries serve as hot countries to enterprises own
by multinational cooperation. This leads to the host country benefiting, job creation,
improvement of work force access to foreign market and capital. But in realistic, gov-
ernment and MNCs have different intentions. The government wants the benefits but
requires strategies of minimizing the consequences of remaining merely a host with
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limited development. Figure 1 shows the Influence of key performance indicators on
competitive priorities.

Fig. 1. Influence of key performance indicators on competitive priorities.

2 Original Equipment Manufacturers (OEM’s)

In globalization, the identification of newmarkets and favorable production location is of
key importance for an organization, and the OEMs plays a key role under this aspect by
continuously searching for production locations and new favorable marketing locations
that can minimize cost. As a result of this, there has been a global shift of production
from developed to the less developed countries.

This shift has created a lot of opportunities, for developing countries ranging from
employments, technology and skills transfer, economic prosperity and growth, increase
trade relationship between industrialized and developing countries that can induce
transfer of technology and innovation, leading to competition [12].

Globalization has brought great opportunities by breaking of economic, geographi-
cal and social boundaries and production growth, including finance and market shares,
but however, it cannot be denied that not all developing countries are equally involved
nor positioned to benefit from it. Empirical evidence of a research work done by Soub-
botina [13] acknowledged East Asian economies’ growth, being significantly boosted
by globalization, but many other developing countries have been rather slow to integrate
into the world economy particularly Africa.

2.1 The Global Automotive Sectors Drifts

According to Gastrow [14], the have been an increase of cross border trade and For-
eign Direct Investment (FDI) since the 1980s facilitation and liberalization of trade and
investment through theWorld Trade Organization (WTO) agreements. Brazil, China and
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India offers surplus market with good economic growth due to low labor cost. Gastrow
[15], further commented that, this countries suppler local market and export to emerging
nation and due to this, there is a huge stimulation of Foreign Direct Investment (FDI).

Power [16], said, due to the iconic status of the automotive industry, usually result
in political reaction as local manufacturer’s tern to be threatened by lead firms and
subsequent, political influences of the unions. This is further justified by a research
work done by PWC [17], where he said eleven assemblers from European Union, Japan
and the United States of America dominate the global market and manufacturing by
enhancing unions and equity based alliances in 1990s.

The is a strong coordination and capability in the global value chain of the auto-
motive industry, with huge procurement power, that is dominated by the top ten global
automotive industries that exercise control over the manufacturing process including the
supply chain management system [18].

This clearly shows that the formulation of vast global suppliers uses the global
manufacturing networks to support several assemblers as a key trend in the automotive
global value chain. This includes the first ties suppliers having a greater power within the
supply chain management process as the assumed increased role in research, innovation
and manufacturing: but despite this powers, the main control remains largely within the
assembler’s hands [19]. From a practical point of view, it is palpable that the suppliers
that account for a manufacturing cost of 75% of a vehicle represent the assembler’s
greatest target for reduction of cost, which is a great impact of the supplier innovation
strategies [20].

2.2 The New Automotive Supplier’s Role

The automotive sector design has developed leverage in its design capacity in multiple
numbers of its product that is sold in the global market. Sturgeon et al. [21], (2019) high-
lighted that the creation of two classes of automotive industry local and global suppliers,
came as a result of globalization and that earlier, major automotive manufacturing indus-
tries either exported automotive components to off shore plants that assemble vehicles
or depended on local suppliers in each manufacturing location.

However nowour days, the global suppliers havebeen included inmaking the focused
to change, compared to the past, and creating the trend to expand in regards to the
customers and marketing segments of large supplier to the automotive industry. The
EuropeanUnion, Japan andUnited States of Americamajor firms are the once benefiting
from this supplier and in addition, the suppliers had to adapt to complex development
approach of vehiclemanufacturing in order tomaintain the supply chain linkages. Table 1
illustrates themanufacturers of vehicles including their globalmanufacturingpercentage.

The total number of out-put units is further illustrated in Fig. 2 and it shows that
General motors, Toyota and Volkswagen group are topping the list of the total units
produced.

According to the analysis of OICA [22], it shows that the global growth and man-
ufacturing shares of emerging manufacturers has increased to 12% from the year 2005
to 2008. These details are analyzed in Table 2 and it shows the lead 11 OEM’s from
Germany, United States of America and Japan’s production of over 2.5 million for each
country, making a total contribution of 83% of vehicles manufactured globally. In 2011,
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Table 1. Vehicle Production by company (2005–2017).
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PSA group
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Vehicle Produc�on by company 2005 - 2017 

Out-put units  2005 (000 000) Out-put nits  2008 (000 000)

Out-put nits 2011 (000 000) Out-put nits  2014 (000 000)

 Out-put nits 2017 (000 000)

Fig. 2. Automotive production by companies 2005–2017.

the analysis shows that the situation was stable. However, in 2017 it shows a declined
in global share of manufacturing percentage of 10.8% between 2011 to 2017 of the 12
leading OEM’s.
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3 The Manufacturing Trends of Automobile

Evaluating back from 1973, it shows that that total number of vehicles produced globally
has tripled as from 33 to 78.9 million in 2007 (OICA) [23]. In a similar analysis, made
by Sturgeon [24], he commented that the global automotive growth is as a result of
new market segment in China and India. The establishment of new market in India and
China has help to drive the growth space within the automotive industry, and while 7
countries accounted for 80% of global automotive production in 1975, the same number
of shares were accounted for by 11 countries in 2005. The global Vehicle production
and the geographical dispersion has grown from an average rate of 2% from 1975 to
1990, and a rise to 3% in 1990 to 2005, low motorization and huge rise of population
resulted in a surge for new investments in India and China where market growth and
manufacturing has increased rapidly. Gastrow et al. [25] further said from the 1980s,
a huge number of industries have shifted from a series of isolated industries to a more
assimilated industries. According to Power [18], global assimilation embeds firms in
a larger region and manufacturing of global scale including innovation. Therefore, the
automotive manufacturing industry is in the midst of a profound transition. The statistics
onTable 3, illustrates the automotive industry’s growth in emergingmarket segments, and
as a result, this global growth is because of the following market: Latin America (Brazil
and Mexico), Asia (India China and Korean Republic) and East of Europe (Mainly the
Russian Federation) OICA [23]. According to Gastrow [26], India, Brazil and China that
falls under large developing countries offers large market with good economic growth
and as a result force assemblers to manufacture or produce vehicles specifically for this
market segment or adapt existing model to be sold in this markets in order to make profit.

Table 2. Production of automotive vehicles in selected nations (2006–2011).

It was further outlined by Gastrow [26] that the shift of production and consumption
from east to west is as a result of globalization and also that the shift will continue



An Empirical Review and Implication of Globalization 269

to reshape the automotive industry’s activities globally to more advanced ways, but
however, remains structured within the national and regional marketing segments that
are nested under the global framework.

4 Conclusion

According to the empirical review, it is evident that theSouthAfrican automotive industry
is a very important industry to the economic growth of the nation, but of late, this industry
has not been globally competitive and developing any strategy that will improve its
competitiveness is of great importance.
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Abstract. The development of globalization has been recorded as one of the
most meaningful basic system affecting logistics service providers, workers and
investors. The procedure of transporting sets up the quality of being adequate
of conveying items. The process of promoting in strategies and operational rules
enhances the conveying freight, conveyance speed, process costs, quality of ser-
vice, the facility’s practice and saving energy. Transportation takes a crucial factor
in the administration of logistics and supply chain in general. Assessing the ongo-
ing circumstances, a solid scheme needs a reasonable fringe of logistics and an
appropriate transport strategy to link the creating method. The target of this survey
is to distinguish the basic factors impacting the transport segment and logistics
through globalization procedure occurring in the global economy.

Keywords: Globalization · Economic development · Transportation · Logistics
management

1 Introduction

The increasing global competition in businesses coupled with the globalization of the
economy has made many logistics providers to explore new market outputs, to increase
its trade turnover and flows of capital and services while using cheaper raw materials
and labour which can be found in the country of the parent company or elsewhere.
The movement of raw materials, labour, and services are characterized by covering dis-
tances which are only possible through the availability of effective and efficient transport
section and provision of appropriate logistics functions. Over the years, implementation
of modern technologies in transport system development such as haulage, transship-
ment, information flow in the supply chain, and implementation of innovative integrated
supply chains solution has become a vital element in the globalization process of busi-
nesses. Therefore, key players in the logistics, transport, and forwarding businesses have
to adapt to new developments required of them to improve in the reliability of services
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delivery in the globalized economy. According to [14], transport is an indispensable
and important part of the process of economic competitiveness, that ensures important
distribution for manufacturing, as well as effective and efficient transport which con-
nects businesses to global markets. Hence, the technological progress in the design of
transport networks has enabled it to transport a bulk load of raw materials over long
distance while reducing transports costs. The globalization of the economy occurs in
many areas such as outflow of product and services beyond borders, minimization of
taxes and trade obstructions, technical, sociological, immigration, and technology flow
[13]. The globalization of manufacturing and creation of complex chains of connections
are the reason for the higher requirement for transportation and high-quality demand
for the render services. It is accompanied by changes in transport systems which help
in accelerating globalization processes across all transport modes. The creation of inter-
modal transport group are vital components of integrated logistics chains and means
of understanding the essential aspect of logistics transport under globalization [7]. An
effective, as well as efficient transportation network is the way at which big organiza-
tions can easily cope with the ever-changing demands of the global market and apply
innovative methods of delivering bulky cargos within a limited time. The development
of globalization has been recorded as one of the most significant basic system affecting
logistics service providers and transportation is often referred to as one of the four key
elements of globalization besides communications, international standardization, and
trade liberalization [10]. Therefore, the aim of this study is to review the basic factors
impacting the transport segment and logistics through globalization procedure occurring
on the global economy.

2 Globalization and Transport

According to [4], globalization can be described as an ongoing process which can be
noticed by the increasing number of cross border business, the capacity of worldwide
financial flows, and increased labour flows. Presently, the global economy has changed
greatly, it requires a new logistics direction, innovation in transport mode, and reduction
in global trade costs. [10] mentioned that the four cornerstones of globalization are;
worldwide standardization, liberalization of trade, communications, and transportation.
Transport is referred to as the heart of globalization, it involves the capability to convey
materials, equipment, and people all over the world. The opportunities for businesses
to gain from business globalization are on the increase because of its operative impact
on the transportation subdivision [9]. Business globalization impact on the transport
subdivision is described in two ways and they are;

a) It leads to changes in transport needs, structure, and volume.
b) It leads to changes in procedures of entities arranging the transport services.

In developed nations, the transport needs are influenced by accelerated progress in
the economy creating structure and the transport of processed products or freight which
is the reflection of the economy that is visible in a volume of production, distribution
structure, and material structure of the distribution. Manufacturing and trade global-
ization are some of the important characteristics of this present age, it comprises of
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economic scale activity, rapid change in technological advancement, lower manufactur-
ing and trade costs, and higher work rate which have all contributed to the creation of
resources today. According to [14], transport is a necessary feature of economic growth
and competitiveness that support key circulation for manufacturing, vital movements of
products, personal transportability, directly conjoining businesses and global markets.
Therefore, it can be said that transport is the heart of globalization because the move-
ment of goods and people around the world are made possible through transport. People
and organizations will try to make a profit from globalization because of an increase
in an efficient and effective transport network, as well as competitive, responsive and
cost-effective transport sector that promotes trade. The creation of perfect conditions for
efficient and cost-effective transport networks poses a great challenge to be addressed
if the transportation sector is to fully contribute to globalization. An increase in glob-
alization has contributed to a rise in global freight trade activity, firms and worldwide
transport setup have been under rising pressures to support the increasing requirements
of global market and the globalization associated with manufacturing and consumption
[11]. Transporting bigger volume of freight and people quickly and more efficiently can
be achieved through extensive technical development, since the efficiency of interna-
tional distribution is improved by intermodal transportation with an expanding portion
of it are cargo moving globally and are containerized. Also, functional growth and
removal of bottlenecks in the transport division will considerably improve the efficiency
of international transport networks and modes, reduce transit time, improve reliability
and minimize the cost of moving goods. Hence, transportation can be referred to as an
enabler of global trade, globalization could not have occurred without it.

3 Logistics and Transport Subdivision as an Element
of Globalization

Logistics is referred to as a method of preparing, implementing, and regulating the
efficient flow of goods, information, and revenues to adapt to the client’s want while
transport is an important part of logistics, moving commodities between distinct points
in the supply chain. According to [12], globalization has been promoted by the expan-
sion of current transport systems, from big freights to mini distribution trucks, the entire
delivery system has become carefully merge connecting production activities with an
international market. Therefore, it could be said that transport infrastructure and logistics
industry play a substantial part in economic progression, integration of countries with
the global economy, and serves as an element of globalization [5]. The minimization
in lengthened transportation and communications costs has been a vital determinant
of present globalization, it is supported by two transportation modes; maritime and air
transportation [8]. Air transport has performed a vital part in supporting globalization
and constantly improving to meet the necessity of the economic and social integration
that bring about globalization. In order to grant the movement of commodities and peo-
ple that aid productivity on a worldwide extent, air transport has already played a big
part, and will continue this part in the future. Multimodal transport is an essential factor
in the time and structural economic function of products and services which integrate
the benefits of each mode to be efficient and effective. The current trend of transport



274 A. D. Adeitan and C. Aigbavboa

and distribution logistics towards global expansion is to collaborate integrated logis-
tics delivery, minimizing shipping costs, increasing flexibility and accuracy of freight.
According [2], logistics importance’s in the process of globalization includes; boost-
ing modernization of economies, followed by the constant reduction of tariffs, and the
opening of closed economies. The growth of the logistics industry promoted manufac-
turing, transportation, and worldwide competitive advantages to the firms and countries
that invested in the field. The logistics industry and transport development has provided
growth and aided globalization by broadening worldwide trade volume while forcing
countries to increase their logistics volume.

4 Transport and Logistics as a Factor of the Global Economy

The activities of transport in global economymanage to be relevant because their involve-
ment starts from the manufacturing process to distribution process to the end users and
later turn into a vital element for attaining huge performance in international markets [1].
Transport and logistics have helped greatly in enhancing production and delivery pro-
cesses, improve competitiveness and promote efficiency. However, transport occupies
one-third of logistics costs and affects performance in international markets because
it requires greater efforts to manage. Owing to increase in the magnitude of global
production, transportation organizations readjust to modern requirements for shipping
distribution. The distributions have to be well-timed and safety can be valuable as costs.
According [5], the development of logistics and transportation infrastructure plays a key
role in the worldwide economy by backing a series of product chains. It started with the
advancement and efficiency in the transport system which helps to bolster the commod-
ity chains, followed by minimizing the costs of telecommunication to establish control
of the firm’s operations, and lastly, to bring about developmental progression between
commodity lines and different transport channels. Firms are finding ways of incorporat-
ing transport and logistics systems to improve their capabilities in the global competing
market but the logistics systems and transport differs with variety of products and the
geographical area of the market for the commodities, equipment and finished goods with
the aim of procuring the proper product to the appropriate place at the proper time with
reduced costs [2]. The crucial factors in global trade are time and capital cost of trans-
port. The cost of global market for most goods is the resource cost of transport which
varies with distance, handling during transit, size, and bulk density [3]. Time is another
crucial element in the global business because it is needed to move goods from its origin
to its final destination, also the loading and offloading it and to process the products and
delivery trucks through customs. The transit time is of big concern to logistics companies
than the direct transport costs because it brings about large stock holdings. [6] reported
that one-day setback in freight can lead to an average cost of 0.8% in tariff and about
170% for industrialized countries. It is suggested that freighters must analyze the costs
of several forms of transport to ascertain the amount of time that logistics organizations
are willing to pay to minimize it. As a result of former developments, it is possible that
the influence of transport and logistics processes enhance the global competitiveness of
organizations in the microscale and domestic economies in the large scale, as well as the
importance of transport infrastructure, and storage is understood. According to [9], the
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description of globalization processes studied form the global economic point of view is
driven by the following features; a global network or system of transporting goods and
services is formed, a global transport network development capable of increasing the
speed and mass of transporting cargos, and the massive development of operations of a
network of large banks in different nations. Economy progress requires logistics system
to be advanced and integrated into one global network of products of commodity mass
flows and it can only be achievable if international transport infrastructure creates and
make use of the identical advanced technologies with identical transport system.

4.1 Conclusion

In this present era, the methods of a worldwide economy involve the unification of
logistics services and transport subdivision which will act as an element of global-
ization. Transport is an indispensable and important part of the process of economic
competitiveness, that ensures important distribution for manufacturing, as well as effec-
tive and efficient transport which connects businesses to global markets [14]. Therefore,
logistics and transport have become a determinant that is helpful to globalization due to
the utilization of modern technologies relating to haulage, transshipment and the flow of
information between individual links in the supply chain. This has evidently provided
acceleration of the transport process at every one of its stages, set up a network of links
corresponding to the flows of goods, and an increase in the reliability of delivery. Lastly,
the advancement in strategies and operational rules is likely to save energy, reduce trans-
portation costs, increase competitiveness, and adjustments to global transport systems.
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Abstract. The contribution of the construction industry to the economy of any
nation has been proven to be very important not just because it provides the infras-
tructural need which serves as an indicator of its development but also its immense
contribution to the Gross Domestic Product (GDP) . This has placed the industry
in a vantage position in calls for adequate financing. In developing countries such
as Nigeria, the government is largely responsible for financing capital projects.
Over time, it has been experienced that the low gross domestic savings of the
nation has inhibited the adequate financing of capital projects, hence leading to a
deficit in the provision of infrastructure. Foreign investment which could be either
Foreign Direct Investment (FDI) or Foreign Portfolio Investment (FPI) serves as
an alternative for capital investment financing and comes with its own benefits to
the host nation. This study theoretically examines the infrastructural development
in Nigeria and foreign investment in Nigeria with particular emphasis on the con-
struction industry. Findings revealed that the inflow of foreign investment into the
construction industry has been irregular and being inhibited by varying factors.
The study concludes by emphasizing the need for collaborative efforts by govern-
ment and other stakeholders to ensure the increase and stabilized inflow of foreign
investment into the construction industry by creating a convenient investment
environment and strengthening existing enabling investment laws.

Keywords: FDI · FPI · Construction industry · Infrastructure

1 Introduction

The construction industry is one of the major drivers in the economy of any nation
because it is an important contributor to the process of development [1–3]. It produces
the physical infrastructural features needed by all sectors of the economy. This includes
schools, townships, offices, houses and other buildings; urban infrastructure (including
water supply, sewerage, drainage); highways, roads, ports, railways, airports; power
systems; irrigation and agriculture systems; telecommunications etc. [4] noted that the
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activities of the industry have a lot of significance to the achievement of national socio-
economic development goals of providing infrastructure, sanctuary and employment. A
sizeable significant proportion of the Gross Domestic Product (GDP) of both developed
and under-developed countries is accounted for by the construction industry; hence its
output is an integral and major output from the national perspective [5, 6].

The current state of infrastructure in Nigeria is poor to say the least. It becomes
more worrisome because of the widening gulf between increase in its demand and lim-
ited resources to make this a reality. [7] asserted that in most developing countries it
is the responsibility of government to provide infrastructure. The Nigerian government
has over the years made efforts to ensure that the infrastructural needs of the country are
met. The First and Second National Development Plans of 1962–1968 and 1970–1974
captured the construction projects that were of considerable benefits to the nation at
large. In 2009, the Nigerian government with its vision 20:2020 initiated the idea with
the aim of making the country attain the lofty heights of being among the twenty largest
economies in the world by the year 2020. However, it is evident that policies initiated
over the years have not attained the anticipated goals. One major challenge encoun-
tered by successive governments is the financing of capital projects. [8] asserted that the
major source of capital formation in the construction sector that can spur growth and
development in Nigeria is from the public sector, with the traditional approach in the
major infrastructure procurement process of funding through annual capital budgetary
provision. [9] noted that attempts have been made by past administration in trying to
solve infrastructure deficit by seeking soft loans and grants from Multilateral Financial
Institutions such as International Monetary Fund (IMF), World Bank and other lend-
ing nations and organizations. These loans and grants are normally characterized with
conditionalities such as cut budgets in the social sectors; removed subsidies, exchange
rate crisis, massive devaluation of local currency, terms of trade determination, foreign
content and expatriate usage, unemployment and underemployment [10].

There is an urgent need for an alternative for capital investment financing as cur-
rently being done in the country. The Nigerian economy is one of such that domestic
savings cannot adequately fend for the required infrastructural needs, hence the need for
foreign investments in the form of Foreign Direct Investment (FDI) and Foreign Port-
folio Investment (FPI). This is buttressed by [11], stating that Nigeria needs substantial
amounts of foreign investment in the construction sector to speedupher economic growth
most especially in the area of construction facility investment to promote development.
With domestic savings not being adequate and the drawbacks from foreign loans, for-
eign investments present a long term avenue to meeting the infrastructural needs of the
country. This comes with immense benefits such as technology transfer, human capital
enhancement, trade investment and enterprise development [12, 13]. From the afore-
mentioned constraints faced by the construction industry in Nigeria and the potential
benefits it stands to get from foreign investments, this study is geared towards reviewing
the current state of foreign investments in the construction industry in Nigeria.

2 Infrastructural Development in Nigeria

Since the attainment of independence, the Nigerian government has tried to consolidate
on the infrastructural provision made by the British colonial masters. Pre-independence
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era experienced an outlay of infrastructural developments in various parts of the country
albeit less coordinated. [14] noted that a ten-year development and welfare plan was
introduced in 1946 initiated by the colonial government. This was an aftermath of the
directive issued by Secretary of State for Colonies, thereby giving rise to the establish-
ment of Central Development Board. However, much result was not attained in this
plan as a result of the colonial government’s needs rather than placing emphasis on the
influence of the nation’s economy. Irrespective of the drawbacks of the plan, it served
as springboard to successive development plan for the country.

The first post-colonial development plan was initiated in 1962with a view to steering
up infrastructural development in the regions of the country. [15] noted that the objec-
tives of the first national development plan were to expedite economic growth, enhance
even distribution of national income, creation of savings for national development and
improvement on the standard of living of the citizens. Some developmental strides were
attained with this plan in place; however, it was short-lived due to the 30-month civil
war that engulfed the country between 1967 and 1970. The second national development
plan was birthed after the civil war and was termed one for national reconstruction and
rehabilitation. Devastated areas were rebuilt and there was a rigorous drive for putting
in place new infrastructures for the purpose of national development. The oil boom
of the early 1970s helped spur on this developmental drive. [16] stated that the third
national development plan was based on the injection of N30 billion into the national
economy. The construction industry amongst other industries like agriculture, education
and health was targeted to be a huge beneficiary of this plan. However, much was left
to be desired in the implementation of this plan as the projected objectives were hardly
met. Successive governments over the years initiated policies and programme to address
infrastructural needs of the country; however, it is evident that much is still needed to
be done to revamp the current state of infrastructure in the country.

Over the decades, the government of Nigeria has been the major financier of capital
projects for national development. Budgetary allocations are made annually for forecast
envisaged revenue earnings and also outlined capital expenditure under which the pro-
visions of infrastructural projects are made. [17] reported that progress has been made
over the years with respect to improving infrastructure in Nigeria when compared to a
host of other Sub-Saharan nations. With quite a few advancements in road, power and
information and communications technology (ICT) networks within a relatively large
coverage in the country. However, even with these improvements in recent years, the
huge infrastructural deficit is still quite evident. A report by [18] highlighted the current
state of infrastructure in Nigeria by depicting the achievements and challenges on secto-
rial basis which includes air transport, ICT, ports, power, railway, roads, water resources,
water and sanitation. In summary, the report listed among the achievements to include
low-cost telecommunications coverage, market expansion of domestic airlines, geared
efforts towards rural electrification, rail and road network expansion, ports concessions
and progress onwater resources institutional framework. The current challenges are tack-
ling ICT market-efficiency gap, airport terminal concessioning, improvement of marine
and land access to ports, improvement of customs delivery at the ports, improving rail
service delivery so as to recapture traffic, adequate funding roadmaintenance, improving
rural access roads, open defecation growth reversal for proper sanitation.
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3 Foreign Investments in Nigeria

According to [19] and [20], foreign investment can be divided into foreign direct
investment and foreign portfolio investment.

3.1 Foreign Portfolio Investment

[21] defined foreign portfolio investment (FPI) ‘as an aspect of international capital
flows comprising of transfer of financial assets: such as cash, stock or bonds across
international borders in want of profit. It occurs when investors purchase non-controlling
interests in foreign companies or buy foreign corporate or government bonds, short-term
securities or notes. Accordingly, just as trade flows result from individuals and countries
seeking to maximize their wellbeing by exploiting their own comparative advantage,
so too, are capital flows as individuals and countries seeking to make themselves better
off, moving accumulated assets to wherever they are likely to be most productive. FPI
involves investment in equity shares, bonds, debentures of local companies or money
market instruments of domestic economy by foreign entities. This form of investment
is more often on a short term basis and very prone to rapidly exiting the country [22].
[23] stated that Investments in which the investor does not have an effective voice in the
management of the enterprise are mainly portfolio.

FPI has become an increasingly important part of the world economy over the past
three decades andmany developed countries like China, United States of America, Japan
etc. and developing countries like Nigeria are exploring it to develop their economies.
The growing mismatch between capital requirement and domestic capital stock has
consistently led to the call for foreign capital investment in developing economies. [24]
noted that an important vehicle for augmenting the provision of funds for domestic
investment is foreign capital inflow. Developing countries tend to provide incentives
for prospective investors to lure them into investing in the capital market. [25] stated
that foreign investors prefer developing countries to developed countries because of
higher rate of return on investment. However, there are still glaring challenges posed to
prospective foreign investors in these developing countries such as distorted investment
incentives and irregular government policies.

In the face of the glaring need for foreign investment in the Nigerian capital mar-
ket, it is evident that not much has been attained with respect to creating the enabling
environment for foreign investors. The percentage of FPI in the Nigerian Bond Market
is relatively small compared to domestic investments of Pension fund, Insurance com-
panies, Merchant banks, Commercial banks and Discount houses even though there are
opportunities to strengthen the market by attracting more foreign investors. Although
steps have been taken over the years to encourage foreign capital inflow such as the abro-
gation of the Exchange Control Act 1962 in Nigeria has allowed foreigners to participate
in the Nigerian capital market both as operators and investors. The internationalization
of the Nigerian Stock Exchange which was part of the financial liberalization policy
in Nigeria in the mid-2000 has also precipitated to a marginal increase in inflows of
foreign portfolio investment into the Nigeria economy through the capital market [26].
The consolidation of such achievement by formulating policies by regulatory bodies is
what is needed by capital market in Nigeria at the moment. However, [27] stated that
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expectations are high that there would be an increase in investments on Nigerian stocks
with the rebasing of the nation’s economy which projected its GDP at $510 billion.

3.2 Foreign Direct Investment

[28] defined Foreign Direct Investment (FDI) as a cross-border investment by a resident
entity in one economy with the objective of obtaining a lasting interest in an enterprise
resident in another economy. FDI are the net inflows of investment to acquire a lasting
management interest (10% ormore of voting stock) in an enterprise operating in an econ-
omy other than that of the investor (International Debt Statistics, n.d). Such investment
may take the form of a green field investment or merger and acquisition (M&A), which
entails the acquisition of existing interest rather than the new investment. [29] opined
that the extension of enterprise involves flows of capital, technology, and entrepreneurial
skills and, in more recent cases, management practices to the host economy, where they
are combined with the local factors in the production of goods and services. As a result
the inability of most developing countries national savings in financing their invest-
ments, the need for foreign investment in the form of FDI has been a viable tool for
shoring up these inadequacies. In furtherance to this, the accelerated acceptance of FDI
among economies of the world includes investment treaties on bilateral terms, enhanced
technological progress and comparative advantage of global integrated production. This
has led many countries taking active steps in encouraging FDI by proffering income tax
holiday, guaranteed market preference, providing subsidies to foreign firms, exempting
import duties and sometimes ensuring monopoly rights [30].

According to [31] Report, Nigeria experienced a flow of FDI worth USD 1.9 billion
in 2018 indicating a drop from the previous year (USD 3.5 billion in 2017). This rep-
resented 25.1% of the nation’s GDP while the countries making up the main investors
include United States of America, China, United Kingdom, TheNetherlands and France.
Nigeria is third in the pack of nations in Africa with FDI flows closely following Egypt
and Ethiopia, with investors’ main interest in sectors like hydrocarbon, energy and con-
struction. The vast FDI inflow in Nigeria has been greatly facilitated by the Nigerian
Investment and Promotion Council Act of 1995. As expounded in the Act, foreign
investors are allowed to maintain 100% ownership of their investment. And also, for-
eign investors in Nigeria are allowed to benefit a total profit and dividend repatriate
without any hindrance [32].

4 Theoretical Views of Foreign Investment

The exogenous growth theory also known as the neo-classical growth model has long
been an underpinning theorem with respect to foreign investment. [33] formulated the
aggregate production functionmodel. This is modeled against capital input (both domes-
tic and foreign), labor input, and the rate of technological progress which changes over
time. It is depicted through the framework that capital amassment has a direct contri-
bution to economic growth in proportion to capital’s share of the national output. This
theory supports the view that there is an increase in capital stock as a result of for-
eign investment, which in turn has its impact on economic growth. [34] proposed the
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new endogenous growth models which identifies with long-run growth as a resultant
of advancement in technology; it equally propagates a framework in which technology
transfer, diffusion and spill-over effects are means in which foreign investment can per-
petually increase rate of economic growth in the host nation. Foreign investments by
multinational corporations bring about research and development (R&D), and also the
human capital accumulation which yields growth spill-overs, and in turn impacts on the
recipient country firms and economy [35].

[36] posited that the introduction of new technologies by foreign investments leads
to increase in labour and capital productivity. This eventually brings about stabilized
returns on investment and labour which has the potential to grow exogenously. This
theory places emphasis on productivity as a result of foreign investment deployment
of new technological input. Recipient nations tend to leverage on the importation of
innovative technology which in turn aid in spurring new advancement in labour and
capital productivity. [37] studied the determinants of foreign investment categorization.
The study posited push or demand side and pull or supply side as the determinants
of foreign investment flow to any nation. The pull factors as attributed by the study
represent the micro and macro attributes influencing the flow of foreign investment in
the host country. With particular reference to infrastructure, the size of the country’s
foreign reserve, borrowing cost, labour cost, inflation rate, Debt-GDP ratio, economic
growth, industrial disputes and unemployment ratio. The push factors are the micro and
macro features in the source countries that coerce investments out the recipient countries.
These include drive for larger market, search for cheaper raw materials, trade conditions
and tax policies of the source country.

[38] dwelt on inflows of foreign investment and their sources with emphasis on FDI.
The study explained that the inflow of FDI can be influenced by output volatility in the
source and host countries. And this having the potential to have negative or positive
impacts on FDI flows. Due to non-synergy between the source and recipient countries in
business cycle, positive effect may arise due to substitution while negative effect due to
revenue impacts. The inflows of FDI to developing countries from developed countries
have the propensity to move the reverse direction with respect to the business cycle of
the source country [39]. Generally, these propositions and formulated frameworks of
foreign investments can be classified into neo-classical (exogenous) growth models and
the new endogenous growth models. The former assumes that technological upgrade
is exogenous, while the latter posits that the stock of human capital and change in
technology are the two main propelling factors for economic growth.

5 Foreign Investment in the Nigerian Construction Industry

The Nigerian construction industry has experienced its growth in leaps and bounds over
the decades.With the nation experiencing unstable political regimes since independence,
the construction industry like other industries in the economy of the nation has encoun-
tered irregular and unstable transitions in its contribution to the GDP of the country.
[8] asserted that the contribution of the construction industry to the GDP of the country
was between 3 and 6% from independence in 1960 to the 1980s, and then experiencing
a slump to about 1% before the transition to civilian government in 1999. However, a
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significant improvement has been made since then with the industry averaging a contri-
bution of 2.99%. Though the inherent challenges posed to the industry with respect to
proper and adequate financing are still evident. This has led to the continuous call for
foreign investment in the industry.

According to [40], since the switch to democracy in 1999 there has been significant
increase in the flow of FDI into the construction industry in Nigeria. The implemen-
tation of enabling laws propelling the inflow of foreign investment can be attested to
this amongst other factors. One of such is the Investment and Securities Act of 1999
which set up the Investment and Securities Tribunal as an appellate court for settle-
ment of investment and securities issues [41]. This reposes the confidence in prospective
investors by having in place the appropriate legal framework that gives guarantee and
security of investments by setting up investment dispute mechanisms. Other enabling
laws for foreign investment in Nigeria include the Nigerian Investment and Promotion
Commission Act. No. 16 of 1995 which established the Nigerian Investment Promotion
Council (NIPC) replacing the Industrial Development Coordination Committee (IDCC);
the foreign (monitoring and miscellaneous provisions) Act No. 17 of 1995. These laws
set up have over the years given the enabling environment for viable foreign investment
by prospective foreign investors; however, the question yet to be answered is have much
been achieved with these in place?

[42] revealed that there is a below average rating on the level of enhancement of
the enabling laws for FDI in the Nigerian construction sector. This is as a result of the
laws not conforming to international standards as some of them were enacted decades
ago, therefore not appealing to current attractive terms for foreign investments. On the
other hand, enforcement mechanisms of laws in Nigeria are quite weak. In Nigeria,
efforts need to be geared towards effective implementation of policies and not just their
formulation [43]. This perennial national setback must have hugely influenced the flow
of foreign investment as no prospective investor would be confident to commit funds
into a nation that is nonchalant when it comes to putting to work laid down policies
and laws. One notable example is the National Construction Policy which the Nigerian
government hasn’t shown any sincerity of purpose towards its implementation [44].

Over the decades, the political instability experienced in Nigeria greatly affected
foreign investments not just to the construction sector but other sectors of the econ-
omy. The lengthy rule of the military before the turn of the millennium greatly posed
a serious challenge to convincing foreign investors to come do business in the country.
However, there has been an improvement after the return to democratic rule in 1999
[11]. This is hugely influenced by the fact that a democratic set up has a more liberal
inclination towards the tenets of the rule of law as compared to dictatorial one. [45]
affirmed that nations with democratic governments are predictably likely to rake in as
much as 70% higher in foreign investments against autocratic governments. With many
years of military rule, making up for the lost ground of potential foreign investment in
the construction industry in Nigeria might be difficult to attain as other countries are in
stiff competition towards attracting foreign investors for economic development.
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6 Conclusion

The study theoretically examined the position of foreign investments in the Nigerian
construction industry. A review of the chronological events on infrastructural develop-
ment from the colonial times to post-independence was outlined showcasing the state of
infrastructure in the country which is still far below international standards. Theoretical
propositions of foreign investmentwere analyzed by the studyhighlighting the benefits of
the foreign investment of recipient nations. The inflow of FPI into Nigeria’s stockmarket
has proven to be low as evident in the data from the stock market; although, the country
experienced a significant rise in the flow of FDI at the turn of the decade. However, a
drop has been witnessed in recent years due to unfavorable and irregular government
policies. Talking from the point view of the construction industry, outdated investment
laws and weak law enforcement has inhibited the entrance of foreign investment. These
factors lead to a lack of confidence on the part of prospective investors as there seem to
be no guarantee of return on investments. As a result, the study recommends that a lot
should be done on the part of the government in enacting laws that would propel and
encourage investment from foreign investors as way of giving a guarantee of return of
investment. Equally, law enforcement and legal frameworks should be strengthened as
no investor would want to commit funds in a country where the rule of law is not upheld
as the case is currently in the country.
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Abstract. The 2017 report of the Organization for Economic Cooperation and
Development (OECD) on competences in Mexico indicates the opportunity to
rethink actions aimed at strengthening competitiveness, development and social
progress, considering as a basis the impact from the capacities This is why this
research is a series of methodological analyzes from the methodological per-
spective of the Fifth Systematic Helix (QHS) to determine the evolution level
and the relevance needs of the educational programs in the area of economic-
administrative sciences, in this research on Business Management Engineer of
the Tecnologico Nacional de Mexico Campus Tijuana, considering the system-
atic approach of the QHS with representatives of the business sector, government,
education, associations, consultants from the sectors subject of study and with this
evaluate the prospects of generational competitiveness and the educational gaps
in vocational training. In this research, the generations of graduates of generations
X, Y and Z are taken as a sample of the universe. Considering representatives
of the different sectors of employability such as the industrial sector, commerce,
services, government or the entrepreneur. With the results of the research, the
work situational analysis studies of each study program are proposed, to formu-
late initiatives of labor, professional and research competencies. Likewise, design
and development of specialty strategies according to the sectorial feedback of
generational competitiveness.

Keywords: Job competencies · Professional competencies · Research
competencies

1 Introduction

At the Tecnologico Nacional deMexico Campus Tijuana [1] the career of Engineering in
Business Management is attached to the Department of Economic-Administrative Sci-
ences (CEA) The comprehensive training of an Engineer in Business Management has
the general objective of training professionalswho contribute to themanagement of com-
panies and process innovation; as well as the design, implementation and development
of strategic business management, optimizing resources in a global environment, with
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ethics and social responsibility. The Business Management Engineer [2]. will acquire
the knowledge, skills, attitudes and values that allow him to develop in the productive
sector and in turn provide the development of human capital to achieve organizational
objectives, within an ethical framework and a multicultural context; which leads him
to promote the design, implementation and management of resources in an optimal and
sustainable way. Scope to be covered by the graduate of the Engineering in Business
Management career will have to develop in companies of the public and private sector
of transformation and service, performing functions derived from the area of produc-
tion, finance, human resources, marketing and auditing, as well as in the promotion and
activation of professional services companies [3].

According to the research carried out by the OECD in turn, an analysis of their
Graduate profiles of the best universities in the world, national ranking with the National
Technology of Mexico campus Tijuana as a frame of reference for an institutional devel-
opment project in the National Technology ofMexico Campus Tijuana for the formation
of an Academic Body that has lines of research-oriented to the analysis and innovation
of the needs of the study programs and their relevance for an effective process of pro-
fessional integration and thus contribute to the sectoral development of their area of
specialty.

2 Framework

The term generation [4] refers to an age group that shares throughout its history a set of
formative experiences that distinguish them from its predecessors. Currently, in higher
education institutions it is possible to see four generations coexisting: generationX (from
1965 to 1980), generation Y (from 1980 to 1994), and generation Z (from 1995 to 2010).
Each generation responds, according to researchers on the subject, to different attitudes
and expectations about work and their career.

Generation X individuals, according to this model, are nomadic archetypes. They
have been independent since childhood. They have little reason to employ or adopt the
visions of the postwar generation since they have rarely used their practical reality. Gen-
eration Y, offspring that make up the relief staff in the workplace, in today’s generation,
these are school children, the older ones are finishing postgraduate studies. They have
grown up with planned lives. Generation Z is the first generation considered digital
natives, that is, they were born immersed in digital culture. Its characteristics include
the following: Experts in understanding technology; Multitasking; Socially open from
technologies; Quickness and impatience; Interactive; and Resilient. Table 1 shows the
main characteristics of each generation regarding technology.

The OECD highlighted that the main tool for conducting higher education was eval-
uation, accreditation of programs and institutions, information, relationships on formal
and explicit agreements between the government and universities, as well as the distri-
bution of financial resources. It also proposed the creation of a national accreditation
system for university study programs that would not cross the official knowledge of a
state body such as the Secretary of Public Education.

In this line of reconstruction, the OECD requested a group of researchers of different
theoretical stature the Project Definition and selection of competencies: Theoretical and
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Table 1. Main characteristics of each generation

Generation Born Technology Digital competence

X 1965–1980 PC Early digital adopters

Y 1981–1994 Smartphone Digital natives

Z 1995–2010 AR/VR Digital innates

Conceptual Foundations, whose main objective was to offer a resource for the process
of defining, selecting and measuring the competencies that an individual needs to lead
a successful and responsible life and for societies to face the challenges of the present
and the future [5].

2.1 Model and Methodology

According to the educational profiles of the Tecnologico Nacional de México, the Busi-
ness Management Engineer must cover the following competencies in his/her work,
professional and research field, which are presented in Table 2.

Table 2. Competences and skills of the engineer in business management

Labor, professional and
research skills

• Management
skills

• Analytical skills

• Systemic
approach

• Technological
knowledge

• Research and
critic skills

According to the regulations of the Tecnologico Nacional de Mexico, the Engi-
neering in Business Management study program dates from 2009, when the following
competencies were defined to be developed throughout the comprehensive training of
the study plan. 1. Develop and apply managerial skills and engineering in the design,
creation, anagement, development, strengthening and innovation of organizations, with
a systemic and sustainable orientation for effective decision-making, 2. Design and
innovate administrative structures and processes, based on the needs of organizations to
compete efficiently in global markets, 3. Efficiently manage the organization’s resources
with a shared vision, in order to supply quality goods and services, 4. Apply quantitative



290 R. Martinez-Gutierrez et al.

and qualitative methods for the analysis and interpretation of data and systems mod-
eling in organizational processes for continuous improvement, meeting world quality
standards, 5. Design, evaluate and undertake new businesses and business projects that
promote sustainable development and social responsibility in a competitive market, 6.
Design and implement marketing strategies based on information collected from pri-
mary and secondary sources of the consumer or user of a product, according to market
opportunities and threats, 7. Establish programs to strengthen safety and hygiene in orga-
nizations, 8.Manage comprehensive quality systems, exercising effective leadership and
ethical commitment, applying the basic tools of engineering. 9. Interpret and apply legal
norms that affect the creation and development of organizations, 10. Integrate, direct and
develop work teams for continuous improvement and integral growth of organizations,
11. Analyze and interpret financial information to detect opportunities for improvement
and investment in a global world, which affect the profitability of the business, 12. Use
new information technologies in the organization to optimize communication processes
and make decision-making more efficient, 13. Promote the development of human cap-
ital, for the achievement of organizational objectives, within an ethical framework and
a multicultural context, 14. Apply research methods to develop and innovate systems,
processes and products in the different dimensions of the organization, 15. Manage
the supply chain of organizations with a process-oriented approach, 16. Analyze and
interpret the global economy to facilitate decision making in the organization. For the
purposes of this article, mention is made that it will be applied in the QHS and DCS
research methodology as a sectoral linkage strategy and applied research [6–9].

3 Conclusions

When investigating the different universities that offer engineering degrees in business
management, we observe that only the campuses belonging to the TecNM offer it, some
universities have careers related to business or business and innovation engineering
but, the subjects, objectives, and graduation profile are different. However, although
this engineering is 11 years old, it is offered at 195 TecNM campuses, due to industry
demands and the needs of engineers who can combine the knowledge of industrial
engineering with the administration. Engineering in business management has allowed
graduates to locate themselves in different areas, that’s the importance of the analysis
made, to glimpse the value of the profile and the necessary competencies in work centers.
Within the aforementioned competencies the application of continuous improvement
methodologies, cost reduction, and maximization of the capacity of industrial processes;
give adequate follow-up to the projects that are presented in the different companies of
the productive sector; understanding the use of diagramming tools and use them in
process mapping or the creation of organizational diagrams within SMEs; In addition
to applying the design of parameters, design of tolerances, continuous improvement
programs, process control programs, preparation of processes and products for launch,
they are considered essential for the Development of business management engineers.
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Abstract. Themeasurement service of online clothingmass customization is one
of the key factors to win customer recognition. In order to help apparel companies
to objectively evaluate and optimize the quality of the measurement service, based
on the SERVQUAL model and characteristics of measurement service, a service
quality evaluation scale was designed from the perspective of user experience.
Then, a set of questionnaire was designed according to the evaluation scale, and
373 consumers with online clothing customization experience were investigated.
Theywere asked to evaluate the importance and satisfaction of each service quality
evaluation index, and a straightforward IPA chart was drawn according to the
evaluation results. Finally, according to the quadrant distribution of each quality
factor, the factors with low customer satisfaction were found, the directions that
apparel companies should focus on improving were clearly pointed out, and three
targeted optimization suggestions were put forward.

Keywords: Mass customization · Measurement service · Service design ·
SERVQUAL · IPA

1 Introduction

Online clothing mass customization has developed rapidly in China in recent years. The
measurement services provided by clothing enterprises not only include body measure-
ment, but also fashion design and dress recommendations, such as fashion trends, style
details, fabrics and accessories matching, etc. Dimension measurement is the technical
support service with the help of various measuring instruments, and the fashion con-
sultant is the emotional support service with the help of intelligent design software.
Therefore, the measurement service in the online clothing mass customization mode is
a comprehensive service.

A survey of relevant international academic literature reveals that the research results
of body measurement in the garment industry are mainly about technology, which can
be summarized into three aspects. The first is the study of anthropometric measurement
techniques and data relationships. For example, some scholars have studied the mathe-
matical relationship of various body size data in combination with different features of
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body types, so as to improve the quality of anthropometry, and also laid a foundation for
the development of new standard size tables and size definitions [1]. The second is the
research on human body data extraction equipment during measurement. For example,
some scholars have proved through experiments that the data obtained by using 3D body
scanning equipment is basically consistent with the manual measurement data, which
can be used in the measurement service of mass clothing customization to improve the
measurement efficiency [2]. The third is the research on how to manage the body data
obtained by measurement. For example, some scholars have developed an APP soft-
ware that can recognize language and voice, which can help service personnel store and
manage human body data accurately and efficiently [3].

In summary, the research results on clothing measurement services from the per-
spective of user experience are relatively lacking. Classical studies on service quality
are mostly carried out by European and American scholars based on the local marketing
environment. Consumers in different regions have different shopping habits, consumer
needs and aesthetic needs. In China, the quality of measurement services is one of the
key factors for apparel companies to promote online apparel mass customization busi-
ness. It not only determines whether customers will make up their minds to buy, but also
affects customers’ satisfaction with the final product. Therefore, it is necessary to study
this important service link in depth.

2 Research Design

The online clothing mass customization model comes into being with the progress of
technology and the upgrading of consumer demand. It is different from any previous
business model. At present, there is no recognized perfect example. The measurement
service of each clothing enterprise is constantly improved in the process of exploration.
Therefore, this paper takes the classic SERVQUAL model as the basis [4], and then
combines the characteristics of measurement service in the garment industry to design
the service quality evaluation index.Thenwecarryoutmarket researchoncustomerswith
consumption experience to understand the importance and satisfaction of each service
quality evaluation index in their mind, and then use the IPA chart to mark the customer’s
evaluation in the two-dimensional four-quadrant diagram [5, 6], so as to provide reference
for garment enterprises to effectively improve customer service experience.

3 Evaluation Scale Design and Questionnaire Survey

3.1 Evaluation Scale Design and Pre-survey

In order to be more in line with the quality evaluation of door-to-door measurement
services under the online clothing customization model, according to the SERVQUAL
scale and the content of the measurement service, we redesigned an initial scale with
30 indicators, and then invited 4 experts in the clothing customization field to revise the
expression of each indicator, merge indicators with similar meanings, and finally An
evaluation scale with 5 dimensions and 19 indicators is formed, as shown in Table 1.
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Table 1. Quality evaluation scale of measurement service

Evaluation dimension Evaluation index Serial number

Tangibility Anthropometric equipment is advanced
Personalized design software is smart
Service staff are young and beautiful (handsome)
Service staff are dressed and made up appropriately

No. 1
No. 2
No. 3
No. 4

Reliability The service content is rich
The service process is normative
Service staff can record service data correctly

No. 5
No. 6
No.7

Responsiveness Service staff arrive on time according to the
appointment
Service content can be arranged according to customer
needs
Customers’ new needs can be dealt with in time
Service efficiency is high

No. 8
No. 9
No. 10
No. 11

Assurance The service process is highly informational
Customers can make appointments more freely
Service staff have high professional quality
Service staff are polite

No. 12
No. 13
No. 14
No. 15

Empathy Service staff can understand customer needs well
Service staff can consider the interests of customers
Service staff and customers have the same gender
The service process is comfortable

No. 16
No. 17
No. 18
No. 19

According to the above service quality evaluation scale, we designed a set of ques-
tionnaire, which contains three parts: demographic characteristics, importance evalua-
tion of service indicators and satisfaction evaluation of service indicators. The first part
includes gender, age, monthly income, occupation, education level and the demands of
choosing customized clothing. The second part requires the survey respondents to eval-
uate the importance of each quality index of the measurement service, using the Likert
five-level scale, “1, 2, 3, 4, 5” respectively indicate “very unimportant, unimportant,
general, Important, very important”. The third part requires the survey respondents to
evaluate the satisfaction of each quality index based on their own experience. The Lik-
ert five-level scale is also used. “1, 2, 3, 4, 5” respectively indicate “very dissatisfied,
dissatisfied, general, satisfied, very satisfied”.

The reliability and validity of the questionnaire must be tested before formal ques-
tionnaire survey is carried out.We first uploaded the questionnaire to “www.wjx.cn” and
created the questionnaire link. Then, we contacted 40 customers by random sampling
method, and they had at least one online custom clothing consumption within a year.
After getting their consent, we issued the questionnaire link to them, and finally recov-
ered 39 valid questionnaires. SPSS22.0 statistical analysis software was used to analyze
the survey results. Cronbach’s coefficient was 0.878, KMO value was 0.825 (>0.7), and
Bartlett’s Spherical Spherical Test Sig value was less than 0.05, which indicated that the
questionnaire passed the reliability and validity tests and was reliable and meaningful.

http://www.wjx.cn
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3.2 Questionnaire Survey and Data Collection

During the formal survey, we contacted 400 customers who had experience in clothing
customization and sent them the questionnaire link. 390 questionnaires were returned.
After excluding thequestionnaireswith lowauthenticity, 373were valid,with an effective
rate of 93.2%. In order to ensure the reliability and stability of the survey data, we
conducted reliability and validity tests on the recovered valid samples. The results show
that Cronbach’s coefficient is 0.864, KMO value is 0.803, and Sig value of Bartlett’s
spherical test is also less than 0.05. Therefore, it can be determined that the data of the
questionnaire meet the reliability and validity requirements of the evaluation.

4 Result Analysis

4.1 Demographic Characteristics Analysis

Table 2 shows the demographic characteristics of the sample. There are significantly
more male customers than women. It can be seen that men are a keen group of online
custom clothing, which may be related to their willingness to try new things. Customers

Table 2. Demographic characteristics of the sample

Item Attribute Frequency Ratio/% Item Attribute Frequency Ratio/%

Gender Male 304 81.4 Occupation Government
and public
institution
personnel

113 30.4

Female 69 18.6 Professional
skill personnel

78 20.9

Age <25 22 5.8 Trade,
financial
industry
personnel

133 35.7

25–35 65 17.3 other 49 13.1

36–45 87 23.4 Education
level

Senior high
school and
below

36 9.6

46–55 95 25.6 Junior college 91 24.3

56–65 73 19.7 Undergraduate 148 39.7

>65 31 8.2 Postgraduate
and above

98 26.4

Monthly
income/Yuan

<5000 13 3.6 Demand
for
customized
clothing

Unique style 73 19.5

5000–10000 34 9.2 Good fit 89 23.8

10001–15000 76 20.5 Special
occasions

102 27.3

15001–20000 130 34.8 High quality 68 18.2

>20000 119 31.9 other 42 11.2
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are mainly aged between 36 and 55, accounting for about 50% of the total number. Most
of the customers are middle and high-income groups with a monthly income of more
than 10,000 yuan, which is also in line with the main price positioning of major clothing
customization companies. The customers’ occupations are mainly government person-
nel, public institution personnel and business, trade and financial industry personnel.
In terms of education level, undergraduate level personnel are obviously the most, and
the proportion of high school and below is the least, which may be because the online
customization process is relatively complex and requires a certain cultural foundation.
There is no obvious difference in people’s needs for choosing customized clothing. In
general, the main consumer groups of online clothing mass customization model are
middle-aged and young men with high income, decent jobs, good education, and willing
to accept new things.

4.2 Analysis of Importance Perception and Satisfaction Perception

Using SPSS22.0 to analyze the survey results, the mean value of importance evaluation
and satisfaction evaluation of each service factor can be obtained, as shown in Table 3. In
the table, the mean values of importance evaluation are all greater than 3, ranging from
3.25 to 4.34, indicating that customers believe that each service factor is important. The
five factors with the highest scores are: No. 14, No. 16, No. 8, No. 2 and No. 17. It can
be seen that the professionalism of service staff and communication with customers are
particularly important. The five factors with the lowest scores are: No. 18, No. 3, No.
7, No. 11 and No. 1. Accordingly, customers pay less attention to the gender and age of
service staff, as well as service tools and service efficiency, and are not very sensitive to
them.

The average value of satisfaction evaluation of 6 factors is greater than 4, indicating
that customers are satisfied with the service quality in these six aspects, and enterprises
should continue to maintain them. Arranged in descending order of scores, they are: No.
4, No. 18, No. 8, No. 15, No. 19 and No. 7. The scores of other factors are all lower
than 4, indicating that customer satisfaction has not been achieved. In particular, special
attention should be paid to the last five factors, arranged in order from low to high scores,
which are: No. 17, No. 13, No. 14, No. 9 and No. 16. These five aspects are the weak
links that need to be improved urgently, and need to be focused on by the business side.

Each service factor have a corresponding average value of importance evaluation (I)
and a average value of satisfaction evaluation (P). If I-P < 0, it means that customers
are satisfied with the experience of these service factors. On the contrary, if I-P ≥ 0, it
means that the customer’s experience is not satisfactory.

I-P of only 7 factors is less than zero, while I-P of the other 12 factors is all greater
than zero, indicating that the service experience of these 12 aspects fails tomeet customer
needs. Among them, the difference of 4 factors is quite prominent, which needs special
attention. They are: No. 14, No. 17, No. 16, No. 13, indicating that these four aspects
are in urgent need of optimization.
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4.3 IPA Analysis

According to Table 3, we can calculate that the total average value of importance eval-
uation is 4.00, and the total average value of satisfaction evaluation is 3.87. Taking
importance as the X axis, satisfaction as the Y axis, and (4.00, 3.87) as the intersection
point, a two-dimensional four-quadrant chart can be drawn. Finally, we map the mean
value of importance and the mean value of satisfaction of each factor to the chart to get
the IPA chart, as shown in Fig. 1.

The first quadrant in Fig. 1 belongs to the dominant area, in which the five factors
are: No. 4, No. 5, No. 8, No. 15 and No. 19. It shows that customers think these five
aspects are very important, and the satisfaction of actual experience is also relatively
high. Therefore, the enterprise should not only continue to focus on, but also consolidate
and give full play to these advantages.

The second quadrant belongs to the maintenance area, in which the four factors are:
No. 1, No. 7, No. 11 and No. 18. It shows that customers have no excessive demands in
these four aspects, and their satisfaction is high. The service provided by the enterprise

Table 3. Importance, satisfaction and IPA Index of measurement service factors

Evaluation
dimension

Serial
number of
evaluation
index

Importance evaluation
(I)

Importance evaluation
(P)

I-P Significance
results of
paired-samples
T test

Mean Standard
deviation

Mean Standard
deviation

Tangibility No. 1
No. 2
No. 3
No. 4

3.83
4.2
3.25
4.02

0.978
0.886
1.012
0.901

3.94
3.81
3.84
4.18

0.899
1.004
0.995
0.982

−
0.11
0.39
−
0.59
−
0.16

Not significant
Significant
Significant
Not significant

Reliability No. 5
No. 6
No. 7

4.11
4.13
3.59

0.994
0.901
0.962

3.98
3.77
4.01

1.027
0.908
0.916

0.13
0.36
−
0.42

Not significant
Significant
Significant

Responsiveness No. 8
No. 9
No. 10
No. 11

4.24
3.98
4.06
3.77

0.848
0.997
0.902
0.957

4.13
3.68
3.78
3.88

0.878
0.965
0.949
0.964

0.11
0.30
0.34
−
0.11

Not significant
Significant
Significant
Not significant

Assurance No. 12
No. 13
No. 14
No. 15

3.84
4.05
4.41
4.03

1.001
0.893
0.879
0.916

3.76
3.47
3.63
4.08

0.998
1.008
1.017
0.879

0.08
0.58
0.78
−
0.03

Not significant
Significant
Significant
Not significant

Empathy No. 16
No. 17
No. 18
No. 19

4.34
4.17
3.65
4.08

0.862
0.995
1.089
0.896

3.69
3.45
4.17
4.02

1.016
1.041
0.873
0.916

0.65
0.72
0.52
0.06

Significant
Significant
Significant
Not significant
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Fig. 1. IPA chart of Importance-satisfaction

has exceeded their expectations. Therefore, the enterprise does not need to invest too
much energy in these aspects, as long as the original condition is maintained.

The third quadrant belongs to the secondary improvement area, in which the three
factors are: No. 3, No. 9 and No. 12. According to the principle of IPA analysis, these
three aspects have not attracted special attention from customers, but the experience
satisfaction is relatively low. Therefore, enterprises can not ignore them, should find the
reasons of low satisfaction, reduce the shortcomings.

During the survey,we found thatmany service staffs donot have a deepunderstanding
of the fabric, version, craftsmanship and dress collocation of the clothing, and just take
up their posts after a short intensive training. The service they can provide customers is
only a uniform set of standardized content. But in fact, some customers are particularly
concerned about fabrics or craftsmanship, and somecustomers are particularly concerned
about colors or collocation. If enterprises can understand these different needs before
service, and arrange more flexible and professional services in a targeted manner, it will
greatly promote the improvement of service quality.

The fourth quadrant belongs to the key improvement area, in which the seven factors
are: No. 2, No. 6, No. 10, No. 13, No. 14, No. 16 and No. 17. It shows that customers
have high expectations and demands for these seven aspects, but the satisfaction after
the actual experience is low. Therefore, enterprises should invest major resources and
energy to improve the service quality in these aspects.

In the investigation, we found that there are two reasons why the personalized design
software is not satisfactory. First, the resources are not rich enough, the style details,
fabrics and accessories that customers can choose are very limited, and it is difficult to
achieve the expected uniqueness. Second, virtual fitting cannot be realized. Although
customers have seen the three-dimensional effect of their own designs, but still can-
not experience trying on the clothes. In addition, some service personnel have poor
professionalism and the service process is not standardized. In the process of commu-
nicating with customers, they cannot understand their real needs well, and even blindly
pursue sales performance, and put forward some unreasonable design suggestions and
dress suggestions. Customers generally want to make an appointment for door-to-door
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measurement service during non-working hours, but it is difficult for them to make an
appointment during these time periods because the enterprise is short of manpower.
Some customers responded that after the measurenment service, if they have new needs,
it will be troublesome to communicate with service staff. If the enterprise can put the
design software on the Internet and establish an online communication platform, the
service efficiency will be higher.

5 Optimization Suggestions

Based on the above analysis results, in order to better help apparel companies develop
online mass customization business, the following four suggestions are put forward.
The first is to enrich the database of personalized design software to provide customers
with more options. In addition, the virtual fitting function should be added, so that
customers can see thefitting effect in advance, so as to judge theproductsmore accurately.
The second is to focus on building a professional service team, standardize the service
process, modularize the service content, understand customers’ needs in advance, and
flexibly arrange personalized service content, also, rationally arrange the number of
service personnel, improve the wage performance system, and balance the interests of
the enterprise and customers. The third is to develop an online communication platform
that can help companies improve service efficiency, improve follow-up services, and
also maintain customer relationships and increase customer stickiness.
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Abstract. CAx systems (computer-aided technologies) contribute to making
automated product manufacturing processes more efficient and flexible. Due to
their high complexity, their usage requires both initial and recurring training. This
paper addresses instructional videos as a potential means to train CAx users.
In a literature study, design and quality issues concerning the segmentation and
sequencing of instructions, in particular instructional videos, are investigated from
a technical communication perspective. The qualitative and quantitative literature
analysis reveals that CAx instructional videos and their design are rarely investi-
gated topics. There is a need to learnmore about how to design CAx video tutorials
effectively in terms of segmentation and sequencing, depending on task complex-
ity and worker type. Clear design principles would help small and medium-sized
enterprises to produce effective videos for their employees, thereby reducing the
duration and cost of vocational training.

Keywords: Instructional videos · CAx systems · Segmentation · Sequencing ·
Vocational training

1 Introduction

CAx systems (computer-aided technologies) are a key factor in making automated prod-
uct manufacturing processes more efficient and flexible. CAx systems is the collective
term for all computer-supported systems, whereas x is a variable for computer-aided
processes such as design (CAD) or manufacturing (CAM) [1]. As CAx systems are
highly complex, their usage requires both initial and recurring training [2]. CAx training
is only a small part of the vocational education of engineers and shop floor workers
[2]. Thus, CAx-related skills are typically acquired through on-the-job training or voca-
tional training courses. The latter are time-consuming and costly for the companies.
Instructional videos included in blended learning concepts are a promising alternative.
They are seen as a communicative tool for solving problems – in this case, the lack of
knowledge to operate CAx systems – and enable employees to acquire know-how and
skills independently of time and place. The learning effect depends on the quality of the
instructional video [3]. However, there has been little research on the quality and design
aspects of CAx instructional videos, in particular [4].
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Guidelines such as [5] see segmenting of content and sequencing of segments
as crucial factors for achieving good learning outcomes by instructional videos. This
paper aims to give an overview of related literature, focusing on the segmentation and
sequencing of content in instructional videos for CAx users.

The topic is investigated from a technical communication perspective within the
scope of two research and development projects. In the project WerkerLab1, a blended
learning concept for teaching CAx related skills is developed in collaboration with
partners from engineering and software developers. The concept is directed to small and
medium-sized enterprises (SMEs). CAx instructional videos are a key component of this
approach. In the project CAM20302, CAM (computer-aidedmanufacturing) systems are
expanded by digital tools such as evolutionary algorithms, cloud computing, and artificial
intelligence to support CAM users in processing highly complex tasks. In addition, the
usability and user-oriented acceptance of CAM systems are investigated based on a
model of action chains for CAM planning processes. The results are used to derive a
training concept for CAM users.

2 Methodology

The literature search was conducted from September to November 2020 in the database
of the RWTH Aachen University’s library, in Scopus, Web of Knowledge, and Google
Scholar. It used the keywords segmentation, sequencing, instruction, instructional video,
CAx systems, as well as forward and backward snowballing. The search was limited
to German and English publications. Irrelevant initial findings were cleaned out. The
resulting findings (n = 120) were iteratively screened and reduced to papers discussing
instructions in general, content segmentation, sequencing, and instructional videos (for
CAx experts in particular). The analysis of the final corpus (n = 50) was driven by two
questions: Q1: How are segmentation and sequencing discussed as a feature of instruc-
tions? Q2: Are there recommendations concerning instructional videos for CAx experts?
The corpuswas analyzed quantitatively and qualitatively. The quantitative analysis refers
to the distribution of papers to disciplines, as well as the number of publications deal-
ing with the sub-topics ‘instructional videos (for CAx systems)’, ‘segmentation’, and
‘sequencing’. The qualitative analysis adapts [6]. The literature corpus was analyzed
top-down – guided by the research questions, and bottom-up – guided by the material.
The main categories of the category system are instructional videos, segmentation, and
sequencing.

1 This research and development project is funded by the European Regional Development Fund
(ERDF) (funding number EFRE-0801580) and implemented by the LeitmarktAgentur NRW-
Project Management Agency Jülich. The author is responsible for the content of the publication.

2 This research and development project is funded by the German Federal Ministry of Education
and Research (BMBF) within the “Innovations for Tomorrow’s Production, Services, andWork”
Program (funding number 02J19B081) and implemented by the Project Management Agency
Karlsruhe (PTKA). The author is responsible for the content of this publication.
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3 Results

In the following, selected results of the literature study are presented. Section 3.1
describes quantitative results, Sect. 3.2 qualitative results.

3.1 Quantitative Results

In the reviewed literature, the sub-topics segmentation (n = 32), sequencing (n = 25),
and instructional videos (n = 38) are almost equally often discussed (partly separately,
partly together), whereas few publications deal with complex software systems, i.e. CAx
systems (n= 9). Publications on instructional videos frequently investigate the efficiency
of knowledge transfer of paper-based versus video instructions. Regarding literature on
segmentation and/or sequencing only, about a half considers instructional videos, the
others focus on paper-based instructions or instructions in general. Authors’ areas of
expertise are diverse (sorted by descending number of publications: psychology, edu-
cational science, instructional technology, technical communication, computer science,
and others). Recommendations on segmentation and sequencing in instructional videos
are mainly discussed from the perspective of technical communication and instructional
technology.

3.2 Qualitative Results

The first subsection describes instructing, the second relates to instructional videos.
Subsections segmentation and sequencing deal with general findings as well as recom-
mendations for instructional videos regarding segmentation and sequencing. The last
subsection refers to instructional videos as a part of CAx training.

Instructions: Instructing is understood as a directive writing or speaking act [7]. The
central goal of instructing is to impart procedural knowledge and enable the user to
independently achieve a desired state.

[8] describes a theoretical framework for text-based software instructions that
abstracts instructions to a sequence of states (desired, prerequisite, interim, unwanted)
and actions (by a human or software system). The goal that is achieved by following a
procedural instruction is defined as the desired state. The prerequisite state is the con-
dition for moving towards the goal following the instruction. Interim states occur on
the way to reach the goal and can be seen as subgoals. Finally, unwanted states such as
errors or system malfunctions are considered, too. [8] distinguishes between human and
system actions. Human actions are defined as actions users take to reach a goal. System
actions are a response to those human actions. Additionally, external events outside the
system have to be considered in an instruction. This framework can also be applied to
instructional videos.

Instructional Videos: In an appreciable part of the literature on instructional videos,
instructional videos for software training are compared to paper-based instructions [9–
12], or classical classroom training [13]. Key findings show advantages of instructional
videos, such as higher motivation and retention [5] as well as better accuracy in task
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performance [9]. Disadvantages of instructional videos mainly concern problems such
as finding relevant information in the video [14] or the non-adjustable pace of the instruc-
tion/demonstration [9]. Some authors, however, stress that these disadvantages can be
tackled by adjusting instructional videos’ design [5, 14].

A small number of papers offer design guidelines and heuristics based on empirical
findings and/or existing literature for instructional videos teaching (complex) software,
e.g., [3, 5, 15]. They provide structured advice for improving the design of instructional
videos aswell as guidance on segmenting and sequencing content in instructional videos,
which is detailed in the following subsections.

Segmentation: The term segmentation means breaking down complex units into their
elements (segments). Segmentation is the sine qua non for sequencing.

In educational and psychological research, segmentation has mainly been investi-
gated against the background of cognitive load theory. Related studies highlight that
segmentation is a potential solution to cognitive overload, e.g., [16].

Both the length and the granularity of segments are seen as crucial factors for instruc-
tional design [5]. The literature dealing with paper-based instructions and classroom
teaching highlights that segments should be short and appropriate. [17] say that a seg-
ment should comprise a maximum of five unknown chunks. [18] and [19] investigate
how the granularity of a procedural instruction segment influences initial performance,
learning, and transfer. A high granularity has a positive effect on initial performance
but hampers learning and transfer. Thus, the authors recommend applying so-called fad-
ing to the instruction. Fading means continuously decreasing the granularity of single
segments and combining small steps in one step.

Segmentation is often accompanied by inserting user-controls, which allow the user
to time actions, e.g., start a segment, pause a segment, and go to the next segment. These
actions enable users to determine the pace of learning. Studies on segmentation and
user-paced learning show “that people learn more deeply when a multimedia message
is presented in user-paced segments rather than a continuous unit” [20]. This effect is
named the segmenting principle and is most likely to emerge if the learning content
is complex, the presentation of the learning content is fast-paced, and the learner is
inexperienced in the learning content [21]. In contrast, segmentation can have a negative
effect on learning if the learner has a high level of prior knowledge. This effect is called
the expertise reversal effect [22]. Thus, it depends on task complexity, presentation speed,
and the learner’s prior knowledge if segmenting the learning content eases learning.

Recommendations for Instructional Videos: Design guidelines and heuristics sensitize
for the need of content segmentation in instructional videos [3, 5]. They give advice on
the length of videos, video segments, and pauses between segments, and describe how
to support user-paced learning. There is a broad consensus in the analyzed literature that
videos should be as short as possible. Yet, the definition of ‘short’ differs between papers.
Differences exist in the recommendation of the exact duration of a video or segment –
ranging from 15–60 s [15] to six minutes [23]. If a defined procedure cannot be shown
in the recommended duration, the procedure should be split into separate videos [5].
The procedure should be broken up into meaningful, “bite-size” [16] pieces with a clear
beginning and end [3].
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Segmenting the content within one video can support the retention process [24].
Pauses (two to five-second breaks) demarcate concept or event boundaries and support
the cognitive organization of information [3]. A few studies stress the importance of
enabling users to move through the video’s content in a self-determined way to quickly
find relevant information [5, 14]. Therefore, the content should be segmented, and the
segments labeled. Other options to make segments directly selectable are an interactive
timeline and/or an index linked to the segments [5].

Sequencing: The term sequencing refers to the determination of the segments’ order
[25]. Sequencing strategies differ in their application scope. Overall, they can relate to
the organization of either several topics/ideas (macro-level strategies) or a single one
(micro-level strategies) [25]. [26] offer an approach to categorize sequencing princi-
ples and rules. They distinguish between world-related, concept-related, inquiry-related,
learning-related, and utilization-related sequences; they relate these types of sequences
to principles and rules such as ordering segments chronologically, from observations to
reasoning, from concrete to abstract. Sequencing principles are not mutually exclusive;
sequencing approaches can employ more than one principle [27].

Recommendations for Instructional Videos: For the design of instructional videos, [3,
28], and [12] recommend the simple-to-complex pattern. The simple-to-complex-pattern
refers to an increase of task complexity over time. Even on a low level of complexity,
the instructions should refer to real-world problems instead of artificial scenarios [5].
Concerning task-based instructions, the order of sequences should correspond to the
user’s mental plan and the physical steps of task execution. The sequence prototypically
comprises the goal or purpose as well as the actions and (intermediate) states that have
to be passed through [5]. Different studies on instructional videos apply the simple-to-
complex pattern as part of Demonstration-Based Training (DBT) approaches [3, 29]
to investigate the role of supporting motivation, task performance, retention [30], and
reviews [31].According to [29], simple-to-complex sequencing facilitates understanding
and contributes to retention and the learner’s motivation.

Integration of Instructional Videos in (CAx) Software Training: The reviewed lit-
erature sparsely deals with the integration of instructional videos into software training.
Only three studies [32, 33], and [34] discuss this topic.

[32] investigate the effect of practice in learning with instructional videos for soft-
ware training: Students participated in one of three software training conditions (video
only, video followed by practice, video preceded by practice); afterward, their learning
outcomes were compared. The assumption that instructions should precede practice to
support acquiring procedural knowledge (see [5]) could not be confirmed. Thus, it seems
to be unclear if and when instructional videos should be followed by practice.

Sequencing can also refer to the integration of an instructional video into a higher-
order training concept. Only [33] and [34] discuss the integration of instructional videos
in CAx training. [33] investigate the use of instructional videos to teach undergraduate
engineering students simulation methods. The course comprises four phases: theory,
training, problem-solving, and presentation. In the training phase, the students learn to
use the CAx system based on instructional videos. The videos guide them through exem-
plary and common processes step by step. The evaluation shows two main advantages
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of instructional video; the videos enable the learner to adjust the instruction to the per-
sonal learning pace and access the instruction independently from time and space. [33]
recommend using videos in addition to classic media. They advise against completely
replacing them.

[34] tailors training to the needs of CAD users and includes videos besides paper-
based documentation and classic classroom training. The video has the purpose of giving
an overview of the CAD system introducing different tools and functions. In addition,
instructional segments of exemplary CAD processes are given in the video. Participants
of the CAD course later evaluated the course, methods, and materials. They perceived
the video and especially the instructional segments positively.

4 Discussion

Instructional videos are increasingly used in various areas of life, including industry,
but there is little research that addresses their practical design. Often teaching-learning
settings at school and university are considered, but not (further) vocational training. In
particular, CAx instructional videos and their design are rarely investigated topics.

In the literature, recommendations for segmenting and sequencing instructional
videos for complex software systems are given, yet no CAx-specific recommendations
exist. It is unclear if it is sufficient to apply existing recommendations to the field of CAx
systems without adjustments or if and how they have to be modified for CAx systems,
the purposes of vocational training, and the contextual requirements of SMEs.

Additionally, the recommendations in the literature are often unspecific, ambiguous,
and/or not detailed enough, e.g., statements concerning the granularity of segments as
well as the duration of videos or video segments. A promising approach seems to be
to insert breaks between subgoals. However, it is unclear according to which principle
they should be placed depending on the segment type, the sequencing pattern, and/or
the learner type. According to the literature, segments should be labeled to support users
to find relevant information. Information is missing about how the labeling should be
implemented, e.g., in terms of naming patterns.

Sequencing is mostly discussed concerning sequencing patterns. Coming from
Demonstration-Based Training (DBT) approaches, simple-to-complex is the most com-
monly discussed sequencing pattern. Again, it is unclear how this principle should
be used in practice, e.g., how many and which levels of increasing complexity are
appropriate between the poles ‘simple’ and ‘complex’.

5 Conclusion and Outlook

The industrial practice inGermany indicates an increasing interest in instructional videos
for CAx systems that fit the requirements of software training and SMEs. In contrast
to large companies, SMEs lack financial resources to invest in specialists for producing
high-quality instructional videos. There is a need for further research to enable mechan-
ical engineering experts as well as software developers in SMEs to produce their own
instructional videos and incorporate them into CAx training courses. There is a lack
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of research on the interplay of factors i.e., the objective, subject matter, learner type,
context of use, and design features of the instructional video such as segmentation and
sequencing. User requirements for instructional videos need to be explored in detail.
Studies in realistic environments with workers on the shop floor differing in their level
of experience and knowledge are needed. Future research should learn from existing
research and examine what can be transferred from the use of instructional videos in
school and university classrooms into industrial settings. Finally, research is needed on
integrating instructional videos in CAx training.

Limitations of this study can be the following: Firstly, relevant literature may have
been overlooked. Secondly, the literature corpus is limited to German and English pub-
lications. Thirdly, publications on instructional videos for specific contexts other than
software training have been excluded from this literature study.
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Abstract. The introduction of new technologies driven by Industry 4.0 is trans-
forming existing logistics processes. The changing tasks of the employees in this
context require a systematic review of current requirement profiles (RPs) to appro-
priately bundle future employee tasks in homogeneous profiles. Thus, this paper
develops amethod for the determination of RPs taking Industry 4.0 in logistics into
account. In this way, tasks are systematically transferred into RPs on the basis of
similar characteristics. A data-driven method is chosen to reduce the subjectivity
of the approach by using similarity factors. These reflect the central aspects of the
socio-technical system and are derived from literature and practice. The method,
which has been validated at a commercial vehicle manufacturer, helps in making
decisions about RPs and can provide information about how eliminated, changed
and new tasks affect the composition of employee RPs.

Keywords: Requirement profile · Logistics processes · Industry 4.0 ·
Competency · Clustering approach · Classification model · HRM

1 Introduction

The introduction of new technologies is changing logistics processes. Despite all these
new technologies, employees and their skills are still of great importance for successful
operational performance [1]. However, the changes in activities and requirements that
will result from the fourth industrial revolution make sensible a systematic review of
current requirement and task profiles for their suitability, aswell as the early development
of future profiles. Although there are already approaches in literature and practice to
derive or determine requirement profiles (RPs)(s. chapter 2), a method to systematically
check and determine employee RPs especially in logistics with a data-driven approach
is missing. Consequently, the research goal is the development of a method for the
determination of RPs by using similar characteristics to systematically transfer tasks
carried out by employees in logistics into RPs. The profiles should be homogeneous
within themselves and heterogeneous to each other. Furthermore, the approach should
be able to validate the plausibility of already existing profiles. In order to achieve the
objective, a brief overview of competencies and RPs as well as existing approaches
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to determine them is given. Based on this, the research gap is identified. The research
approach for developing a method for the data-driven determination of RPs is presented
in the third section, followed by the resulting method. For validation, the method is
applied in a company of the commercial vehicle industry. The paper concludes with a
summarizing discussion and an outlook on further steps.

2 Background

In order to copewith changing processes and tasks in the future, companiesmust develop
qualification strategies and for these, competency models and profiles can be considered
as essential. In practice, competency models combine the strategic and operational level
of competency management [2]. Link and Rosenstiel [2] define a competency model as
a detailed, behavior-specific description of skills and attributes that are seen as relevant
to operate successfully in a workplace. Different types of competency models are dis-
tinguished based on their content and structure. As a competency model, job bundles
can be a promising instrument for coping with increasing dynamization, complexity and
uncertainty, since they contain fundamental tasks and requirements in a job bundle [3]. A
job bundle is composed of a job profile, which is defined by the elements “organizational
integration” and “objectives/core tasks” and the requirement profile including “profes-
sional requirements” and “personal behavioral requirements” of the same or similar jobs
[3], such as those of a logistics planner or warehouseman.

Regarding the creation of RPs, various methods can be found in literature and prac-
tice. Basically, a requirements analysis is carried out to determine the target profile,
which can be done either bottom-up or top-down [4]. In the bottom-up procedure, the
requirements are derived from concrete tasks. In the top-down approach, the company’s
goals and strategies are used as a starting point. Based on the results, the objectives for the
respective positions can be developed. In the next step, these objectives are transferred
into concrete requirements for a position [5]. Building on the bottom-up and top-down
approaches, Briscoe & Hall differentiate three methods to determine RPs [6]:

Survey-Based Approach: This method follows a bottom-up approach in which criti-
cal, success-promising behaviors are identified using, for example, the Critical Incident
Technique (CIT) [6]. The CIT is used to collect success-critical work situations in which
the behavior of high-performing and low-performing individuals can be clearly identified
and distinguished. These identified behaviors are used as the basis for the requirements
that are defined in the RP [7].

Strategy-Based Approach: In contrast to the survey-based approach, the strategy-based
approach follows a top-down procedure. Goals and requirements are derived from the
corporate strategy. Grote et al. assess the future orientation of this approach as an
advantage, since competencies are derived from the future requirements [7].

Value-Based Approach: The value-based method also follows a top-down approach by
using higher-level norms and values of the company as a basis for competencemodelling
[6]. Limitations consist of the less scientific and less systematic survey process. In
addition, this approach may result in less task-oriented competencies.
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Job-Bundle Approach: Another approach to determine RPs was developed by Becker
[3] and follows a bottom-up approach by only including elementary and relatively per-
manent tasks and requirements in a job bundle. Based on the expected performance in a
specific situation, relevant core tasks and basic requirements are determined and bundled.
Core tasks, organizational integration, professional requirements, and personal behav-
ioral requirements are taking into account in a job-bundle. As a competency model,
job bundles can be a promising instrument for coping with increasing dynamization,
complexity and uncertainty [3].

It becomes apparent that a wide variety of approaches for determining RPs is the-
oretically and practically possible. In the context of increasing dynamics in working
environments with rapidly changing activities and tasks, however, a method should be
applied that is both, future and task-oriented.

As each of the industrial revolutions, the fourth industrial revolution will also lead
to changed task and qualification requirements [8]. Changing tasks and requirements
demand instruments of competency management to identify new requirements, on the
one hand, and to develop new RPs, on the other. The need for a re-conception of RPs
results from the emergence of new occupational fields and task profiles [9]. With regard
to the changing tasks of employees, a suitable method is needed to critically examine
RPs and, if necessary, to create new profiles. In doing so, it is necessary to work out
similarities and differences from the process and task descriptions and to take these
into account when creating RPs. In addition, it is advisable to include new, changed and
eliminated tasks in the creation of these profiles to build these RPs, detached from current
structures and roles. Data-driven approaches are useful in the course of this providing
traceable and transparent decisions when creating RPs.

3 Research Methodology

To develop a method to determine RPs, which incorporates a data-driven approach, a
structured procedure is followed. Even though none of the existing approaches provides
sufficient support, the established concept to determine RPs can provide as a base for
adjustments. Therefore, first, the requirements on themethod are derived from the objec-
tive and the findings of the state of the art. Then, the existing approaches are analyzed
and their requirements fulfilment is assessed. As the selected method, job-bundles, is not
able to fulfil all requirements sufficiently, an adaptation is necessary. The challenge is
to satisfy the requirements on the method and to consider the data-based determination
and the plausibility check of already existing RPs.

Requirements: The requirements on the method for the data-driven determination of
RPs, which incorporates a determination and plausibility check, comprise two fields:
The inclusion of task-specific aspects during the formation of the RPs and data-driven
approach. The specific requirements are listed in Table 1.

Assessment: The evaluation of the approaches is based on a three-step scale. This
reflects the degree of fulfillment of the requirements with the expressions “not fulfilled”,
“partially fulfilled”, and “completely fulfilled”. The classification is based on a literature
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review. The evaluation of the approaches indicates that none of the listed approaches
for determining requirements profiles adequately meets all of the requirements imposed
on the method. The best rated is the job-bundle approach by Becker as it is particularly
suitable for determiningRPs and is used as basicmodel for the newmethod.Nevertheless,
this approach shows weaknesses with regard to the plausibility check of RPs and the
derivation of the RPs is not reproducible on the basis of data.

Table 1. Defined requirements and assessment of the preselected approaches.

Requirement 

Survey- 
based  

approach 

Strategy-
based  

approach 
Value-based 
approach Job bundle 

Determining RPs ● ● ● ●
Plausibility check of RPs ○ ○ ○ ○
Data-based determination ◐ ◐ ◐ ◐
Task and process-oriented ● ○ ○ ●
Bundling of similar tasks ◐ ◐ ◐ ●

○ not fulfilled        ◐ partly fulfilled        ● completely fulfilled 

Adaptation: The analysis revealed that adjustments are necessary to fulfill all specified
requirements and to eliminate the deficits. The core of the new method is a database
consisting of a task-oriented process description and the determination of similarity
factors (SFs) capturing the individual tasks in the processes. This database with the SFs
is used to define the requirements that the respective tasks entail. In addition, it seems
practical to consider not only future processes and tasks, but also current ones, in order
to check the plausibility of existing RPs and structures. The assessment further indicates
that previous approaches show deficits in the analysis and bundling of similar tasks. To
remedy this with the method, the SFs are used to analyze common features and to bundle
tasks with comparable characteristics into RPs.

4 Determination and Plausibility Check of Requirement Profiles

The method consists of three steps as displayed in Fig. 1. The data is generated by a
process analysis taking the SFs into consideration. For future processes, overall core task
classes are defined, which categorize tasks fundamentally. The collected information is
then used to apply the classification methods, which weight the influence of the SFs and
thus allow conclusions to be drawn as to which aspects of the process description are
responsible for composing the RPs. These weighted factors are utilized in the clustering
algorithm, determining the number and composition of the profiles. To obtain the final
RPs, these are adapted by experts from technical and HR departments.

Step 1: The aim of the first part is to generate a database that will be used for analysis
in the subsequent steps. Input data on future tasks is needed to determine future RPs. The
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1. Preparation of database 
with employee tasks incl. 

similarity factors

2. Application of classification 
methods to assess quality of existing 

RPs and to prioritize similarity factors

3. Clustering employee 
tasks to new RPs using 

weighted similarity factors

Fig. 1. Steps of the method for determining requirement profiles.

determination is carried out by means of workshops with experts. SFs are determined to
compare the requirements of the tasks under consideration. Each SF represents a specific
requirement, which is assigned to different levels depending on its characteristics. The
result of the first step is therefore a database in which all tasks are recorded on the basis
of the SFs. The data should be available in numerical form to enable calculations in the
following steps.

Figure 2 lists all parameters that are used as SFs for the analysis. For clarity, these
were divided into requirement groups based on considerations by Becker [3], including
personal behavioral requirements, andWilk [10], including degree of self-reliance, con-
tact diversity, and complexity of tasks. In addition to the aforementioned groups, other
subject-specific aspects were added. For logistics, an addition of knowledge material
flow, knowledge information flow, process knowledge, IT complexity, and software and
simulation appears to be appropriate. Thus, the flow-oriented view of logistics is cov-
ered in material and information flow with the interrelated processes. Furthermore, the
groups IT complexity and software and simulation aim at new requirements resulting
from digitalization and autonomization.

Degree of 
self-reliance

Decision on measures
Way of working
Dealing with malfunctions

Contact 
diversity

Kind of interfaces
Number of interfaces
Range of communication

Complexity
of tasks

Problem cause
Alternative solutions
Effects of decisions
Dynamics of the working environment
Time pressure

Knowledge
material flow

Duration of training for assistive devices
Dangerous goods

Process
knowledge

Dealing with process disturbances
Connectivity of processes

Knowledge 
information 
flow 
(logistics
software)

Number of systems
Frequency of use

Dealing with malfunctions

IT-
complexity

Interpretation of data
Number of data sources
Condition of data
IT-devices: frequency of use
IT-devices: dealing with malfunction

Software &
simulation

Programming
Intelligent software & sim.: frequency
of use
Intelligent software & sim.: dealing with 
malfunctions

Fig. 2. Overview of the similarity factors.

Step 2: For the formation of new profiles, the tasks included in the data set are assigned
to higher-level core task classes based on a qualitative consideration of content. This
is done because the same superordinate core tasks and goals are considered an aspect
of similarity according to the job-bundle approach [3] and thus represent a criterion for
similar requirements. In this context, meaningful classes are first defined for the process
under consideration. For the logistics area, these are based on the flow-oriented definition
of logistics subdividing into tasks of planning and control as well as the processing of
goods flows [11]. The processing can be divided into two types: processing related to
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the flow of materials and processing related to the flow of information. According to
this definition, the four core task classes are planning tasks, controlling tasks, processing
administrative tasks and processing operational tasks. For future scenario, the core task
class of a key user, responsible for the IT systems, was also anticipated on the basis
of the workshops. This need results from a future working environment that will be
increasingly characterized by digitization and autonomization [12].

After assigning the activities to the core task classes, the classification procedure is
carried out. Based on the defined higher-level core task classes, a classification algorithm
is used to build a model specifically for the underlying data set. A supervised machine
learning approach is used to predict the output value based on the different characteristics
in the data set with the highest possible accuracy. The classification procedure can be
used to analyze, on the one hand, whether the previously made assignment to core task
classes can be reasonably reproduced and, on the other hand, which SFs are decisive for
classifying tasks into different categories.

For this purpose, the data set is divided into a training set and a test set. As output,
the classification model generates a confusion matrix, which provides information about
the error rate, i.e., the quality of the model, for the test set. From the matrix, it can be
seen how many activities from the data set can be correctly assigned to the previously
specified higher-level task classes based on the rules formed by the algorithm. From this
information, it is possible to determine which characteristics of the tasks in the data set
are decisive for assigning activities to different classes.

Step 3: The identified SFs and their weighting are used to generate suggestions of
clusters with similar tasks and requirements using a cluster algorithm. First, an optimal
number of clusters orRPs is calculated, and then a clusteringprocedure is used to generate
a proposal for the assignment of tasks to the profiles. In this work, it was decided to use
a k-means clustering algorithm.

To determine the number of RPs, the Variance Ratio Criterion (VRC) and Adjusted
Rand Index (ARI) are calculated using the weighted SFs. These two quantities provide
information about the optimal number of clusters. The k-means procedure can then be
performed with the determined number of clusters. The clustering manages to consider
or group similar personal behavioral requirements and occupational requirements via
the SFs. This produces as output an assignment of similar tasks to the same clusters.

The assignment of tasks to profiles proposed by the cluster algorithm is still subjected
to a manual review by experts from the human resource and technical departments. This
involves a critical assessment ofwhether the assignmentmadeby the system is reasonable
and feasible for practical application and the given organizational framework conditions.
Furthermore, it is assessed whether clusters may need to be combined or subdivided
again.

Plausibility Check: Within the scope of the method, it is also possible to check the
plausibility of existing RPs. For this purpose, the data must also be available as described
in step 1. The plausibility check is then carried out in step 2. The existing RPs serve
as output values for the classification algorithm instead of the higher-level core task
classes. Otherwise, the procedure is analogous to the method for determining new RPs.
With regard to the output, the observation of the error rate is particularly interesting.



Data-Driven Determination and Plausibility Check of Requirement 317

If this is below the specified value, the quality can be regarded as sufficient. Thus, the
assignment of the already existing RPs seems to be plausible. An insufficient error rate
can indicate a less than optimal assignment and recommends a new allocation of tasks
to RPs. In addition, the classification procedure provides transparency as to which SFs
are the most relevant for differentiation between the various profiles.

5 Case Study and Evaluation

The method was validated at a commercial vehicle manufacturer. Workshops were orga-
nized in all logistics areas to determine future processes, and the method was then used
to determine RPs. A summary of the steps and the results is shown in Fig. 3.

In step 1, workshops were conducted for each working group with experts from
different plants in the logistics network. The sub-processes and tasks in the respective
areas were identified and described with regard to their future changes. In addition, the
SFs were determined for each task. The experts classified which core tasks would be
differentiated in the future and assigned the tasks to these.

This assignment was used in step 2 to identify the appropriate classification method.
The output of the Random Forest Model yielded the best result with an error rate of
3.2 percent. In addition, the Confusion Matrix indicates which individual tasks were
incorrectly assigned by themodel. For example, a task thatwas assigned to the processing
administrative task classwas shifted by themodel to the processing operational task class.
The classification procedure also provides information as to which the most important
SFs for the classification are. In this case, the similarity factor “connectivity of processes”
is the factor with the highest significance for differentiation.

The weighted SFs were used in step 3 for the cluster analysis. The parameters VRC
and ARI suggested a cluster number of 10 as reasonable, whereupon the k-means clus-
tering procedure was performed for 10 clusters. The cluster result shows, for example,
that the tasks of the goods receipt process have similarities to the tasks from the dis-
tribution process. It also suggests the split of the key user tasks for administrative and
planning/controlling areas. The latter are managed separately due to the stronger focus
on predictive analytics and simulation.

This is followed by a review of the results with the workshop participants and experts
from the human resource department. The review and adaptation were carried out for
all ten clusters of the proposal, so that ultimately eight future RPs for the logistics of the
commercial vehicle manufacturer were derived (see Fig. 3).



318 M. Kohl et al.

1. Preparation of database 
with employee tasks incl. 

similarity factors

2. Application of classification methods to 
assess quality of existing RPs and to 

prioritize similarity factors

3. Clustering employee tasks 
to new RPs using weighted 

similarity factors

• Conducting workshops in 
7 areas

• Identification of 70 tasks 
along the logistics 
process chain

• Determination of the 
similarity factors for each 
task based on the 
assessment of the experts 
from different plants

• Identification of the core activity classes 
and assignment of the respective tasks

• Selection of the classification method 
taking into account the core activity 
classes

• Use of the Forest Model due to the lowest 
error rate

• Obtainment of the similarity factors 
including their weighting in the 
classification procedure

• Factors such as the number of data sources, 
the degree of interconnectedness of the 
process landscape, and the input state of 
the data are primarily responsible for the 
composition of the RPs

• Use of the weighted 
similarity factors to calculate 
the VRC and the ARI

• Parameters yield 10 clusters 
as the optimal number of 
clusters

• Performing the k-mean 
clustering algorithm for 10 
clusters

• Analysis of the results reveals 
cluster with homogeneous 
similarity factors

• Expert interviews merge the 
clusters to 8 RPs

Resulting future 
RPs

• Processing -
administrative

• Processing -
operational

• Coordinators 
(incl. dispatcher)

• Logistics planner
• Forecasting
• Program 

planning
• Key user 

planning/control
• Key user 

administrative

Fig. 3. Steps and results of the data-driven determination method in the case study.

6 Conclusions

Existing logistics processes are undergoing a transformation in the course of Industry 4.0,
which is accompanied by a change in the tasks of employees. In the course of this, it
is necessary to review the current RPs and identify future profiles at an early stage. A
corresponding method for this is presented in this work. The method for systematically
checking plausibility and developing future RPs is based on similarity factors. These
reflect the central aspects of the socio-technical system, consisting of people, organi-
zation and technology, and were derived from literature and practical application. Core
tasks, technical requirements and personal behavioral demands from process descrip-
tions are taken into account and validated by means of application in various logistics
departments of a commercial vehicle manufacturer. The SFs, such as degree of inde-
pendence, task complexity, process knowledge and IT complexity, are the basis for the
data-based approach. The method consists of three steps: generating the data basis by a
process analysis, processing a classification procedure to weight the SFs, and applying
the clustering algorithm to determine the number and composition of the RPs. The val-
idated method for the determination and checking of RPs is applicable to current and
future logistics processes if sufficiently described. It helps with decisions on RPs and
can provide information on how omitted, changing and new tasks affect the composition
of RPs. A systematic integration of the method into the human resource management
enables targeted personnel development and strategic planning towards Industry 4.0 in
logistics. Further research is needed to include the application of the method in logistics
areas of other companies outside the automotive industry. Furthermore, there is a need
to adapt and test the method for other disciplines, such as production.
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Abstract. Robotic Process Automation (RPA) is an emerging technology in the
field of software automation, which is making rapid progress within efficiency-
driven industries. Whilst it has found broad dispersion in the automation of office
tasks, its potentials in manufacturing and industrial engineering are unexhausted.
This paper explores the basic concepts and possible extensions of RPA, and iden-
tifies targets promising application areas in industrial engineering. For this pur-
pose, a systematic literature review was carried out to deepen insights into the
state-of-the-art, methods and research type facets. Over the past five years 21 sci-
entific contributions have been identified and classified according to bibliometric
data, their specific contribution (i.e., analysis, concepts, methods, metrics, tools)
and the applied research type (i.e., evaluation, experience, solution, validation,
vision). The results of literature survey reveals existing research gaps in particu-
lar emphasizing on strong demands of manufacturing and industrial engineering
sectors to catch up on research work to leverage large potentials of RPA for future
applications.

Keywords: Robotic Process Automation ·Manufacturing · Industrial
engineering · Literature review

1 Introduction

Robotic Process Automation (RPA) is an emerging technology in the field of software
automation, which is making rapid progress within efficiency-driven industries. The
term consists of three nouns that describe the automation of a process by a robot-like
entity. Despite the notion of a robot as referring to a (physical) machine in the first
place, the concept uses artificial/software robots (aka bots) to automate tasks, activities
and entire processes. Main benefits are seen as the withdrawal of human intervention
resulting in a decreased error rate and less operational efforts [1, 2]. In particular, RPA
is a software-based concept to automate processes that underlie certain preconditions
and rules. RPA is widely considered not to be a temporary trend, but a straightforward
evolution of process automation technologies such as ‘traditional’ workflow automation
or macros especially developing towards a competitive advantage in sectors like banking
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and insurance [3]. Essential precondition is the definition of appropriate processes that
are characterized by a high frequency of occurrence, repetitive character, digital in- and
outputs, the use of more than one software system and a well-defined, detailed process
description [4]. As RPA implementations apply a wide range of machine learning tools,
like optical character recognition, natural language processing and image analysis, it
enhances the scope of traditional workflow automation well beyond strictly rule-based
solutions. Therefore, RPA opens the perspective to automate non-routine tasks as long
as they use the same set of platforms and features while not explicitly relying on human
capabilities like manual dexterity or problem-solving skills. The immense interest and
high expectations to RPA can be explained by benefits involved with process automation
such as productivity gains, automatic documentation of processes and increased quality.
Another benefit that usually appears after the first pilot implementations is the scalability
due to transferability to comparable processes in other entities and in terms of the reuse
of programming architectures and code. [5, 6].

Considering the above discussion, this paper explores the current dissipation of
RPA implementations in industry. As most public attention and publications focus on
back-office tasks in banking or insurance industry, the analysis specifically deals with
applications in themanufacturing sector, especially regarding industry-specific processes
such industrial engineering. The main research question therefore is:

What specific implementations and use cases of RPA exist within the application
area of manufacturing and industrial engineering?

To appropriately address this question, the rest of the paper is structured as follows:
Sect. 2 discusses the research methodology. Section 3 presents the results of the system-
atic literature review. Section 4 derives challenges and future perspectives in industrial
engineering and is followed by a discussion (Sect. 5) and conclusion (Sect. 6).

2 Research Methodology

In order to reach that goal as stated in Sect. 1, a systematic literature review (SLR)
referring to Okoli and Shabram [7] was conducted. The SLR was carried out in two
phases, the research phase and the subsequent evaluation phase. In thefirst step, keywords
were used, researching the databases Scopus, Springer Link, IEEE, Web of Science
and ScienceDirect. Initially, the search covered the keywords ‘robotic’, ‘process’ and
‘automation’. As the results largely covered publications in the domain of ‘hardware’
robots, more specific keywords were used by an ‘AND’ linkage. Due to the novelty of
the topic, no work older than five years was included. For an overview of the search
strategy, the selected parameters and chosen criteria are listed in Table 1.

After identifying relevantworks, a screeningwas carried out to evaluate the relevance
of the contributions to a number scale from one to five, where five corresponds to the
highest value. In order to increase objectivity in relation to the evaluation, criteria such as
timeliness of publication, publication type, and objectivity of the literature were crucial.
A backward search [8] was conducted via the highest rated papers, tracing the references
to discover further relevant publications.
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Table 1. Parameters of the SLR

Databases Scopus, SpringerLink, IEEE, Web of Science, ScienceDirect

Search terms Robotic Process Automation

Subset Software-Implementation, Lifecycle, Digitalization,
Data Mining, Framework, Classification, Mapping-study,
Criteria, Business process, Manufacturing, Engineering

Inclusion criteria Journal and conference papers
published between 2016 and 2020

Exclusion criteria Robotic automation referring to mechanical/physical robots

3 Results of the Literature Review

The geographical distribution of the studies did not show any specific results, since RPA
is a topic of global interest. The total of 21 studies that met the final criteria spreads
over 15 different countries, with a slight peak in Germany (4) and the USA (3). With
respect to the contribution and research type facets as described in Wortmann et al. [9]
and summarized in Tables 2 and 3 most papers treat methods (11), concepts (10) and
metrics (10) from a solution (11), experience (11) or validation (10) perspective.

Table 2. Contribution (according to [9])

Analyses Papers contributing investigations without constructive contributions 4/21

Concepts Papers suggesting ways of thinking things, such as new metamodels or
taxonomies

10/21

Methods Papers suggesting ways of doing things 11/21

Metrics Papers suggesting ways of measuring things 10/21

Tools Papers presenting software tools 8/21

Table 3. Research type facets (according to [9])

Vision Non-disruptive research agendas 5/21

Validation Papers presenting novel techniques and experimenting with them 10/21

Solution A novel solution is presented and argued for with case studies 11/21

Experience Report of personal experiences, for instance on the application of a
specific method

11/21

Evaluation Papers evaluating existing techniques 6/21

An overall picture of the research field and its trends is conveyed by the keywords
appearing in the papers. In a simple evaluation, the number of papers, out of 21 existing
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ones, containing terms listed in table 4 are presented. Although the term ‘manufacturing’
was mentioned nine times, in most cases it is used to describe difficult applications or
missing studies.

Table 4. Distribution of keywords within the selected papers

Implementation Software (18), Humans (18), Implementation (17), Training (15), Back
Office (14), Routine (11), Lifecycle (9), Front Office (7), CoE (6), Jobs (6),
KPI (5), Human Error (5), Knowledge Management (2)

Digital Model Process Mining (13), Bot/Robot (12), Algorithm (12), AI (10), Self-learning
(7), Logs (6), OCR (5), DTO (3)

Technology Manufacturing (9), Pilot (7), IoT (6), 4.0 (3), Long Tail (2), Industrial
engineering (1)

RPA objectives Efficiency (16), Errors (14), Reduction (13), Problem (12), Limitation (10),
Standards (9), FTE (5), Usability (4)

4 Challenges and Future Perspectives in Industrial Engineering

Anagnoste [10] provides an overview of the automation potential of various industries
in relation to their respective processes. In the area of manufacturing, a high suitability
is shown for finance-related areas, while industry-specific processes show the lowest
overall potential. Most of the publications do not even include industrial engineering or
manufacturing as promising application domains [11].

As manufacturing is considered to be a rather physical domain with a dominating
share of manual work and a rather low IT integration, it does not straightforwardly fall
into the precondition for efficient RPA implementation [4]. Mehta et al. [12] state further
challenges as fragmentary model representations and simulation capabilities.

Despite the overall conclusion of the review that the use of RPA in domain-specific
manufacturing tasks is not considered as application focus, industrial engineering con-
tains several processes, which fulfilmost of the criteria required for efficient implementa-
tion. Especially against the background of large digitization activities like the worldwide
initiative ‘Industry 4.0’ [13], respectively ‘Smart Factory’ or ‘CPPS’ (Cyber Physical
Production Systems) [14] the potential benefit of RPA is very likely to grow over the
years to come. All of these initiatives are grounded on the scenario of self-organizing
systems, digitization of products and processes (digital twins), over the entire life cycle.
For highly automated industries such as semiconductor and chemical industry or even
automobile industry, the respective processes already fit into the criteria pattern. Table
5 provides an overview over five common activities within industrial engineering that
provide promising processes.

Process Planning such as the planning of assembly lines, new or adjustedworkplaces is
already carried outwith the use of various IT planning, process simulation, ergonomics as
well as project management tools. Due to the increasing trend towards changeable work
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Table 5. Process attributes for automation for common industrial engineering (IE) processes

RPA Criteria \
IE Process

Frequent
occurrence

Repetitive
character

Digital I/Os Multiple
software
systems

Defined
process
description

Process
Planning

(X) X (X) X (X)

Planning and
Scheduling

X X X X X

Authoring Tasks (X) X X X (X)

Robot
Programming

(X) X X X X

Incident
Management

X X X X (X)

X: applicable (X): applicable to some extent–: not applicable.

systems and decreasing lot sizes the needed frequency of process (re)planning is very
likely to increase. Nevertheless, it does not reach the frequency level of a ‘traditional’
back office process like sick leave or travel expense documentation.

Planning and Scheduling already consists of largely hybrid workflows as it usually
combines ERP, MES as well as shop floor data and actions. As it is a frequent process it
already uses automated IT systems and middleware interfaces. However, due to increas-
ing changeability, the need for customizable and less invasive approaches of process
automation opens up application potential for RPA.

Authoring Tasks are required by most assistance systems in manufacturing such as
augmented reality applications or worker assistance systems for assembly [15, 16],
maintenance or teaching tasks. By the increasing implementation of digital assistance
systems [17] efforts to obtain, transform and move data are created to display the right
information at the most useable representation, via the frontend of an assistance system
(terminal, data glasses, other devices like projection systems). As these activities are
currently emerging within industrial engineering, they are expected to grow massively
in importance over the coming years.

Robot Programming is currently shifting from an activity carried out by robot experts
in automation departments into a commodity activity within industrial engineering.With
the rise of (fenceless) collaborative robots for direct human-machine interaction, multi-
modal teaching concepts and function-block based programming interfaces, robot pro-
gramming already meets most of the RPA criteria [18]. First use cases show a large
potential in productivity increase [19, 20].

Incident Management covers the workflows resulting by the occurrence of an
unplanned event such as a failure of a machine, missing material, quality issues or
unplanned maintenance tasks [21]. Besides the action of the problem solving these pro-
cesses require documentation activities and information workflows that usually cover
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the criteria for efficient RPA application. Vast potential for optimization still exists in
the recording or evaluation of existing logs. Clear inputs (data) result in an increase in
efficiency through process mining. However, even in the case of unclean inputs, fuzzy
logic can be used to remedy the situation [22].

5 Discussion

Over the past five years, RPA has been mainly used to automate back office tasks in ser-
vice processes,mostly support activitieswithout customer contact andwith lowcognitive
requirements [1]. RPA however, can achieve much higher functionality by leveraging
technologies such as and cognitive self-learning methods as described in [10, 23]. In line
with growing digitization trends in manufacturing and, RPA provides large potential to
have a significant impact on industrial engineering.

As mentioned earlier, 30–50% of attempted RPA implementations fail [11]. To dis-
cover the suitability of RPA to the dedicated processes, pilot tests at a small scale are
suitable to deliver fast results and maintain motivation in early stages [3]. Some software
vendors advertise the simplicity of their software, claiming little to no requirement of
programming knowledge and therefore often suggesting a fast application of the respec-
tive RPA solutions. Nevertheless, the process should be analyzed very carefully, as it is
a long-term commitment to change the system and carry the inherent economic risks
involved [4].

Within the systematic literature research, almost no evidence on successful RPA
applications in manufacturing and industrial engineering has been found. The most
straightforward explanation is the difficult application of RPA to industry-specific pro-
cesses and the novelty of the entire topic. As described in Ivančić et al. [6], it is often
difficult to make meaningful statements since only a handful of case studies have been
conducted and many aspects have not yet been elaborated. Ivančić et al.list case studies
according to industry sectors. However, the evaluation revealed that two-thirds were
conducted in the service or telecommunication sector, followed by finance and insur-
ance. In sum, only 5.36% of the published papers from 2012 to 2020 actually applied
implementations, while models or methods were proposed in 21.43% [3].

6 Conclusion

The global market of commercial RPA implementations already is considered to be
about USD 3bn in 2021, generated primarily by the “Big Three” Automation Anywhere
(USA), BluePrism (UK), and UiPath (Romania) [24]. As the break-even point for most
companies is reached after just one year, a further increase in market share is likely [6].
A general worldwide trend can be observed to stray away from simple rule-based tasks
to complex knowledge-based activities. This change is to be achieved by leveraging
technologies such as AI, process-mining, cognitive computing and data analytics to
further improve functionality of RPA.

Contradictory to the fact that manufacturing has always been very in favor of
(mechanical) automation, robotic process automation today is only used sporadically
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in industrial engineering. Considering recent developments in manufacturing and the
impact on industrial engineering processes like discussed in Sect. 4, it is very likely that
RPA implementations expect a significant rise over the years to come. However, the
versatility of RPA can be seen by the application to everyday processes without high
cognitive effort on the one hand and the search for the most intelligent system possible
that can work with ambiguous information and processes on the other hand.
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12. Mehta, P., Rao, P., Wu, Z.D., Jovanović, V., Wodo, O., Kuttolamadom, M.: Smart manufac-
turing: state-of-the-art review in context of conventional and modern manufacturing process
modeling, monitoring and control. In: ASME 2018 13th International Manufacturing Science

https://doi.org/10.1007/978-3-319-66963-2_7
https://doi.org/10.1007/978-3-319-70305-3_5
https://doi.org/10.1007/978-3-030-24854-3_3
https://doi.org/10.1007/978-3-658-27694-2
https://doi.org/10.1007/978-3-030-30429-4_19
https://doi.org/10.1007/978-1-4842-5729-6


Robotic Process Automation in Industrial Engineering: Challenges 327

and Engineering Conference. American Society of Mechanical Engineers Digital Collection
(2018)

13. Bauer, W., Ganschar, O., Gerlach, S., Hämmerle, M., Krause, T., Schlund, S.: Industrie 4.0–
flexiblere und reaktionsfähigere produktionsarbeit–ergebnisse der Industrie-4.0-Leitstudie
des Fraunhofer IAO. Werkstatttechnik Online 104(3), 134–138 (2014)

14. Monostori, L., et al.: Cyber-physical systems in manufacturing. CIRP Ann. 65(2), 621–641
(2016)

15. Rupprecht, P., Kueffner-McCauley,H., Schlund, S.: Information provision utilizing a dynamic
projection system in industrial site assembly. Procedia CIRP 93, 1182–1187 (2020)

16. Zigart, T., Schlund, S.: Evaluation of augmented reality technologies in manufacturing – a
literature review. In: Nunes, I.L. (ed.) AHFE 2020. AISC, vol. 1207, pp. 75–82. Springer,
Cham (2020). https://doi.org/10.1007/978-3-030-51369-6_11

17. Mayrhofer, W., Kames, D., Schlund, S.: Made in Austria 2019–survey results of the first
industry panel on production work in Austria. Manage. Prod. Eng. Rev. (2020)

18. Ionescu, T.B., Schlund, S.: A participatory programming model for de-mocratizing cobot
technology in public and industrial fablabs. Procedia CIRP 81, 93–98 (2019)

19. Ionescu, T.B.: Leveraging graphical user interface automation for generic robot programming.
Robotics 10(1), 3 (2021)

20. Ionescu, T.B., Fröhlich, J., Lachenmayr,M.: Improving safeguards and functionality in indus-
trial collaborative robot HMIs through GUI automation. In: 2020 25th IEEE International
Conference on Emerging Technologies and Factory Automation (ETFA), vol. 1, pp. 557–564.
IEEE (2020)

21. Bauer, W., Ganschar, O., Pokorni, B., Schlund, S.: Concept of a failures management assis-
tance system for the reaction on unforeseeable events during the ramp-up. Procedia Cirp 25,
420–425 (2014)

22. Agostinelli, S., Marrella, A., Mecella, M.: Research challenges for intelligent robotic process
automation. In: Di Francescomarino, C., Dijkman, R., Zdun, U. (eds.) BPM 2019. LNBIP,
vol. 362, pp. 12–18. Springer, Cham (2019). https://doi.org/10.1007/978-3-030-37453-2_2

23. Sönmez, Ö.E., Börekçi, D.Y.: A conceptual study on RPAs as of intelligent automation. In:
Kahraman, C., Cebi, S., Cevik Onar, S., Oztaysi, B., Tolga, A.C., Sari, I.U. (eds.) INFUS
2019. AISC, vol. 1029, pp. 65–72. Springer, Cham (2020). https://doi.org/10.1007/978-3-
030-23756-1_10

24. Anagnoste, S.: Setting up a robotic process automation center of excellence. Manage. Dyn.
Knowl. Econ. 6(2), 307–332 (2018)

https://doi.org/10.1007/978-3-030-51369-6_11
https://doi.org/10.1007/978-3-030-37453-2_2
https://doi.org/10.1007/978-3-030-23756-1_10


Process Improvement for the Reduction
of Rework Applying TPM and Kaizen

in a Company in the Metalworking Sector

Angel Murga-Vasquez, Jennyfer Valenzuela-Garcia, and Percy Castro-Rangel(B)

Ingenieria Industrial, Universidad Peruana de Ciencias Aplicadas, Prolongación Primavera
2390, Lima 15023, Peru

{u201616404,u201510319,pcahpcas}@upc.edu.pe

Abstract. This article shows the implementation of a Lean Manufacturing tools
model based on Total ProductiveMaintenance TPM andKaizen. The implementa-
tion of the TPM and Kaizen tools of the proposed model allowed the reduction of
reprocessing rates in the CNC machining line in a company in the metalworking
sector. First, an investigation based on success stories has carried out to corrobo-
rate that there is a significant relationship between the two tools. Finally, a model
based on the TPMandKaizen tools has proposed, consisting of four stages: system
research, planning, implementation, and control. In the implementation stage, the
Autonomous Maintenance pillar of the TPM and 5S is included. Indeed, success-
ful results has obtained. Reprocesses decreased by 30% nd Overall Equipment
Effectiveness (OEE) from 39.4% initial to 50.7%.

Keywords: Metalworking sector · Lean Manufacturing · 5S · TPM · Kaizen

1 Introduction

The company under study develops machining products and services for the mining
and industrial sectors. The company manufactures spare parts made of bronze, cast
iron, carbon steels, stainless steels, aluminum and non-metallic materials; manufactures
the following types of spare parts: gear wheels in general, shape wheels, couplings,
pins, idlers, bronze products, non-ferrous materials, CNC machine machining (Lathe
and Center, metallic structures). The company had significant increases in production
volumes in 2018 and 2019, showing efficiency problems in production processes with a
significant increase in the number of reprocesses. This study proposes the application of
Lean Manufacturing tools such as TPM and Kaizen in companies in the metalworking
sector.

According to the literature reviewed in scientific articles and adaptation of successful
models to the case study, the results are supported as improvements in maintenance
indicators. The results obtained are a reduction in the number of Reprocesses in the
CNC machining line from 13.5.0% to 9.5%, an improvement in the OEE of the CNC
machining line system from 39.4% to 50.7%. The results obtained belong to a pilot area
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within the company, the same that will be implemented throughout the organization.
Finally, we hope that the proposed model of this study will be replicated in companies
in the sector.

2 Literature Review

Suarez et al. [1] define Kaizen as a comprehensive philosophy of personal, work, family
and community development, which progressively seeks improvements and innovations
that impact all the activities we carry out on a daily basis; that is, as a consequence
of applying Kaizen, it should lead us to a spiral of improvement and innovation in our
operational processes in which not a single day, not an hour, not a minute, not even a
second should pass when not thinking about how to continue changing and growing.

Kongar et al. [2], indicates that Kaizen events generally consist of a small group of
five to ten employees of all levels, representing various functionswithin the organization,
all of whom are affected by the project in question, obtaining positive impacts on both
business processes and human resources. However, Kaizen event evaluations rely heav-
ily on quantitative analysis that aims to measure, analyze and evaluate the operational
performance of the organization’s activities.

2.1 Impact of TPM and Kaizen

Many studies in the literature show the success of the implementation of Lean Manu-
facturing tools. According to Sahoo [3], he found that the top five most widely imple-
mented Lean practices are Cellular Manufacturing, Total Productive Maintenance, 5S,
Work Standardization, and Quality Management Practices. Additionally, leadership
and organizational culture were found to be crucial factors for the success of Lean
Manufacturing.

Other authors propose the implementation of Kaizen with the aim of applying
improvements in a complex environment such as medicine. After the development of
the proposed Kaizen events, the average treatment time was reduced by 10% [4].

Cherrafi et al. [5], developed a study based on two success stories in the aerospace
and automotive industries that through the application of Gemba and Kaizen, obtaining
as a result in both cases significant cost savings of 5,000 USD in 90 days and 113,000
USD USD in one year respectively.

Hooi et al. [6] conducted a study of TPM implementation in the Malaysian manu-
facturing industries. The study identified that senior management commitment is critical
in the initial stage of TPM implementation, as well as traditional maintenance, mainte-
nance planning, correct execution (autonomous maintenance) and continuous improve-
ment (Kaizen in teams), allow gradually the commitment in its entirety, obtaining better
results in production indicators.

Bataineh et al. [7], propose a 13-step TPM model which covers basic aspects of an
improvement system such as: planning, implementation, verification, corrective action
and control. The results obtainedwere an increase in theOEE index of 62.6% in 9months.

Singh et al. [8], propose a new concept of mobile maintenance based on TPM in the
Indian industry. The results they obtained were a significant improvement in OEE and
improvements in productivity.
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3 Innovative Technical Proposal

According to the diagnosis of the problem in the case study (See Fig. 1), the pilot area
for the application of the proposed model is the CNC machining line.

Fig. 1. Tree Diagram of the problem.

The innovative technical proposal consists of designing its own methodology for the
implementation of TPM and Kaizen in the company under study. See Fig. 2.

Fig. 2. Proposed model for the implementation of TPM - Kaizen.
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StrategicEvaluation: the problem, the causes and the impact caused by the reprocessing
are analyzed, also selecting the Pilot area.
Planning: the team that will lead the implementation is established, made up of com-
pany collaborators, objectives and policies are established. Finally, the training and the
measurement of KPIs of the current situation.
Implementation: the criteria are established and the criticality analysis is developed.The
breakdown of critical machines, autonomous maintenance, 5S, maintenance program
will be carried out and Kaizen events will be carried out that include interviews with
workers, identification of critical points with diagnostic tools and improvement action
plans to obtain planned results.
Control: a periodic evaluation of the results of the KPIs, established in the proposed
model, is carried out.

4 Results

4.1 Results Before the Intervention

According to Fig. 3, it was identified that reprocesses represent an average of 17.0%
of parts produced in 2019, compared to the standard of 5.0% target. Of the total of
reprocesses, the CNC machining line presents a rate of 61.5% of reprocesses of the
total.

Fig. 3. Reprocesses (%) produced in 2019 vs the standard of 5%

In the planning stage, it was defined that the TPM-Kaizen team will be made up
of three collaborators, the production manager, the plant supervisor and the quality
supervisor. Policies and objectives were then established and training carried out:

Policies and objectives of the TPM / KAIZEN:

– Reduce the number of defects.
– Reduce customer complaints.
– Improve and optimize the capacity of the teams.
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– Reduce maintenance cost.
– Have an optimal work environment.
– Developing employee competencies through training and education.

The Implementation phase begins with the criticality analysis and breakdown of each
critical machine. The variables in the analysis are: 1. Effect on the Service provided; 2.
Technical - Economic Value; 3. Failure affects; 4. Probability of Failure (Reliability);
5. Flexibility of the Equipment in the System; 6. Logistics Unit; 7. Dependence on
Manpower; 8. Ease of Repair (Maintainability). See Table 1.

Table 1. Results of the criticity analysis

Item Name of
team

WEIGHT Reference
scale

Is it
included
in the
PMP?

Variable Type

1 2 3a 3b 3c 3d 4 5 6 7 8 Total

1 Torno
CNC
DOOSAN
Lynx 220

4 2 1 0 1 0 2 2 1 2 1 16 Critical YES

2 Centro
Smec
LCV 650

4 2 1 0 1 0 2 2 1 2 1 16 Critical YES

According to the results obtained, the CNC Lathe and SMEC Center have a critical
scale, therefore, they will be included in the Scheduled Maintenance Program (PMP).

The implementation of 5S began with the inspection of the work areas of the CNC
line, we can see how the production plant is currently (Fig. 4).

A classification was made of all the objects found out of place, for this we used three
types of cards, and they placed the objects found in a specific place according to the
type of card color. Finally, a cleaning program was established, and through an audit
file, compliance with the 5S was guaranteed.

For AutonomousMaintenance a schedule of activities was established based on three
points: cleaning, inspection and lubrication, which are developed by plant workers.

Among the proposedKaizen events, is how to implement autonomous quality control
(See Fig. 5). This format satisfies the largest number of OT work orders that are worked
in the study area.

To carry out the transport of parts within the production area, supplies such as
conditioned stretchers and carts for the parts were proposed.

The last step of this stage is the development of the maintenance program, for which
at least three levels of critical machines were considered, the frequency of maintenance,
execution time, specialty and the activities to be carried out.
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Fig. 4. 5S implementation

Table 2. Autonomous maintenance activities

Type of activity Activities Frequency

Lubrication Check the coolant level Diary

Lubrication Check the level of the track lubricant tank Diary

Cleaning Cleans chips on the track covers and inner bowl Diary

Cleaning Cleans chips from the cover turret, extension tube and swivel
joint. Make sure the drive tube cap is installed, either on the
rotary union or over the open part, of the hydraulic clamp plate

Diary

Inspection Checks for proper drain operation at filter regulator Weekly

Inspection Check the air pressure gauge for 85 psi Weekly

Cleaning Clean exterior surfaces with a mild cleaner, but never use
solvents

Weekly

Cleaning Cleans chips out of the pan or reservoir in the coolant tank Weekly

4.2 Results After the Intervention

In the Control stage, the OEE was measured to measure the impact generated by the
implementation of the proposed model. The team will apply the improvement and will
continue to have weekly meetings to reevaluate the maintenance plan and will continu-
ously monitor the proposed KPIs. According to Table 3, an increase in OEE of 11.3%
is observed.
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Quality 
Control Form 

Annex 07090007 

Rev. 2 Date 03/07/2015 

Description: OP: 

Drawing / Sample:   Client: 

N° Pieces Produced: N° of Champion pieces:

DIMENSIONAL VALUES 

Measure Nominal 
Value 

Found value 

Piece 1 Piece 2 Piece 3 Piece 4 Piece 5 

Fig. 5. Quality control format

Table 3. OEE components calculated before and after TPM implementation

BEFORE AFTER

Availability 81% 89%

Efficiency 57% 62%

Quality 85% 92%

OEE 39.4% 50.7%

For the simulation of the implementation proposal, the Arena software will be used,
in which we enter the company data obtained prior to the improvement project.

Simulation of Current Process. The simulation of the current process gives us the
following results for a month of production: the parts produced are 185 units, the number
of reprocesses is a total of 25 (13.5%). The simulation also provides the information that
no waiting times are generated in quality control. On the other hand, the time per piece
accepted is 23.43 min.

Simulation of Improved Process. The following is the simulation built in Arena after
deployment. According to Fig. 12, the results obtained after the first month of imple-
mentation are shown, obtaining 231 pieces produced; Reprocesses are generated in a
CNC Center machine (13), a CNC Lathe machine (4) and Quality Control (5), with a
total of 22 reprocesses (9.5%). The time per piece accepted is 18.78 min.

Figure 12 Simulation of the improved process.
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5 Conclusions

In the case study, the benefits of applying the proposed model based on the TPM and
Kaizen tools have been detailed.

With the implementationof the proposedmodel, the impact producedby reprocessing
in the company’s CNC areawas reduced by 30%. The results of the implementationwere
measured by calculating theOEEand theArena softwarewas used to simulate the results.

The results were an increase in the initial OEE from 39.4% to 50.7%. Availability
increased by 8%, Performance by 5%, and Quality by 7%. Likewise, the decrease in
production time was obtained by 19.8%.
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Abstract. Themodel proposed in this article brings together the application bases
of a Total Productive Maintenance (TPM) system as the beginning towards Lean
transformation for a mining company. It takes as reference models and success
stories thatwere previously implemented and is adapted to guarantee the success of
its application. Likewise, it includes an optimal indicator to evaluate the efficiency
of mining equipment, the Mining Production Index - MPI, which is an adaptation
of the OEE to the mining context. This methodology can be applied to other
mining environments since it is totally flexible in each of its steps. A case study is
carried out to evaluate the potential application of the proposal, attacking each of
the problems found in order to increase the efficiency of the mining equipment.
Inside, the initial conditions of the mine were determined and how the proposed
methodology could help improve it was evaluated.

Keywords: Efficiency improvement · Lean mining ·Maintenance management ·
Mining equipment · TPM

1 Introduction

Themining industry constitutes a large part of theworld economy, it is themain economic
activity of most countries. A study carried out by a consultancy in 2018 [1] highlights
that the global growth of Gold production will increase by 2.6% annually in the next
4 years due to a slight growth in the price of this metal, and the financial development of
companies that will allow greater investment in the sector. One of themain engines of this
global growth is mining production in Peru. Peru is one of the main mineral producing
countries worldwide, it ranks second for the production of copper, silver, zinc, and sixth
place in terms of gold production, being at the top in Latin America.

There is a constant search to improve the productivity and efficiency of mining
operations, to maximize income, compete with rising prices, and stay out of the complex
and heterogeneous business environment [2].

The maintenance area is the set of activities aimed at maintaining or restoring an
asset to a state or conditions given for its safety and good use. The activities can be
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technical (performance in teams), administration (accounting, control) and manage-
ment (decision-making) [3]. As equipment ages, operational failures are more frequent,
leading to stoppages in operations. To correct this type of breakdown, the equipment is
subjected to what is known as “corrective maintenance” or unscheduled. In this way,
operating costs increase as the number of times this type of maintenance is performed
on the machines increases.

The objective of this study is to improve the productivity and efficiency of min-
ing equipment through the application of TPM principles, sequentially and measurably
through techniques and tools that are efficient for this sector.

2 Literature Review

Given the importance of mining in the economy, this industry has paid attention to tech-
niques such as Lean Manufacturing, which ensures the competitiveness of companies.
The integration of Lean Manufacturing within the mining environment has been investi-
gated for a little over 10 years [4–9]. Compared to the manufacturing industry, mining is
much more exposed to natural and unstable conditions, so the implementation of Lean
Manufacturing techniques does not always have the expected results.

Mining companies apply Lean Manufacturing in a certain way in their processes,
either partially or by adapting these toolswithin the context. Of all the existing techniques
in this philosophy, in mining, TPM, Kaizen continuous improvement, VSM, 5S, work
standardization, or KPIS management stand out [6, 10]. The application of these already
makes the company consider a change in its management and work philosophy. Godinho
Filho et al. [11] studied the implementation and effect of lean manufacturing tools
in small and medium-sized companies. His study highlighted that medium and small
companies use lean techniques in a fragmented way, without having a holistic vision of
LM, however, they managed to achieve improvements in their performance.

Tomake effective and efficient decisions, it is necessary that companies also establish
metrics appropriate to their purposes and objectives [12]. In this way, the key metrics
will be aligned with the objective of the companies, either by project or general. In the
case of the TPM, one of the key indicators is the OEE or Global Equipment Efficiency.
The OEE is considered one of the most important performance indicators, because it not
only monitors productivity and production quality, but also because each of its elements
lead to performance improvement solutions [9, 13].

3 Methodology

3.1 Model Sequence

This methodology consists of 11 steps which are described in Fig. 1.
This scheme follows a cycle of continuous improvement, the follow-up of which

will guarantee to increase the efficiency of the teams and also the application of the six
principles of the TPM in the organization.
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Fig. 1. Model for the implementation of TPM in mining

3.2 Key Indicator of Success

To find the most appropriate efficiency indicator, a comparison (Table 1) was made
between three indicators that have been used according to the literature review, with the
same purpose of measuring the efficiency of mining equipment.

Table 1. Comparison of oee variants

Variant Characteristics Key equipment

OEEM The indicator gives an individual view of
the efficiency of each team. Affected by
factors of quality of work and maintenance

Mining machinery and equipment

SEE Applicable for excavators
Measurement that considers excavator
capacity, operator skill, and environmental
conditions

Hydraulic and electric excavators

MPI Indicates not only the efficiency of the
equipment, but also its contribution to the
availability, utilization, and performance of
all equipment

All mining equipment and machinery
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4 Validation in Case Study

4.1 Identification of Problems

The company under study has 11 assets, of which only 8 are operational. The 3 inactive
ones are in the maintenance area and serve as a source of spare parts for the rest of the
equipment in the event of a breakdown in them (Fig. 2). It was identified that there is no
space in which these inoperative equipment can be parked, they are occupying a random
space in the base area and without any registration (Fig. 3).

Fig. 2. Inoperative equipment used as a source
of spare parts

Fig. 3. Current state of the repair shop.

Experts indicate that the ideal distribution of corrective-preventive maintenance
is 20–80% respectively (Fig. 4). This can show that maintenance management for
equipment is currently ineffective.

The availability values for each of these equipments are at very low levels, which
impacts the OEE values. In this way, the efficiency of the equipment can be measured,
which are effectively 56.7 for front loaders, 53.4 for excavators and 64.2 for dump trucks
(Fig. 5).

Fig. 4. Average repair hours per equipment Fig. 5. OEE and components by equipment

4.2 Implementation Proposal

The application proposal in the case study will be sequential in accordance with the steps
of the proposed scheme (Fig. 1), in order to successfully execute the new management
plan. It is expected to have the support of the company and its workers to assume the
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new functions of the maintenance plan. Next, each step of the process and who will be
part of it will be explained in detail.

1) TPMGuiding Equipment. The guide teams to be formed for the implementation
of theTPMwill be divided into 4 parts, thefirst being those in charge of the proposal,
who will plan, implement, control and verify the TPM model; methodological
advisor, who will provide his knowledge in the action plan; Finally, the chief of
mechanics and chief of operations, these two positions are essential for the plan
to be executed successfully, as they will be the leaders in their respective areas
and will guide the entire team in the process together with those in charge of the
proposal.

2) Education and general preparation. Training plans have been developed for the
company’s operators and mechanics twice a month for 5 consecutive hours, for a
period of 6 months, these trainings will be interactive to make it more interesting
for the workers.

3) Equipment area to improve. The equipment maintenance and operations area
will be exclusively improved, with the aim of increasing productivity, availability,
utilization, load performance and reliability of these.

4) Initial OEE measurement. The initial measurement of OEE and its equipment
components was carried out thanks to the data provided by the company from the
mechanics and operators reports for the year 2018 and 2019.

5) Application of the proposal. a) 5’S Application: The application of the proposal
will begin with the Japanese methodology in the maintenance and production area,
in order to achieve an efficient workplace, with order and standardization.
Seiri (Organize and classify): The first step, all waste or objects that are not neces-
sary in the mechanical workshop and in the production area will be eliminated, in
other words, only what is necessary to fulfill the objective of the position will be
kept.
Seiton (Order efficiently): The tools and equipment of the workshop will be located
in a strategic and orderly way, through shelves, work tables and shelves with the
aim of facilitating the work of the mechanics, by the operators it will be provided
a small workshop for autonomous maintenance to carry out before and after the
work shift. The order of each implement will be established through labels.
Seiso (Cleaning and inspection): Every day at the end of the shift the maintenance
area and machines will be cleaned, this is a key factor for the optimal development
of the project, since in addition to achieving a better workshop and reducing the
probability of failure, the failure of the machine can be detected more quickly.
Seiiketsu (Standardization): All processes in the workshop and operators will be
standardized, from the beginning until the end of the day. When any autonomous
repair or maintenance activity is carried out, the tools will be used and left in the
indicated place.
Shitsuke (Compliance or discipline): The heads of each areawill verify in each shift
that the processes have been carried out, in case they fulfill everything correctly, a
bonus will be provided, to serve as an incentive.
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b) Improvement of the work environment: New hand tools and workshop equip-
ment will be purchased, a semi-open workshop with trenches will be built to
facilitate the work of mechanics when repairing equipment; a washing area
to keep the machinery clean; and a roof to work in the rainy season without
problems. In addition, a small workshop for the operators, so that they carry
out the autonomous maintenance of their equipment.

c) Autonomous and planned maintenance: Autonomous maintenance will be
developed by the operator daily before and after the work shift, this will have
a small one where they keep the basic equipment to be able to carry out this
activity. The plannedmaintenance will be carried out by themaintenanceman-
ager and operations manager, they will analyze the behavior of the machines
through the forms that the operators fill out each shift, and if necessary pre-
ventive maintenance will be scheduled, which will be developed outside the
work shift of the machine, so as not to interrupt production.

d) Development of maintenance standards: This activity will be carried out by
themaintenancemanager, hewill schedule preventivemaintenancework, after
a weekly evaluation of each equipment, he will request the necessary spare
parts from the logistics area with an anticipation time of three days to the
scheduled date of the repair, in the same way a safety stock of spare parts will
be implemented that is usually changed frequently.

6) Failure and Cause-Effects Analysis. Through the new machinery and equipment
control formats, informationwill be collected by the operators in order to predict the
failure and thus be resolved before the failure occurs. This activity will be carried
out by the maintenance and operations manager, who work as a team to analyze
the causes of quantitative failures, through digital formats that we will provide and
will be summarized in a Pareto chart. This way, they can solve the main cause of
equipment failure.

7) Development of action plans. The information collected from the formats will be
used to program and plan the change of the part and / or parts, this will be done
outside the operation shift so as not to interrupt working hours.

8) Implementation of solutions and work orders. By an action plan developed by
the chief of mechanics, the solution of the failure will be executed, this will be
carried out through an analysis process of when would be the key moment of the
change of the piece and / or pieces so as not to interrupt production, This will
reduce the number of stoppages and improve the reliability of the equipment.

9) Data collection. The data collection will be through the new formats of the oper-
ators and mechanics, from this we will obtain the production hours, number of
registered failures, unexpected stops, maintenance hours and loss of efficiency.
These data will be stored in the company’s system. Also, you will get the new
indicators after implementation such as availability, utilization, load performance
and reliability.

10) MPI calculation.TheMPIwill be calculatedwith the data obtained, if no improve-
ments have been found then return to step 6 and develop the process again. This is
based on the continuous improvement cycle.
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11) Control and monitoring plans. The operations and maintenance manager will
develop control plans for the equipment and its areas on a weekly basis. Like-
wise, an exhaustive monitoring of the implementation will be carried out through
a maintenance audit.

4.3 Simulation of Results

The implementation of this model will have positive impacts on the company, on its
work and management methods, and especially on the defined objectives. In order to
validate that the proposal will really impact the main efficiency indicators, it will be
evaluated through a simulation model, from which results will be obtained based on the
operating time of the equipment. This was done in the Rockwell Arena Simulation 16
program.

a) Evaluation of results. 200 work shifts were replicated, for each of the dump
trucks, in order to obtain optimal results that can be compared with the initial state of
the dump trucks. The output of this procedure were the total operation times, corrective
and preventive maintenance times and initial review. With these times, the calculation
of the variables was carried out, for each of the equipment shown in Table 2.

Table 2. OEE and component evaluation

EQUIPMENT

Indicator Status VLQ-01 VLQ-02 VLQ-07 VLQ-09

Availability Initial 63.3% 64.0% 81.5% 84.8%

Obtained 90.0% 90.0% 90.5% 90.3%

Utilization Initial 90.6% 89.9% 91.0% 90.6%

Achieved 86.8% 86.8% 87.7% 87.8%

Performance Permanent 96.1% 96.1% 96.1% 96.1%

OEE Current 55.1% 55.4% 71.3% 73.9%

Obtained 75.1% 75.1% 76.3% 76.2%

Difference +20.0 pp +19.7 pp +5.0 pp +2.3 pp

The result of the simulation indicates that the increase in availability through the
proposed methodology has a positive impact on the overall efficiency of the equipment.
Operation times were increased, while corrective maintenance time was reduced. In the
same way, the number of dumps increased and the number of failures fell. In this sense,
the efficiency of the dump trucks increases by up to 20% points.

5 Conclusions

Asmentioned in the literature review, Lean techniques were not originally intended to be
implemented in other industries. However, many of these sought to adapt this philosophy
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because its implementation brings optimal benefits for companies. In the case of the
mining industry, the registration and implementation studies of this technique are scarce
due to the great differences between mining and other types of industries. Furthermore,
the nature of the working conditions makes the implementation of these manufacturing
techniques not entirely successful. The proposed scheme seeks to strengthen the efforts
of other authors, who designed methodologies for Lean to be adapted in mining, starting
with Total Productive Maintenance.

The results of the simulation,with the focus of increasing availability, showefficiency
improvements by having an availability close to the objective and an increase in OEE. In
addition to economic and operational improvements, the methodology also brings a very
positive change in the workforce. This type of philosophy creates a safer environment,
of autonomy and the morale of the workers increases. Thanks to this, the productivity
of workers is directly increased.

The diagnosis of the case study showed that the company incurs very high costs
related to inefficient maintenance activities that cause low efficiency in mining haulage
equipment. The company performs below the international studies seen in the benchmark
presented. The proposed model will allow the company to be led towards the objective
of increasing its productivity and efficiency through the application of a Total Productive
Maintenance model that will establish the bases for a transformation towards a culture
of zero failures and waste. In the same way, an indicator adapted to the mining context
is included, which will allow establishing a cycle of continuous improvement for the
applied area.
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Abstract. Intelligent Autonomous Environment (IAE) is a system of integrated
industrial buildings, or a residential district, or a shopping district, etc. The full
life cycle of such an environment may take several years or decades. Such an
autonomous environment must have internal mechanisms to adapt to changing
environmental conditions. Management of such an enterprise requires an inte-
grated approach in terms of organizational structures, process management and
support with modern management methods and techniques. The purpose of this
paper is to present a reference model of such a management system.

Keywords: Management system · Intelligent autonomous environment ·
Reference model

1 Introduction

This paper is a part of a larger research project called “InnovativeManagement System of
Designing, Building, Maintenance and Development of IAE”. The project, undertaken
at the construction enterprise WPIP Ltd. and Faculty of Engineering Management of
PoznanUniversity of Technology, started in 2018. The research framework of the project
has been presented at the ISHE 2018 Conference [1, 2]. This paper is a summary of the
research conducted between 2018 and 2021. The final effect of the research is a reference
model of the IAE management system.

The paper consists of four parts:

1/ The Framework of the Research Project
2/ Description of the IAE management system reference model.
3/ Procedure for transforming the reference model into a management system design

adapted to the specific conditions of the new IAE.
4/ Conclusions.

2 Framework of the Research Project

The research and development work is carried out in five stages.
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Stage 1. The result of the first stage was a methodology for designing an agile IAS
management system including:

– development of the IAE management system agility concept,
– development of a methodology of designing an IAE management system.

The needs and expectations of themarket of investors and users of smart facilities are
changing and will continue to change with the changes occurring in the legal, economic,
socio-demographic, technological and competitive segments of the business environ-
ment. Under such conditions, the IAE management system must be agile, that is, it must
be able to take advantage of market opportunities, and thus able to meet the needs and
expectations of investors building IAE and users of these facilities. The model of an
agile enterprise is analysed in four dimensions [2, 3]: 1/ shrewdness of the enterprise,
2/ resource flexibility of the enterprise, 3/ enterprise’s intelligence, and 4/ smartness of
the enterprise. Agility should be investigated on four levels [3–6]: 1/ reacting for oppor-
tunities, 2/ creating opportunity, 3/ carrying out opportunities using virtual subsystems,
4/ carrying out opportunities by using virtual system – it means to become a broker of
virtual network.

Management system design methodology includes organizational structure design
and business process design. The methodological approach is based on the concept of
multi-dimensional space of organizational structure design [7].

Stage 2. In the second stage, a model IAS management system was built consisting of
five subsystems: a/ functional, b/ subject, c/ process, d/ methods and tools for fulfilling
functions and processes, e/ information system.

The IAEmanagement systemwill operate in external and internal conditions towhich
its functions, organizational units and processes must be adapted. For this purpose, a
methodology was developed to study the macro and micro environment of IAE and to
develop its forecast for five years. Then, models of management systemwere developed:
functional (function tree), subjective (organizational chart), process (processmaps) and a
list ofmethods and tools supporting realization ofmanagement functions. The coherence
of these components and their integration into the IAS management system was verified
under laboratory conditions.

Stage 3. The final result of stage 3 is a prototype of the Intelligent Autonomous Envi-
ronmentManagement System tested in near real conditions on a fragment of the existing
WPIP enterprise organizational structure. The purpose of this phasewas to check the fea-
sibility of the structural model, process model and management methods. In particular,
it checked:

1/ the completeness, integrity and scope of outsourcing of system functions.
2/ the separateness and inconsistency of the division of business processes and the

division of competencies,
3/ workload of organizational units,
4/ completeness, integrity of the map of internal processes and relationships with

suppliers and customers,
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5/ internal logical correctness of processes,
6/ functionality of management methods (practical effectiveness of applications),
7/ labor consumption and cost of applying management methods.

Stage 4. In stage 4 particular subsystems of IAS management system were tested in
operational conditions. The various subsystems of the model are made more detailed,
including:

1/ Development of a detailed IAE management system function tree. The management
system function model developed in Step 2 and verified under near real conditions
in Step 3 was the starting point for developing the detailed IAE function tree.

2/ The subjective model of the management system developed in stage 2 was adjusted
to the necessary level of system agility and takes into account the process features
of the organizational structure.

3/ Mapping detailed management processes on the basis of maps of the main processes
developed in Stage 2 and verified under laboratory conditions in Stage 3.

4/ Development of a demonstration version of an computer system of methods and
tools to support IAE management.

Stage 5. The final result of stage 5 is a reference model of the full life cycle of the
Intelligent Autonomous Environment Management System tested in real conditions.

3 Description of the Reference Model of IAE Management System

The reference model of the IAE management system consists of three groups of models
(Fig. 1):

1/ Structural models of the management system.
2/ Process models management system.
3/ Models of method and tools supporting IAE management.

Reference Structural Model
The starting point for the structural model is the system function tree. The function tree
answers the question of what the system should do, i.e., what business processes should
be performed to achieve the intended effects of the created IAE system. The Reference
Functional Model is presented in Table 1. It is a skeleton of the function tree, which is
developed into a detailed tree for a specific investment case. On the main branch there
are management functions concerning the enterprise as a whole: Strategic management,
Developing a company management system, Human resources management, Economic
control, and Operational management of IAE undertakings. The main functional sub-
systems correspond to the different phases of the IAE life cycle: Marketing and sales,
IAE design, Construction of IAE, Exploitation of IAE, Development of IAE.
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Fig. 1. The reference model of IAE management system

The Organizational Structure Chart answers the question what organizational units
and how they are connected to each other are needed to realize the business processes
defined in the function tree. The third element of the structural model are the Compe-
tency Tables that define who? (which organizational units) and to what extent they are
responsible for realization of particular functions. On the basis of Competence Tables
there are defined: Duty Descriptions and List of Process Owners.

Reference Process Model
Based on the Function Tree, a Process Classifier is developed, in which individual
functions are described by indicating: input, process activation source, main processing
operations, output, process owner, and determining the degree of process formalization.
The processes most important for the whole system are described in Process Description
Cards. Graphical presentation of processes is presented in the form of Process Maps and
Process Flow Diagrams.

Reference Model of Management Methods
Methodical support for IAE managers are management methods. From among dozens
of contemporary management methods and tools, 5 methods have been selected as the
most useful for IAE management:

1/ Quality Function Deployment (QFD) – as a comprehensive analysis of the concept
of developing the IAE system as a product and relating it to customers, suppliers,
and competitors.
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Table 1. The reference functional model of IAE Management System

No of function Name of function

00 RATIONAL DEVELOPMENT AND ECONOMIC FULFILLMENT OF
DEMAND FOR IAE

00.#.01 STRATEGIC MANAGEMENT OF IAE

00.#.01.01 Shaping the strategic management system of the Company

00.#.01.02 Strategic management of business portfolio (IAE)

00.#.01.03 Strategic management of other (apart from IAE)

00.#.01.04 Developing and implementing the Company Strategic Scorecard

00.#.02 DEVELOPING A COMPANY MANAGEMENT SYSTEM

00.#.02.01 Defining and implementing the concept of the management system for the
Company

00.#.02.02 Developing management systems for IAE projects

00.#.02.03 Developing management systems for other (apart from the IAE) projects

00.#.03 HUMAN RESOURCES MANAGEMENT

00.#.04 ECONOMIC CONTROL

00.#.04.01 Economic control at the level of the Company

00.#.04.02 Economic control at the level of IAE projects

00.#.05 OPERATIONAL MANAGEMENT OF IAE UNDERTAKINGS

00.#.05.01 Operational management of the business portfolio of IAE projects

00.#.05.02 Operational lifecycle management of IAE

00.#.05.03 Operational management of IAE life cycle stakeholder relationships

01 MARKETING AND SALES

02 IAE DESIGN

02.01 Development studies

02.02 IAE concept design

02.03 Technical design of IAE investments

02.04 Legal and administrative preparation of IAE investments

02.05 Project documentation management of IAE

03 CONSTRUCTION of IAE

03.01 Sourcing subcontractors and entering into contracts

03.02 Procurement of technical and material resources

03.03 Current management of the construction process

03.04 Supervision of project execution

03.05 Final acceptance of the investment

(continued)
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Table 1. (continued)

No of function Name of function

03.06 Financial settlement of the investment

03.07 Construction documentation management

03.08 Supplier evaluation

04 EXPLOITATION of IAE

04.01 Shaping the IAE exploitation service system

04.02 Taking over documentation of objects from investments

04.03 Keeping records of IAE operation

04.04 Integrated support for use of buildings and premises

04.05 Maintenance of the technical condition of IAE facilities

04.06 Fire protection of the IAE

04.07 Maintenance of cleanliness and aesthetics

04.08 Facility security and property insurance

04.09 Lease administration

04.10 Proposing changes and improvements to the IAE

05 DEVELOPMENT of IAE

05.01 Adaptive shaping of the list of functions performed by IAE

05.02 Designing and implementing changes to IAE functionalities (technological,
energy, intelligence, cubic capacity, etc.)

06 SUPPORT PROCESSES

06.01 Management of health and safety at work

06.02 Protection of intellectual property and information security

06.03 Management of information systems

06.04 Quality management

06.05 Securing legal services

06.06 Administrative support

06.07 Maintenance and protection of company property

2/ Methods of strategic analysis (SWOT / TOWS and Competitive Forces Model) - as
methods preparing business strategy of investment in IAE.

3/ Management byObjective – as an effectivemanagementmethod in network business
structures and turbulent environment.

4/ FMEA and KAIZEN – as verified methods for improving business processes.
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4 Framework for Applying the Reference Model

The framework procedure for using each of the three types of reference models in
developing an IAE project management system is generalized below. The procedure
includes 8 steps:

1/ The analysis of internal and external conditions of the enterprise - using the methods
of strategic SWOT analysis and micro environment analysis. The work of S. Trz-
cielinski [8] contains exemplary analyses of themacro-environment of IAE, whereas
the scheme of the analysis of the competitive environment for the IAE sector is given
by Kruszynski and Pawlowski [9].

2/ Develop a strategy for IAE contract implementation.
3/ Develop a function model for the contract - develop a function tree (for all phases of

the cycle covered by the contract) based on the reference tree and predefined internal
and external conditions of the IAE.

4/ Developing entity model for the contract - designing organizational units for IAE
and integrating them into the organizational structure of the Company in particular
phases of IAE cycle.

5/ Design of Competency Tables and definition of framework Job Duties for organiza-
tional units and management positions.

6/ Develop a Process Model for all phases of the IAE cycle.
7/ Selection and initiation of Management Methods for each phase of the IAE cycle.
8/ Complementary modeling of organizational structure and business processes when

moving from one phase of the cycle to the next.

5 Summary and Conclusions

The research project called “Innovative Management System of Designing, Building,
Maintenance and Development of Intelligent Autonomous Environment” began in 2018
and is currently in the final stages of completion. The goal of the final phase is to develop
a Reference Management System Model that integrates all functional management
subsystems and all phases of the IAE life cycle.

A reference model is a template, a generalized proposal for solving selected issues
in a specific practical situation. Procedure for transforming the reference model into a
management system design adapted to the specific conditions of the IAE depends on
the specific business situation, including the type and size of the building, the phases of
the object’s life cycle covered by the contract, the specific requirements of the customer.
The proposed management system modeling methodology is currently being verified
for two concurrent IAE projects.

References

1. Pawlowski, E., Pawlowski, K., Trzcielinska, J., Trzcielinski, S.: Designing and management
of intelligent, autonomous environment (IAE): the research framework. In: Ahram, T., Kar-
wowski,W., Taiar, R. (eds.) IHSED2018.AISC, vol. 876, pp. 381–386. Springer, Cham (2019).
https://doi.org/10.1007/978-3-030-02053-8_58

https://doi.org/10.1007/978-3-030-02053-8_58


352 E. Pawlowski

2. Trzcielinski, S., Trzcielinska, J., Pawlowski, E., Pawlowski, K.: Methodology of Shaping the
agility of the intelligent autonomous environment management system. In: Ahram, T., Kar-
wowski,W., Taiar, R. (eds.) IHSED2018.AISC, vol. 876, pp. 652–658. Springer, Cham (2019).
https://doi.org/10.1007/978-3-030-02053-8_100

3. Trzcielinski, S.: Przedsiebiorstwo zwinne, Wydawnictwo Politechniki Poznanskiej, Poznan
(2011)

4. Brander, S., Hinkelmann, K., et al.: Mining of agile business processes, artificial intelligence
for business agility. Papers for AAAI Spring Symposium (2011)

5. Dove, R.: Engineering agile systems: creative-guidance. Frameworks for requirements and
design. In: 4th Annual Conference on Systems Engineering Research (CSER), Los Angeles,
CA, 7–8 April (2006)
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Abstract. Manufacturing firms are lately experiencing a paradigm shift from
mass production to customized production. As such, it becomes more pertinent
for industrial entities to engage digital and intelligent systems of manufacturing.
Industry 4.0, also known as the Fourth Industrial Revolution (4IR), is spurred
by integrating digital technologies. This is embedded within an interoperable
global value chain that guarantees sustainable operational efficiency and value
optimization. This paper presents a review evaluating the potential opportunities
and threats manufacturing firms experience with adopting the 4IR and the impli-
cation on value chains. An extensive literature reviewwas conducted by analyzing
accredited resources, using peer-reviewed articles, industry reports, and validated
information obtainable in global repositories. The study generated a better under-
studying of Industry 4.0 technology adoption and their underlying impact (favor-
able and non-favorable) on industrial value chains. Significant findings reveal that
the practice of industry 4.0 has a significant effect on organization cost, material
resources, processes, products, systems, humans, and businessmodels inmanufac-
turing firms. The findings indicate that the impact of Industry 4.0 onmanufacturing
firms be studied holistically as against localized study of enterprises and country.
As such, global views with inter-country economic peculiarities and realities must
be considered.

Keyword: Industry 4.0. Opportunities. Threats. Manufacturing firms. Value
chain

1 Introduction

In this 21st century, manufacturing industries have precipitously been exposed to the
wind of change arising from global competition stirred by an unprecedented upsurge and
innovation in technological inventions that have continuously made industries contend
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with the ever-changing demands of the market. Therefore, these criteria enable current
manufacturing firms to be well acquainted with information technology opportunities
and solutions to achieve their predetermined organizational goals and objectives.

The Industry 4.0 approach is very noteworthy, allowing manufacturing and retail
activities to be streamlined while at the same time incorporating actors into the value
chain of an organization in its entirety (producers and consumers). The use of Cyber-
Physical System (CPS) generic concepts and the Industrial Internet of Things (IoT) have
addressed some specialized necessities expected of an industrial manufacturing system
in the 21st century.

The advent of the idea of Industry 4.0 is a universal term for the recent industrial
paradigm that promotes a range of potential industrial developments. This develop-
ment includes Cyber-Physical Systems (CPS), the Internet of Things (IoT), the Internet
of Services (IoS), Big Data, Robots, Virtual Reality, and Cloud Manufacturing [1]. The
implementation of these technologies is key to the advancement of other intelligent man-
ufacturing procedures, such as machines, devices, production modules and products that
autonomously exchange information, initiate actions, and control independently, thereby
providing a smart manufacturing environment [2]. Therefore, the fourth industrial rev-
olution gives rise to the interconnectivity of Cyber-Physical Systems assembling parts
[3]. Cyber-physical systemparts are interwoven arrangements that have been fragmented
into parts. It ensures advanced connection, collection, and transmission of concurrent
information that identifies, finds, trail, observes and improves the manufacturing course
of action.

Industry 4.0 is largely driven by data. The application of industry 4.0 tools to make
the best decisions has since become a competitive importance factor. Therefore, where
competitive advantage originates from will not be limited to manufacturing in a syn-
chronized manner or on an entirely new basis (such as additive manufacturing) and
the integration of products with digital systems. For example, in case of a failure, the
machine autonomously displays the replacement part required to be used, i.e., it allows
companies to filter the relevant information from the data generated to make informed
decisions [4, 5].

Evidently, in this 21st century, factory and production systems have been enhanced
continuously by information technology support tools due to the need to control more
complex technologies, the pressure ofmultiple-sitemanufacturing, and supporting logis-
tic processes have become difficult tasks. The role of Information Technology at com-
panies cannot be overstated. It has changed working conditions, level of efficiency, and
its significance is unquestionable [6, 7].

In their work on Industry 4.0 readiness, Blanchet et al [8] noted that many developed
countries in the world are still operating below the average in terms of manufacturing
production versus GDP, as seen from indicators such as complexity of themanufacturing
system, level of automation, workers readiness, and innovation strength. The emergence
of Industry 4.0 supplies the relevant solution to the challenges associated with the fourth
industrial revolution. The primary essence of Industry 4.0 is to guarantee improvements
in arrears of automation and operational efficiency, as well as effectiveness [9].

Industry 4.0 today has amazingly become a contemporary issue amongst major play-
ers in the manufacturing sector. It is based on the unity of things, “smart” technologies



Application of Porter’s Value Chain Model for Construing Potential 355

with storing capability, and production facilities similar to the Cyber-Physical Manufac-
turing System (CPMS). This manufacturing order automatically allows the interchange
of data, enable processes to start, and carry it out with independent control [10].

Industry 4.0was founded on the notion of smartmanufacturing. Smartmanufacturing
has introduced an entirely new method of manufacturing. Smart products are largely
traceable to smart factories. The basic facts, prevailing conditions, and future program
that are expedient to produce according to design are known at any timeA sound database
system is of greatest importance for accessing prompt and correct information in order
to filter through. The virtual systems have become so beneficial because it has provided
the world opportunities to simulate different cases more so, the efficiency of processes,
products, and the totality of supply chain is continuously optimized. Since the fourth
industrial revolution, the cloud network has become inevitable for the corporation with
an instrument called Cloud technology [10, 11].

Cloud technology makes ready smart data locations, products, services, and soft-
ware to users (companies) to maintain lower costs and operations efficiency. This new
method allows production based on customer’s specifications. Many companies have
now switched from bulky production to bulky customized products. The focus is to
maintain a manufacturing system that can cope with the dynamism in business pro-
cesses and practice. Such systems are flexible in nature, such that they can respond to
interruptions from various angles. All these efforts are targeted towards operational effi-
ciency and customer value creation, which underscores the value chain propounded by
Micheal E Porter.

A value chain can be described as a predetermined order of activities being carried
out by a firm operating in industry to present a unique product to its customers. Industry
4.0 provides an organization the avenue to manage the entire value chain of its product
life cycle. Hence, the study aims to use Porter’s value chainmodel as a tool to examine the
underlining opportunities and threats the fourth industrial revolution has brought, thereby
providing a template/model for application among manufacturing firms in developed,
developing, and underdeveloped countries.

2 Review on Value Chain Approach: An Industry 4.0 Perspective

Nagy et al. [12] studied the effect of Industry 4.0 and the IoT, their role in developing
Value Chain Business Strategy within a Hungarian economy. The research’s main objec-
tive was to ascertain how corporate entities carrying out business activities in Hungary
understand the Industry 4.0 phenomenon, the IoT tools used to enhance their operations,
and those critical problems they faced during adjustment. The study adopted Porter’s
value chain model to illustrate the effect Industry 4.0 had on the case study firms, this
model was considered valuable whenever special interest is given to corporate activities,
which performs a vital role in promoting customer value creation. This study used two
(2) methods in its investigation. Structured questionnaires were shared among manufac-
turing and logistics-based firms to find out the Internet of Things tools used and their
challenges. Forty-Three (43) responses were retrieved which was further subjected to
evaluation. Some interviews were further conducted with experts within the sector in
order to gain deeper insights about their appliance, IoT tools development phases and
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other critical issues. Research findings showed that real-time data widely spread among
organizations with possession of applicable analytical tools and procedures may have
a significant effect on the company as a whole. Companies using CPS, CPPS, and Big
Data Technologies evaluated were found to have higher level of logistic service, higher
efficiency in processes with partners, enhanced cooperation amid specialized logistic
functions, higher market and financial performance, and competitiveness. The study
further submits that the application of better optimized production processes is key to
attaining optimum manufacturing and economies of scale; it may also lead to high level
economic sustainability.

Schonauer et al [13] also worked on the value chain approach under an Industry 4.0
perspective, focusing on conceptual development from the past industrial revolutions.
The study aimed at illustrating the value chain concept holistically in developing business
models and in all the four stages of the industrial revolution from the steam engine to
electrical power and IT revolutions. Now, the Cyber-Physical System industrial change
is being referred to as Industry 4.0. Furthermore, the study also focuses on analyzing
the dynamics between rural and urban operations using social parameters from each
stage of the industrial revolution with an emphasis on urbanization. Methodologically,
the study used a third-level NUTS approach to consider three steps of statistics on the
rural and urban studies, while the Eurostat website was used to visualize and analyze the
collated data. The findings show that rural-urban value chains rely on the items generated,
operations, services, distribution and trade, in the local, state andglobal space, connecting
rural to global consumers from one stage to another,e.g., as smallholders, transporters,
input suppliers or processors. Besides, it was revealed that developing countries have
greater than 25% of their gross domestic product from agricultural value chains with
more than 70% of its population dwelling in countryside arrears. The study finally
submits that growth clusters of value-added activities generate substantial income for an
economy.

Culot et al [14] used a Delphi-based scenario analysis to examine industry 4.0 and
manufacturing company’s prospects. The research adopted a value chain approach to
evaluate the evolutionary trajectories peculiar to manufacturing firms. The study con-
sidered a rigorous selection of 76 experts with heterogeneous professional backgrounds.
The result reveals that evolving development in manufacturing firms required the analy-
sis of larger evolutionary dynamics extended beyond traditional industrial borders. The
study concluded it was difficult to predict when the trend will stop, and the effect at
the global economic level. Currently, selected responses must ensure that ecosystems
and separate organizations overcome the shock on the short term. In the long run, new
impetus will be injected into the economy aided by structural measures to curtail the
gloomy possibilities of recession and employment. These structural measures include
investment in inventions supported by public incentives to transform the spotlight on the
4IR trajectories.

Von Standen [15] worked on the impact of value chain management onMomentum’s
business performance. The study aimed to examine relevant literature and generate evi-
dence to support whether value chain management has a significant impact on business
performance. The research conducted an empirical study regarding value chain manage-
ment models which was implemented by momentum for a specific group of customers.



Application of Porter’s Value Chain Model for Construing Potential 357

With the aid of a well-structured questionnaire through a simple random sampling tech-
nique, information was elicited from a group of respondents who assumed different
value chain responsibilities. Thereafter, data were retrieved and analyzed. The research
findings from the empirical study show that Momentum’s implementation of the value
chain leads to an improvement in the individually measured component of business
performance as well as an improvement in overall business performance. It was how-
ever, discovered that Momentum’s implementation of value chain management did not
improve business performance to the anticipated level. It was found that, on a decentral-
ized basis, value chain management needs to be deployed in a separate business unit.
The study, therefore, concluded that value chain management improves the business per-
formance of Momentum Group Ltd. Conversely, the optimal implementation of value
chain management requires a decentralized approach and creating a separate business
unit.

Martínez-Olvera and Mora-Vargas [16] studied the framework for the analysis of
4IR Value Domains comprehensively. The study aimed to investigate the procedure of
value creation in Industry 4.0. The study also had unique interest in the relationship
existing between mass customization and corporate sustainability. In a bid to perform
the research, related articles were reviewed and the research gap was identified. There-
fore, the study proposed the Customer Product Process Resource (CPPR) 4.0 framework,
considered a template to generate sustainability in business models that promote value
creation with combined qualities of mass customization shift in an industry 4.0 environ-
ment and SMEs. The research result indicates that the effect the rate at which systems
reconfigured has on the amount of produce far outweighs its impact on the level of
customization. Hence, we can deduce that sustainability issues arising from developed
business models with sustainable value propositions are resolved once high-level soft
technology is realized.

Hopali and Vayvay [17] examined Industry 4.0 as the last Industrial Revolution
and its opportunities for developing countries. The authors examined the responsibility
of business partners and innovative technologies on the achievement of the 4IR. The
enablers of smart factories have been extensively explored and how best they can be
matched with supply chain partners in industry 4.0.

The main objective of the research was to make explicit procedures accessible to
emerging economies that will generate sustainability and increase competitive advantage
through the adoption of Industry 4.0, thereby enabling emerging economies to have a
greater share of the global value chain of manufacturing with special significance to
match two keywords for the first time (value chain partners and smart factory). The
study findings show that industry 4.0 implementation has gone beyond smart factories
but has started influencing people’s daily living via value chain partners in different
sectors. The study suggests there should be improvement in devices by satisfying and
meeting the client’s need in arrears of their utility anywhere and anytime. It further
recommends that evolving countries should embrace industry 4.0 not only for efficient
production but also for public wellbeing.

Sarc et al. [18] reviewed intelligent robotics and digitalization under the value chain
perspective as it pertains to circular economy-oriented waste management. The research
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aimed to put in place systems that would be useful in treating waste machines or equip-
ment in the future thereby making waste treatment process more efficient. Specifically,
attention is focused on systems involved in sorting of (mixed) waste through robotics
machineries. The study used a wide-ranging survey including international and national
publications with an approximately 400 feedbacks. The online survey was performed
via email using a questionnaire with nine questions and retrieved from companies in
the DACH region of Austria, Switzerland and Germany. These companies in various
sizes are practicing recycling technology and waste management. The research find-
ings reveal that management of waste is inexorably evolving towards digital industri-
alization. Customer-adapted solutions should be coordinated with manufacturing firms
to ensure effective implementation of the technologies. i.e. the recovery industry and
the suppliers. Conclusively, it appears that smart technologies, especially the robotic-
based sorting system in waste management has continued to concentrate more interest
as a result of the one-sided substitution of human being or the introduction of robots.
This eases humans of heavyweight physical sorting and saving them from non-optimal
environmental pollution such as noise, air or water pollutants.

Strange and Zucchella [19] worked on Industry 4.0, global value chains, and inter-
national business. Their research aim was directed towards evaluating how the extensive
implementation of latest digital technologies specifically; the IoTs, big data analytics,
artificial Intelligence, and additive manufacturing also known as 3D printing, likely
influence the situation and arrangement of events within the global value chains. To
perform the study, various literature and sources were reviewed to understand the likely
impact of the adoption of these emerging digital technologies otherwise known as fourth
industrial revolution (4IR). The study further looked into differentiating these inventions
from current ones and considering how these new technological inventions bring about
new configurations amongst customers, suppliers, and the firm. Therefore, the findings
showed that the emerging digital inventions can disrupt the method and the place where
activities are situated and prearranged inside global value chains. The authors further
submit that the 4IR is currently in its earliest period. Nonetheless, its consequences are
evident in the arrears of competition and management strategy in many manufacturing
firms. According to the authors, the study implication was to draw awareness to likely
cyber-risks and possible consequences for an individual’s confidentiality hence, the need
for control.

Geissbauer et al [5] researched for PwC on Industry 4.0 and the building of digi-
tal enterprise. The research’s primary aim was to evaluate the gains of digitized firms
across their horizontal and vertical value chains while developing their digital prod-
uct & service portfolio. To achieve this foretasted goal, the study conducted survey
research covering more than 2,000 respondents from firms in 9 major industry sectors
located in 26 countries. It went further to understanding corporate views and thoughts
towards transformation into a digital business operation. Research findings from the
survey depict that the 4IR concept has seized to be a ‘impending trend’ for lots of firms,
it has now dominated their strategic and research plan. Corporations now link advanced
connectivity with advanced automation, computer-powered processes, sensors and 3D
printing, cloud computing, intelligent algorithms, connected capability, and IoTs ser-
vices to change business processes and operations. The study, therefore, concludes that
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an enterprise that will change progressively with Industry 4.0 introduction, acquisition,
and availability of digital abilities across these companies is quite germane. Hence, the
process is time-consuming to grab or maintain a first-hand lead ahead of other com-
petitors; it requires strategic management commitment and substantial investments that
support its implementation.

Zangiacomi et al [20] examined the road to digitalization using more than one case
study in the manufacturing industry. This work aims to present different case study
analysis that shows an organizational perspective for the adoption and revolution path
concerning Industry 4.0 in the production value chain.Methodologically, the study inves-
tigated many players’ perception; a pre-selected group of companies from various firms
in the production supply chain in northern Italy were considered. The final sample of
20 heterogeneous companies demonstrates its sufficiency. A survey research technique
was used to capture the nature of the companies, the sector they belong, and their current
stage in digitalization. Also, the method adopted by respective firms in adopting industry
4.0 technological know-how. The study results show these major challenges, common
mistakes, and the most appropriate practices in the manufacturing industry regarding
digital implementation.

It also offers a summary that acts as a guide that enables businesses to consider the
most critical problems to be resolved whenever the introduction of new and emerging
technology is addressed. Park and Heo [21] reviewed the change in electrical industrial
value chain under the ICT scope. The study aimed at examining the various changes in
value chain and further reviewed the process of transformation obtained in the electric
power generating Industry resulting from the coming together of ICT in a systematic
order. The study adopted a value chain transformation framework in the unity era, which
is different from the current value chain element-centered method. Hence, the study
reviewed relevant literature in an attempt to interpret again the changes that occur within
the electric power generating industry in the area of counterflow, insertion, multiple
dimension, and contraction or elimination of stages within the value chain. Data were
retrieved from a scholastic database such as science direct, Google Scholar, etc. There-
fore, the research findings reveal that the counter-flow value chain is equivalent to an
increment in consumer influence. This implies the consumer role in the energy transition
is increasing. The energy transition can be accelerated by the consumer’s participation
in expanding renewable energy combined with technologies that support eco-system.
The study, therefore, concludes that heavy data and digitized platforms may enhance
the usage of distributed resources resulting in a better and efficient operation of energy
infrastructure.

3 Research Method

The study conducted desk research to examine the 4IR as regards the value chain
approach. Different types of literature were collected from different outlets, such as:
research papers, journals, documents, magazines, newspapers, business reports, govern-
ment reports, consultants’ reports, blogs, and online videos. All through the process of
developing the study, the existing level of scientific published work was reviewed from
time to time to know about any research being carried out in the related area. Initially,
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by defining the different ramifications of the implementation of the 4IR for the manu-
facturing sector in this 21st century, a measure was taken to consider the supply chain
approach to 4IR.

A research on Industry 4.0 was subsequently carried out to clarify the possible
risks and opportunities provided by the 4IR implementation to manufacturing compa-
nies using the supply chain approach. Our ultimate focus and basis of analysis was
Porter’s value chain model, which was considered able to capture pertinent areas that
influence manufacturing companies operational efficiency. As soon as these areas are
framed, inducing variables were used to analyze the consequences of various Industry
4.0 emerging technologies; the underlining threats and opportunities associated with
each of these technologies were further discussed by connecting them with stages of
the value chain under review. Conclusively, to support all the proposals made in the
preceding stages, the study’s research hypothesis was developed.

4 Review Analysis

This section presents the various approaches of the value chain towards Industry 4.0 and
why Porter’s value chain has gained more preference and relevance for manufacturing
firms in the 21st century. The review presented methods used to analyze Industry 4.0,
including Porter’s value chain strategy, Delphi-based scenarios, Value Chain Manage-
ment models, Consumer Product Process Resource 4.0 strategy, Value Chain Change
System,CentricApproach to theValueChainAspect, andGlobalValueChainApproach,
as shown in Fig. 1.

From Fig. 1 above, we have seen the various approaches ranking at almost the same
level except forCPPR4.0 having a higher rate of usagewhich underscores the importance
and need for concentration on value-added activities associated with the production
process. The global value chain approach was ranked 12% which shows limited use of
the approach towards the study of Industry 4.0. For example, in [19], the studies bone
of contention was on how the prevalent implementation of latest digital and additive
manufacturing (3D printing) likely affects the situation and arrangement of activities
within the GVCs. In a similar vein, the value chain element-centric approach, value
chain change framework, value chain management models, and Delphi-based scenario
had received 12% rankings, suggesting that previous studies have not carried out much
work using these approaches. Howbeit Porters value chain model which ranked more on
a 15%pointwas considered beneficial while paying keen attention on corporate activities
which often play an important role in client’s value creation according to [12], and finally,
the CPPR 4.0 approach was ranked 25%with the highest frequency. This method aims to
explore the process of value creation under the fourth industrial revolution, with a keen
interest in unraveling the relationship between mass customization and sustainability
matters amongst manufacturing firms. Comparatively, it was observed that the areas of
interest using porter’s value chain model and Customer Product Process Resource 4.0
approach are similar. Both capture value creation activities in business organizations that
underscore Porter’s value chain model’s preference to the study of Industry 4.0.
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Fig. 1. Value chain approach analysis

5 Conclusion and Recommendation

The effect of industry 4.0 is overwhelming; it engulfs the entire business entity. Therefore
it is necessary to understand how the component elements explore the various opportu-
nities and threats that come with digitization. To fully grasp its details, there seems to
be a necessity to develop a model that captures the fundamental process of a firm which
is primarily creation of value for customer. The 4IR has its primary impact on the many
components that determine value generation and it specifically cut across production.
Those business activities that aid value generation and determine how useful they are
with Industry 4.0 developmentmust be recognized.Digitization has touched every aspect
of the industry; it has increased efficiency in many areas, including logistics. Micheal
Porter’s value chain approach and Industry 4.0 perspective are quite worthy of note; it
enables integration of business and production processes while integrating all players
within the company’s value chain, starting from the suppliers down to the customers. The
appliance of the broad concepts of the CPSand the IoTs has addressed some procedural
prerequisites expected of an industrial manufacturing system of the 21st century.
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This review has therefore discussed findings on Industry 4.0 adoption in manufactur-
ing firms using the value chain approach. This review addressed specific production units
ranging from one case country to developing countries; the Industrial sector (SMEs and
corporate organization), and circular economy down to international business operation.
As clearly revealed, the value chain management approach in industrial intervention has
brought about a unique and significant impact on business performance in the 21st cen-
tury irrespective of their various lines of operation. However, the study lacks a crossbreed
of views encompassing developed countries, developing countries, and underdeveloped
countries. As such, the literature recognizes this gap, and it is recommended for further
research.
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Abstract. This paper introduces a structured analysis of the leading causes of
occupational accidents that occurred in the Italian manufacturing industry in the
last decades. The aim of this research was to understand the human factors and
the common causes of unsafe behaviors that may have determined the investi-
gated accidents. The European Directive 2006/2/EC defines the essential health
and safety requirements for the design of machinery for its intended purpose or for
a purpose which can reasonably be foreseen. In this context, the present research
supports the design of modern manufacturing systems, with the aim to investi-
gate and understand workers’ reasonably foreseeable behaviors and to provide
directions for prevention strategies.

The results show the leading causes of such events as, for example, the adop-
tion of an improper procedure or worker misplacement. The findings of this
research will help practitioners and researchers understand the human behav-
iors and the limits of the machinery, including the intended use and reasonably
foreseeable misuses thereof.

Keywords: Human factors · Reasonably foreseeable behaviors · Accidents in
manufacturing · Occupational accidents

1 Introduction

The creation of healthy and safe working environments is a collective and social con-
cern for the Institutions of industrialized countries and a fundamental factor for the
improvement of people’s quality of life. The benefits of improved occupational health
and safety (OHS) are not limited to better health conditions and social benefits, but also
include economic paybacks [1, 2]. The European Union legislation has been promoting
the improvement of OHS in both private and public organizations since the publication
of the Directive 89/391/EEC in 1989, on the introduction of measures to encourage
improvements in the safety and health of workers [3]. This legislation determines the
employers’ responsibility to ensure healthy and safetyworkplaces, and theworkers’ duty
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to follow the employer’s health and safety instructions, and report potentially dangerous
situations. In 2014, the European Commission defined three major challenges on OHS
for the policy agenda of the period 2014–2020: to improve implementation of existing
health and safety rules; to improve the prevention of work-related diseases by tackling
new and emerging risks without neglecting existing risks; to take account of the ageing
of the EU’s workforce [4]. The European Statistics on Accidents at Work (ESAW), i.e.
the main data source for EU statistics relating to OHS, reports that 3.1 million serious
accidents and 3,332 fatal accidents occurred in the EU-27 [5] in 2018, corresponding to
approximately 940 serious accidents for every fatal accident [6]. Such data reveal a 0.3%
increase of serious accidents and a 1.8% increase of fatal accidents from the previous
year. Specifically, a fatal accident at work leads to the death of the worker involved,
within one year from its occurrence. Serious accidents, also known as “non-fatal acci-
dents”, are those that result in serious injuries and a minimum number of four days of
absence from work. The highest percentage of fatal accidents that occurred in 2018 in
EU-27 was found in construction (21%), followed by transportation and storage (17%),
manufacturing (15%) and agriculture, forestry and fishing (13%) [6]. These four sectors
determined the 66% of all fatal accidents that occurred during work in EU-27, in 2018.
Manufacturing registered the highest percentage of serious accidents at work in 2018
(19%), followed by wholesale and retail trade (12%), construction (12%) and human
health and social work activities (11%). These four sectors determined more than half
(54%) of all serious accidents at work in EU-27, in 2018 [6].

Manufacturers are required to design and construct machinery “so that it is fitted for
its function, and can be operated, adjusted and maintained without putting persons at
risk when these operations are carried out under the conditions foreseen, but also taking
into account any reasonably foreseeable misuse thereof” [7]. Despite the strong efforts
of manufacturers in producing safe equipment and complying with the requirements
of safety regulations, statistics show that fatal and serious accidents still occur. More
research is necessary to investigate people’s behavior and to understand the role of human
factors in the dynamics of accidents at work.

In 2020, an investigation was performed aiming to understand the apparent and
root causes of serious occupational accidents occurred in Italy, in metal production
industry [8]. Specifically, apparent causes are the determinants of the accident that can
be derived from the event description in the accident reports. Root causes were identified
following a hierarchical investigation process inspired by the approach proposed in
Mosconi et al. [9] and based on the Five Whys technique [10]. The research revealed
that the contact of the injured worker with fixed machinery for bending operations
determined a significant portion of the accidents that occurred in metal production.
The leading apparent causes were the voluntary adoption of an improper procedure,
the failure or the improper use of equipment, and the lack of coordination. The authors
experienced difficulties in understanding the root causes of occupational accidents due to
incomplete descriptions and information about the dynamics of the events in the records.
The authors also concluded that more efforts are required to investigate and to design
proper prevention strategies that contrast the causes of occupational accidents [8].

This research aims to extend the investigation in [8], introducing the results of a
structured analysis on the dynamics of more than 400 occupational accidents occurred
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between 2002 and 2016 in Italy, in metal production industry and in manufacturing of
metal components, industrial plants and machinery. The ultimate aim was to recognize
common patterns in accident dynamics and to identify workers’ reasonably foreseeable
behaviors on which prevention strategies should focus. The remainder of this paper is as
follows: Sect. 2 shows the materials and the methodology adopted during this research;
Sect. 3 introduces the results of the investigation; finally, Sect. 4 discusses the results
and provides directions for future research.

2 Materials and Method

This research includes the analysis of occupational accidents that caused a serious injury
to the workers involved in metal production and in manufacturing of metal components,
industrial plants and machinery. The events occurred in Italy, between 2002 and 2016.
Data and information on each event are from the webtool InforMO, i.e. the online
database owned by the Italian National Institute for Insurance against Accidents at Work
(INAIL) [11]. The INAIL database collects each accident report, which include a short
description of the event, the accident year, the type and the location of injury, a limited
number of personal information about the injured worker and about the company, and
other information, e.g. the activity that the worker was performing when the accident
occurred, the risk factors and the risk control measures available in the workplace. The
registration of the accident in the database is usually demanded to the occupational
physicians or other safety inspectors who intervened at the scene of the accident. A total
of 452 workers was involved in the 441 occupational accidents included in this research.
The occupational accidents occurred in metal production were 347, while 94 accidents
occurred in manufacturing of metal components, industrial plants and machinery. The
3% of all the events included in this study caused the injury of more than one worker.
Personal information was available for the 65% of the injured workers in the reference
sample. Young and foreign workers appear to be the population categories majorly
involved. The methodology adopted in this paper for the identification of the apparent
causes of the occupational accidents is the hierarchical process proposed in [8]. Such
methodology supports the structured analysis of the temporal succession of the events
and their interactions in a formal logical hierarchy [8]. The investigator retraces the
sequence of the events from the description and the data in the accident report. Then,
following the hierarchical process, extends the temporal dimension to the analysis of
worker’s behaviors that lead to the injury. The result is the definition of the cause-
effect relations and the identification of potential common patterns, which provide a
quantitative and qualitative analysis of the accidents [12]. The investigation in this paper
was limited to the identification of apparent causes of accidents, i.e. the determinants of
the accident that can be derived from the description in the accident report.

3 Results

The 34% of the investigated accidents was due to the contact of the injured worker with
the moving parts of machinery. Other frequent circumstances in which the accidents
occurred involved the falling of objects from above (19%) and the sudden startup of
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machinery (11%). Table 1 shows the distribution of occupational accidents by type of
accident and industry, i.e. metal production and manufacturing of metal components,
industrial plants andmachinery (also referred asmanufacturing in this paper). The results
in Table 1 by industry are similar to the results obtained for the entire sample. A further
classification of the occupational accidents was possible based on the risk factor that
determined the unfortunate event (Table 2). Table 2 shows that the most frequent risk
factor for the investigated accidents was the use of fixed machinery for work, in both
metal production (48%) and manufacturing (40%). The second most frequent risk factor
was the use of fixed material transport equipment (e.g. conveyors, cranes, hoists, etc.).
It was observed in the 14% of the occupational accidents occurred in metal production
and in the 18% of the accidents occurred in manufacturing (see in Table 2).

Table 1. Distribution of occupational accidents inmetal production and inmanufacturing ofmetal
components, industrial plants and machinery, by type of accident.

Type of accident Metal production Manufacturing of metal components,
industrial plants and machinery

Contact of the injured worker with
the moving parts of machinery

124 (36%) 28 (30%)

Falling of objects from above 66 (19%) 19 (20%)

Sudden startup of machinery 33 (10%) 17 (18%)

Contact of the injured worker with
moving objects/vehicles

29 (8%) 6 (6%)

Solid projection 24 (7%) 4 (4%)

Falling from above 22 (6%) 8 (9%)

Uncoordinated movement of the
injured worker (hitting an object)

13 (4%) 6 (6%)

Other types of accident 36 (10%) 6 (6%)

The findings of the investigation of apparent causes of the occupational accidents
are in Fig. 1 and Fig. 2. The voluntary adoption of an improper procedure was the
leading apparent cause of the investigated accidents. It caused more than half of the
occupational accidents in both metal production and manufacturing. This is the case, for
example, of a worker who got injured while making a maintenance intervention at an
operating machinery, i.e. the company procedure required to switch off the machinery
before starting any maintenance intervention.

The second leading apparent cause of accidents was the worker misplacement. Such
apparent cause was found in the 29% of the occupational accidents occurred in metal
production and in the 22% of the accidents occurred inmanufacturing. An example is the
case of a worker who hit an operating manual cross-cut saw and injured his hand while
turning the tool off. The failure of the equipment or the use of improper equipment was
the third leading apparent cause of occupational accidents in metal production. The case
of aworkerwho used a regular forklift for lifting unstable barrels, causing the amputation
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Table 2. Distribution of occupational accidents inmetal production and inmanufacturing ofmetal
components, industrial plants and machinery, by risk factor.

Risk factor Metal production Manufacturing of metal components,
industrial plants and machinery

Fixed machinery for metal, wood,
rubber, plastic, paper, ceramics, etc

168 (48%) 38 (40%)

Fixed material transport equipment
(e.g. conveyors, cranes, hoists, etc.)

47 (14%) 17 (18%)

Industrial trucks (e.g. forklifts) 32 (9%) 13 (14%)

Manual material lifting and carrying 31 (9%) 5 (5%)

Work at height (e.g. with lifting
platforms, ladders, etc.)

17 (5%) 5 (5%)

Power tools (e.g. drills,
screwdrivers, etc.)

14 (4%) 2 (2%)

Manual tools (e.g. hammers, amps,
etc.)

10 (3%) 6 (6%)

Fixed heating systems and plants 8 (2%) 3 (3%)

Floors (slippery or damaged) 6 (2%)

Lifting equipment for people or
objects as elevators and hoists

4 (1%) 1 (1%)

Other risk factors 10 (3%) 4 (4%)

52%

29%

7%

6%

3%

3%

0%

0% 10% 20% 30% 40% 50% 60%

Improper procedure

Worker misplacement

Failure of equipment or improper equipment

Improper use of equipment

Interference

Distraction

Lack of training

Fig. 1. Apparent causes of occupational accidents in metal production, occurred in Italy between
2002 and 2016.

of his finger, is an example. Finally, interference was the third leading apparent cause
for occupational accidents occurred in manufacturing. In case of interference, the cause
of the accidents is related to a further activity that was ongoing at the time of the event.
An example of this situation is the case of a worker who was driving a lift truck, when
he hit a second worker causing the colleague’s leg fracture.

A deeper investigation was performed aiming to understand the leading apparent
causes of occupational accidents, by risk factor.
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Fig. 2. Apparent causes of occupational accidents in manufacturing of metal components,
industrial plants and machinery, occurred in Italy between 2002 and 2016.
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Fig. 3. Distribution of leading apparent causes of occupational accidents in metal production,
occurred in Italy between 2002 and 2016.

These results show that the distribution of leading apparent causes varies with the
risk factors that determined the event. The use of an improper procedure was the lead-
ing apparent cause of accidents in metal production, regardless the risk factor, and in
manufacturing operations that involved the use of fixed machinery (Fig. 3 and Fig. 4).
The leading apparent cause of occupational accidents occurred in manufacturing, during
operations that involved the use of fixed material transport equipment, was the worker
misplacement (Fig. 4). Finally, the improper use of equipment was the leading appar-
ent cause of occupational accidents occurred in manufacturing, during operations that
involved the use of industrial trucks.
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Fig. 4. Distribution of leading apparent causes of occupational accidents in manufacturing of
metal components, industrial plants and machinery, occurred in Italy between 2002 and 2016.

4 Discussion and Conclusions

This study extended the results of the research in [8], including recent data on occupa-
tional accidents that caused serious injury, in the Italian metal production, and incor-
porating data on occupational accidents that occurred in the Italian manufacturing of
metal components, industrial plants and machinery. The results revealed that the 34%
of the investigated accidents was due to the contact of the injured worker with the mov-
ing parts of machinery. An example is the case of a worker who started a maintenance
intervention on an operating machinery despite the company procedure required the
machinery switch off before any intervention. The accident descriptions in the reports
do not provide sufficient information to understand similar unsafe behaviors and other
human factors. Hence, the investigation in this paper was limited to the identification
of the apparent causes of occupational accidents. Other recurrent conditions in which
the accidents occurred involved the falling of objects from above and the sudden startup
of machinery. These findings are in line with the results in [8], which was limited to
the investigation of accidents in metal production. The distribution of the occupational
accidents by risk factors revealed strong analogies between metal production and man-
ufacturing, i.e. the most frequent risk factors for occupational accidents was the use
of fixed machinery for metal, wood, rubber, plastic, paper, ceramics, etc., followed by
the use of fixed material transport equipment and the use of industrial trucks. The dis-
tributions of the apparent causes by risk factors revealed sensible variations in metal
production and in manufacturing. The use of an improper procedure was the leading
apparent cause of accidents in metal production, regardless the risk factor, and in manu-
facturing operations that involved the use of fixed machinery. An example is the case a
worker who bypassed the two-hand control and activated the machinery with the pedal.
The bypass of the machinery safety barrier, i.e. the two-hand control, costed the worker
the arm amputation. The solution suggested on the accident report for such apparent
cause, i.e. the improper procedure, is the application of an additional barrier between
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the risk factor, i.e. the fixed machinery, and the worker. This solution may result in
higher complexity for the task accomplishment. Though, an additional barrier would
encourage further improper behaviors, with no impact on their root causes. Hence, the
focus of accident prevention strategies should be more on the causes rather than on
the effects of workers’ behavior. Results also revealed that worker misplacement was
the leading apparent cause of occupational accidents occurred in manufacturing, during
operations that involved the use of fixed material transport equipment. The improper
use of equipment was the leading apparent cause of occupational accidents occurred in
manufacturing, during operations that involved the use of industrial trucks. These results
suggest that apparent causes of occupational accidents are related to the present risk fac-
tors. Still, more efforts and investigations are necessary to understand the apparent causes
of occupational accidents.

Finally, these findings reveal that the leading apparent causes of the investigated
accidents are related to workers’ behavior, e.g. the worker misplacement or the volun-
tary adoption of an improper procedure. This may be due to the focus of the descriptions
in the reports, which is mainly on the distribution of responsibilities for the accidents,
rather than on the investigation of the root causes of workers’ behaviors. Other frequent
apparent causes are related to the failure of equipment or the use of improper equipment.
Such causes may reveal lack of maintenance or the use of outdated and obsolete machin-
ery. Future developments of this study will include the analysis of common causes of
accidents that lead to the fatal injury of the workers involved.
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Abstract. Time study is a technique to analyze human action based on ergonomic
discipline and has been widely applied in various manufacturing sites. How to
identify the standard operation by personnel and extract the operating time dura-
tion of each action is an emerging research problem in the human action recog-
nition (HAR) research domain. In the real-world manufacturing, the operators
actually conduct exceptional actions beyond the designed operation under stan-
dard operating procedures (SOP). These exceptional actions will lead to miss-
recognition and disturb themeasurement of action time. In this research, an excep-
tional action detection framework was proposed to detect exceptional actions that
are not defined or should be avoided during HAR. First, the skeleton of human
workers was computed, and Spatial-Temporal Graph Convolution Network model
was implemented to provide the score of each action label. Then, the exceptional
action can be classified by score correction with multiple support vector machine
(SVM) classifiers. A dataset was created by simulating the actions which may
occur during the drilling process. The preliminary experiment shows that the pro-
posed framework is able to detect SOP and exceptional actions with up to 79.1%
accuracy

Keywords: Time study · Human action recognition · Exceptional action ·
Manufacturing

1 Introduction

In a manufacturing site, time study is an essential technique to analyze human action
based on ergonomic discipline. In traditional time study process, the method used to
measure the operating time duration of each action is using timing device such as stop-
watch [1]. However, using stopwatch to measure the working time with very short time
is difficult. In order to avoid the human negligence error, it is essential to apply an
automatic system. Golabchi et al. developed a comprehensive framework to utilize the
simulation modeling, Predetermined Motion Time Systems (PMTS) and ergonomic and
biomechanical assessment to demonstrate human action during working and ergonomic
assessment [2]. However, the above-mentioned systems could only measure the time of
the operationwhich should be assigned by human. If the system can identify theworker’s
action automatically, it will be more convenient for further analysis.
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Human action recognition (HAR) can be considered as a technology to obtain the
information of human body by various types of sensing devices and then to understand
the human behavior in computer vision. Applying HAR on a manufacturing site is an
emerging research topic due to the dramatic progress of artificial intelligent technology.
Based on the device to collect the information of body, HAR methods are classified into
sensor-based HAR and vision-based HAR groups [3]. Sensor-based HAR utilizes the
embedded sensors which are worn by subjects to capture human motion data. On the
other hand, vision-basedHARuses video or image of subjects as the data for recognition.
For instance, Shi et al. developed a two-stream adaptive graph convolutional network to
recognize the action based on the skeleton information of subject from video [4].

Although the developed HARmodel has achieved the promising performance, when
applying it on the manufacturing site, one of major challenges: how to deal with the
exceptional action which are not trained or learned in the model should be resolved. As
known, most of HAR models are developed based on supervised learning methods. It
means the model need to be trained by using tremendous historical action data with the
labels which should be defined in advance. We can consider those action data contains
actions that follow the production standard operating procedure (SOP). However, the
exceptional actions which are not labeled or defined in SOP occurs frequently in the
real-world production. For example, the worker might need to take a phone call, write
up on the paper, drink water and so on which are not defined in SOP. When applying
HAR to recognize human actions on production line, those “exceptional actions” will
cause considerable recognition error. To distinguish exceptional actions from SOP, the
exhaustive method is not reasonable because it is almost impossible to label or define the
all possible exceptional actions in advance. Therefore, applying HAR model in the real-
world operation sites will face the situation of distinguishing the exceptional actions,
which might be mixed with SOP actions.

Recently, exceptional motion detection gradually becomes a popular research topic.
More and more researchers attempted to solve the problem by anomaly detection. In
2017, Bouindour et al. proposed a two-stage approach by using pre-trained CNN for fea-
tures extraction, and applying one-class SVM to learned the normal feature for detection
and localization of spatial and temporal abnormal events in video [5]. In 2018, Amraee
et al. presented a method by using two distinct one-class SVM for detecting anomalous
events in crowded scenes [6]. In 2019, Ionescu et al. proposed a framework, Narrowed
Motion Clusters, with a two-stage outlier elimination algorithm (k-mean clustering and
one-class SVM) and CNN features, for abnormal event detection in video [7]. However,
methods mentioned above are not used in human action recognition. Furthermore, these
methods cannot recognize the unpredictable and untrained data.

In order to resolve exceptional action recognition problem, this research proposed
a framework which combines HAR based model with the action-based one-class SVM
model to recognize the SOP actions as well as the exceptional actions. The paper is
structured as follows. In Sect. 2, the proposed framework is presented. Section 3, the
experiment was performed to show a preliminary result. In Sect. 4, the conclusions were
summarized.
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2 Methodology

2.1 Model Framework

In this research, an image processing framework of classifying the exceptional actions
from the real-world operation working video was proposed based on the results from
GCN-based action recognition model. First, the video composed of operator’s operation
is considered as the input of the framework. Then, two deep learning models were
utilized. One is human skeleton estimating tool which estimates the locations of the
skeletons of the operator. The coordinates of 18 joints of human body can be retrieved.
The second is the skeleton-based action recognitionmodel which utilizes the coordinates
of 18 joints of the operator’s human body as the input. For each input frame containing 18
joint coordinates, a score will be generated by the action recognition model to represent
the confidence of recognition for a particular action. It alsomeans if there are k actions for
recognition, k scoreswill be generated accordingly. Third, for each action, the confidence
score of that action and the associated coordinates of upper body will be aggregated as a
set of new features. In total, k feature sets will be generated to represent k action score.
In the fourth step, for each action, a classification model was created to distinguish the
exceptional action from normal actions. In the end, based on the results of k classification
models, the decision boundary was determined to recognize the exceptional action.

2.2 Human Skeleton Coordinate Action Recognition

In order to recognize the human action, for each frame of a video, the skeleton infor-
mation of human body is needed. In this research, the skeleton based human joints esti-
mation was conducted by using open source OpenPose deep learning model. OpenPose
was developed by CMU-Perceptual-Computing-Lab launched in 2017 [8]. Essentially,
OpenPose equips with 2 CNN models; one is for human part detection with the con-
fidence maps, and the other is for human part association with the part affinity fields.
While the direction of connection of the adjacency detected points from the first model
as the same as the detected part affinity field from second model, OpenPose assumes
the skeleton connected with adjacency detected points come from same person. Then,
the model goes through all detected points then provided the human pose estimation.
The 2D pose estimation by OpenPose toolbox generates 18 human joints of a human in
each frame. The pose estimation includes the coordinates x, y of each joint and the pose
estimation confidence values.

After the coordinates of joints are generated, the human skeletons can be represented
as a 2D coordinates of each human in each frame as a sequence of vectors.We can utilize
the skeleton information by employing a spatial-temporal graph to construct all skeleton
joints as a skeleton graph. In this research, spatial temporal graph convolution networks
(STGCN) proposed in [9] was used to recognize the human action by using the skele-
ton graphs as input. Since STGCN can convolute the spatial and temporal information
simultaneously, the model can fetch and determinate the video more comprehensively.
The detail of the convolution of STGCN can be found in [9].

After STGCN computation, the score of each action to represent the confidence of
the action can be computed. Based on OpenPose [8], there are 9 upper limb joints. In
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order to aggregate the skeleton information and score of each action, the 9 upper limb
joints and the k score of k actions can be generated to represent a frame of the video.
Assume the total frames of the video is T, then, a frame information matrix X can be
generated as (1) where Sij is the score of the ith frame represent to the jth action. J xi and
J yi are the coordinates of x and y axis at the ith frame.

X =
⎡
⎢⎣

S11 · · · S1k J x10 J
y
10 · · · · · · J x18 J y18
...

ST1 · · · STk J xT0 J
y
T0 · · · · · · J xT8 J yT8

⎤
⎥⎦ (1)

Based on the result of STGCN, the maximum of the score would be selected to
represent the action of the frame. A recognized action vector �A can be generated as
�A = [a1, a2, · · · , aT ] where ai is the recognized action to represent the i frame.

2.3 Action Classification

As mentioned earlier, for each action j, a classification model was constructed to deter-
mine the decision boundary for distinguishing whether the frame is truly belonged to
the action j.

Based on the recognized action vector �A, the one-hot encoding method was applied
to expand �A into a matrix AE as (2) where eij is 1 if the i frame is recognized as j action;
otherwise is 0.

AE =

⎡
⎢⎢⎢⎣

e11 e12
e21 e22

· · · e1k
· · · e2k

...

eT1 eT2

...

· · · eTk

⎤
⎥⎥⎥⎦ (2)

According to the matrix X and the jth column of the matrix AE, Support Vector
Machine (SVM) [10] was applied to construct a hyperplane or a set of hyperplanes to
perform the classification on whether the frame is belong to the jth action. It also means
for each action j, a SVM model will be constructed. If k actions could be recognized, k
SVM models are needed. The detail of the constructing SVM can be found in [10].

Based on the results of all SVM models, if all of SVM models cannot distinguish
a particular action in a frame, then the action in the frame will be distinguished as an
exceptional action. If the frame belongs to more than one action, the highest confidence
score from SVM classifier will be used to assign as the representative action.

3 Preliminary Experimental Results

3.1 Data

In order to evaluate the proposed framework, the video dataset recorded by simulating the
human actions which commonly occur during drilling process was utilized. All videos
were resized to a resolution of 848× 880 with a frame rate of 60 frames per second (fps).
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110 working-cycle videos were collected to simulate the standard of process (SOP) of
drilling process which contains 4 actions: 1) loading 2) touching 3) drilling 4) unloading.
To enlarge the diversity of the exceptional action, 4 exceptional actions such as using
smartphone, drinking, head scratching, exiting were evaluated. The SOP actions and
exceptional actions were illustrated in Fig. 1.

The total number of cycles in the training dataset and testing dataset were 100 and
10, respectively. Please note that only SOP actions are used in model training because
the exceptional actions cannot be listed exhaustively. In the training dataset, the cycles
number of training and validation was 80 and 20, respectively. For each working cycle
in testing data, it was composed of SOP actions and exceptional actions.

The illustration of SOP actions 

(a) Loading (b) Touching (c) Drilling (d) Unloading
Examples of exceptional actions

(e) Using smartphone (f) Drinking (g) Head Scratching (h) Exiting

Fig. 1. The illustration of a SOP actions and examples of exceptional actions.

3.2 Implementation

In this research, the parameters of STGCNmodel was followed by the settings published
in Yan et al.’s work in [10]. Essentially, the network model was composed of 9 layers
of spatial temporal graph convolution operators. For the first three layers, 64 channels
were used for output; for the following three layers, 128 channels were used for output,
and for the rest of three layers, 256 channels were used for output. All of layers were
computed with 9 temporal kernel size. The strides of the 4-th and the 7-th temporal
convolution layers are set to 2 as pooling layer. A global pooling was implemented to
generate the result tensor with 256 dimensional feature vector. At the end of the network,
the SoftMax classifier was used to generate the feasible label for each human action. For
the model training loss function, the cross entropy loss function was used to compute
the training output. The GCN model with the minimum mean loss would be discovered
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at the sixtieth epoch when the parameter of GCN was set as following, the batch size to
64, window size to 80 and with a learning rate of 0.1, and the mean loss would be 0.22
afterward. For SVM kernel function, Gaussian radial basis function (RBF) was utilized
to map the original data.

In order to evaluate the performance, the timing of the action label generated by
the recognition model was compared with the timing of the label defined by the human
expert. Basically, time discrepancy between the timestamp of HAR labels and the times-
tamp of manual labels can be calculated as following (3). Where correcti is the discrep-
ancy at the ith frame. The accuracy is the summary of the correcti. Where T is total
frame of the video.

correcti =
{
1, The recognized action = the actual action

0, Otherwise
(3)

accuracy =
∑T

i=1 correcti
T

(4)

3.3 Result

In the experiments, two results are presented: one is showing the recognition result of
STGCNwithout utilizing action classification of SVM; another is the results of STGCN
with SVM. Please note that exceptional actions were tested for both models to evaluate
if the model can recognize them.

Table 1. The confusion matrix of STGCN model

Predicted
Actual 

Loading Touching Drilling Unloading Exceptional
Actions 

Loading 679 31 193 175 0
Touching 37 1211 16 83 0 
Drilling 4 3 2015 288 0
Unloading 81 55 385 382 0
Exceptional Actions 851 300 663 298 0 

Table 1 shows the confusion matrix of STGCN which was trained by only SOP
actions. Obviously, it can only consider the exceptional actions as one of SOP actions.
Therefore, the precision of Loading, Touching, Drilling and Unloading was 0.41, 0.76,
0.62 and0.31, respectivelywhich actually showpoor action recognition. If no exceptional
actions were used in the testing dataset, the accuracy of SOP actions (accuracySOP) is
0.76 indicated in the grey box. However, after considering the exceptional actions, the
accuracy was dropped to 0.54. It also means once the exceptional actions were presented
in the working cycle, the accuracy of action recognition will be dramatically affected.

Table 2 shows the confusionmatrix of STGCN-SVM.As can been seen, the STGCN-
SVM is able to recognize the exceptional actions. The precision of Loading, Touch-
ing, Drilling and Unloading are 0.98, 0.71, 0.92 and 0.54, respectively. Compared with
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STGCN only model, the prediction of Loading, Drilling and Unloading was improved.
However, considerable frames of exceptional actionswere recognized as “Touching” and
“Unloading” because the hand skeleton sequences of “Using smartphone” and “Head
Scratching” were quite similar to “Touching” and “Unloading”. To evaluate the recog-
nition of exceptional action of the proposed STGCN-SVM, the precision of exceptional
actions 0.871 show promising result. It means that the framework could have good capa-
bility to recognize the exceptional action. Based on the Eq. (4), the accuracy of all of
actions including exceptional actions was 0.79. Interestingly, if only considering SOP
actions, the accuracySOP is 0.908 which is even better than the one (0.76) in STGCN
only. It seems that the STGCN-SVM framework provides the capability to not only
distinguish the exceptional actions but also improve SOP recognition.

Table 2. The confusion matrix of STGCN-SVM framework.

Predicted
Actual 

Loading Touching Drilling Unloading Exceptional
Actions

Loading 749 112 38 154 25
Touching 0 1309 0 18 20
Drilling 3 0 2171 42 94
Unloading 0 0 0 893 10
Exceptional

Actions
14 410 140 541 1007

The preliminary results show that the proposed STGCN-SVM framework is able to
recognize the exceptional actions from working process video. Due to this capability,
the proposed STGCN-SVM is invulnerable from the exceptional actions which usually
cause recognition difficulty on HAR.

4 Conclusion and Future Work

ApplyingHARmodel to recognize the humanworker’s operation has advantages of auto-
matically identifying the human actions and measuring the operating time. However, the
exceptional actions which are not defined in SOP cause the recognition error, especially
when implementing in amanufacturing site. In this research, an image processing frame-
work called STGCN-SVM for classifying either SOP or exceptional actions based on the
real-world operation working videos was developed. Essentially, the STGCNmodel was
trained by using SOP actions. Then, individual SVM classifier was further developed
aiming to a particular action based on the confidence scores generated fromSTGCN. The
decision boundary comparison process was performed to finally determine the action of
an image frame.

In thiswork, the simulated videos of drilling environmentwere created to evaluate the
proposed framework. Multiple exceptional actions were included in the testing dataset
for evaluating the proposed framework. Based on the experimental result, the precisions
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of SOP actions are higher, since the framework is able to distinguish the exceptional
actions fromSOP.More importantly,with the precision of exceptional actions is 0.87, this
framework can exclude the exceptional actions accurately, although some exceptional
actions which are similar with SOP actions still causes troublesome on recognition. The
work sheds a light on applying HAR system to the real-world operation for recognizing
human operation without exhaustively label or define the exceptional action.

In the future work, improving the accuracy and precision of the HAR model is a
continue work. Also, developing a filter which is able to identify the exceptional actions
before going through the HAR model is another possible research direction.
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Abstract. Partial painting using metallic paint in automobile repair has three
goals: (1) sufficiently coloring the damaged area, (2) preventing color unevenness
because of the arrangement of aluminum flakes peculiar to metallic paint, and (3)
obscuring the boundary between the color of the original body and the painting
color. In (2) and (3), the degree of difficulty in painting and judging the finish is
high. In this study, the checking phase for partial painting using metallic paint was
targeted. In the checking phase, the finish of the painting is visually observed, and
the shortage of painting and its quality are determined. It was clarified using three-
dimensional motion analysis, from which an expert made a visual confirmation.

Keywords: Automobile repair · Painting ·Metallic paint · Checking phase ·
Motion capture

1 Introduction

Painting work in automobile repair is carried out manually using a spray gun. Repair
painting must be performed differently every time. This is because the paint must be
blended and spray gun painted to match the color of the paint remaining on the body
of the vehicle. In recent years, metallic and pearl coatings, which are highly modifiable,
have become common for new car bodies, and the degree of difficulty in repair coating
has increased. Additionally, because of the declining birthrate and aging population, the
number of people entering the automobile repair industry is decreasing in Japan [1].
Consequently, it is necessary for the automobile repair industry to establish efficient and
effective training methods for young engineers.

Therefore, we have been promoting the formalization of tacit knowledge by experts
with the goal of creating digital teaching materials for automobile repair painting [2–4];
in this study, we focused on the checking phase. To visually check the color tone after
painting and the texture of the painted surface, the experts place importance not only
on the operation of the spray gun but also on the checking phase. It is important for
young engineers to clarify the behavior of experts in the checking phase. The purpose
of this study is to digitize the operation during the checking phase. The position where
the expert checked the painted surface, and the distance between the painted object and
painter were clarified using three-dimensional motion analysis.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
S. Trzcielinski et al. (Eds.): AHFE 2021, LNNS 274, pp. 384–391, 2021.
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2 Methodology

2.1 Outline of Experiment

An auto repair painting working engineer repaired the damaged area at the front door
of a passenger car. The painting repair work was measured using a 3D motion analysis
system, and the checking phase was analyzed.

2.2 Subjects

Eleven painting repair technicians were included in this study. Subjects with more than
17 years of experience are referred to as experts, and those with less than four years
of experience are non-experts. The average careers of the experts and non-experts were
31 years 7.8 months (±11 years 9months) and 1 year 10.4 months (±1 year 5.4 months),
respectively. The average height of the experts and non-experts was 1.68 m (±0.04 m)
and 1.68 m (±0.04 m), respectively. This experiment was approved by an ethical review
at Osaka Sangyo University. The experiment was fully explained to the subjects, and
informed consent was obtained from all participants.

2.3 Materials and Tools

The object to be painted was the left front door of the Legacy made by SUBARU Co.,
Ltd. To make the situation more similar to the usual work in the actual car, the door was
set up using an exclusive instrument in the painting booth. The lower left 100 mm square
painted in gray, of the door painted in silver metallic (Color code 1F7) made by Toyota
Motor Corp. was regarded as a damaged part. Figure 1 shows a photograph of the door
with the damaged area depicted in red.

Three solvent-type paints made by Rock Paint Co., Ltd. were used for the repair
painting. The first is a 1-liquid base coat (Product name: 077 Line ProTouch, 50%
thinner dilution). The second is the top coat clear (product name: multi-top clear S
series, 2: 1 type). The third is a gradation agent (product name: 077-P150 Nigori Clear
P, 051-4F11 EcoMulti Blender, mixed at a ratio of 20:80). Each paint was mixed with a
solvent according to the manufacturer’s recommendations.

The spray gun used was a W-101 manufactured by ANEST IWATA Co., Ltd. Three
spray guns were prepared for the three types of paint. The amount of paint discharged,
pattern spread, and input pressure of the spray gun were unified to the same values for all
the three spray guns. The subjects were instructed not to make spray gun adjustments.

2.4 Experimental Procedure

The subjects were instructed to paint the undamaged and damaged areas to minimize
color differences and irregularities. After painting the damaged area with silver basecoat
paint, the entire door was finished with clear paint.
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Fig. 1. Photograph of a door with a damaged part at the lower left 100 mm.

2.5 Record and Analysis

The subjects’ movements were measured using an optical motion capture system
MAC3D SYSTEM (Motion Analysis Co., Ltd). Infrared reflection markers were used as
the reference points, and attached to the subjects at 21 locations and to the door at eight
locations. The coordinate system was set as the x-axis for the left and right directions,
the y-axis for the front and back directions, and the z-axis for the up and down directions
for the examinee. The measurement conditions are shown in Fig. 2.

The analysis was performed while the subject performed the check. Because the
checking phase was carried out several times by sandwiching another phase, the contin-
uous checking phase was regarded as one checking phase. The trajectory of the infrared
reflection markers on the top of the head and the distance between the top of the head
and the door were calculated for each checking phase.

Fig. 2. Photograph of checking phase of expert.
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3 Results

3.1 Times of Checking Phase

Table 1 lists the number of checking phases for each subject. Experts 3 and 5 had the
highest number of checking phases (20 times). Expert 3 was the least common at seven
times. The number of checking phases for the non-experts was 22 times higher for non-
expert 6. Non-expert 3 was the least at seven times. The mean and standard deviation for
each group showed no significant differences in the number of checking phases between
the expert and non-expert groups.

Table 1. Checking phase times.

Subjects name Times of checking
(time)

Subjects name Times of checking
(time)

Expert 1 7 Non-expert 1 17

Expert 2 16 Non-expert 2 16

Expert 3 20 Non-expert 3 7

Expert 4 13 Non-expert 4 10

Expert 5 20 Non-expert 5 17

Non-expert 6 22

Mean 15.2 Mean 14.8

S.D 5.4 S.D 5.4

3.2 Head Top Trajectory

Figures 3 and 4 show the trajectory of the top head of the expert and non-expert in the x-y
plane. The x-y plane corresponds to the observation of the subject from the overhead.
The red line connecting the red dots in the figure indicates the position of the door.
The experts moved to the left and right relative to the door. Except for expert 1, the
experts moved beyond the right end of the door. Additionally, experts 2 and 5 checked
approximately 1500 mm to the left and approximately 2000 mm to the right from the
damaged area. The non-experts had a smaller range of left and right movements to the
door compared to the experts. The non-experts repeatedly moved to the left side of the
door near the damaged area. All the non-experts moved within a range of approximately
500 mm to the left and approximately 1000 mm to the right from the damaged area.
From these facts, it was deduced that the expert conducted the checking while moving
widely from front to back and left to right around the damaged area.

Figures 5 and 6 show the trajectory of the head top of the expert and non-expert in
the x-z plane. The x-z plane corresponds to observing the subject from behind. The red
line connecting the red dots in the figure indicates the position of the door. The marker
on the top head of the expert was often located about the z-axis at 1700 mm, and the
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damaged area was checked while standing. Particularly, the trajectory of the expert is
located at the highest point on the z-axis when the trajectory significantly moves left
and right on the x-axis; it can be inferred that the expert was standing when checking
from a distance. The marker of the top of the head of the expert was seldom at the same
position as the lower left of the door, which was a damaged area, and was located at a
height of 1000 mm about the z-axis, which was at the top of the door, near the left end.
The vertex marker of the non-expert was located about the z-axis at 1000 mm, which
was near the upper end of the door. The vertex markers of the non-experts were closer to
the lower left of the door as the damaged area, than those of the experts, and their faces
were closer to the damaged area.

Fig. 3. Trajectory on x-y plane of (a) expert 1, (b) expert 2, (c) expert 3, (d) expert 4, and (e)
expert 5.

Fig. 4. Trajectory on x-y plane of (a) non-expert 1, (b) non-expert 2, (c) non-expert 3, (d) non-
expert 4, (e) non-expert 5, and (f) non-expert 6.

3.3 Distance Between the Head Top Marker and Damaged Area

Figure 7 shows the linear distance between the vertex marker and damaged area for both
the experts and non-experts. The average distance was 1200 mm and 779 mm for the
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Fig. 5. Trajectory on x-z plane of (a) expert1, (b) expert 2, (c) expert 3, (d) expert 4, and (e) expert
5.

Fig. 6. Trajectory on x-z plane of (a) non-expert 1, (b) non-expert 2, (c) non-expert 3, (d) non-
expert 4, (e) non-expert 5, and (f) non-expert 6.

experts and non-experts, respectively. The straight-line distance was long for experts
2 and 4, who made significant lateral movements along the x-axis. The straight-line
distance was the longest for expert 4 among the non-experts. The value of the standard
deviation tended to be larger for the experts than for the non-experts. In addition to the
checking from a close location as in the case of the non-experts, the checking was also
conducted from a distant location.

Fig. 7. Linear distance between vertex marker and damaged area.
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4 Discussions

In the experiments conducted in this study, the subjects must achieve the following three
main points.

(A) Adequate staining of the damaged area.
(B) Eliminate the occurrence of color unevenness caused by the arrangement of

aluminum flakes peculiar to metallic paint.
(C) Obscure the boundary between the original body color and the painted color.

This will be a check to determine if these challenges are experienced. (A) can be
solved by applying multiple coats. To achieve (B) and (C), it is necessary to have a
technique for effectively operating a spray gun. From the results of the trajectory and
linear distance, it became clear that the expert was away from the damaged area to the
right and left, and stood and looked at the damaged area without lowering his head.
Because the experts were aware of how the car user usually looked at the car body, the
operation was probably to stand and check it. Car users often look at the car as they walk
toward it, rather than squatting down. When this motion is reproduced, it is appropriate
for the engineer to stand away from the damaged area and look at the damaged part
to confirm whether it is sufficiently repaired. Additionally, it is necessary to check the
overall balance of the color tone of the car body when coating metallic and pearl paints
whose color appearance differs depending on the angle. When conscious of this, they
started by looking at the door from a distance from a bird’s eye view.

In contrast, the non-experts who have only seen the damaged area from the vicinity
of the door cannot know what the damaged part looks like from a distance. Because of
the behavior of the experts, we can instruct the non-experts on the necessity to check
from a wide range from the viewpoint of the automobile user.

5 Conclusions

In the checking phase of automobile repair painting, the position from which the experts
see the painted surfacewas clarified using three-dimensionalmotion analysis. The expert
stood approximately 1200 mm away from the damaged area and looked at the damaged
area without lowering the head.
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Abstract. The coronavirus COVID-19 pandemic, which swept the world at the
beginning of 2020, has radically changed the traditional marketing model. As a
result of these changes, in the future, digital communication will be fundamental
to gaining (and maintaining) consumer attention and confidence. More than ever,
digital engagement will define consumer relationships and loyalty in a socially
distanced reality. Recipients forced by lockdown to transfer their activity to the
Internet - remote work, remote learning, shopping - necessarily focus more on the
transmission from the Internet than before the crisis [1].

On the other hand, the sharp decline in organic reach on Facebook and ad
blocker plugins make promoting content on social media more challenging. As
the latest research shows, influencer marketing, which is currently one of the most
popular forms of reaching potential customers, has become a means of effective
promotion. Between 2013 and 2016, there was a 90-fold increase in the number
of Google searches for “Marketing Influencer”. In 2017 alone, this phrase saw a
325% increase in search results and is still growing [2]. Recent studies also show
a new direction in influence marketing - an increase in the effectiveness of micro-
and nano-scale influencers, who during a pandemic turn out to be much more
effective in reaching recipients.

Keywords: Systems engineering · Cloud computing management · Influencers ·
Micro-influencers · Social media

1 Introduction

The subject of the study is to present the growing role of multidimensional commu-
nication models in internet marketing as an increasingly popular and appreciated by
companies form of marketing influence in social media and the growing role of key enti-
ties in a given community influencing the consumer choices of buyers gathered around
them, the so-called influencers.

Social media has revolutionized the way people communicate, where direct relation-
ships have moved to the internet and at the same time have grown to a global scale. In
the 1990s, when the first social networks were created, word of mouth marketing moved
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to the Internet, mainly to forums. The roots of influencer marketing can also be found in
e-PR tactics. On Facebook, Instagram and Tweeter, two-way communication has turned
into mass communication. Brands took advantage of this phenomenon, seeing it as a
marketing potential. Marketing specialists have found that the use of influencer popu-
larity translates into an increase in brand popularity and is much more effective than
the so-called word of mouth marketing [3]. Influencer marketing is based on the author-
ity mechanism. We are happy to buy those products recommended by friends who are
authority figures for us, we identify with them or want to look like them, have what they
do, look like them, so companies are looking for influencers who will be intermediaries
between the client and the brand [4].

During the COVID-19 pandemic, when social activity shifted mainly to the Internet
[5], digital engagement has become the main way of interacting with the customer, and
staying close to customers and their individual needs are paramount. This required a
radical overhaul of your marketing strategies, putting the latest customer data at the
center of every interaction.

In a customer-driven marketing approach, brands create programs that authentically
communicate with people using an committed customer service approach. To do this
right, marketers need to understand consumer goals and use campaign elements such as
message, data and channel selection that are most relevant and contextual at the time of
engagement. In this pandemic crisis, consumers are turning more than ever to brands
they can trust in times of uncertainty. The priority is to build a relationship over the
transaction value. Paradoxically, the pandemic restrictions on advertising budgets of
companies have become an opportunity for micro- and nanoifluensers [6], who have
much lower rates than celebrities, but at the same time their message is more authentic,
so inevitably convincing.

2 Influencers and Influencer Marketing

One of the reasons why influencer marketing is considered an effective brand promotion
tool is the fact that it is based on the authenticity of the influencer. The second thing is
trusting an influencer - if a company says it’s great, it doesn’t sound convincing enough.
It’s definitely easier for us to believe an influencer.Another aspect ismeasuring the results
and changing the perception of the advertising message by recipients who have become
resistant to traditional advertising. Authenticity, personalization of communication, and
the ability to measure the effects of a campaign are the main advantages of influencer
marketing over traditional advertising.

An accurate definition of influencers is provided by K. Sammis [7], who describes
them as experts in a specific field who share their knowledge about products. According
to this definition, they are therefore not so much brand ambassadors, but opinion leaders,
due to the amount of information they have in a given industry. Audiences trust them
because they treat themas equals.Often, influencers are notworld-famous celebrities, but
“ordinary” people who have a certain specialist knowledge and share it on their blogs.
Among the 20 most popular Polish influencers, there are no actors, models, popular
musicians, singers or television people.

Internet users approach the blogger as a friend, thanks to which they trust him and
the content he publishes. An influencer is therefore considered an objective person who
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does not seek to maximize the company’s profit, but to disseminate information that he
has about given products or product categories.

For marketing specialists, it is extremely important to choose an influencer that will
guarantee him the best match of the character of his profile to the promoted product
and brand, and thus greater reach and engagement of recipients (followers). “Authentic,
unique and credible content that arouses consumer curiosity is the greatest value that
cooperation with an influencer can bring. Consistent implementation of such a strategy -
e.g. in the form of cyclical inspired tasks planned every year - can permanently contribute
to changing the perception and increasing brand awareness.” [8] For this reason, it’s
worth giving the influencer a free hand to build a story that shows the product’s features.
He has a very good sense of his audience and knows what and in what form the message
will arouse the greatest interest.

J. Baer on the portal SprawnyMarketing [9] cites an example of a study conducted by
TopInfluence, which followed an influencer marketing program for Silk Almond almond
milk and other products of this brand. The company found 258 influencers related to
the dietary market and each of them was asked to create content about Silk milk as part
of the “Meatless Mondays” initiative. No paid advertising was used, the posts of these
people appeared on social media as organic content. A special application was used to
track performance. It found that households that were exposed to influencer marketing
purchased 10% more Silk products than the control group, and each of the 1,000 people
who experienced influencer marketing purchased Silk products worth $ 285. higher than
the control group. The click-through rate of blog posts alone is 11 times higher than the
ROI of banner ads after 12 months [9].

Influencers, however, are not a homogeneous group. Depending on the number of
followers (followers) of a given person’s profile in a social network, we distinguish
micro-influencers (from 1 thousand to 100 thousand followers), mid-tier influencers
(from 100 thousand to 1 million followers) [9] and top-tier influencers (over 1 million
followers). The effectiveness of micro-influencers is supported by the fact that many
consumers are more likely to trust his opinion than celebrities, doubting the authenticity
of the latter’s recommendations.

Campaigns with influencers prove that they constitute an important marketing value
for brands. Well coupled with the strategy of presence in social media and content
marketing, they can result in great results, including sales. Influencer marketing shows
that it is worth focusing on authenticity and more personal communication in reaching
customers [10].

3 Increase in the Value of the Message of Micro-influencers During
a Pandemic

According to research conducted in April 2020, the number of brands cooperating with
influencers fell by 37%, which was directly related to companies’ budget cuts due to
the crisis caused by the Covid-19 pandemic [11]. At the same time, there was a sharp
41% drop in Influencer Marketing Efficiency - the ratio of average interactions in an
influencer post mentioning a brand compared to a post published by the brand itself -
compared to April 2019 [12].
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Reduced marketing budgets and a large drop in the effectiveness of influencer com-
munication forced marketers to completely change their strategy in reaching customers.
Experts realized that popular influencer marketing doesn’t necessarily mean influencer.
Thus, they focused on more precisely reaching smaller, but more attractive for the brand
groups of customers focused on lifestyle and ideas. Therefore, the most important value
of influencer marketing is the level of fan engagement - it decides what effects the com-
pany will achieve with the money invested. “The results of the research conducted by
Dentsu Aegis Network Polska and ARC Rynek i Opinia have shown, for example, that
in the category of women’s cosmetics, fashion and lifestyle bloggers have a much higher
impact than cinema and television stars who mainly advertise such products.” [13].

As it turns out, cooperation with micro-influencers also gives a better engagement
rate [14] - an indicator that more and more marketers consider a more adequate measure
of the campaign’s success than its range. The average level of engagement generated by
micro-influencers on posts is even 5 times higher than in the case of influencers with
large reach. By engaging several micro-influencers, you can get the same reach as one
top-tier influencer with a higher Instagram engagement rate [15].

Research by Indahash shows that a statistical micro-influencer is a woman who
shares her posts one to three times a day [16]. A large part of the micro influencers
surveyed is open to barter cooperation with enterprises, and often also to cooperation
without remuneration. Micro influencers most often work in the field of fashion, sports,
mobile applications and the beauty industry. By using micro-influencers in their adver-
tising campaigns, brands can count on greater audience engagement. Statistics show
that micro-influencers generate 60% more interest than average campaigns in social
media. Campaigns based on this cooperation model are also characterized by a higher
effectiveness rate and generate 2.2 times more conversions [16].

InApril 2020, amonth after the announcement of the global SARS-CoV-2 pandemic,
33.3% of all Instagram influencers working with brands were former nano-influencers.
31.9% of all #ad posts also came from them. This is the highest percentage since June
2019. Of all the brand collaborations that Socialbakers analyzed [21], nearly 94% are
micro-influencerswith less than 100,000 followers. This demonstrates brands’ belief that
positive campaign results can be achieved by having smaller, more authentic influencers
who are closer to their audience [17].

4 Conclusion

Traditional marketing messages have a smaller and smaller impact on recipients. The
revolution brought about by social media significantly changed the nature of relation-
ships between people, and thus the form of communication. Internet users also use a
more direct language, and messages addressed to them should be individualized, and
not to an undefined mass target group [18]. A person works best in a simple, natural,
authentic language, that is, using stories, metaphors and stories. In such a situation,
the influencer becomes an intermediary, a medium through which the brand can estab-
lish relationships with consumers. Consumers, in turn, cease to be passive recipients of
advertising messages. They participate in their creation, are responsible for distribution,
interact, engage others, and really influence the decisions of people around them.
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During the COVID-19 pandemic, the time spent by consumers on the Internet has
increased worldwide. This situation has created opportunities for brands to expand their
reach or engagement. At the same time, due to the crisis, most companies cut their
advertising budgets, which made them look for less expensive channels to reach cus-
tomers. This situation not only strengthened, but also accelerated the trend that has been
going on for some time, related to the perception of micro-influencers as high-value
resources, bringing good results without huge expenses. Following this path, it will be
more profitable to engage a few microfinluencers to cooperate with them, who enter
into dialogue with fans more often, shorten the mythical “distance” with users, and their
channels constitute a much more strongly targeted group. As the presented research
results show, the distribution of content on their channels will have a stronger impact
on recipients who have greater trust in micro-influencers. Smaller influencers are also
more likely to engage in non-standard actions that require more involvement on the part
of the influencer.

Despite the economic crisis caused by the Covid-19 pandemic, as outlined in the
article, brands continue to invest in influencer marketing to reach their target audience,
butwith a clearly different approach. The changes that have taken place in 2020 show that
it is time for the digital marketing industry to evaluate the best approach and commit
to a whole new set of customer needs and expectations. The challenge for marketers
now is to understand the fundamental changes that are needed to adapt to new consumer
priorities. What this new normality will look like after the pandemic is unknown yet,
but focusing on customer-centric marketing is a way to overcome the uncertain and
complex reality of Covid-19. Rather than starting with a product or communication
channel, this strategy focuses primarily on individual consumers.With customer-oriented
marketing, marketers implement commitment strategies based on trust and empathy, and
their good carriers are the micro-influencers with whom the recipients identify the most.
The signs are that brands are likely to continue to expand their collaboration with these
less influential creators as part of a smarter social media strategy, also after the pandemic
is over [19].
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Abstract. The subject of this study is the processes of macroergonomic improve-
ments of intelligent buildings. The macroergonomic premises involve both the
technological-economic and political-legal component as well as subjectively
treated the human factors – users of these buildings. The main research stream of
this study regards the correlations linking the four types of the above-mentioned
macroergonomic premises with the seven key features of the intelligent buildings.
The presented expert opinions concerning the analyzed correlations are case stud-
ies and are based on inventive approaches. The Google Forms software was used
to collect these opinions. Clarifying the joint opinions of the team of experts is
based on the Delphi method. For the purposes of verifying the inference, the fuzzy
formula of inference is used. The results of the research, are shown in the form of
a table using the method of morphological analysis.

Keywords: Macroergonomics · Intelligent buildings · Fuzzy infernence

1 Introduction

Enterprises realizing the operation management of the intelligent buildings are forced
to add to their range of action issues of its simultaneous use and improvements. Such
situation requires searching for long-term efficiency of management in the company,
based on balance between exploitation and exploration. It is possible to try to achieve
this balance by realizing enumerated actions in different organizational units of the enter-
prise that puts into practice the new variant of operation management improvements.
Such actions must be integrated and connected on a strategic level of company’s man-
agement. This requires eclectic organizational structure, with co-existing units having
various professional competencies, different organizational culture and separate motiva-
tion systems and leadership [1]. The macroergonomic premises for the process improve-
ments of the both exploitation and exploration of the seven key characteristics of the
intelligent buildings focuses on the particular role of their “essence”, which is a com-
position of the subjectively treated human communities with the intelligent buildings
technological-economic system innovative solutions [2, 3].

The main research stream of this study regards the correlations linking the four
types of the macroergonomic premises with the seven key features of the intelligent
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buildings. Reports from research results are just correlations. They are not cause-effect
relationships. The presented expert opinions concerning the analyzed correlations are
case studies and are based on inventive approaches. The Google Forms software will be
used to collect these expert opinions. Clarifying the joint opinions of the team of experts
will be based on the Delphi method. For the purposes of verifying the inference, the
fuzzy formula of inference will be used. The results of the research, are shown in the
form of a table using the method of morphological analysis.

2 The Macroergonomic Premises

In seventies of the last century, the author of this article made an attempt of univer-
sal defining the subject of the research and ergonomic applications [4]. He has deter-
mined this subject as a so-called macroergonomic [5–8] interface (system, network,
hybrid) combining human societies and the technological-economic, cultural-social
and political-legal components. If to treat historically the problem of the subject of
research and ergonomic applications, then, according to the above-mentioned univer-
sal proposal, one could say about four stages of the evolution of this interface. The
first stage would refer to pre-industrial societies and the technological-economic and
political-legal component in form of methods and tools for hunting or simple agricul-
tural techniques and tools. The second stage encloses industrial societies, which have
machines, energy and electronics on their disposure. The modern, third stage, informa-
tion societies use computer networks and new media. The further, fourth stage might
refer to creative and empathic societies and the technological-economic and political-
legal component in form of nanotechnology applications and of artificial intelligence
[9]. Current technological-economic, cultural-social and political-legal “partners” of
human communities can be also identified more precisely on the basis of the concept of
the macroeconomic cycles. These “partners” usually have the basic form of following
so-called “technological fundamental innovations” (the steam machine and railways,
the electricity and the internal-combustion engine, aviation, energetics and electron-
ics, computer networks, pro-ecologic solutions, artificial intelligence and nanotechnol-
ogy). These innovations, constituting the technological, economic, cultural-social and
political-legal reaction to the human-centered evolution of “cultural-social imperatives
and needs” (like: improving the efficiency ofwork and trade, the availability andmobility
of assets, increase if the standard of life, energy networks, travelling, ecology, knowledge
networks, psychological and social fitness, human health and quality of life).

Democracy and market freedom have caused that human societies where fascinated
by the concept of the “association” network, but next they started protesting the func-
tional, “tribal” order. Today, democracy and market are ruled by the research of the
“buyer”. Human societies leave traditional hierarchies and authorities in favor of a so-
called „guru”, who does not have to convince us, he only needs to be popular. There is
chaos appearing within the human factors (the contemporary, “pro-society” order of the
organization is being replaced by a formation called a “swarm”). However, this state of
affairs does not change the fact that today we can still talk about the four types of the
macroergonomic premises: technological and organizational, economic, socio-cultural
and political-legal. The complexity of macroergonomic decision-making situations has
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forced to change the current research and application methodology based on two-valued
logic. Fuzzy inference methods [10] seem to be more effective when necessary syn-
cretic problem solving of the technological and organizational, economic as well as
socio-cultural and political-legal improvements.

3 The Key Features of Intelligent Buildings

The intelligent buildings means a full system functionality of a sustainable creation
of a construction technology (building) that is equipped with self-steering subsystems
that also have abilities to adjust to the environment. Such adaptation concerns both
an exploitation’s reaction to changes in the external and internal environment and the
ability for improvement along the process of the technological and social progress.
“… It is a relatively autonomic environment – it has all the necessary functionalities
built in. Its principal characteristics are hybrid connections, like: Smart Economy, Smart
People, Smart Governance, Smart Mobility, Smart Environment and Smart Living. Such
combinations are creating a completely new perspective on building objects as a whole”
[2]. Intelligent buildings can have various designations. They can be residences, hotels,
offices, banks, hospitals, schools, etc. Intelligent neighborhoods or intelligent cities must
fulfill similar requirements.

Their design, production (construction) and exploitation (use and service) and explo-
ration (improvements) requires expanding the classic engineering from the range of
construction, technology and organization.

Energy efficiency and thermal isolations are also key features of intelligent build-
ings, just like sustainable use of natural resources, safety of the user, protection from
environmental parameters’ levels that can be harmful for human health (noise, air pol-
lution, microclimate, and vibrations), accessibility, low costs of use and service and
pro-environmental performance during the entire life cycle of the construction.

The intelligent building’s should meet six following criteria exchanges [2]:

– provide full protection and steering of the building’s assets,
– ensure the required technical and communication infrastructure of the building,
– provide the control of the functioning of the entire,
– enable an efficient connection with the exterior,
– maintain stable parameters of the material internal environment independently from
changes outside and facilitate the adjustments of these parameters to changing needs
of the user,

– meet demands of the ecological rationality of resource management (electric energy,
heat energy,water energy) and the criterion of the human factor (health, safety, identity,
visual comfort, esthetic design, intelligent management of usage costs).

In practice, the realization and improvement of enumerated criteria in an intelligent
building is steered by three principal groups of technological systems [2]: security sys-
tem, system of monitoring and steering technical installations, computing system. The
first system usually encloses: the system of fire security, the transmission of fire alarms
system and defects signals, audible warning system, smoke and heat spread control, fire



404 L. Pacholski

suppression and extinguishing system, a system integrating fire protection devices, evac-
uation system, air quality monitoring and ventilation for underground garages, systems
for removing smoke from evacuation paths, intrusion detection system, access control
system, closed circuit television system. It is possible to divide a system of monitoring
and steering technical installations into two subsystems: power supply and electricity
control, and comfort steering. The electric subsystem includes: the division of energy,
measuring and energy accounting, the monitoring of technical installations, the electric
installation cabling, lighting control inside and outside of the building, emergency power
supply, photovoltaic subsystem. The comfort subsystem includes: control of sources of
the heat and coolness (including renewable energy sources), air conditioning and ven-
tilation steering, heat steering, lighting and shading steering (shutters), horizontal and
vertical transport subsystem, audio-video subsystems, sound system steering, subsystem
of parking facilities [2].

Intelligent building have a computing system the encloses: a subsystem of structural
cabling and of active devices, computing networks, data transmission devices, secu-
rity subsystem, links with external networks, vision and sound transmission subsystem,
telephone exchanges. The four sub-systems of operation management system ensure an
efficient functioning of technical installations in intelligent buildings are following: -
a system for power supply management and for steering electricity, comfort, informa-
tion and communication systems, - security system for the building, - global system
of management and steering in the building (its goal is gathering and analyzing infor-
mation from the entire object and exchanging data with all cooperating systems and
subsystems), - system of control of the energy supply in the building. All mentioned
systems and automation and management processes in the building require determined
norms and standards. Standardization topics enclosing issues in the design, realization,
exploitation and improvement of intelligent building’s is largely diversified. It refers to
areas like: construction, ergonomics and health protection, fire security, telecommunica-
tion, informatics, energy, automation, data transmission in control systems, electronics,
property protection [2].

4 Research Methods and Results

The main research stream of this study regards the correlations linking the four types
of the macroergonomic premises with the seven key features of intelligent buildings.
Conclusions from research results are just correlations. They are not cause-effect rela-
tionships. The research was conducted in the second half of 2020. The presented expert
opinions (the team of seven experts- practitioners familiar with the concept of intelli-
gent building) concerning the analyzed correlations are case studies and are based on
inventive approaches. The Google Forms software will be used to collect these expert
opinions. Clarifying the joint opinions of the team of experts will be based on the Delphi
method. For the purposes of the research on the correlations linking the four types of
the macroergonomic premises with the seven key features of intelligent buildings, four
degrees of Delphi expert assessment of the strength of relations (five-level numerical
scale from 1 to 5) were adopted for twenty eight of their potential variants. Taking into
account each of the seven expert’s opinion, it was assumed that in the next three rounds
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the experts narrowed the number strength of the relation. If the interquartile range and
the new expert opinion was outside this new relation, its justification was expected. In
this way, it was forced to move experts undecided and without adequate arguments to
the majority group, i.e. to the group whose opinions are in the interquartile ranges.

For the purposes of verifying the inference, the fuzzy formula of inference will be
used. As part of the fuzzy formula of inference ([10, 11]) concerned the research on the
macroergonomic premises and the key features of intelligent buildings, it was assumed
that the probability of high, medium and low strength of the correlations will be tagged
[12]: phai, p

m
ai i p

l
ai.

The determination of the above probabilities was entrusted to the afore mentioned
seven experts. The probability boundary conditions were defined as follows:

pahi + pami + pali = 1 and pahi ≥ 0; pami ≥ 0; pali ≥ 0, where: i ∈ 1. The
linguistic variable z (five-level scale of expert assessments) was introduced to describe
the strength of the analyzed correlations and the fuzzy scale. For the level 1 (expert
rating: no correlation) the linguistic scale was 0 < z < 0,333. For the level one (expert
rating: correlation strength slight) the linguistic scale was 0,167 ≤ z< 0,5. For the level
three (expert rating: indirect relation) the linguistic scale was 0,333≤ z< 0,667. For the
level four (expert rating: strength of the correlation significant) the linguistic scale was
0,5 ≤ z < 0,833. For the level five (expert rating: dominant correlation) the linguistic
scale was 0,667 ≤ z ≤ 1. The designation dj was further introduced as the result of the
j-th expert’s assessment, where: (dj ∈ 1, 2, 3, 4, 5). According to the fuzzy set theory,
the membership of the set N was expressed by the membership function for the interval
[0,1] of the form: μN(x). Each result of the dj expert assessment was assigned to the
following five fuzzy sets: N = {(β1, μN (β1)), (β2, μN (β2)), (β3,μN (β3))}; for
j = 1, 2, 3,.., E; where: E = 7 is the number of experts assessing the relationship. The
normalized fuzzy set distribution (source: [11, 12]) of the scale of correlations linking
four macroergonomic premises with the seven key features of intelligent buildings,
was taken into account: (0, 0.333) - insignificant correlation, (0.333, 0.667) - relatively
significant correlation and (0.667, 1.0) - a very important correlation. Then, fsf was
introduced as an element of the fuzzy set s and msf as a membership function for the
corresponding element of fuzzy sets and the probabilities of the generalized evaluation
of seven experts were calculated (in two steps) as follows:

• Calculation of the average Pi probability score (where: i = 1, 2, 3) reflecting the
frequency of selection made by the experts:

P1 =
3∑

f=1

f1fm1f P2 =
5∑

f=3

f2fm2f P3 =
7∑

f=5

f3fm3f

• Calculation of pi (where: i = 1, 2, 3) corresponds to the probability of significance of
the relation:

pi = Pi/

3∑

i=1

Pi
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The results of the research, based on the fuzzy formula of inference and concerning
the correlations linking the four macroergonomic premises with the seven key features
of the intelligent buildings are shown in Table 1.

This table uses the method of morphological analysis. A characteristic feature of this
approach is the combination of intuitive and analytical elements, and the basic criterion
for consideration is the principle of targeted searches according to specific procedures.
Such an approachmay offer a greater degree of technical character of action, because the
analytical effect is obtained at the expense of limiting spontaneous creativity, which is the
driving force of inventive methods (based on free associations). The use of the method
of morphological analysis was aimed at creating such a picture of the problem situation
in which all of the structural correlations, linking the four types of the macroergonomic
premises with the seven key features of intelligent buildings, would be visually included.

Table 1. The morphological analysis of correlations linking the macroergonomic premises with
the key characteristics of the intelligent buildings

Technological Economic Socio-cultural Political-legal

Energy efficiency 0,714 0,833 0,714 0,500

Sustainable use 0,500 0,833 0,714 0,500

Safety of the user 0,583 0,500 0,833 0,500

Protection 0,583 0,583 0,714 0,500

Accessibility 0,583 0,714 0,714 0,714

Low costs 0,714 0,833 0,714 0,500

Pro-environmental 0,583 0,833 0,833 0,500

(Source: own study)

Legend:
Energy efficiency - Energy efficiency and thermal isolations
Sustainable use - Sustainable use of natural resources
Protection - Protection from environmental parameters’ levels (noise, air pollution)
Low costs - Low costs of use and service
Pro-environmental - Pro-environmental performance during the entire life cycle of the
construction.

5 Conclusions and Summary

The numerical probabilities of the significance of correlation in Table 1 form the con-
clusion matrix consisting of four columns and seven rows. An additional fifth column
and an additional eighth row show the calculated arithmetic averages (Fig. 1).

The arithmetic averages of these columns and rows can form the basis for summa-
rizing the results of the research presented in this article. The values of these arithmetic
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0,714 0,833 0,714 0,500 0,690 
0,500 0,833 0,714 0,500 0,637 
0,583 0,500 0,833 0,500 0,604 
0,583 0,583 0,714 0,500 0,584 
0,583 0,714 0,714 0,714 0,681 
0,714 0,833 0,714 0,500 0,690 
0,583 0,833 0,833 0,500 0,687 
0,609 0,733 0,748 0,531 

Fig. 1. The conclusion matrix of numerical probabilities of the significance of correlation linking
themacroergonomic premiseswith the key characteristics of the intelligent building. An additional
columns and rows showing the calculated arithmetic averages (source: own study)

averages are as follows: - for the first column 0,609; - for the second 0,733; - for the third
0,748 and for the fourth column 0,531. For the following rows of thematrix, the averages
are respectively: 0,690; 0,637; 0,604; 0,584; 0,681; 0,690 and 0,687. According to the
criterion of the arithmetic averages and preferring fifteen most important correlations
(out of a potential twenty eight). With two highest numerical probabilities of the signif-
icance of correlations (0.833 and 0.714 - see Table 1), the specific ranking in terms of
the four macroergonomic premises for the key features of intelligent buildings can be
distinguished.

The ranking of macroergonomic arguments in favor of the implementation of intel-
ligent building opens socio-cultural premises with a set of the seven highest correla-
tions (concerning the key features) and the arithmetic averages indicator 0.748. Such
a situation, meaning for the implementation of intelligent buildings, the priority of
macroergonomic socio-cultural premises over economic, technological and organiza-
tional premises, seems to be themost interesting conclusion from the presented research.
Experts participating in the researchwere assigned the five highest correlations (concern-
ing the key features) and the arithmetic averages indicator 0,733 to economic premises.
For the technological and organizational premises of intelligent building, the experts
surveyed awarded the arithmetic averages indicator 0,609 and two highest correlations
concerning the key features of intelligent buildings. The political and legal premises
obtained in this ranking the arithmetic averages indicator 0,531 and only one highest
correlation concerning the key features of intelligent buildings. Within the seven key
features of intelligent buildings, the following four attributes of smart construction have
the highest correlations with macroergonomic premises: energy efficiency and thermal
isolations, low costs of use and service, pro-environmental performance during the entire
life cycle of the construction and accessibility. Just behind them is the argument about the
sustainable use of natural resources. In summary, it should be to repeat, with particular
emphasis, that the presented expert opinions concerning the analyzed correlations are
case studies and are based on inventive approaches. Conclusions from research results
are just correlations. They are not cause-effect relationships.
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National Research and Development Center (POIR.01.01.01–00-1229 /17) for the research and
teaching needs of the Faculty of EngineeringManagement at the PoznanUniversity of Technology.
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Abstract. The purpose of the following article is to describe how by using effi-
ciency control tools it is possible to obtain an improvement in the coffee production
process. To complement and ensure a good result of the management model, the
guidelines proposed in the lean methodology will be used, applying efficiency
improvement tools such as the 5s method and continuous improvement. For the
purposes of this study, the use of resources that generate a reduction in produc-
tivity and that are treated within inefficient production processes, such as the use
of water, fertilizers and machinery, was used as information. Once the indicators
to be taken into consideration for decision making were identified, the pertinent
improvements weremade, achieving an increase in the Soil Production Index from
65% to 75%, generating a greater product for the coffee growers, as well as the
Production Index of work went from 68% to 75%.

Keywords: Benchmarking · Data envelopment analysis · Efficiency ·
Management model · 5s

1 Introduction

Peru is currently the ninth coffee producing country in theworld, and the seventh exporter
[1]. This activity also generates an economic support for more than 223 thousand pro-
ducer families and occupies an area of more than 420 thousand hectares in the country,
supporting the economic support of families living in very poor areas. However, for the
same reason that this activity takes place in areas of economic scarcity [2], work prac-
tices do not take into account the efficient use of resources or the impact that these can
have on the environment. In addition, among the main direct causes why the Peruvian
coffee market has low competitiveness and social/environmental sustainability are: the
low level of productivity and technical management of the crop without considering
efficiency criteria, the great inconsistency of the coffee quality, the limited access to
financial services that coffee-growing families have, the weak image and positioning of
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Peruvian coffee in national and internationalmarkets, the precarious social and economic
conditions of the coffee-growing areas and the weak governance for the management
of coffee production [3]. Consequently, there are not too many documented experiences
of the use of resources or how they are treated within the production processes, and
the issue of efficiency is still far behind. However, there are some important advances
focused on implementing an efficient production policy that allows advances in the mat-
ter. It is believed that this is the way to achieve that coffee is consolidated as a market
and becomes part of the group of products by which Peru is identified.

2 State of the Art

2.1 Lean Manufacturing

As Lean Manufacturing is one of the most widely implemented methodologies in the
world when it comes to making improvements in the efficiency of production processes,
there are many ways in which it can be applied depending on the sector in which it will
be applied. The most used practices have been identified through a comparative matrix,
designing an implementation methodology for small companies and for people with
little experience [4, 5]. It is also understood that great experience is not needed to apply
improvements within a process, as there are simple and agile alternatives to achieve
a successful implementation of lean manufacturing. However, it is also necessary to
analyze its application over time and how companies that have already implemented
lean manufacturing tools move once the improvement has been made. With all that
has been learned by companies and applied case studies, it is possible to develop a
methodology with adaptation facilities to be used by industries [4, 6, 7].

2.2 Data Envelopment Analysis

For the development of the efficiency model, it is necessary to identify a terminal that
allows identifying the necessary inputs to perform a comparison, grouping as much
information as possible to compare [8, 9]. The more information it is possible to obtain
from the sector, the more accurately the distance to achieve the ideal efficiency can be
determined [8, 10]. In this way, each market needs to carry out an analysis to determine
what will be the input and output elements to use for the organizations. In the case of
cooperative companies, it has been determined that the variables to be considered will
be land, work, fertilizers and machinery [10]. In addition, it is concluded that the land
factor is the most important input when small farmers develop their activity, followed
by the intensity of the fertilizer and the work of the machinery. Also, the labor factor,
despite being relevant, maintains an inverse relationship with the producer, due to the
small number of hectares they own and that increasing workforce will not increase their
coffee production [11, 12].

3 Contribution

3.1 Proposed Model

In Fig. 1, the contributionmade in the research is appreciated, where theDEA tool is used
to evaluate the technical efficiencies that coffee cooperatives have and from said analysis
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of technical efficiencies, understanding the use of the microeconomic framework and
Methodology on the stochastic frontier to analyze the production per productive unit
per hectare of the Peruvian coffee sector. Thus, the relationship between the quantity of
inputs and the production of coffee under conventional and flexible functional forms,
the 5S tool is applied, having a quality management adjusted to the reduction of inputs
and achieving efficient indicators in production and marketing of coffee.

Regarding the use of the leanmethodology, they point out that the use of Lean tools in
the manufacturing sector, such as the 5S tool, helps to order, clean and classify products
or supplies in the warehouse or workplace, establishing a standard process and an action
procedure for the activities to be developed and placing elements of information, signage,
among others, in order to increase the satisfaction of internal or external customers,
reducing or eliminating the waste they generate to optimize the management of the
Cooperative.

Fig. 1. Proposed model

The proposed model is composed of 3 components: DEA diagnosis, improvement
proposal based on efficiency and continuous improvement planning.

Diagnosis of DEA, this component originates from the current analysis of the cooper-
ative that has inefficient production processes. The purpose is to identify which vari-
able (Land, labor, fertilizers, machinery and economy of scale) should be prioritized to
optimize the results in production and costs.

Proposal for Improvement Based on Efficiency, in this component, an improvement
plan will be carried out supported by the 5s methodology according to the variable
previously identified.

Planning of Continuous Improvement, the objective is to plan the appropriate processes
to optimize efficiency in the planting, harvesting and selection of coffee.

3.2 Proposed Method

In Fig. 2 the steps for the implementation of the efficiency management tool during
coffee processing are detailed. In it, the phases are detailed, which are divided by the
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application of the DEA, diagnosis of the 5S, planning of the proposal, execution of the
proposal and finally, the planning of the improvement.

Fig. 2. Proposed method

3.3 Indicators

The indicators used before and after the implementation of the methodology are
mentioned and explained below.

Soil Production Index (PTS), It establishes a value of the production for the surface
with aptitude for irrigation, as an indicator of the performance achieved with the level
of technology applied in the agricultural year.

PTS = total production (kg)

irrigable area (ha)
(1)

Labor Production Index (IPTR), It is presented as an indicator of the production in
weight of the annual per capita harvest of the rural population.

IPTR = total production (kg)

rural population (inhabitant)
(2)

Unused Production Index (IPNU), It is proposed as an indicator that determines the
amount of waste generated during the process.

IPNU = waste (kg)

total production (kg)
(3)
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4 Validation

4.1 Description of the Case Study

The implementation of the efficiency management model was carried out in the Selva
Alta coffee plantation in the agricultural coffee sector.

4.2 Development of the Contribution

Table 1 shows the evaluation of the effect that each variable has on the productivity of
the coffee crop.

Table 1. Efficiency of the cooperative

Independent
variables

Constant
elasticity of
substitution

Cobb-Douglas Translogarithmic
(Minflex Laurent
Tranlog)

Leontief
generalized
(Diewert)

Quadratic

Land 0.02 0.89 0.81 2.73 24.88

Job 0.01 0.47 −0.3 −0.04 0.17

Fertilizers 0.0024 0.03 0.69 5.61 24.21

Machinery 0.0014 0.03 0.13 0.03 0.003

Economies of
scale

0.0338 1.42 1.33 8.33 49.263

It can be seen that labor or labor has an indicator of −0.3, which indicates that
labor does not impact the efficiency of small coffee farmers, this because as they are
small coffee growers their land extensions are small, making use only of the family’s
own staff. Likewise, land has an impact on cultivation efficiency with 0.81, but in our
efficiency analysis it is removed because small coffee growers do not have the option to
buy farmland, therefore, it is removed from efficiency to seek in the cooperative.

Regarding fertilizers, it has an indicator of 0.69 which indicates that it is the most
important factor after the cultivated land, in it the fertilizer plays an important role, since
it represents the highest costs in the production of coffee, as well as vital input to increase
productivity and technical efficiency, therefore, it will be used to optimize the efficiency
of coffee growers, especially in the use of organic fertilizers, since it is the main input to
produce organic coffee, thus being a sustainable and efficient, since it reduces electrical
energy and water consumption.

To implement the 5S tools, the following artifacts were used according to stage 2 of
the model.

Cleaning check-list, it is appreciated that the cooperative carries out before and after,
where signage is added, that is, a name to each element for easy identification, due to
its visual character, as well as the places or types of products. In the case of order, the
signage served to keep the supplies in order and stored as appropriate. Which led to a
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training, for a greater knowledge and understanding of the processes, steps or procedures
to apply in each case.

In Table 2 the daily jobs, framed within the 5S, in the concept of Cleaning.

Table 2. Daily work plan in the rooms

Activity Schedule Resources Person in charge

10–11 h 12–15 h

Cleaning in cultivation
(Check out)

× Cleaning supplies Collaborator 1

Cleaning when the plant
grows and is pruned

× Cleaning supplies Collaborator 2

Harvest cleaning × Cleaning supplies Collaborator 3

In it, it can be seen that there are three moments to be able to clean and that the plant
grows well, for this reason a person is established for each activity. Indicating the times
that these tasks must be carried out, to then inspect and know that the plants are growing
healthy and that they do not have pests and that they have enough light or shade in their
growth stage, maturity and fruit harvest.

Given this, the training plan was established, in it we see that the cooperative needs
a training plan to train its staff in techniques to help them improve their productivity. For
this reason, a person responsible for each technique is established, with cleaning, plant
care and storage being the main techniques, since these directly influence the technical
efficiencies of coffee growers.

After the training, the tasks foreseen in the 5S were carried out, photos were taken
to demonstrate the status of the cultivation, warehouse and dispatch areas, establishing
an execution plan of those responsible for areas, for which established responsible for
each area. They are responsible for ensuring that their respective areas are clean and
orderly, carrying out inspections and supervision of tasks from Monday to Sunday, this
indicates that there must always be a person responsible for cleaning and maintaining
order, including Sundays and holidays.

Then, with the control checklist, it is possible to take note of the observations within
the daily activities carried out by the operators. Thus, corrective measures will be car-
ried out and those responsible will be identified to know with whom to carry out the
intervention at the appropriate time.

5 Results

The result obtained at the timeof applying the improvementswith respect to the indicators
is established in Table 3.

According to the statistical analysis (Table 4), it can be seen that regarding the media
production index it presents an optimal result after the improvements implemented in
the proposal.
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Table 3. Indicators after implementation

Indicator Before After

Soil production index 65% 75%

Labor Production Index 68% 75%

Production index not used 15% 10%

Table 4. Statistical analysis by scenario and indicator

Soil production index Work production Index Production
Index not used

High jungle 75.00% 75.00% 10.00%

Partner 1 81.00% 78.00% 9.00%

Partner 2 76.00% 79.00% 11.00%

Partner 3 77.00% 80.00% 8.00%

Average 77.25% 78.00% 9.50%

Median 76.50% 78.50% 9.50%

Dev. Est 0.016330 0.010759 0.026458

Max 81.00% 79.00% 11.00%

n 4 4 4

On the standard deviation of the production index, it turns out that the variability has
a greater dispersion compared to the mean.

In the case of the unused production index, the average value is less than 9.5%, which
reflects a great result.

The average in the coffee production index shows a successful result of 75%. On
the other hand, the standard deviation in this indicator is higher compared to the other
indicators, which implies a greater dispersion present.

When analyzing the various scenarios bearing in mind different sizes of land, it can
be concluded that the proposal could be applicable and successful in any cooperative,
regardless of the size of hectares it has.

6 Conclusions

The use of the DEA allows to know the technical efficiencies from the variables of the
production of coffee cultivation, therefore from the comparative analysis of efficiencies
and the production model, finding out which is the greatest input of incidence on the
technical efficiency and increase the productivity of the coffee crop of the coffee coop-
erative. Which the Translogarithmic index of production gave that 0.69 of the fertilizers,
indicates that it is the main input after the land 0.81, to improve the technical efficiency
of coffee cultivation.
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The use of Lean Manufacturing 5S tools and continuous improvement, allowed to
improve the working conditions of the operators by cleaning, order and classification,
of the inputs in the management of the warehouse and in the cleaning of the crop in all
its phases.

The soil production index went from 65% to 75%, generating more product for the
coffee growers.

Likewise, the Labor Production Index went from 68% to 75%.
The unused Production Index was reduced, from 15% to 10%, which means that the

coffee bean is being processed more efficiently.
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Abstract. The concept of agile manufacturing and an agile enterprise was cre-
ated in order to effectively compete in the conditions of increasing volatility in
all segments of the macro-environment of firms. The turbulent environment gen-
erates not only threats, but also opportunities, the perception and use of which
favours of gaining a competitive advantage on the one hand, and on the other
hand is a manifestation of agility. The aim of this article is to investigate whether
and how managers assess changes perceived in macroenvironment and how the
changes affect the implementation of solutions increasing the agility of the enter-
prise. An agility is analysed in cross section of its four dimensions i.e. brightness,
flexibility, intelligence and shrewdness of enterprise. For this dimensions indica-
tors/symptoms of agility were elaborated. The perceived changes are treated as
independent (explanatory) variables when the indicators represent the dependent
(explained) variables. The empirical research was conducted in January 2020 in
100 medium and large enterprises operating in Poland. The results show that
the assessment of macroenvironment’s changes has rather weak influence on
implementation the concept of agile enterprise.

Keywords: Business environment · Agile enterprise · Opportunity recognition ·
Opportunity creation · Brightness · Flexibility · Intelligence · Shrewdness

1 Introduction

The concept of agile manufacturing and an agile enterprise was popularized in literature
in 1991. It is aimed at effective management in conditions of turbulent changes taking
place in the environment of enterprises. Such environment generates threats but also
generates opportunities [1]. The literature on the subject emphasizes, above all, that the
agility of a company consists in its ability to quick response to emerging opportunities
[2, 3]. It also presents a dispute as to whether, as Kirzner claims [4], opportunities exist in
the environment and to use them, they must first be discovered, or, as Schumpeter stated
much earlier [5], opportunities are created because of innovative activities. We believe
that this dispute is apparent and that opportunities are both created and discovered. In
both of these cases, we are talking about opportunity recognition. Taking this point of
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view, we believe that a company’s agility is not only about quick response. In order to
recognize opportunities, an agile company must be [6]:

• bright - to perceive the situation in business environment which are favour to achieving
its goals,

• flexible - so that its resources can be used in various favourable situations,
• intelligent - to develop its knowledge and adapt its resources and organization to
changes that may occur in the future,

• shrewd - to achieve its goals in a practical way in a given situation with the use of
available resources.

Observation, analysis and evaluation of changes taking place in the environment
of enterprises is therefore necessary for both creating opportunities focused on these
changes (Schumpeterian model) and for identification of the opportunities that are cre-
ated by events taking place in the environment (Kirznerian model). On this basis, a
hypothesis can be made that there is a relationship between how changes in the business
environment are perceived and assessed and whether enterprises implement the strat-
egy of agility. Checking this hypothesis is the aim of this paper, however the scope of
considerations is limited only to changes in the macro-environment of enterprises.

2 The Business Environment and the Agility of the Enterprise

The business environment is usually divided into the macroenvironment and the indus-
trial environment. The macroenvironment covers the following segments: political and
legal, economic, socio-demographic and technological, whereas the industry environ-
ment consists of customers, suppliers and competitors. Enterprises have a much greater
impact on their industrial environment than on the macroenvironment. Therefore, creat-
ing opportunities (proactivemodel) concerns primarily the industrial environment, while
discovering opportunities (reactive model) concerns both the industrial environment and
the macro environment.

Agility is understood in different ways. It is related to the organization’s ability to
survive [7], managing and applying knowledge effectively [8] or the ability of orga-
nizations to quick response to unexpected changes in business environment [9]. These
abilities are usually embedded in the context of counteracting threats and especially of
taking advantage of opportunities that arise precisely because the environment is chang-
ing.We treat the ability to take advantage of opportunities as a defining feature of an agile
enterprise. There can be two cases here. The first consists in reacting to opportunities that
arise in the environment because of a series of events occurring in its segments. Their
use is therefore reactive. The second case is the creation of opportunities, for example
through innovative activities that create a demand in the market. Taking advantage of
these opportunities follows the pro-active model. Creating opportunities does not take
place in isolation from changes and their trends in the business environment. This means
that, both in the reactive and proactive model, it is necessary to observe the environment
in order to see a situation conducive to achieving the goals of the organization using the
resources available to it. This ability to notice changes that may result in opportunities
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recognition is called brightness and we treat it as the first dimension of the company’s
agility [6, 10]. The second dimension is flexibility. This is a feature of the resources
available to the enterprise that enables it to take advantage of a wider repertoire of
opportunities. By available resources, we mean both the company’s own resources and
its network resources. The third dimension of enterprise agility is intelligence. It is the
ability to develop knowledge (among others by learning) and prepare the organization
for changes that take place in the environment, so that it can take advantage of future
opportunities. The fourth dimension is shrewdness. Its essence is the ability of the orga-
nization to use opportunities in a practical and profitable way. These four dimensions
(Fig. 1), after operationalization, are adopted to describe the agility of the enterprise and
treated in the research model as dependent (explained) variables.

Brightness
Strip

of potential opportunities: Spo
Flexibility

Strip of resource available 
opportunities: Srao

Intelligence
Strip of available 
opportunities: Sao

Shrewdness
Strip of used 

opportunities:
Suo

Threats
Opportunities

Changes in environment: Te

Fig. 1. Dimensions of enterprise’s agility Source: [10]

3 The Research

3.1 Methodology of Research

In order to check whether the changes in the environment perceived by managers affect
the application of the agility strategy, empirical studies were carried out in 65 medium
and 35 large sized enterprises in Poland, belonging to 19 major production sectors, for
example food, pharmaceuticals, paper, furniture and motor vehicles. The research was
conducted in January 2020.

The data was collected using a closed-ended questionnaire using the CAPI
(computer-assisted telephone interviewing) method. The respondents were presidents
or owners of companies, managing directors, technical directors, production directors /
chiefs, production engineers, including 13 women and 87 men.

The survey questions operationalize the perception of changes by managers (inde-
pendent variable) and the agility of the enterprise in terms of its four dimensions, i.e.



422 S. Trzcielinski

brightness, flexibility, intelligence and shrewdness (dependent variable). The reliability
of the measuring scales was checked using the Cronbach’s alpha test. To obtain accept-
able reliability, some questions were omitted in further analyzes. For the independent
variable, the test value is 0.54, so it is poorly acceptable, while for agility (dependent
variable) it is 0.79 and it is good, with the first three dimensions mentioned above respec-
tively 0.75 (good), 0.53 (poorly acceptable), and 0.72 (good). The fourth dimension is
described with just one question.

Since the responses to survey questions were expressed on the ordinal scale, the
relationship between explanatory (independent) and explained (dependent) variableswas
examined usingSpearman’s rank correlation test. For statistically significantly correlated
independent variables, it was checked whether and what their levels have a statistically
significant effect on the dependent variables using the Kruskal-Wallis test and the post
hoc test. These analyzes were performed with Statistica v. 13.3 software.

3.2 Explanatory and Explained Variables

Explanatory variables i.e. changes perceived in the environment have been operational-
ized with the question “How do you assess the changes taking place in the following
segments of the macroenvironment”: Iv1 - Political and legal; Iv2 - Economic; Iv3
- Social and demographical; Iv4 - Technological. Possible answers were as follows:
5-are very favourable for running a business; 4-are favourable; 3-are neutral; 2-are
unfavourable; 1-are very unfavourable. The explained variables have been described
in particular dimensions of agility with the following statements:

1. Brightness
In the company, we recognize and analyze changes in environmental segments:
DB1 - Political and legal; DB2 - Economic; DB3 - Social and demographical; DB4
- Technological; DB5 - Customers; DB6 - Suppliers; DB7 - Competitors. They can
take the values: (5) very systematically; (4) systematically; (3) occasionally; (2)
sporadically; (1) never.

2. Flexibility
DF1 - In our firm, the operations are: (5) fully automated; (4) human work occurs,
but automation / robotization dominates; (3) automation / robotization is in balance
with human work; (2) there is automation / robotization but human work dominates;
(1) there is no automation / robotization.
DF2 - Our firm’s policy towards machines that communicate themselves depends
on: (5) we have such machines and we will increase their number; (4) it has been
decided to introduce them within two years; (3) it has been decided to introduce
them within five years; (2) Maybe we will introduce in the undefined future; (1) we
will not introduce them.
From the view point of the enterprise development the following competencies:
DF3 - the employees’ openness to changing the way and place of performing the
job;
DF4 –Multi-job of employees,
are (5) very important; (4) important; (3) neutral; (2) not important; (1) definitively
unimportant.
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From the view point of use of employees’ abilities the following forms of work
organization:
DF5 - Job rotation;
DF6 - Flexible forms of employment,
are (5) very important; (4) important; (3) neutral; (2) not important; (1) definitively
unimportant.

3. Intelligence
From the view point of the enterprise development the following competencies:
DI1 - innovativeness and willingness to propose new ideas;
DI2 - abilities to analyze data;
DI3 - readiness to learn,
are (5) very important; (4) important; (3) neutral; (2) not important; (1) definitively
unimportant.

4. Shrewdness
DS1 - From the view point of the enterprise development the adaptation of employees
to collaborate with robots is (5) very important; (4) important; (3) neutral; (2) not
important; (1) definitively unimportant.

3.3 The Results

The correlation between the perception and assessment of changes in the environment
and agility is presented in Table 1. The distinguished correlation coefficients are signif-
icant with p < 0.05000. The perception of changes in the political and legal segment of
macroenvironment (Iv1) is positively correlated with flexibility (DF1) and shrewdness
(DS1). In the economic segment (Iv2) it is positively correlated with flexibility (DF1)
and negatively with flexibility (DF3) and Intelligence (DI2) and (DI3). Also in social
and demographical segment (Iv3) it is negatively correlated with brightness (DB2).

For statistically significant correlations, we checked whether and what levels of
explanatory variables on the Likert scale have a different impact on the agility of the
enterprise. The result of these analyzes is presented in Table 2.

The value levels of the variable (Iv2) - “perception of changes in the economic seg-
ment” have different relevance for flexibility (DF1) and the variable (Iv3) - “perception
of changes in social and demographic segment” has different significance for brightness
(DB2).

4 Discussion and Conclusions

Explanatory (independent) variables - the perception of changes in the macroenviron-
ment segments: political and legal (Iv1), economic (Iv2) and social and demographi-
cal (Iv3) are statistically significantly but relatively weakly correlated only with the six
explained (dependent) variables. The technology segment variable (Iv4) is not correlated
with any dependent variable.

The existing relationships between the variables are not obvious; therefore, we
explain them through a possible, but certainly not the only possible interpretation.

A positive assessment of changes in the political and legal segment (Iv1) as well as in
the economic segment (Iv2) is conducive to making decisions by company management
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boards to invest in technological development, which increases the level of automa-
tion and robotization of operations (DF1). As a result, the flexibility of enterprises is
improved. In addition, a positive assessment of the trends in changes in the political
and legal segment (Iv1) gives a sense of the stability of legislative regulations, which is
conducive to shaping the investment development strategies of the company, an element
of which may be an improvement of employees’ adaptability to collaborate with robots
(DS1).

Table 1. Correlation.

The variable (Iv2) is also negatively correlated with the flexibility variable (DF3)
and with the enterprise intelligence variables (DI2) and (DI3). Improving the assessment
of changes in the economic segment of environment strengthens the feeling of managers
about stabilization of the economic situation, which may lead to a reduction an interest
in including in the development strategy of such employee competences as openness
on change of the way and place of the job (DF3), ability of data analysis (DI2) and
willingness to learn (DI3).

The perception of changes in the social and demographical segment of macroen-
vironment (Iv3) is also negatively correlated with brightness of enterprise defined as
recognition and analysis of changes in economic segment of the environment (DB2).
This may be due to the reduced interest of the boards of companies of conducting anal-
ysis of economic segment (DB2) along with improvement of the situation on the labour
market and better assessment of the changes in the market (Iv3). Such attitude may exist
when the situation on the labour market favours achieving the economic objectives of
the firm.

Table 2 shows that the value levels (Iv2) have different effects on the variable (DF1).
In particular, the better the situation in the economic segment of themacroenvironment is
assessed, the greater its impact on the agility of the enterprise in its flexibility dimension
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Table 2. Kruskal-Wallis and post hoc test.

by increasing the automation of operations (DF1). This means that there is a qualitative
difference in the influence of levels 1, 3, and 5 of the variable (Iv2) on the variable (DF1).
This relationship seems obvious, because the better the economic situation, the more it
affects the company’s investment decisions.

In the case of variables (Iv3) and (DB2), if changes in the social and demographical
segment are rated no worse than neutral, they affect the agility of the enterprise in its
brightness dimension by reducing the interest in looking for opportunities by recogniz-
ing and analyzing changes taking place in economic segment (DB2). The favourable
situation on the labour market (value 3 or more of Iv3) may more radically replace the
need to identify macroeconomic factors influencing the performance of the enterprise
than value 1 or 2.

The obtained results allow formulating several conclusions.
Since the correlation between the independent and dependent variables is weak and

not frequent, it follows that the perception and assessment of changes in the macroen-
vironment has little impact on the implementation of agility strategy in enterprises.
The reason for this may be a relatively poor knowledge of the concept of agile enter-
prises, which is implemented mainly in the ICT sector in the field of agile software
manufacturing.

To a marginal degree, independent variables (Iv) affect brightness (DB) and shrewd-
ness (DS). The weak correlation between (Iv) and (DB) raises the suspicion that the
analyzes of the macroenvironment segments and the assessment of the changes taking
place in them are sketchy - carried out intuitively and not methodically. Previous studies
[11–13], and [14] confirm this. This may also indicate the occurrence of the “dormant”
effect, consisting in the fact that if the macroeconomic situation is good, and it was good
in the period before the research, less attention is paid to opportunity recognition using
both the reactive and proactive model. The greatest influence (Iv) posses on the agility
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in the flexibility dimension, the effect of which mainly relates to the level of automation
of the operations.

The results in this article have some limitations. The research was conducted in
January 2020, i.e. before the effects of the Covid 19 pandemic were revealed. It can be
expected that the pandemic results in more in-depth analyze of the macroenvironment
segments. For this reason, the representativeness of our results is of a historical nature.
It is reasonable to suspect that the Covid 19 pandemic will change, relatively perma-
nently, the attitude of managers to methodical research of the business environment.
This suspicion indicates the need for future comparative studies.

The weak and sparse correlation between (Iv) and the dimensions of the agility
of the enterprise may also indicate poor reliability of the measurement scales of these
dimensions. As it results from the Cronbach’s alpha coefficient, the reliability of the
scale for flexibility adopted by us is poor. This indicates the need for study on symptoms
of enterprise’s agility and its particular dimensions.
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Abstract. At present, enterprises are functioning in dynamically changing envi-
ronment which from the one hand it forcing into introducing numerous of innova-
tions and on the other hand inducing to achieve the competitive advantage among
others through the implementation of contemporary strategies and management
methods. It constitutes condition sine qua non not only for adapting the enterprise
into appearing changes as well as the quick respond for the market requirements
but also to increase enterprises’ efficiency. The goal of this paper is to present
the conception of implementing Management by Objectives (MBO) and Kaizen
methods on the basis on production intelligent facility. According to this, the
phases and stages as well as whole methodology of the implementation process
of these both methods will be presented. The proposed methodology seems to be
universal and can be applicable and modified in a different type of manufacturing
enterprise.

Keywords: Management by objectives · Kaizen · Intelligent facility

1 Introduction

Nowadays, the enterprises are searching for competitive advantage concerning quality of
products, application ofmodern information and telecommunication technologies (ICT),
implementation of modern concepts and tools of management as well as proper support
of decision making process and knowledge management. To achieve this, enterprises
need to possess the ability of implementation of dedicated management techniques for
continuous improvement to increase efficiency of carried out processes. Regardless of
whatmanagement system the enterprise introduces, appropriatemethods, tools and tech-
niques are needed to introduce and, most importantly, maintain a management system
[1]. It is also very important to be aware that we live in a world of dynamic changes
and we need to adapt to them. Constant commitment in development, willingness to
constantly improve both the quality of the product and the company enforces a strategic
approach using, for example, management by objectives and kaizen. The purpose of
this paper is to present the conception of implementing Management by Objectives and
Kaizen methods on the basis on production intelligent facility.
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2 Intelligent Facility

Intelligent facility is a relatively autonomic environment with all the necessary function-
alities built in. Its principal characteristics are hybrid connections, like: Smart Economy,
Smart People, Smart Governance, Smart Mobility, Smart Environment and Smart Liv-
ing. Such combinations are creating a completely new perspective on building objects
as a whole. Intelligent buildings can have various designations. They can be residences,
hotels, offices, banks, hospitals, schools, etc. their design, production (construction)
and exploitation (use & service) and exploration (improvement) requires expanding the
classic engineering from the range of construction, technology and organization. Energy
efficiency and thermal isolations are also key characteristics of intelligent buildings, just
like sustainable use of natural resources, safety of the user, protection fromenvironmental
parameters’ levels that can be harmful for human health (noise, air pollution, microcli-
mate, and vibrations), accessibility, low costs of use and service and pro-environmental
performance during the entire life cycle of the construction [2]. At present, the rapid
changes of technology together with the business globalization is considered as a basic
factor of an enterprise development and improvement [3] and it requires the constant
implementation of modernmanagement techniques for continuous improvement of such
intelligent facility.

3 Management by Objectives (MBO) and Kaizen

The main idea of Management by Objectives (MBO) is to concentrate the management
and subordinates on jointly defining and negotiating goals, jointly defining measures of
the desired final results and joint periodic reviews and evaluation of the results obtained.
It is assumed that the motivation, initiative and activity of employees, especially of the
management staff, are among themost valuable and least used resources of an enterprise,
which determine its results [4, 5]. Employees who set their own goals or participate in
setting themobtain better results than thosewho are imposed on these goals. Participation
in setting goals, aswell as consciously jointly defining themeasures of their achievement,
corresponding to the motivation remuneration system, increases the probability of their
effective implementation. In the MBO concept, the main and central importance of the
goal, which we can define as a valuable and desired state of affairs which determines
the direction and structure of future action. The objectives should meet the following
requirements and conditions: (1) The goals of each cell and employee are derived from
the goals of the company and create a consistent system within the organization. (2)
Objectives are related to strategic areas of activity and key results. (3) The strategic
goals of enterprise are disaggregated by division into sub-specific goals of a lower order,
until the formulation of goals for each employee (goal tree). (4) Targets must be ranked
in order of importance (necessity to assign weights). (5) Goals are flexible (redefining
and adapting to environmental conditions). (6) A goal is assigned to a person (team) and
includes his individual contribution to achieving the company’s goals. (7) Goal setting is
consultative. (8) Each goal defined and assigned to the implementer must be formalized
(assigned to the responsibilities of the implementer). (9) Each goal has a specificmeasure
of effectiveness (measures of effectiveness may be: financial, qualitative, quantitative,
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mixed). (10) The goals assigned to the employee must be weighted (the sum of the
weights of all goals is 100%). (11) The achievement of goals must be systematically
checked. The control process focuses first on self-control, and then on periodic reviews
and the results obtained (objective effects of work).

Setting and cascading goals is carried out according to the Balance Score Card tech-
nique in the following four perspectives: finance, brand, competences, systems (work
procedures, management systems, IT, etc.). The use of the BSC concept in formulating,
implementing and measuring goals in an organization enables a logical and multidimen-
sional presentation of the strategy in the form of a set of measurable goals necessary
to implement the company’s mission [6, 7]. From this perspective, there is a tool that
enables the implementation of strategic assumptions. It allows you to translate strategic
goals into specific activities, and then cascade the goals into lower organizational units
of the company, and then into key employees. The measures for assessing the achieve-
ment of goals, determined at each level, along with specific activities allowing for their
fulfillment, at the same time complete the entire concept of achieving the strategic goals
of the company.

Kaizen is understood as a philosophy which is based on continuous improvement.
The assumptions of this concept of work were first presented by Masaki Imai in the
book Kaizen - The Kay to Japanese Competitive Success, published in 1986 [8]. In
Japanese, Kaizen means continuous improvement, improvement, refinement focused on
the involvement of all employees implementing improvement processes in the enter-
prise (all employees should be a source of ideas for introducing improvements aimed
at positive changes) [9]. The Kaizen philosophy assumes that a person’s life path (per-
sonal and professional) should be focused on continuous improvement. Kaizen is also
a tool enabling individual employees to organize and manage their own work. It leads
to standardization, which introduces repeatability and order in the work performed. As
a result, employees can easily identify problems and pinpoint correct solutions. Kaizen
assumes introducing small, gradual improvements, but continuously and usually with
high frequency, which in the long run leads to significant and noticeable results [10].
Kaizen focuses on eliminating losses in all processes and is equally about improving
devices and improving work procedures. The starting point for the Kaizen philosophy is
the appropriate definition of the concept of waste in the enterprise and its limitation in
the implementation of processes in the enterprise. Traditionally, waste is understood as a
negative financial result of the enterprise, and so, for example, in the case of a production
process, waste occurs when the operation of the process does not bring profit. In relation
to Kaizen, waste is therefore any activity that, from the customer’s point of view, does
not add value to the product or service created by the company. Eliminating or limiting
all waste and its causes also improves the use of the company’s potential. However, it
will not be possible without identifying and understanding the processes implemented
in the enterprise, maintaining constant awareness and searching for ways to improve
work performance [11]. According to Hamel, Kaizen philosophy can be synthetically
presented using the eleven principles: (1) Implement the thinking in line with the PDCA
and SDCA cycles. (2) One should go to the place where the activities of a given process
are performed in order to observe and document reality. (3) 5xwhy should be used to
identify the root causes. (4) Never be content with the status quo. (5) What is essential
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must be improved. (6) Be action-oriented. (7) You should improve with the method of
small, frequent steps which results in large and lasting changes for the better. (8) Use
creativity, not money. (9) Kaizen is the task of all members of the organization. (10)
There is no transformation without leadership transformation. (11) Whatever you do, do
it with humility and respect for the individual [11].

4 Management by Objectives – Implementation Concept

Both concepts Management by Objectives and Kaizen can be fully implemented in the
intelligent facility of construction branch. Concerning Management by Objectives the
following organizational functions will be supported by theMBOmethod in the selected
enterprise: (1) Shaping and implementing the Strategic Scorecard, (2) Shaping the tasks
organizational units in the field of maintaining databases on business activity measures,
(3) Shaping the system of business activity measures, (4) Training employees in the field
of strategic goals and their operationalization through the business measurement system,
(5)Determining the values ofmeasures in the adoptedplanningperspectives, (6)Ongoing
monitoring and recording of achieved values of measures, (7) Ongoing preparation
of analyzes business activities in numerical and graphic terms for the Management
Board and Service Managers, (8) Motivating employees. The expected results that the
enterprise will achieve with the use of MBO method can be distinguished as following:
(1) Transparent view of the activity of the enterprise, its units in the totality of goals
and methods of achieving them. (2) Logical division of goals in the organization, which
connects them with measures and activities defined in their implementation. (3) It is a
useful tool in controlling the achievement of strategic goals of the company. (4) It can be
used throughout the company through organizational unit achievement cards as well as
achievement cards for individual employees, which allows synchronization of activities
of all cells and individual employees in order to achieve strategic goals of the company.
(5) It has a positive effect on employees, motivating them to act effectively.

The essence and logic of proceeding in the MBO method in connection with
supporting the organizational functions can be implemented in four following stages:

(1) The members of the Management Board defines a maximum of 10 strategic goals,
indicating at the same time: the main executor of the goal - a person responsible for
the coordination and effects of achieving goals, organizational unit of the main goal
executor, organizational units jointly responsible for achieving the goal, expected
date of goal completion, the expected level of goal achievement expressed in the
form of a measure (the measure should be expressed numerically or descriptively,
the measure is scalable: expected level, satisfactory level, unacceptable level).

(2) The main executor of the strategic goal decomposes it into goals in four implemen-
tation perspectives, and at the same time indicates the cause-effect relationships
between individual goals. Goals F1, F2 - goals in financial areas, K1, K2 in cus-
tomer areas, etc. The concept of decomposition of strategic goals in perspectives is
presented in Fig. 1.



432 J. Kałkowska and H. Włodarkiewicz-Klimek

Goal / Perspectives Strategic sub-goals with links

Streategic 
goal 

Fianancial 

Customer 

Processes 

Development

P
1

P
3

R
1

K
2

F
1

K
1

P
2

R
2

F
2

Fig. 1. Decomposition of strategic goals, prospects for implementation (financial, customer,
processes and development), source: own study

(3) For partial strategic goals in four perspectives, the person responsible for the main
goal determines strategic actions/skills (STEP 1), which will allow for full imple-
mentation of the set goal. Then, operational goals are determined for organiza-
tional units and then for key employees from a given unit (STEP 2), which allow
the achievement of the main goal and activities describing the achievement of the
main goal. Then, the manager of the organizational unit and the person assigned to
achieve the sub-goal determines the deadline for achieving the goal (STEP 3) and
measure (STEP 4). The designated deadline and measure must be approved by the
person responsible for the main goal, which includes the sub-goal (STEP 5). The
concept of the implementation of individual stages in the MBO concept using the
strategic scorecard is presented in Table 1.

(4) The next stage of MBO is the combination of setting and measuring strategic and
operational goals with the individual evaluation of the employee and determining
the financial reward (financial bonus, other bonuses).
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Table 1. Stages of implementation of activities in the MBO concept using the strategic scorecard

The way of
interpreting
the goal
described in
point (1)

Goal
decomposition
point (2)

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5

Main
strategic
goals

Strategic goals
in particular
perspectives

Strategic
activities

Operational
goals

Deadline Measure Acceptance
of the person
responsible
for the main
goal

1…
(we repeat
the
presented
layout for
each main
strategic
goal)

financial
• …

• …
• …

• …
• …

customer
• …

• …
• …

• …
• …

processess
• …

• …
• …

• …
• …

development
• …

• …
• …

• …
• …

Source: own study

5 Kaizen – Implementation Concept

As well as in the case of Management by Objectives method, Kaizen will support the
following organizational functions in the same enterprise: (1) Human Resources man-
agement, (2) Employee evaluation, (3) Motivating employees, (4) Employee develop-
ment (including training, career paths). The use of the Kaizen approach will enable the
stimulation of innovation, proper protection of organizational resources, cost reduction,
quality improvement, increase in work efficiency, employee development, improvement
of occupational health and safety as well as improvement of work processes in the
enterprise.

The essence and logic of proceeding in the Kaizen method in connection with sup-
porting the organizational functions includes mainly the individual idea improvement
generation as well as assessment of the improvement generated by employee. Improve-
ment ideas should be generated in dedicated IT system by filling application form of
improvement. For the effective implementation of the Kaizen program, a Kaizen team
and a Kaizen Leader should be established in the company. The team proposes the
amount of cash prizes for the implemented improvement. The team should define the
frequency of reporting improvements for individual organizational units/workstations
(e.g. 1 improvement/month). For reported and positively verified but not implemented
improvements, can be received points that add up in a given settlement period, which
results in a cash prize.

The concept of an individual Kaizen supported by an IT system should: (1) Automat-
ically remind/force the introduction of a new improvement in a specific period of time,
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(2) Allow viewing of all reported improvements in the company, (3) Provide the user
with monitoring of reported improvements, showing the status of the improvements, the
decision to accept or reject the idea, (4) Force control of the implemented improvements
by indicating/verifying the benefits of the improvement in a specific period of time.

The concept of the application form and the implementation of an individual Kaizen
is presented in Table 2.

Table 2. The concept of Kaizen application form

Application form improvement

3Name/title of idea

Organizational unit submitting the idea

Area of improvement/Branch

Idea description

Description of the proposed solution to the problem and the
expected results

Verification of the results achieved after implementation

Submitted idea assessment form - evaluates the team appointed by the Kaizen Leader

Evaluation of an idea due to its importance to the company (scale from 1 to 5)

1 2 3 4 5

Assessment of the possibility of implementing the idea (scale from 1 to 5)

1 2 3 4 5

A financial possibility to implement the idea (scale from 1 to 5)

1 2 3 4 5

A technology possibility to implement the idea (scale from 1 to 5)

1 2 3 4 5

An organizational possibility to implement the idea (scale from 1 to 5)

1 2 3 4 5

Expected benefits

Financial benefits (scale from 1 to 5)

1 2 3 4 5

Technology benefits (scale from 1 to 5)

1 2 3 4 5

Organizational benefits (scale from 1 to 5)

1 2 3 4 5

Decision concerning idea implementation

YES NO

Source: own study
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6 Closing Remarks

At present, the rapid changes of technology together with the business globalization
is considered as a basic factor of an enterprise development and improvement and
it requires the constant implementation of modern management techniques. They are
aimed at increasing the efficiency and effectiveness of processes occurring in a given
enterprise. There aremany different methods of organization andmanagement that allow
to effectively run a business. Certainly, every decision to introduce changes has a number
of consequences. For example, when introducing Kaizen to the company, it should be
remembered that it is not a simple method that can be introduced routinely. It is a con-
cept that integrates many aspects of the company’s operation. Its proper implementation
requires the involvement of top management and all employees. Employees have to look
for new solutions and improvements every day, keep their workplace in order and avoid
waste. Many Japanese companies have achieved global success using Kaizen manage-
ment, so European companies should follow their example. Kaizen allows enterprises
to meet the requirements of producing products and services of the highest quality, low
cost and exactly on time. The whole process should take place with the support of the
highest levels of management, whose task is to create an appropriate work culture con-
ducive to continuous development. Such conditions are conducive to the introduction of
Kaizen in the described enterprise. Management by Objectives (MBO) and the Balanced
Scorecard are management systems that align objectives with an organisation’s vision.
The main idea of introducing MBO in intelligent facility is to ensure that the employees
get a clear understanding of their roles and responsibilities for better understanding the
relation of their activities to the overall success of the enterprise. The great advantage of
using these methods together is the direction of the enterprise’s development activities,
cost reduction and increasing ofwork efficiency. As the company belongs to construction
branch, the use of these methods seems to be justified.

Acknowledgment. The research was carried out as part of the research project of the Polish
National Research and Development Center (POIR.01.01.01–00-1229/17) for the research and
teaching needs of the Faculty of EngineeringManagement at the PoznanUniversity of Technology.
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Abstract. This research focuses on the application of the primary tools in indus-
trial engineering with regards to companies and sectors within a country. This
analysis focuses on small and medium enterprises in the footwear sector. Small
companies currently form a nucleus in the world economy, and thus, research
sources include companies in the footwear sector in Lima, Perú. With the aim of
continuous improvement, the objective of this research is to implement and control
the processes used by the sector through Lean methodology with the following
indicators: optimization of the effective time of operators by 13%, production
increment by 20%, and finally reduction in reprocessing by 63%. The impact
on work is based on changes in machines, stations, functions, tools, and work-
shop designs to increase productivity in the footwear industry by 23.62%. There-
fore, applying operations as tools is essential to effectively analyze and control
production.

Keywords: Footwear · Productivity improvement · SMEs · Kaizen · 5s

1 Introduction

The production of small- and medium-sized enterprises (SMEs) the footwear sector in
Perú has increase by 5.7% in recent times (2017). In April 2018, the production in the
manufacturing sector increased by 20.33%, which was a positive result, and thus, Perú
now ranks fourth in footwear production in South America.

According to the National Society of Industries (SNI), by the end of 2018, 3,669
companies were engaged in footwear manufacturing in Perú. These companies comprise
the following:

• Micro companies having a production capacity of approximately 40 pairs per day and
representing 88% of all companies in this sector. They constitute 24% of production.

• Small companies having a production capacity of approximately 250 pairs per day
and manufacturing 36% of the total production.
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• Medium-sized companies having a production capacity of approximately 700 pairs
per day and constituting 40% of national production.

The SMEs form consortiums to improved performance in productivity to ensure
supply for the corresponding demand when required and subsequently fulfill client
requirements [1–3].

Therefore, to implement any type of lean tool, identifying the event under study
and the qualitative and quantitative analyses of the root cause of the problem should
be a priority because the most significant characteristic of the lean philosophy is its
application in companies of varying sizes (i.e., small, medium, and large) in addition to
the area and/or sector in which it is focused and developed. [4, 5].

Innovative approaches to be studied, applied, and implemented must be effective and
easy to apply to ensure its standardization and use in the study environment (footwear
companies here), and a new culture of applicability can be created. Consequently, the
improvement proposal to be implemented is a combination of different engineering tools
(i.e., 5S, VSM, and Kaizen) because as observed in other countries, the use of the tools
in question, together with the primary causes identified, is feasible. The use of these
tools has yielded positive results that are reflected by their economic impact on the
company, in addition to increased productivity, which has an initial technical gap of
0.417 (Par/HH). The application of the tools yielded an increase of 21% with a value
of 0.505 (Par/HH). Therefore, lean thinking and lean manufacturing aim to eliminate
waste, which is enhanced through the optimization of resources. The primary motivation
of this research is to capture the results obtained over a course of the time required to
conduct the project in consideration with the primary causes of the problem that SMEs
in the footwear sector encounter.

2 State of the Art

Lean philosophy aims to optimize resources with the available tools and to ensure the
maximum use of resources for obtaining long-term results. Therefore, a sample analysis
jointly conducted by various researchers recommends the following 17 practices for the
use of lean tools in SMEs [6–8].

Therefore, when lean tools are used in production processes, it must be one of the
philosophies always used by engineers when proposing continuous improvement. Such
improvements are registered by the process and operators in such a manner that the
operators can immediately make decisions and subsequently save time in the process
[9–11].

When applying this philosophy to the process, workstations contributing the greatest
delay and impacting the productivity of the company should be identified; the identified
station is equipped and stopped with a total of 3 H-H [12].

The 5S tool in the lean manufacturing philosophy is responsible for reorganizing the
process and optimizing the used resources. Thus, it has five phases, with the organiza-
tion and cleaning stage being the most influential phase because being organized and
having set points for each workstation are crucial. With the application of the 5S tool at
workstations, a reduction gap of 61.97%was yielded, thereby validating the high impact
of the implementation [13, 14].
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The Kaizen tool aims to constantly improve production by eliminating waste from
processes. The Kaizen method is a management system oriented to the continuous
improvement of processes to subsequently eradicate all those inefficiencies of a pro-
duction system. The application of this Japanese technique under high rates of defective
products has helped reduce defective products by 33.3% [15, 16].

The order of the use of lean tools allows the process to be divided by sections to ensure
that the development in the plant and the performance of each operator are evaluated.

3 Contribution

3.1 Case Study

The starting point is to develop a perspective of the economic sector directly influencing
the country’s gross domestic product, through which the opportunity for improvement
as well as the causes with a direct influence and repercussions on the country’s economy
can be identified. The footwear sector, which represents 30.8% of the Peruvian economy,
was considered for this case study. An analysis revealed that in Perú, SMEs represent
95.4%of the footwearmanufacturing industry, and thus, an efficient solutionwas sought.

For impactful results, an established process must be proposed because SMEs typi-
cally cannot provide the necessary resources, such as budget, workforce, time, and the
knowledge of experts, when implementing and adhering to lean practices.

SMEs represent more than 90% of the production industries in countries, such as
Perú, Brazil, and Mexico (Fig. 1).

Fig. 1. Proposal

After certain studies of similar casuistry in other countries, of which the center and/or
nucleus are SMEs in the footwear manufacturing industry, the lean tools that are to be
used and show effectiveness in medium and large companies. The novel approach of
this research is to apply them to small companies. The primary reason why SMEs in the
footwear manufacturing sector are always unstable is their low productivity because of
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various factors. However, an exhaustive analysis revealed the following three primary
causes with the greatest impact: Deficiency in work methodology, lack of quality control
in manufacturing shoes, and delay in production because of a lack of product standard-
ization, which constituted for a total of 38.64%, 31.82%, and 29.55%, respectively. The
study and analysis further assisted in identifying the technical gap representing low pro-
ductivity, which represents 0.417 pair/HH in the SMEs in the footwear manufacturing
sector. The approach used in this research aims to increase it by more than 21% because
the industrial conditions allow it.

The technical analysis gap represents a loss of S /. 47 016 soles per year, which can
be increased to more than 80% using the correct tools.

The purpose of implementation is to increase the primary indicator, which is reflected
in the economic situation of MSEs of the footwear manufacturing sector.

The engineering indicators that evaluated the primary causes in the first instance as
follows:

• Operators optimization indicator:

% Red . Ope. = Sub. Sit. − Prev. Sit

Prev. Sit.
× 100 (1)

– % Red. Ope: Percentage reduction of operators in the process
– Sub. Sit.: Subsequent situation in the number of operators
– Prev- Sit.: Previous situation in the number of operators

This first indicator essentially indicates by how much the number of operators can be
reduced through time-taking and simultaneous time-making comparisons and then by
analyzing a previous and subsequent result to yield a value in terms of the percentage
reduction of personnel required in the footwear production process.

• The second indicator is intended to determine the following:

% Red . Time. = Sub. Sit. (T )− Prev. Sit (T )

Prev. Sit (T )
× 100 (2)

– % Red. Time: Percentage of time reduction in the operators production process.
– Sub. Sit. (T): Subsequent situation in time taking.
– Prev. Sit. (T): Previous situation in time taking.

This indicator focuses on the time taking before and after applying the lean tools in
such a manner that the changes being made can be measured.

• Reprocess percentage indicator

% R = R. Pairs (Month number)

P. Pairs (Month number)
(3)

– %R: Reprocess percentage
– R. Pairs: Reprocess pairs
– P. Pairs.: Pairs produced
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– N: Number of the month under evaluation.

This indicator aims to control the amount of reprocessing that occurs in the operation
to monitor the amounts of reprocessing being conducted in the company.

These indicators are based on the measurement of the primary causes, and thus,
determining that to obtain these indicators, the use of the aforementioned lean tools is
necessary with consistency and guidelines on the order and way of measurement are
followed to ensure that the results obtained in the urban footwear production process
can be observed and analyzed [17–19].

4 Validation

4.1 Diagnostic Value Stream Mapping

To implement the tools, a previous diagnosis is first required to evaluate the production
performance and establish the cycle time rhythms; a work plan can be subsequently
developed.

With the analysis on low productivity, resulting in the technical gap of 0.417
torque/HH, determining that the stations requiring the most time for task completion
are as follows: the stacking station and finishing station requiring 3 h each.

Analysis of Time: During time analysis, the Westinghouse table was used, whose
function is to apply highly repetitive operations during the shoemaking process.

The following factors were considered for the analysis:
The company manufactures more than 1,000 pairs of footwear annually. The man-

ufacturing of a pair of shoes involves five processes (i.e., cut, fit, dress, finish, and
assemble). Manufacturing time is 67.05 min. The operation is then categorized based on
the five processes, and a value of 13.5min is obtained. It is then converted into hours, that
is, 0.225 h. TheWestinghouse table is reviewed and five pilot observations are presented
based on the results.

After obtaining the results of the pilots, the cycle analysiswas conducted to determine
the percentage difference. The times will be divided based on the results; that is, red
indicates that the expected results are not obtained, whereas blue indicates that the work
is optimal.

However, before implementing this approach into practice, the two missing tools
(i.e., 5S and Kaizen) must be used because the combination allows the pilot plan to
be performed optimally. The use of these tools will further broaden the panorama of
analysis in low productivity in the MSEs in the footwear manufacturing sector.

4.2 5S Implementation

The 5S tool was implemented pre and post audit with the following evaluation criteria
(Table 1):

The data in the tables reveal that the trends before and after the implementation can
be observed, and the trends of each situation and/or criterion can be analyzed using the
radar graph.
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Table 1. Comparison of situations of the medium and small footwear sector

Wasteful audits Initial situation Subsequent situation %Improvement

Result 33 88 63%

Waste Audit: In addition to detailing the required times, a waste audit was performed
for further reinforcement because productivity lies in the amount of waste obtained
during the process.

During the implementation, the waste control system in the production workshop
was reduced by 58.93%. This checklist must be used for supervision by each operator
on a monthly basis (Table 2).

Table 2. Comparison of the wasteful situations of the MSE footwear sector

Wasteful audits Initial situation Subsequent situation %Improvement

Result 59 28 53%

Positive results were obtained, since the improvement made was of 53%, decreasing
by more than 50% the waiting time for the item.

4.3 Kaizen Implementation

This phase aims to achieve a continuous improvement of the process to standardize the
operational levels of quality in the products and the production of defective products.

To complete the implementation with the Kaizen tool, the use and awareness of con-
tinuous improvement by the operators were applied, and thus, a record implementation
was performed, as shown in Fig. 2.

Continuous Improvement Format 
Code: XX_MC_2020 
Date: -- / -- / -- 

Surnames and 
Names: 

Work Station: 
1. What observation was found at the work station? 

A. Plan (Establish ideas) B. Do (Put to test the idea) 

C. Check ( Identify ideas) D. Act (Substitute idea) 

2. Suggestions: 

Fig. 2. Continuous improvement format
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With the implementation format, workstations were able to reduce their lag times:

• Reduction of the time at the cutting station by 17.91%.
• Reduction of the time at the fitting station by 35%.
• Reduction of the time at the dressing station by 10.41%.
• Reduction of the time at the assembling station by 14.5%.
• Reduction of the time at the finishing station by 18.78%.

What Kaizen seeks is for operators to have the ability to observe opportunities for
improvement and thus make decisions to ensure that the process and production can be
continued without any bottlenecks, thus achieving process standardization [19].

4.4 Pilot Implementation

Fourth Improvement: In the fourth improvement, the results in the cutting and pairing
workstations exhibited a reduction of 0.33%and 1.53%, respectively, that is, the expected
results are achieved. With respect to the other workstations, a decrement can be noted;
therefore, in the following improvement, the complete expected results may be obtained
(Table 3).

Table 3. Pilot improvement 4

Process Time (minutes) Percentage
differenceReal Proposed

Cut 9 9.03 −0.33%

Fit 5.8 5.2 10.34%

Dress 15 15.23 −1.53%

Assemble 20 18.79 6.05%

Finish 8 7.31 8.63%

Total 57.8 55.56 3.88%

Fifth Improvement: In the fifth improvement, it can be seen that workstations reveal
significant decreases, and thus, the percentage difference of each workstation has a
negative result. Finally, a comparison using the table of expected results reveals that the
anticipated results were achieved. Thus, the implementation enabled the combination
of tools to reduce the times proposed, which subsequently enhanced production as is
reflected in productivity (Table 4).
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Table 4. Production time

Process Time(minutes) Percentage
differenceReal Proposed

Cut 8.5 9.03 −6.24

Fit 4.78 5.2 −8.79%

Dress 15.1 15.23 −0.86%

Assemble 18.63 18.79 −0.86%

Finish 6.5 7.31 −12.46%

Total 53.51 55.56 −3.83%

5 Conclusions

According to percentage indicator reduction of operators, a reduction of 13% was
obtained; that is, the necessary number of operators for the production of footwear
is reduced by one operator. Thus, the result was positive because the cost of the process
is optimized.

Regarding the second percentage indicator, reduction in production time, an opti-
mization of 17%was achieved, with a significant positive impact on the process because
optimizing the process with few resources is possible.

Finally, regarding the third percentage indicator, reprocessing percentage, an
improvement of more than 48% was achieved, an thus, an improvement was noted
in delivery compliance compared with the amount estimated at the beginning in the
urban footwear production process.

References

1. DIARIO PERU (2018). [En linea]. https://peru.info/espe/comercio-exterior/noticias/7/31/-
como-esta-el-sector-manufacturaen-el-peru

2. Miñáz,W.: “Producción de calzado cae a tasas de dos dígitos por novenomes”,DiarioGestión,
p. 18, 19 March 2019

3. “Perú produce más de 50 millones de pares de calzado de cuero al año y eso atrae a Brasil”.
Diario Gestión, 8 June 2017. Recuperado de https://gestion.pe/economia/peru-produce-50-
millones-pares-calzado-cuero-ano-atrae-brasil-136833

4. Majava, J., Ojanperä, T.: Lean production development in SMEs: a case study. Manag. Prod.
Eng. Rev. 8(2), 41–48 (2017). https://doi.org/10.1515/mper-2017-0016

5. Teli, S.N.: Productivity Improvement by Value Stream Mapping, pp. 2349–5162 (2015)
6. Heese, H.S.: Inventory record inaccuracy, double marginalization, and RFID adoption. Prod.

Oper. Manag. 16(5), 542–553 (2009)
7. Venkataraman, K., Vijaya Ramnath, B., Muthu Kumar, V., Elanchezhian, C.: Application of

value stream mapping for reduction of cycle time in a machining process. Procedia Mater.
Sci. 6, 1187–1196 (2014). https://doi.org/10.1016/j.mspro.2014.07.192

8. Rose, A.M.N.: Leanmanufacturing best practices in SMEs, Kuala Lumpur, Malaysia, pp. 22–
24, January 2011

https://peru.info/espe/comercio-exterior/noticias/7/31/-como-esta-el-sector-manufacturaen-el-peru
https://gestion.pe/economia/peru-produce-50-millones-pares-calzado-cuero-ano-atrae-brasil-136833
https://doi.org/10.1515/mper-2017-0016
https://doi.org/10.1016/j.mspro.2014.07.192


Productivity Improvement of a Footwear Manufacturing Company 445

9. Melton, T.: The benefits of lean manufacturing: whatlean thinking has to offer the process
industries. Chem. Eng. Res. Design 83(6), 662–673 (2005)

10. Suhardi, B.: Implementation of standardization work to improve productivity in indonesian
furniture industry (2016)

11. Aulet,W.: A tale of two entre-preneurs: understanding differences in thetypes of entrepreneur-
ship in the economy (2013)

12. Chaman, G., Gahagan, S.M.: Adding value to value stream mapping: a simulation model
template for VSM, Institute of Industrial Engineers (2012)

13. Tinoco, O.: Application of the 5S to improve the perception of quality culture in textile
manufacturing microenterprises in the Northern Cone of Lima (2016)

14. Gupta, C.: Can application of the 5S concept to organize the workplace in a scientific
instrument manufacturing company (2015)

15. Abu, S.: Court shoe production line: improvement of process cycle efficiency by using lean
tools (2017)

16. Gordian, B.: KAIZEN as a Strategy for Improving SSMEs performance: assessing its
acceptability and feasibility in Tanzania (2014)

17. Ahmad, M.: Kanban in software development: a systematic literature review. In: Proceedings
of the 2013 39thEuromicroConference onSoftware Engineering andAdvancedApplications,
pp. 9–16 (2013)

18. Chaple, A.: Status of implementation of Lean manufacturing principles in the context of
Indian industry (2014)

19. Nazri, M.: Facility layout for SME food industry via value stream mapping and simulation.
Procedia Econ. Financ. 31, 797–802 (2015)

20. Sivananda Devi, K., Arunachalam, V.P., Gunasekaran, N.: Lean manufacturing concepts in
wet grinder assembly line through value state mapping. Int. J. Serv. Oper. Manag. 30(3), 357
(2018). https://doi.org/10.1504/IJSOM.2018.092608

https://doi.org/10.1504/IJSOM.2018.092608


Warehouse Management Model Under the Lean
Warehousing Philosophy to Reduce Product

Returns in the Marketer

María Isidro1, Angel Susaya1, Gino Viacava1, and Wilder Namay2(B)

1 Ingenieria Industrial, Universidad Peruana de Ciencias Aplicadas, Prolongación Primavera
2390, Lima 15023, Peru

{u201520154,u201520159,pcingvia}@upc.edu.pe
2 Direccion de Investigacion, Universidad Peruana de Ciencias Aplicadas, Prolongación

Primavera 2390, Lima 15023, Peru
wilder.namay@upc.edu.pe

Abstract. In this work, the high rate of return of orders is studied in mypes and
medium import companies in Peru. For this, two papers were taken into account
for the design of our warehouse management model under the lean warehous-
ing philosophy with three stages called “creating stability”, “creating flow” and
“making flow”. These are intended to ensure quality of the processes, increase
the productivity of the warehouse and the operators and improve the reliability
of the inventories respectively. As a result of the implementation, a reduction of
the picking time from 3.5 to 1.5 h was obtained, an increase in the reliability of
inventories of a 75 to 95% (ERI), an increase in operator performance from 50 to
85% and a reduction of expired products from 19 to 2%. In this way, the rejection
level was reduced by one 14.1 to 7% in the company under study.

Keywords: Returns · Lean warehousing · Management of warehouses

1 Introduction

One of the most recurrent problems in trading companies worldwide is the product
return rate [1]. In recent years, growth in returns ranges from $ 520.2 to $ 642.6 billion
worldwide. In somecountries, such asPeru, this problem inmedium-sized companies has
an average rejection percentage of 12.45% and a minimum of 5% in leading companies
in the sector [2]. Currently, trading companies face significant operational and logistical
challenges due to the increase in returns, since extra resources such as personnel and
warehouse space have to be allocated to receive the merchandise and identify whether
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the items should be resold or discarded, thus incurring financial losses [3]. This problem
is generally due to the absence of inventory control, inadequate distribution of spaces in
the warehouse, poor order preparation process, delivery of products ready to expire and
inefficient planning of the supply system [2].

As there is a high rate of return of products in medium-sized marketers, the present
project aims to optimize the preparation time of the orders, since this process depends on
the products being delivered to customers in a satisfactorymanner. In various studies and
proposals focused on solving the problem, different combinations of Lean Warehousing
tools are developed. Some of the most relevant studies mention the following. For [4] the
use ofABCmulticriteria analysis helps to determine the best combination of products and
thus establish an adequate distribution and a correct inventory count: In [5] it is verified
that the method is highly precise, since 95.4% of articles were classified according to the
proposed level of criticality. On the other hand, in [6] the inventory precision index was
improved, as it increased from 67% to 91% and showed that using cyclical inventory
can control the stock, in addition, inventory costs had a significant reduction, of annual
losses, from 11% to 3%. Another study details that the application of the SLP managed
to reduce the cycle time by 40.8% and the average travel distance by 5.5% [7].

2 State of the Art

2.1 First Expired First Out (FEFO)

FEFO is a storage policy which establishes that products are shipped in order to their
expiration date regardless of the date of entry or acquisition. By this method, logistics
controls are more efficient with respect to the useful life of the items. This results in
a decrease in product loss and out-of-stock levels, while increasing product quality
confidence and customer satisfaction [8].

2.2 Process Standardization

Standardization of Procedures (SOP) is an ideal tool to increase operator performance,
improve operational efficiency, and prevent human error. It also contributes to improving
the productivity of operations.

This tool details the work processes to be carried out in an orderly manner and in a
sequence of activities. Previously, it must have been identified that processes do not add
value in order to eliminate or mitigate them [9].

2.3 Value Stream Mapping (VSM)

The value streammap is a visual diagnostic tool, which is used to identify those activities
without added value [10].



448 M. Isidro et al.

This tool is divided into a series of systematic steps, these are: Identify the product
family, draw the current state of the process, identifying the inventories between oper-
ations, material flow and information; at this stage the initial VSM is drawn. The next
stage is to analyze the vision of how the future state should be, at this stage the takt time
and lead time must be calculated. In the penultimate stage, the future VSM is drawn.
Then, to finish, an action plan must be drawn up and implemented. It is important to
mention that the VSM must identify bottlenecks, identify where products are wasted
and where resources are lost [11].

2.4 Systematic Layout Planning SLP

Systematic design planning is a lean tool used for warehouse restructuring. The SLPwill
have a direct and indirect effect on the efficiency of the circulation flow of the products, it
will affect the times of reception and preparation of the merchandise, as well as influence
the efficiency of the operators. Consequently, this will have a significant influence on
the level of service of the company.

According to [12] this technique is used to determine the specific locations of the
reception and shipping areas, storage areas, office, and equipment areas in the warehouse
based on the prioritization of the proximity relationship.

2.5 ABC Multicriteria Classification

The ABC multicriteria classification is a tool which aims to classify the merchandise
according to various criteria such as rotation level, lead time, cubic space, expiration,
among others. This varies according to the characteristics of the product and the policies
that the business manages [13].

This tool allows better inventory control, having as main objectives: Improving the
allocation of resources, knowing the real value of your assets, identifying the right time
to restock the merchandise.

3 Input

3.1 Proposed Model

The model is divided into three stages. The first is called “creating stability”, which aims
to improve and ensure the quality of the processes. For this, lean tools such as FEFO
visual management and process standardization are used. The second stage is “create
flow”, which seeks to increase the productivity of the operators. For this, systematic
design planning or PFS and ABC multicriteria analysis are used. Finally, the third stage
is called “making the flow”, which focuses on improving the reliability of inventories.
For this, the cyclical inventory is used as a tool. It is worth mentioning that there is a
previous step that is to carry out a VSM to identify possible problems in the warehouse.
The proposed model is observed in detail in Fig. 1.
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3.2 Detail

Next, the detail of each tool to be used by each stage is presented.

Stage 1: Create Stability
The basis of this stage is to improve the quality and operation of the process of products
and workers. The following lean tools to apply are:

Fig. 1. Model proposal

Standardization of Processes: In this tool it will be divided into 5 steps. First, a study of
critical processes will be carried out using a value-added analysis matrix. In it, activities
that do not add value to the product will be identified in order to subsequently eliminate
them. Then, we proceed to develop a new process that seeks to reduce times and increase
efficiency.

Subsequently, the procedures manuals will be made where the activities for each
process, the objectives of each of them and who will be responsible for their compliance
will be established. Finally, a bimonthly audit of the process will be carried out using
productivity and compliance indicators.

Visual Management FEFO: For a correct implementation of this tool. First, the expira-
tion intervals of the products are identified. Then an identification card must be designed
(Table 2) using the traffic light method, taking into account the red color for products that
are about to expire and prioritize their dispatch, the amber products must have a constant
review and avoid expiring and for green products the decision is that they should only
be dispatched if there are no red and yellow items. Subsequently, work groups must be
formed and trained. Finally, a schedule will be drawn up where you will identify those
responsible for reviewing the merchandise and performing the new product categoriza-
tion. This review will be carried out every two months at the beginning of each month
(Fig. 2).
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Produced by: 
PRODUCT SPECIFICATIONS MARK THE COLOR 

Subfamily: 4 to 6 
months 

7 to 12 
months 

12 months or 
more 

Product:     
Lot: 
Quantity: 
Date: 

Fig. 2. Identification card.

Stage 2: Create Flow
The first step in the “create flow” stage is to ensure that the products are distributed in
an efficient warehouse layout.

Systematic Layout Planning SLP: For the development of this tool the following steps
were carried out.

• Analysis of the flowofmaterials: Evaluation of the path ofmaterialswithin the process
(use of the effort matrix).

• Analysis of the relationships between activities: This step evaluates the communi-
cation and flow between areas, defining who should be together and who should
not.

• Designate spaces: Identify and calculate the total area of each department.
• Alternative design: The redistribution of the products is carried out based on the results
of the ABC multicriteria analysis.

Stage 3: Make it Flow
This stage seeks to make the system flow, where not only 3Ms are minimized or elimi-
nated (muda, mura, muri), but also a process flow that adapts to the operators and owners.
The tool to use at this stage will be:

Cyclical Inventory: To carry out this tool, first, the level of inventory accuracy must be
determined. This value is 72%. That is, there are 28% differences between physical and
virtual stock. Then the merchandise is categorized using the ABC classification. Subse-
quently, criteria and counting frequencies must be defined. For this, it was established
that products “A”, “B” and “C” will have a monthly, bimonthly and quarterly counting
frequency respectively. Likewise, 30.51 and 74 units will be taken as samples for the
count in the order mentioned. Finally, the working groups will be held and the respective
counts will be made.
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4 Validation

4.1 Process Standardization

For the validation of this tool, cases of studies similar to the context of the present
investigation were identified (Table 1).

Table 1. Increase in operator performance.

Indicator (5) First Operator Second Operator

Operator performance (5) 30% 17%

In the first case study, an improvement in the performance of the first operator of
30% and of the second by 17% was identified.

Table 2. Increase in operator performance.

Indicator (6) Operator

Operator performance 14.7%

For the 2nd case study, an increase in operator performance was identified by 14.7%,
focused on order preparation time.

4.2 Visual Management FEFO

Based on success stories, it can be validated that the implementation of FEFO visual
management through the traffic light method contributes to reducing delivery delays
from 38% to 10%. Likewise, in a 2nd case, a reduction of expired products from 20 to
0% was obtained. Therefore, it was estimated that for the development of the company
under study, a reduction of 19 to 2% of expired products will be obtained. As shown in
the following table (Table 3).

Table 3. % of expired products.

Expired products Case Company under
study

Before 20% 19%

After 0% 2%
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4.3 Systematic Layout Planning SLP

To validate this tool, the multicriteria ABC data was used, then the merchandise was
ordered and stored by area classified in A, B, C. This was done in order to reduce
distances and optimize times in the picking process. These results can be seen in Fig. 3
and Table 4.

Fig. 3. Organized warehouse

Table 4. Product flow results in the new distribution

Product flow Time (min) Distance (m)

Before 44 130

After 25 105

In this image you can see that the merchandise was ordered by product family and
by color in 3 respective areas.

In Table 5 it can be seen that the time (min) of the picking process in the warehouse
was reduced by 43%. That is, from 44 to 25 min and the distance (m) was reduced from
130 to 105. That is, there was a reduction of 19%.

4.4 Cyclical Inventory

For the validation of this tool, cases of 2 success stories were analyzed. In the first, an
improvement in inventory accuracy%was obtained from 67 to 91%. That is, an improve-
ment of 24%. In the 2nd success story there was an increase in inventory reliability from
86% to 98% for the first customer and from 85 to 96% for the second customer.
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Table 5. Analysis of results

Stages Create Stability Make Flow Create Flow

Indicator Operator
performance

Expired products ERI Picking time

Unit % % % Hours

Status Low ≤40 ≥20 ≤60 ≥3.5

Regular 40–69 20–11 60–84 3.5–1.6

Acceptable ≥70 ≤10 ≥85 ≤1.5

Before 50 19 75 3.5

After 85 10 95 1.5

4.5 Analysis of Results

5 Conclusions

It is concluded that with the warehouse management proposal under the lean warehous-
ing philosophy, which used tools such as visual management, process standardization,
systematic design planning, ABC multicriteria and cyclical inventory contribute to the
reduction of returns in a medium-sized company in the sector. commercial.

With the proposal proposed for the case study, it is possible to reduce picking times
by 57%, it is possible to optimize the performance of the operators from 50 to 85%, the%
of expired products is reduced from 19% to a 2% and inventory reliability is improved
from 75 to 95%. All of this impacts on the reduction of returns, reducing the ratio from
14.1% to 7%. In this way, annual savings in cost overruns are achieved with a total of S
/. 189,727.41.

The designed model was based on 2 investigations. The first in a mass consumer
multinational in India, the second based on an import company in Peru. This model
consists of three stages, which are “create stability”, “create flow” and “make flow.” The
present article aims to complete and implement a third stage following the guidelines of
the aforementioned investigations. Based on the proposed model, it is necessary to carry
out other studies considering different warehouse configurations and routing methods,
consider a WMS to have greater control over inventory quantities and expiration dates
and consider the impacts that the sales area has with respect to the number of returns.
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Abstract. This work focuses on solving the problem of high production times
in textile SMEs, with the aim of analyzing this problem and reducing the impact
generated, bydesigning amodel for optimizingproduction times,which consists of
in 2 phases focused on the production process and personnel, using Lean tools and
plant distribution. The model will be applied in a Peruvian SME textile company
in its quilt and sheet production process. As a result of the implementation, a
reduction in production time of 23.13% of the current time was obtained in the
case of quilts. Likewise, in sheets the standard time was reduced by 52.48%. In the
same way, the productivity of the operator was improved, increasing by 54.31%
in the case of quilts and 53.37% in sheets.

Keywords: Lean manufacturing · Textile industry · Time

1 Introduction

Today, companies face constant competition and under pressure to reduce costs in the
market and increase their productivity [1 , 2]. According to [3] and [4] they argue that
companies have to focus on improving quality, increasing efficiency and increasing their
operational performance. At the local level, the manufacturing sector is considered one
of the most important sectors in the country’s economy [5]. Likewise, the textile industry
comprises a significant number of this, since it represents around 11% of manufacturing
companies and 98.6% of them are Small and Medium Enterprises (SMEs), which are an
excellent means to promote economic development [6]. Textile SMEs face the challenge
of competing inside and outside the country with products of foreign origin, particularly
those of Chinese origin [7], so improving competitiveness is a challenge for this indus-
try, since doing so would allow them to enter and position themselves in markets and
encourage production.
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Research carried out in the textile industry shows relevant results in the application of
LM, such is the case of [8], which proposed a time optimization model based on 5s. This
made it possible to reduce clutter and have more clarity on the state of the product in the
process, obtaining an increase in productivity of 33.33%, with a decrease in production
time of up to 20%.

In this article, this problem is analyzed and focuses on reducing the impact generated
by designing a model for optimizing production times. This model consists of 2 phases:
the first focused on operational processes and the second on personnel, which will use
tools such as Value Stream Mapping (VSM), 5s, Sistematic Layout Planning (SLP),
Standardized Work and Workshop Kaizen. These seek to solve the root causes such
as clutter, lack of cleanliness, non-existent training and non-established work methods
present in this company. The model is validated in a Peruvian textile SME company in
its quilt and sheet production process.

2 State of the Art

In this second section, a review of the literature of the Lean tools used in said research
is carried out, through a search and analysis of articles that allow defining the factors to
take into account.

2.1 Lean Manufacturing (LM)

According to [1], LM consists of the following principles: define and identify the value
chain, eliminate all unnecessary steps in the entire value chain, create a value stream
so that the whole process flows smoothly and efficiently, from the raw material to the
consumer. In the case study carried out by [9], a stage design based on LMwas proposed
to analyze the efficiency of the production process. The results showed an increase in
productivity of more than 50%, and the cycle of a batch was reduced from 240 to 112
min, equivalent to 53.3% less.

2.2 Value Stream Map (VSM)

The value flowmap is an LM technique, which consists of showing the operations of the
production process in a graphical way, to identify waste, eliminate waste and manage
the material flow with the information of the cycle time, the downtime, inventories [2].

2.3 5’s

The 5S technique consists of five different elements, which beginwith ‘S’ in the Japanese
language: Seiri (classification), Seiton (order), Seiso (cleanliness), Seiketsu (standard-
ization) and Shitsuke (discipline). According to [4], its main purpose is the organization
and liberation of space in the workplace, as well as the construction of a quality environ-
ment with desired standards and continuous improvement in organizations. The research
of [10] reveals that the application of 5S increases the efficiency and productivity of
the company, obtaining a clean and orderly place, with a good organizational climate,
industrial safety and quality. Its performance improved from 39% to 76% and waste was
reduced by 71.42%.
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2.4 Sistematic Layout Planning (SLP)

The Sistematic Layout Planning (SLP) technique consists of the physical order of the
industrial and commercial elements, this order includes both the spaces required for the
movement of materials, storage, indirect workers or operational services in order to have
an optimal design of plant distribution in the workplace according to research by [11].
The research carried out by [12] in a textile company when applying plant distribution
methods, a cost reduction of 36.82% was achieved.

2.5 Workshop Kaizen

This LM technique focuses on continuous improvement, through the participation of
people and the elimination of waste. According to [13], the word Kaizen comes from
two words: “Kai” which means change and “Zen” which is for the better, that is, always
change for the better. This strengthens the ability of team members to work together,
solve problems, and builds trust among team members [14]. The research carried out
by [13] applied this technique in a textile industry, where there was a reduction in
production time of 20%, which represents a decrease of $ 2.55 per piece, the quality
of the product increased by 70% completed and the participation of employees in the
company improved by 80%.

2.6 Standardized Work

This technique focuses on performing a task in an efficient, easy and safe way through a
manual of established processes [15]. The standardized work aims to increase produc-
tivity and reduce times, through clear activities, optimization of movement, reaching
balance in production. In the study by [15], this technique was applied in a Brazilian
assembly company, where it defines the time required for each unit and the sequence
of activities. Among the results obtained, there is evidence of a 15% reduction in cycle
time, and a 34.5% decrease in operator movement.

3 Input

3.1 Basis

The proposed model uses the LM methodology to eliminate waste, improve the visual
management of the work area, and improve the knowledge, skills and abilities of the
company’s staff. Likewise, the SLP tool is added, since it complements the objective,
since, according to [16] the plant distribution proposal improved the efficiency of 90.43%
in production (Table 1).
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Table 1. Comparation

Factor Time reduction
in the production
process

Less time for
implementation

Greater
adaptation of
staff

Greater
feasibility in
SMEs

Total

Lean six
sigma

3 5 3 3 14

VSM 5 5 3 5 18

5S 5 3 5 5 18

Standardized
work

5 3 5 5 18

TPM 1 5 1 3 10

Poka yoke 1 5 3 3 12

Kanban 1 3 1 3 8

Kaizen 3 3 5 5 18

Jidoka 1 3 1 3 8

SLP 5 3 5 5 18

Where:

Low 1 The methodology is not very viable with the factor

Medium 3 The methodology is moderately feasible with the factor

High 5 The methodology is quite viable with the factor

3.2 Proposed Model

The proposed model focuses on two phases: The first is the approach to operational
processes and the second is focused on personnel (Fig. 1).

Fig. 1. Proposal model



Process Improvement Model Based on Lean Manufacturing 459

3.3 Model Components

PHASE 1: Focus on Operational Processes
This phase is responsible for improving the operational processes of the production area,
using tools that allow reducing the activities that do not generate value to the product,
as well as the information within the process such as the Value FlowMap (VSM). In the
same way, we want to improve the visual management and comfort of the staff in the
work area through the implementation of 5’S. Finally, the third tool to use in this phase
is Systematic Layout Planning (SLP), which seeks to maximize the work flow with an
adequate plant distribution, minimize the movement of personnel in production.

PHASE 2: Focus on Staff
This second phase focuses on the operators, who are the main resources in an organiza-
tion. The aim is to improve the knowledge, skills and abilities of the staff, implementing
the KaizenWorkshop tool, which is the key to change for all types of organizations, as it
allows the work team to identify and implement a significant improvement in a process,
through workshops. Likewise, the second tool to use is work standardization, which
focuses on selecting the best work practices, establishing methods and procedures to be
carried out in each activity.

3.4 Indicators

Indicators are presented to control the model, which are used in each tool used. The
main ones are:

1) Metrics for VSM: Lead Time: The objective is to calculate the time from when the
production process begins until the product is delivered to the customer.

LT = TA+ TCC (1)

LT: Lead time (days).
TA: Provisioning time (days).
TTC: Total cycle time (min).

2) Metrics for 5’S: Reduced space: It allows to know how much the available space
has increased after order and cleaning.

A = L. a (2)

A: Production area.
L: Length of gap.
a: Width of space.

3) Metrics for SLP: Distance Traveled: It is possible to determine how many meters
the material travels before and with this tool how much it has reduced.
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D = D2− D1 (3)

D: Total distance traveled.
D1: Initial distance.
D2: Final distance.

4 Validation

4.1 Describe the Initial Validation Scenario

The first scenario represents the current situation of the company, where the data that was
collected was for the entire year 2018. The second scenario represents the simulation
in ARENA after the implementation of the proposal. It should be noted that for this
simulation 1000 data were collected for each process, with the aim that the result is as
close as possible to reality.

4.2 Initial Diagnosis or Previous Studies

According to previous studies carried out in the textile sector in 2013 by researchers [17],
the average production times of sheets and quilts were determined, which are 9.0 min
and 36.3 min respectively.

4.3 Design of Validation

• VALUE STREAM MAPPING (VSM)
The following Table shows the expected results after the implementation of the VSM
tool (Table 2).

Table 2. Expected results of VSM implementation.

Indicators Product family Current situation Future situation Variation

Lead time (days) Quilts 1.103 0.963 – 12.69%

Sheets 1,038 0.905 – 12.81%

• 5’S
The following Table shows the expected results after the implementation of tool 5’s
(Table 3).
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Table 3. Expected results of the implementation 5’s.

Indicator Current situation Future situation Variation

Reduced space in
production areas
(m2)

150 133 – 11.3%

• SISTEMATIC LAYOUT PLANNING (SLP)
The third tool used in the company was SLP, from which three plant distribution
proposals were proposed, which are Multiproduct Diagram, Transfer Diagram and
Matrix Tables. The expected results of proposal 1 are shown below (Table 4).

Table 4. Expected results of SLP implementation.

Indicator Current situation Future situation Variation

Unnecessary transportation (m) 71.3 55.5 – 22.2%

• EVALUATE THE SUCCESS OR FAILURE OF THE PROJECT

From the Table 5 it can be stated that for every S/. 1 invested there will be a profit of S/.
4.78.

Table 5. Expected results of the project evaluation.

Indicator Formula

Cost benefit ratio RBC = 137,814
28,316 = 4.87

5 Conclusions

The proposed model of this research work is based on two pillars, which are focus on
operational processes and focus on personnel. In the first approach, the tools VSM, 5’s
and Plant Distribution (SLP) were used. In the second approach, the Workshop Kaizen
and Standardized Work tools were used. The expected results of the present model is a
decrease of 23.13% from the current time in the case of quilts. Likewise, in sheets the
standard time was reduced by 52.48%.
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The results obtained after the implementation of the improvement allowed the reduc-
tion of 12.75% of the average lead time in the company. Also, the average value-added
time was reduced by 26.65%.

The research model being unique, had difficulties to perform the validation. There-
fore, it was carried out in 3 production lines of the company, additional to the production
line of quilts and sheets, which were the production line of towels, production line of pil-
low protectors and production line ofmattress protectors. Through the statistical analysis
that on average the model would reduce indicator 1 by 9.09%, indicator 2 by 18.70%,
indicator 3 by 10.2%, indicator 4 by 16.36% and indicator 5 would increase on average
38.2%
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Abstract. The beverage manufacturing industry is an extremely competitive sec-
tor. Small- andmedium-sized businesses usually encounter order fulfillment issues
and have high operating costs, negatively affecting their profitability. In this study,
we consider a small soft drink production company to design an improvement
model. The proposed design is based on the combination of lean manufacturing
tools and other tools that may be required depending on the situation. In this sense,
the proposedmodel is based on the 5Smethodology, workstation redesigning, pro-
cess standardization, and reliability-based maintenance. The implementation of
the proposed designwill increase the efficiency of the production process by 8.8%.

Keywords: Lean manufacturing · SMEs · Efficiency · Standardization ·
Beverage production

1 Introduction

Currently, the beverage industry is a sector reporting the highest sales volume in the
world. Between 2009 and 2018, this industry sold 696,100–994,100 million liters of
beverages [1]. In Peru, the beverage sector is constantly growing. Further, it is considered
to be an economic source for the country because it represents approximately 2% of
the national gross domestic product (GDP) and generates more than 180,000 jobs [2].
According to theMinistry of Production, soft drinks are the dominant beveragewithin the
beverage industry, with a 39.6% market share. In addition, their sales have experienced
an increase of 5.1% when compared with historic sales [3]. Approximately 68% of the
beverage market is dominated by three main brands, with Coca Cola leading sales at
27% but closely followed by Inca Kola at 24% and Kola Real at 10%. Similarly, the
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remaining market has also witnessed considerable competition, especially in case of
SMEs trying to withhold their market position against such large chains [4].

In addition, most medium-sized businesses are often afflicted by inefficient produc-
tion processes, which not only hinder their growth but also negatively impact the service
levels offered to their customers, further affecting their profitability. The problem iden-
tified in the beverage sector arises from the deficient management of the production
process [5] or deficient management and production controls [6]. Majority of the case
studies reported in the literature focus on managing the availability of machines because
they are considered bottlenecks of the production chain; a machine stoppage translates
into lost time, resources, and revenue.

2 State of the Art

2.1 Lean Manufacturing

In the case studies found, lean manufacturing is considered to be a work philosophy,
which defines the way in which the production system may be optimized, focusing
on eliminating all types of waste and increasing the productivity of companies. The
methodology has been applicable in SMEs, where the most widely implemented lean
manufacturing tools were VSM, TPM, 5S, work standardization, and quality manage-
ment practices. Thus, SMEs can adopt management initiatives to reap benefits [7, 8].
Finally, the research articles indicate that lean manufacturing improves performance and
quality, minimizes waste, and improves processes and reduces company expenses [9].

2.2 5S Methodology

To remain competitive, companies must reduce the additional time invested in machine
preparation operations, increase the frequency of useful changes, and be more flexible
in accordance with product diversification [10, 11]. Therefore, appropriate item classifi-
cation, organization of all the necessary elements according to the frequency of require-
ment, and maintaining the workplace clean and neat directly contribute to productivity
and the engagement of operators in the implementation process.

2.3 Process Standardization

The formats used to standardize the activities of the company must at least include
information regarding who prepared it, who approved it, the version number, and the
effective date of the document [12, 13]. The process variations in the beverage case study
can be attributed to the many identified failures. Therefore, the current process times and
failures are assessed to propose solutions. The resulting operator times measured were
1 min with faults and 0.22 min without faults for the bottle filling station and 1.15 min
with faults and 0.45 min without faults for the unloading process. Based on the results,
the authors proposed standardizing processes based on optimal times, eliminating idle
time, conducting toolbox meetings about the machines, and completing processes in a
timely manner. Thus, the process times were reduced [14].
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2.4 Reliability-Centered Maintenance

The reliability-centered maintenance (RCM) tool can be used to measure the reliability
of the components of each machine. RCM aims to schedule and plan system preventive
maintenances based on a reliable design and the production quality. Preliminary analysis
is a critical requirement associated with the implementation of RCM. This involves
detailed analysis of the data and deep exploration into each fault. The need for a failure
mode and effects analysis (FMEA) also extends the implementation time [15, 16].

3 Contribution

3.1 Proposed Model

The model is divided into four interrelated stages, with the objective of improving the
production process management efficiency. As shown in the following image, the 5S
methodology will be considered as the foundation for adapting other tools. This will
be especially helpful when reorganizing the workstation layouts because the job perfor-
mance increases when the workstation adapts to the workers. Additionally, a standard-
ization of the working method will be applied in critical processes such that an adequate
flow is established to eliminate all types of waste, including time, unnecessary move-
ments, material waste, and even defective products. Finally, the RCM tool is proposed
to address machinery issues because machines are essential production components
(Fig. 1).

Fig. 1. Proposal model

Component 1: 5S Methodology. The 5S methodology is related to work conditions
because it aims to create an efficient and productive work environment. This will allow
the tasks to be executed in an organized, orderly, and clean manner, creating an efficient
and production work environment [17]. For this component, we conducted a 5S audit.
The company scored 2.5 out of 5, indicating that the company is in poor condition.

The development of this phase begins with selecting and eliminating the elements
that do not add value to the company. Subsequently, the necessary elements are ordered
in their proper place; further, cleaning is integrated as part of the daily work. Standards,
such as schedules and policies, are developed.
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Component 2: Workplace Design. It is a tool that aims to create a better workplace
design for the operators to improve their efficiency and productivity in the company. The
workplacemust be designed tomeet both the needs of the company and the requirements
of the operator performing each task. According to a research paper, a healthy environ-
ment helps workers to perform their functions in the most comfortable way possible.
Therefore, a properly organized workplace adapted to the specific needs of each operator
would simplify tasks and prevent annoyances that make work difficult [18].

Component 3: Process Standardization. The proposed model uses the process stan-
dardization tool to establish best practices so that the operators can standardize the
activities that they perform at their workstations. The objective of this tool is to reduce
the cycle time of these activities and remove the different types of waste generated [19].
In this stage, each critical company process is assessed, and the movements of the oper-
ators when performing their activities are recorded. In addition, time is taken to find and
eliminate the subactivities that do not add value to the final product.

Component 4: Reliability-Centered Maintenance. The RCM tool is used to develop
a maintenance plan for critical production process machines and provide greater focus
on the equipment components [16]. Therefore, the number of stops reported for each
machine is initially used as the basis to select the most critical machine. Subsequently,
a list of all the machine functions and failures is prepared. An FMEA is conducted,
wherein the root cause, sequence, and risk of each fault are analyzed. Therefore, a list
of spare parts is prepared to reduce the repair times, and a maintenance plan is also
developed. The indicators used to assess the machine performance and availability for
this component are the waste levels and the OEE, MTTR, and MTBF values.

3.2 Indicators

After implementing the components, indicators will be assigned to monitor the project
improvement.

Efficiency: It is the relation between the result achieved and the resources used.
Resources are optimized to achieve the defined objectives.

Efficiency = Useful time

Total time
(1)

Defective Products: This indicatorwill be used to determine howmany noncompliant
products will be discarded.

PD = Bottles with dents

Month
= Bottles

Month
(2)

Lost Time: This is the idle operator time within the process because it increases the
cycle times (%).

% Downtime in spraying processes due to aches and pain
% Drying time

(3)
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Waste: The waste of a number of inputs or resources during the production process
directly affects the stock of raw materials, generating shortages.

% of labels used in the process

Discarded labels

Month
= Label

Month
(4)

% of content liquid lost during filling process

Burnt bags

Month
= Bags

Month
(5)

Overall Equipment Effectiveness (OEE): This is a vital indicator that represents the
real defect-free production capabilities, the actual process performance rates, and the
equipment availability rates (%).

OEE = Availability × Quality × Performance (6)

4 Validation

The actual company data used for the development of this project were obtained in
2019. Based on these data, we were able to identify management issues associated with
the production process. This affects 18% of the revenue generated from sales. The root
causes determined for this process are inadequate workplace design, inadequate work
method, and poor maintenance management. These problems are evident in two specific
processes: the spraying area and the packaging area.

4.1 Component 1: 5S Methodology

The assessment was scheduled on a weekly basis, aiming at seven days per week, to
obtain a more accurate representation of the activities performed at the company. First,
the sorting stage selected the items in good condition. The remaining items were either
discarded or recycled. As shown in the implementation, 70% of the items deemed as
unnecessary were discarded. After this step, signs were posted to instruct the operators
to return all the items that they use at their corresponding place. However, because of the
lack of space, the concept of setting in order was not achieved as expected, which can be
attributed for its score of 2.8. Next, the operators strived to keep their workplace clean.
In addition, the provision of a temporary container in each work area was satisfactory
because the operators no longer had to approach the general bin located near the main
door.

4.2 Component 2: Workplace Design

To realize the pilot of the workplace design, tables were exchanged with tables in better
condition (tables from the dining room and warehouse), especially in the spraying area.
The number of bottles dropped decreased when these tables were used. In addition, the
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operators began to use a better working method. During the implementation weeks, the
number of products discarded in the spraying area decreased. Since the change was
implemented, the number of dented bottles was reduced to an average of 37%.

The simulation result indicates that the risk level was reduced from 3 to 1,
which means that the new workplace does not generate any harmful effect on the
musculoskeletal system.

4.3 Component 3: Process Standardization

This tool was applied in four processes, i.e., lotting, labeling, bottling, and spraying.
Lotting Process: Operators spend a long time drying bottles before dividing them

into lots. After a meeting with the operators and supervisors, we agreed to implement
a pilot plan in which some of the freshly washed bottles were placed on a cart and left
to dry at room temperature (1 h). After 1 h, all the bottles had dried out and operators
could proceed with their lotting duties, reducing at least 17% of the entire process time.

Labeling Process: The process was moved to the start of the production line. Thus,
bottleswere labeledwhen theywere still empty.When testing the hypothesis, this change
facilitated labeling. Further, labelswere less likely to detach because of the low label–bot-
tle friction. This reduced label waste by more than 50%, which implies the requirement
of less resources and better use of the operator’s time because reprocessing was also
reduced.

Bottling Process: The bottling process was inefficient because in addition to wasting
soda pop, operators usually stopped the filling machine to finish filling the bottles.
Therefore, the usage of funnels constituted an improvement for the company, and they
have been using them ever since the trial run. This implementation reduced 70% of the
waste generated in this process, which increased production to 134 bottles per month.

Spraying Process: In this process, the pilot was tested using carts and standard
crates (until the purchase of custom crates is approved) facilitating bottle transfers.
In addition, information signs were posted for the appropriate use of spray guns. This
was complemented with training sessions on the proper use of spray guns and how to
prevent unnecessary movements. After the pilot implementation, spraying times were
reduced by 15% and even by 23% in case of experienced operators.

In addition, the described method and the instruction manual for the spray guns
helped the operators to prevent overheating issues. This was proved because the number
of discarded bags was reduced by 34% in the following months.

4.4 Component 4: Reliability-Centered Maintenance

After developing the maintenance plan and the list of spare parts that was required to
be permanently in stock, the plant technician was requested to provide training to the
operators in charge of the bottling process (when the specialized technician was not
available). The training sessions focused on explaining the reason for the most common
filling machine failures and how to replace spare parts, including valves, pistons, and
outer pipes. These training sessions were developed in February after the standardization
was implemented. Thus, the monthly liquid waste was observed to reduce by 7.4%.
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In addition,machine stopswere also reduced, as can be seen from the following table.
The result was an overall 27% reduction in machine stops and 14% in stops because of
technical reasons, which are the stops that generate the highest expenses for the company.

5 Results

After the validation of the project, the improvements, which were implemented from
December to February, can be given as follows.

From the following table, it can be observed that theOEEof the companyhas changed
from being unacceptable with 62% to being adjustable with 71% according to the OEE
classification (Table 1).

Table 1. Validation

Tool Indicator AS IS TO BE Improvement

PROBLEM Efficiency 75.2% 84.4% +9.2%

5S Methodology 5S audit (Sort) 2.6 4 +50%

5S audit (Set in
Order)

0.8 2.8 +65%

5S audit (Shine) 1.2 3.6 +75%

5S audit
(Standardize)

1.4 2.4 +71%

5S audit (Sustain) 1.4 2.6 +86%

Workplace
Design

OWAS category 3 category 1 −100%

Drop with dents 163 86 −50%

Process
Standardization

Wasted labels 780 labels/month 337 labels/month −56%

Liquid liters wasted 766 l 204.5 l −73%

Bags wasted 83 bags 56 bags −32%

Lotting cycle time 23.2 min 19.258 min −16%

Spraying cycle time 5.495 min 4.7 min −14%

RCM Liters wasted per
stop

1265.4 l 1193 l −5%

Machine stop Times 175 min 115 min +9%

Number of machine
stops

37 25 −32%

OEE 62% 71% −34%

According to the validation, the OWAS tool, which assessed physical loads,
decreased from 3 to 1. The process standardization tool will reduce waste and cycle
times, with the most significant reduction of 73.30% observed in the bottling area.
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6 Conclusions

Recently, the beverage industry has generated considerable market demand, but there
is not much research on its production processes. The proposed design improved the
company efficiency from 75.2% to 84.4%, representing process improvement and better
use of resources.

Some of the resulting process improvements were as follows. Bag and label wastes
were reduced to 72% and 74%, respectively, and liquid waste was reduced to 84%. The
process time of the spraying process decreased by 14%. On the other hand, the RCM
was increased by 9% of the OEE.
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Abstract. The purpose of this research is to present the repercussions generated
by a deficient production process in aMYPE company in the metalworking sector.
It is intended to implement a production management model based on the Lean
manufacturing technique with SAP-LAP analysis to reduce delays in the produc-
tion line. The objective of this project is to quantify the degree of improvement
in the fulfillment of deliveries by implementing the improvement proposal. The
model in this work consists of taking previous data in a metalworking MYPE
company, in order to generate a work base based on a production line, to later be
able to validate through a simulation with the implementation of Lean Manufac-
turing techniques such as 5s, SMED, Preventive Maintenance, Poka-yoke. With
the application of the SAP-LAP analysis (Situation, Actors, Processes, Learning,
Action and performance). The results obtained demonstrate the reduction of delays
in the production line.

Keywords: Lean manufacturing ·Metalworking · Production management ·
SAP-LAP

1 Introduction

In recent years, the metalworking sector has evolved worldwide. The most developed
countries in the metalworking sector are: United States, Japan, China, Germany and
Spain [1]. In Latin America, according to the IMF report, the growth of the economy
is 1.2% at the end of 2017 and 1.9% in 2018 [2]. In the case of Colombia and Chile,
the ECLAC expects growth in 2019 close to 3.3%, while Peru can reach 3.6% of its
GDP [3]. In Peru, according to the minister of production, Raúl Pérez-Reyes, in 2018
production in the metalworking sector registered a growth of 6.1%. Finally, the minister
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of production indicated that more than 45 thousand formal companies operate in the
metalworking sector, of which 98.7% (44,918) are MYPE [4]. However, the evolution
also indicates the problem that MYPES have in the face of delivery delays.

According to Maximixe, in 2016 a fall of 5.6% was estimated, putting the metal-
working industry in a state of business recession, which forces them to take refuge in
short-term objectives to improve productivity, quality and customer loyalty [5, 6]. In a
case study in India, it is confirmed that the use of leanmanufacturing tools and SAP-LAP
are efficient for the improvement of production in MYPIMES companies, emphasizing
that they are of small investment and are easy to implement [7]. In another case study in
Colombia in a metalworking company, lean manufacturing tools such as 5S and TPM
are used where 37.1 kg of waste was eliminated corresponding to 22% and corrective
maintenance was mitigated reducing to 20% from 47% [8]. Continuing with the case
studies referring to POKA YOKE there is a study which demonstrates the effectiveness
of this tool when applied in a company in the automotive sector which evidenced an
improvement to reduce PPM’s by 87.97%, validating it with a study repeatability and
reproducibility [R&R] [9].

2 State of Art

2.1 Model for Managing Production in MSEs of the Metalworking Sector

Before creating a management model, it must be taken into account to try to cover as
much as possible the activities or areas of the company to seek the synergy of these, it
must not only be based on production, we also have to take into account the financial
and environmental side, the current situation in which the company finds itself (maturity
point), among other important points so as not to leave gaps in this [10, 11]. Good
production management allows any company to be competitive in the market where it
operates, but focused on the competitiveness of the product itself [10, 12, 13].

2.2 SAP-LAP Analysis in the Production Management Model in MSEs
of the Metalworking Sector

SAP-LAP is an ideal parameter that helps to identify the vulnerability of the organization
and is a flexible technique and offers high performance [14, 15]. To obtain a good product
it is necessary to have good process practices to increase competitiveness [16, 17].
Other authors carry out a validation through a separate analysis, first the SAP Situation-
Actor-Process model using a qualitative approach and then the LAP Learning-Action-
Performance model using a quantitative approach [15, 16, 18].
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2.3 LMModel of ProductionManagement Based on SAP-LAPAnalysis inMypes
of the Metalworking Sector

SAP-LAP analysis is used for the flexibility of resources in companies to improve pro-
ductivity and reduce costs inclined to manufacturing. The Lean Manufacturing method-
ologyhelps the adoptionof tools to face soft problems and thus return tomore competitive
companies. The application of both methodologies in a single model helps improve flex-
ibility and lean manufacturing, benefiting stakeholders by suggesting actions that can
be taken to improve the competitive priorities of MSEs [7, 19].

3 Input

A model is proposed to be able to fulfill the objective of the research, this model can be
seen in Fig. 1. This model was proposed based on a study [19], based on a research and
comparative analysis of different management models of production and LeanManufac-
turing methodologies and SAP-LAP analysis to reduce delivery delays in the production
line in MYPES of the metalworking sector.

3.1 Proposed Model

This Production Management model based on SAP-LAP and Lean Manufacturing is
innovative since both methodologies are merged in order to mitigate delivery delays in
manufacturing companies (Fig. 1).

Fig. 1. Production Management Model based on SAP-LAP and Lean Manufacturing [19]
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Advantage:

• It is aimed at industrial companies specifically in the metalworking machinery
manufacturing sector.

• For micro and small businesses (MYPES) and by people with little experience.
• Its implementation and relationship with the production system.
• It offers a simple, agile and low-price alternative.
• Identifies deficiencies, which imply a negative impact on the competitiveness of the
company.

• By having the SAP-LAP analysis immersed, it makes it a flexible model.
• It allows a synthesis of soft and hard problems.

3.2 Detail

SAP-LAP

• S (Situation): Identify the current situation of the company through an internal and
external analysis.

• A (Actors): Establish the key actors, that is, the people involved in the production
process.

• P (Process): Establish productionmethods, processmanagement andoperational tools.
• L (Learning): Carry out a diagnosis of and analysis of the main problems in the
production process

• A (Act): Take action by implementing Lean Manufacturing.

Lean Manufacturing

– Start: Establish the work team
– Have: Establish which Lean Manufacturing tools are the right ones
– Implement: Implementation of the tools according to their processes.

• P (Performance): See the development and verification of the implementation through
indicators.

3.3 Process

For the implementation of the proposed model, the steps shown in Fig. 2 are carried out.
Of the entire model, the contribution focuses on the Action for the evaluation in general
separately from SAP and LAP. Focusing on Process with the implementation of Lean
Manufacturing tools.
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Fig. 2. Flow chart of the model

3.4 Indicators

Productivity:
This indicator aims to see an increase in productivity by reducing delays (Table 1).

Table 1. Productivity indicator.

1. NAME: Productivity
1. OBJECTIVE OF THE INDICATOR: Achieve that the percentage of productivity is greater than 80%. 
2. CALCULATION:   Percentage of productivity

3. CHARACTERISTICS OF THE INDICATOR:
       80 < Pv < 90 
       70 < Pv < 80 
        Pv < 70 

Production:
This indicator aims to increase production by reducing delays (Table 2).

Labor Utilization:
This indicator aims to decrease the production time after the implemented improvements
(Table 3).
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Table 2. Production indicator

1. NAME: Production 
1. OBJECTIVE OF THE INDICATOR: Achieve that the percentage of production is greater than 90%. 
2. CALCULATION: Percentage of production

3. CHARACTERISTICS OF THE INDICATOR:
       80 < P < 90 
       70 < P < 80 
       P < 70 

Table 3. Labor utilization

1. NAME: Labor utilization 
1. OBJECTIVE OF THE INDICATOR: Achieve that the percentage of this indicator is greater than 80%. 

2. CALCULATION: 

3. CHARACTERISTICS OF THE INDICATOR:
       80 < P < 95 
       75 < P < 80 
       Pm < 75 

4 Validation

4.1 Validation Scenario

To validate the proposed model, the company Maquiprocesos EIRL is taken as a case
study, which is a metalworking Mype dedicated to the manufacture of machinery and
equipment in stainless steel for the food industry, fishing sector, agro-industry and
the like. This company is located in Cercado de Lima, Lima-Peru. This case study
is accredited by the support of the production manager of the company Maquiprocesos
EIRL.

Simulation
The program to use is the Arena. This program will allow us to simulate the current
system and validate our information. Before this, the Input Analyzer program had to be
used, which allows us to identify the type of distribution that each sample has, which
will be placed in the Arena program.

The company is currently going through a problemwhich is identifiedwith the delays
in the production lines, it is shown that the company is in a decline in its production, as a
percentage of approximately 42% with respect to what it should actually be. Producing
this is demonstrated using Fig. 2, which shows us all the monthly productions that were
delivered on time versus those that were delivered out of time and with that margin it is
concluded that the company is working well below what should actually deliver.
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4.2 Initial Diagnosis

The company is currently under a saturated production regime since it is working more
with respect to its available hours. Regarding the current situation and the VSM of this
situation, we have the main results based on the indicators shown before the numbers
shown in the table (Table 4).

Table 4. Indicators Current situation

INDICATOR

Productivity Production Using MDO

3% more than the established schedule (103%) 86% 76%

In this table we can see the results regarding the indicators raised of the current
situation of the company.

4.3 Validation Design

In this current simulation it can be seen that there are 37 order orders where only 32 were
executed. In addition, it should be noted that the system time was 413.71 h, showing
that if there is a delay in the production line, this is due to the fact that the standard
production time is 400 h.

Of 37 orders where 34 were executed, improving production to 5% with the current
situation. In addition, the system time with this new simulation improved, reducing to
290.03 h, improving to 30% compared to the current situation. It becomes apparent that
production line delivery delays were reduced (See Table 5).

Table 5. Simulation results

SIMULATION

Actual Improved

TC 413.71 290.03 30%

Orders 37

Production 32 34

86% 92% 5%

As can be seen in the improved simulation, production time was reduced to 30%
reducing delays in the production line and production was increased to 5% obtaining
better performance. This shows that delays on the production line were reduced.
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5 Conclusions

The proposed implementation helped reduce lead time on the production line by improv-
ing production time to 30% and increasing production to 5%. Good implementation of
the model is essential to improve production processes. This model is aimed at industrial
companies specifically in the metalworking sector for the manufacture of machinery for
micro and small companies (MYPES) and by people with little experience.

The scenario that was validated, which is the production of steel tanks, shows a
general improvement in the efficiency of the line, which allows the feasibility of the
proposed model to be applied to other production lines with a similar condition.

The implementation and relationship of the model with the production system offers
a simple, agile and low-price alternative. In addition, it identifies deficiencies, which
imply a negative impact on the competitiveness of the company. Having the SAP-LAP
analysis makes it a flexible model.
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