
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect 
Procedia Manufacturing 00 (2017) 000–000  

 www.elsevier.com/locate/procedia 

* Paulo Afonso. Tel.: +351 253 510 761; fax: +351 253 604 741  
E-mail address: psafonso@dps.uminho.pt 

2351-9789 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 2017.  

Manufacturing Engineering Society International Conference 2017, MESIC 2017, 28-30 June 
2017, Vigo (Pontevedra), Spain 

Costing models for capacity optimization in Industry 4.0: Trade-off 
between used capacity and operational efficiency 

A. Santanaa, P. Afonsoa,*, A. Zaninb, R. Wernkeb 

a University of Minho, 4800-058 Guimarães, Portugal 
bUnochapecó, 89809-000 Chapecó, SC, Brazil  

Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

In an attempt to make Additive Manufacturing more eco-friendly, one comes across the idea of simultaneously minimizing the 
energy consumption and build time. In line with this concept, this paper suggests a method for generating an infill geometry and a 
path plan strategy for parts constructed with Additive Manufacturing, in a way that idle times are minimized. Hilbert curves are 
utilized to this end, and a generalization model is provided for parts of any shape. The idea behind this is to enable the creation of 
the infill pattern with a single continuous motion of the head, so that rapid feed movements are eliminated (per layer), reducing 
both time and energy consumption. The proposed method for the design of the infill offers the possibility to adjust the filling 
percentage and it is capable of providing a structure with isotropic properties. Finally, through simulations, the comparison with 
traditional linear hatching is shown, and benefits arising discussed. 
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1. Introduction 

Additive Manufacturing (AM) is a group of processes that refer to the “process of joining materials to make objects 
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies, such as 
traditional machining” [1]. AM can deliver parts of very intricate and complex geometries with a minimum need for 
post-processing, built from tailored materials with near-zero material waste, while being applicable to a variety of 
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materials, including plastics and metals [2]. Therefore, AM is a tool that offers increased design freedom and enables 
designers and engineers to create unique products that can be manufactured at low volumes in an economical way. 
Due to its inherent benefits as it regards manufacturing of complex structures as well as production flexibility, Additive 
Manufacturing technologies and methods are increasing constantly in terms of application and market share, spreading 
into various manufacturing divisions, such as automotive, medical and aerospace, and are expected that this heavy 
growth will continue over the next few years. 

However, one of the main problems faced by the AM industry is the effective path planning used to build up a part. 
Path planning refers to defining the scanning strategy that will be used to cover the whole surface of a single layer 
(slice) of the part. AM software usually have predefined hatching patterns, from which the user can select the desired 
one [3-5]. This is being done arbitrary, but could affect both build-up times, energy usage due to machine 
acceleration/deceleration, part dimensional accuracy and thermal-induced stresses. 

While covering a layer surface, there are two distinct areas that need to be covered. The first one, called the contour, 
is the line formed by the intersection of the layer plane with the outer surface of the part (Figure 1). It is obvious that 
the contour has to be fully dense, without pores and having the best possible quality. The second one, called the infill 
(Figure 1) consists of the area enclosed by the contour. According to the foreseen use and loads of the part, the infill 
could be fully dense just like the contour, or have a user-defined infill percentage. The infill percentage is defined as 
the ratio between the volume of material and the volume of free space/voids. As such a fully dense build will have an 
infill percentage of 100% whereas an empty space will have an infill percentage of 0%. 

 

Fig. 1: Slice of part. Black represents the contour while gray represents the infill areas. 

An effective path planning strategy would automatically generate the infill geometry as well as create a set of 
movements in such a way that the total build up time of the layer (and subsequently the part) is minimized.  

In the past, there have been works that address the problem theoretically [6] or more elaborated such as Zigzag 
[7,8], Contour [9-10], Recursive Hilbert’s curve [11], Spiral [12] and Fractal curve [13] which is only suitable for 
some special fractal models. In addition, Hilbert curves have also consisted useful tools in improving the efficiency of 
Delaunay triangulation in creation of 2D point clouds [14], as well as in generating low-discrepancy point distributions 
on surfaces [15]. The latter was achieved by distributing points along a space-filling Hilbert curve, reducing the low-
discrepancy point distribution generation problem from 2D to 1D. 

This work proposes an extended method to generate the curves (path) appropriate for covering the infill of a slice, 
either with full density or with lower infill percentages (as part of a more generic optimization scheme [16]). The 
method adopts the idle times minimization methodology [17] to address sustainable manufacturing [18] and more 
specifically the simultaneous energy consumption and build time minimization.  

2. Approach 

An effective method to simultaneously minimize energy consumption and total build time in Additive 
Manufacturing would be the total elimination of rapid head moves. Besides the obvious time delays introduced by 
these moves, energy consumption during the acceleration/deceleration phases of the processing head is extremely high, 
due to the high acceleration values. Moreover, rapid feed moves cause the processing head to cool down, requiring 
additional energy for re-heating. In addition, severe acceleration and deceleration can cause premature wear in motor 
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