
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 

Laser texturing is a process used to remove material selectively. Metallic parts were processed in order to create a surface texture 
that enables metal-polymer joining. This kind of dissimilar joining is carried out combining a pressure fixture and heating using a 
direct diode laser source. In order to reach a good result, it is critical to texture the surface with correct parameters to generate 
surface features that maximizes the contact between materials and heating enough the materials to soften the polymer but without 
melting and degrading the material, so, a temperature control system is necessary to get best results. In this work, the texturing 
capabilities of conventional CW laser source were explored and numerical model was developed in order to simulate and control 
the process temperature in the joining interface. 
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1. Introduction 

Laser texturing is a process used to remove material selectively. In metal parts, the material must be evaporated 
during the process. In order to minimize the heat input short and ultra-short pulse laser sources are typically used. 
Nevertheless, in some applications this is not a critical fact and conventional pulsed laser sources can be used. These 
applications include dimple generation to reduce friction coefficient [1] or surface texturing to improve 
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osseointegration in medical applications [2]. Another application is surface texturing to improve material adhesion in 
plastic-metal dissimilar joints. 

In the automotive industry weight control in body-in-white structures is becoming a critical point in order to reduce 
weight and meet the actual environmental legislation. Combination of dissimilar materials allows significant weight 
reduction with optimal mechanical strength in critical areas [3]. One of the most interesting material combinations is 
aluminum and glass fiber reinforced plastic. Aluminum alloys present relatively high strength and high corrosion 
resistance, on the other hand, glass fiber reinforced polymers also have high strength-to-weight ratio and are easy to 
process. Combination of these two materials is interesting for automotive light parts manufacturing but the joint 
between them is still a critical point that must be addressed. Mechanical fastening [4] and adhesive bonding [5] are 
conventional methods to joint materials that cannot be welded. Mechanical fastening includes additional elements like 
rivets or bolts that increase the total weight and induce severe stress concentration, with direct impact on the 
mechanical properties. For adhesive bonding, the mixture of reactive components has to be spread on the substrates 
and wait until curing reaction is completed, making these joining process time consuming and unsuitable for massive 
industrial manufacture. As alternative, a combination of a pressing fixture with local heating by a laser beam allows 
joining the materials by partial melting of the polymer. In order to reach a solid joint it is necessary to previously 
prepare or texture the metal substrate. Solutions like surface anodizing are proposed on the literature [6] to improve 
the result. Anodizing takes from 10 to 30 minutes and needs aluminum part preprocessing. Other alternatives like laser 
texturing are faster, give similar results and are easy to implement using a conventional fiber laser [7]. 

In order to reach shear strength values over 25MPa, both, previous texturing and process parameters, must be 
optimal. With laser surface texturing the contact surface between materials is maximized but, this textured surface 
must be different depending on wettability and melt flow rate of the polymer. Typically, polymers with low melt flow 
rate require a texturing with less peak-valley height in comparison with high melt flow rate polymers, which are able 
to fill narrower features [7]. In the literature peak-valley height between 20 and 10µm is considered optimal for 
dissimilar joining [8] 

Another key point in the joining process is the pressure and the temperature in the joining surface. Closed loop 
temperature control using a pyrometer is one of the best and most reliable ways to adjust the laser power in order to 
get a constant welding temperature. This control system is widely used in laser hardening process and can be used in 
dissimilar welding when direct access to joining surface is possible [9]. In metal-polymer laser joining, the laser heats 
the face opposite to the joint and there is no direct temperature control. On the other hand, depending on the scanning 
path followed during the heating, the thermal field in the joint interface is different and power cannot be corrected 
considering only the aluminum sheet thickness. Numerical simulation of thermal field is an alternative, but factors 
such us, laser energy distribution, the scanning path and material properties must be correctly modeled in order to get 
a useful tool. 

The main target in the present work was to develop a reliable process for metal-plastic direct joints. To get 
successful joints was necessary to develop correct laser texturing parameters and develop a laser power control system 
in order to avoid plastic material over-melting or under-melting during the process. In this work, a conventional laser 
source was used in pulsed mode to modify the surface and prepare it for plastic-metal direct joint. The texturing was 
developed using a conventional CW laser, which is typically used in laser cutting and joining applications and is 
considered as unsuitable for laser texturing applications. Finally, a specific close-loop control was developed based on 
thermal field, which is calculated using own developed thermal model. 

2. Laser texturing 

The experimental tests were carried out using a 1kW fiber laser from ROFIN in combination with a scan-head from 
SCANLAB which maximum working space is 120x120mm. The maximum scanning speed of the scan-head is 
10,000mm/s. On the other hand, the fiber laser wavelength is 1,060nm and the spot size is 100µm in diameter. The 
laser source can be operated in CW or pulsed mode up to 5kHz. This frequency determines the cycle duration time, 
not pulse duration. On the other hand, duty cycle parameter, given in percentage, adjusts the percentage of time within 
the cycle that laser source is switched on. So, the resulting pulse duration is controlled with both, pulse frequency and 
duty cycle percentage. For laser texturing operations the laser must be operated in pulsed mode. Since pulse duration 
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is controlled by the switch off and switch on of the pumping, it is necessary to conduct some experiments in order to 
get the minimum pulse duration that is possible to achieve for steel removal applications.  

This preliminary test consisted in several pulses with different duration at maximum power level of 1kW and 
maximum frequency of 5kHz. The test duration was adjusted to have same energy input in all test. Since frequency 
was constant at 5kHz, the pulse length was controlled by duty cycle percentage from 4µs to 150µs. The overall test 
duration in each case was adjusted to make constant (0.75s) the total time that laser is switched on. Parameters used 
are summarized in Table 1. The test was performed in AISI D2 tool steel to avoid reflection effects due to material 
wavelength absorptivity. This test was carried as a preliminary stage to identify the shortest pulse duration that can be 
used for material removal applications. This threshold value depends only on the source, not on the material, so this 
pulse duration can be taken as limit value for other materials also.  

     Table 1. Test parameters for minimum pulse duration characterization 

Duty Cycle [%] Test time (s) Pulse (µs) Laser On (s) Laser Off (s) 

75 1.0 150 0.75 0.25 

50 1.5 100 0.75 0.75 

25 3.0 50 0.75 2.25 

10 7.5 20 0.75 6.75 

5 15.0 10 0.75 14,3 

2 37.5 4 0.75 36.75 

Following Figure 1 shows hole depth achieved in each case. Theoretically, the depth should be similar in all tests 
since the overall time that source is switched on is constant. From the figure can be concluded that pulses below 100µs 
energy output is dramatically decreased and they cannot be considered effective pulses.  

Fig. 1. Reached depth for different pulse duration 

Once cleared the minimum pulse duration, an experimental test based on previous data [10] was carried out. The 
experiments were carried out AISI 304 Stainless steel, which is a widely used material in applications where corrosive 
resistance is of primary importance. Tested parameters are shown in Table 2. In all tests the scanning speed (feed rate) 
was adjusted depending on pulse duration to keep as possible constant the beam incidence area in each pulse which is 
between 0.011 and 0.018mm2.  

        Table 2. Tested parameters  

Parameter Values 

Power [W] 200 – 250 – 300 – 350 -400 

Frequency [Hz] 500 – 1000 – 3000 – 4000 – 5000  

Feed rate [mm/s] 300 – 550 – 1000 – 1200  

Duty Cycle [%] 5 – 15 – 20 – 30 – 40  
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