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

In recent years there has been an increased research focus on the use of nanostructures for killing bacteria and 
resisting the formation of biofilms. Studies have shown that nano-textured surfaces found on cicada wings, dragonfly 
wings, butterfly wings, lotus leaves and shark skin are effective in killing various strains of bacteria [1-10]. Many 
studies have attempted to replicate these textures using various methods, artificial substrates and materials such as 
TiO2, black silicon and various polymers [11-15]. The emergence of these textures as potential surfaces for 
orthopedic and dental implants have given rise to the question of material surface properties and mechanical stability 
of these structures. 

The hydrothermal process is a fairly common technique for synthesizing nanostructures, involving the 
manipulation of precursors and recrystallization of materials under high temperature and pressure [16, 17]. 
Hydrothermal reaction parameters such as precursor concentration, reaction temperature and reaction duration 
significantly affect the resulting surface properties. Increasing precursor concentration has been found to increase the 
density of fabricated structures, with high concentrations forming highly dense, close packed arrays [18]. Similarly, 
larger particles are formed at high temperatures (approximately 180°C) and longer reaction durations [16, 19, 20].  

While these studies have focused on the morphological and topographical changes to nanostructures with varying 
parameters, there is little known about changes in mechanical behavior due to parameter alterations. This study 
investigated the effect of NaOH concentration used in the hydrothermal reaction on the morphological and 
mechanical properties of the fabricated textured surfaces. In addition, this study also explored the mechanical 
stability of the fabricated surfaces to establish whether these surfaces could be suitable for long term applications.  

2. Experimental Method  

This section describes the experimental and characterization methods used in the study. TiO2 nanostructured 
surfaces were fabricated using the hydrothermal process and characterized using X-Ray diffraction (XRD), scanning 
electron microscopy (SEM), and nanoindentation.  

2.1. Surface Fabrication  

Six nano and micro-textured TiO2 surfaces were fabricated by varying the concentration of the NaOH precursor 
from 0.1 to 2.0 M. A titanium plate was cut to 10 mm x 10 mm size and polished to a 0.04 µm surface roughness. 
The samples were sonicated in acetone for 10 minutes and placed in a custom-made PTFE holder in a 125 mL Parr 
acid digestion vessel. 60 mL of NaOH solution with varying concentrations (see Table 1 for experimental 
concentrations) was added to the vessel. The samples were then left to react for 3 hours at 240°C before it was 
removed and left to cool to room temperature overnight. Once cool, each sample was washed 3 times with 18.2 MΩ 
distilled H2O before being dried with N2 gas, and placed in a furnace for 1 hour at 300°C (for annealing). The 
annealed samples were then submerged in 20 mL of 0.6 M HCl for 30 minutes, then rinsed thoroughly in H2O. The 
samples were then placed back in the furnace for 2 hours at 600°C for calcination [19, 21]. Samples were removed 
from the furnace when at room temperature.   

Table 1: Experimental NaOH concentrations used in the hydrothermal reaction 

Sample Name (NaOH Concentration (M)_Reaction Time (Hrs)_Reaction Temperature(°C))  NaOH Concentration (M)  

0.10_3_240 0.10 

0.25_3_240 0.25 

0.50_3_240 0.50 

1.00_3_240 1.00 

1.50_3_240 1.50 

2.00_3_240 2.00 
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2.2. Surface Characterization  

The surface morphology of the nanostructured TiO2 surfaces was analyzed using a JEOL JSM-7001F SEM. 
Surface images were obtained at a 40° tilt angle and an accelerated voltage of 15kV. Crystal phases of the samples 
were examined using XRD to confirm the presence of TiO2. The XRD testing was conducting using a Rigaku 
SmartLab Diffractometer (with a Cu source at 40 kV and 40 mA), operating in a parallel beam model with a Hypix 
3000 detector (0D mode). A 2° incidence was used with a 2ϴ scan angle. Patterns were collected over 1 hour at a 
step size of 0.0152°, in the angle range of 2ϴ = 5 - 75°.  

Mechanical properties of the surfaces were measured using a Hysitron TI 950 nanoindenter, with a Berkovich 
indenter tip (three-sided pyramidal tip with an approximate radius of 100 nm and included angle of 142.3° [22]). 
The tip area function was calibrated using fused silica, with known elastic modulus and hardness. Each sample was 
indented 10 times with a 10 µm spacing between each indent. The indent was performed using a trapezoid load 
function, with a loading rate of 40 µN/s (for 5 seconds). The samples were held at a peak load of 200 µN for 10 
seconds before unloading. To test the mechanical stability of the structures over time, mechanical property 
measurements were repeated after 6 months and results compared to the fresh samples. Mech Test 1 denotes 
nanoindentation test results from initial testing, and Mech Test 2 refers to measurements taken 6 months after Test 1. 
Between mechanical tests, the samples were stored in petri dishes in a laboratory environment.  

2.3. Statistical Analysis 

 Statistical analysis was performed using a two-way ANOVA Sidak’s multiple comparison test to compare 
significant results of Mech Test 1 and Mech Test 2. Significant results are indicated in Figure 4, where *p<0.1, 
**p<0.01, ***p<0.001 and ****p<0.0001. 

 

3. Results and Discussion  

3.1. Surface Morphology  

After fabrication, XRD was measurements were performed on one of the samples (1.00_3_240) to confirm the 
formation of TiO2. Figure 1 shows the XRD spectrum obtained from this sample.  

The spectrum obtained from XRD shows the presence of metallic Ti and TiO2 with anatase and rutile phases. 
Diffraction peaks that appear on the XRD pattern agree well with the diffraction peak of these phases [19, 23], 
confirming that the nanostructures are TiO2 on a Ti substrate.   

Figure 1: XRD spectrum of 1.00_3_240 
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SEM analysis shows that the overall morphology (TiO2 structure shape and dimensions) changes with NaOH 
concentration. Figure 2 shows the SEM images of the various surface textures fabricated under the experimental 
parameters in Table 1. Figure 2 shows that fabricated structures change from short, random, pillar-like structures at 
low NaOH concentrations (Figure 2 (a) – (d)) to a large, interconnected mesh-like structure at high NaOH 
concentrations (Figure 2 (e) – (f)). This is further evidenced by the increase in structure height with increased 
reaction concentrations Table 2.  
 

 

Table 2: Average structure dimensions 

NaOH Concentration (M) Average Height (nm)  Average Diameter (nm) 

0.10 212.50 ± 24.58 16.70 ± 2.16 

0.25 244.70 ± 21.33 27.39 ± 5.04 

0.50 295.00 ± 27.15 28.70 ± 4.20 

1.00 298.00 ± 33.15 55.10 ± 12.55 

1.50 850.00 ± 92.30 31.43 ± 4.83  

2.00 947.00 ± 254.51 38.85 ± 3.97 

 
Figure 3 (a) shows that as NaOH concentration increases, average height of the nanorods increase. 

Nanostructures stay individualized at random orientation angles until NaOH concentration reaches 1.00 M. When 
the NaOH concentration is increased beyond 1.50 M a large interconnected web of TiO2 structures is observed 
(Figure 2 (e) and (f)). Increasing NaOH concentration has caused a higher number of nucleation sites on the surface. 
This phenomena, coupled with the random orientation angle of structural growth, causes structures to fuse 
ultimately creating the large, highly connected array observed [19, 20]. This confirms that high NaOH 
concentrations affect the morphology and density of the fabricated surface.  

 

Figure 2: Surface morphology of surfaces fabricated at a NaOH concentration of (a) 0.10 M (b) 0.25 M (c) 0.50 M (d) 1.00 M (e) 1.50 M (f) 2.00 M 
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3.2. Mechanical Properties and Stability  

Elastic modulus and hardness of each sample were measured using nanoindention. The hardness of the sample 
was calculated using [22, 24]: 
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Where H is the hardness of the material, Pmax is the maximum applied load and Ac is the contact area. Elastic 

modulus was calculated using:  
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Where Er is the reduced modulus, Em and vm are the elastic modulus and Poisson’s ratio of the sample material 

respectively, and Ei and vi are the elastic modulus and Poisson’s ration of the indenter tip respectively. A standard 
Berkovich diamond indenter tip has an Ei = 1140 GPa and vi = 0.07 [24]. The vm of the nano-arrays were chosen to 
be the same as bulk TiO2 (0.28) [22]. The average elastic moduli and hardness values of Mech Test 1 (initial test) 
and Mech Test 2 (6 months after initial test) are shown in Table 3:  

Table 3: Mechanical properties of the fabricated surface measure 6 months apart 

Sample 
Mech Test 1 Mech Test 2 

Elastic Modulus (GPa)  Hardness (MPa) Elastic Modulus (GPa) Hardness (MPa)  

0.10_3_240 10.20 ± 1.06 1015.08 ± 160.72 8.82 ± 2.04 777.92 ± 250.33 

0.25_3_240 4.11 ± 0.76 219.24 ± 69.66 3.43 ± 0.57 141.08 ± 48.98 

0.50_3_240 13.89 ± 2.36 233.86 ± 46.39 11.03 ± 1.28 397.35 ± 69.12  

1.00_3_240 2.73 ± 0.61 14.75 ± 1.78 2.03 ± 0.60 14.40 ± 1.37 

1.50_3_240 1.88 ± 0.72 15.95 ± 2.74 1.21 ± 0.12 11.60 ± 1.83 

2.00_3_240 1.10 ± 0.22 18.33 ± 3.85 1.73 ± 0.56 23.71 ± 22.71  

 
Results in Figure 4 show that a NaOH concentration of 0.50 M (sample 0.50_3_240) produces the stiffest 

structures. At this concentration, structure height is at an average of 295 nm (Table 2). This result is notable, as the 
samples produced at slightly lower (0.25 M) and slightly higher (1.00 M) concentrations produce structures with 

Figure 3: Average (a) height and (b) diameter of structures formed under various NaOH concentrations 
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significantly lower moduli. It is possible that this concentration produces surfaces with a particular structure size and 
orientation that are conducive to highly stiff structures. With the exception of sample 0.50_3_240, there is a general 
trend of decreasing stiffness with increasing NaOH concentration, which relates to increased structure height. The 
data shows that in general, as nanostructure height increases, the nanostructures become less stiff giving a lower 
Young’s modulus. This could be a result of the formation of the nanowire mesh formed at high NaOH 
concentrations (1.50 and 2.00 M).  

The stability of the structures over time was determined by repeating the nanoindentation tests 6 months after 
initial testing using the same tip, parameters and load function. The results of the stability test show that on average, 
there is no significant change of the Young’s moduli in 6 months after initial testing. This is a promising result, as it 
indicates that structures remain stable after an extended period of time, without significant change. While there is a 
statistically significant change in Young’s modulus measured for sample 0.50_3_240 (Figure 4), Table 3 shows that 
there is a 2 GPa difference between measurements, which is relatively small given the 13.89 GPa initial 
measurements. 

  

4. Conclusion 

This study examined the effect of NaOH concentration on the morphology and mechanical properties of 
hydrothermally synthesized TiO2 nano and micro-textured surfaces. The results show that increasing NaOH 
concentration strongly influences the height, shape and overall morphology of the structures. At low concentrations 
(up to 1.00 M) structures are individual and pillar-like in shape with random orientation angles. At higher 
concentrations (1.50 and 2.00 M), structures grow into an interconnected nanowire mesh array. Mechanical 
properties generally increase with decreasing NaOH concentration, due to the smaller dimensions and heights of the 
nanostructures (212.5 – 298.0 nm). Small concentrations have produced stiff structures, with Young’s modulus 
generally decreasing with increasing NaOH concentration. The indentation test also shows that structures are 
generally stable over time, which is a promising result for potential orthopedic applications. The significance of this 
finding is that with time, structures should not lose their mechanical properties, indicating that the mechanical nature 
of the structures remains constant over time, widening the applicability of nano-textured surfaces for long term 
applications.  
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Figure 4: Mechanical stability of fabricated surfaces where * p<0.1, ** p<0.01, *** p<0.001 and **** p<0.0001 
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