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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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Application of nanoengineering is used to discover and design materials for better biocompatibility with a high degree of 
specificity. Present paper introduced ongoing research in the application of nanotechnology and its use in development of 
antibacterial, rigid and functional implants. 
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1. Introduction  

Nanotechnology is application of multidisciplinary science to produce significant scientific and technological 
advances in diverse fields including medicine and physiology. It is made up of two words, the prefix nano comes 
from the Greek word nanos, which means one-billionth part of something and described as engineering and 
manufacturing with technology word at the smallest level (1-100nm) [1]. In a broad sense, nanotechnology is 
involved in designing, synthesis and application of materials whose smallest functional organization in at least one 
dimension is on the nanometer scale, ranging from a few to several hundred nanometers.  
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Worldwide funding agencies are investing a large amount of funds on development of nanotechnologies and 
devices. Apart from other fields, three applications of nanotechnology are in demand and particularly suited to 
biomedicine: diagnostic tools, drug delivery, prostheses & implants.  This paper provides a unique comprehensive 
overview of the most relevant achievements and new developments in the field of prosthesis and implants. 
Nanomaterials and their possible impact on the fabrication of a new generation of reliable and long-lasting implants 
in the field of orthopaedic for joint replacement, dental, cardiac, podiatry and so on. Special emphasis is given to the 
role of use of nanomaterials as scaffolds to induce a more favourable interaction between implants and human cells. 
These nanostructured materials have opened an exciting avenue in the designing of implants which are 
biocompatible, long lasting, tough and bacterial & mechanically resistant. However, there is need to understand the 
long-lasting health effects of nanomaterials and need to do extensive research regarding clinical safety. 

2. Tissue Engineering & Regenerative Medicine 

Tissue engineering (TE) is the application of principles and methods of engineering & life sciences to create 
living tissue to replace or repair skin of a failing organ or a damaged or missing body part [2]. The term tissue 
engineering was first presented to the broad scientific community in 1993 by Langer and Vacanti [3] for the 
development of biological substitutes that maintain, improve or restore tissue function. Tissue engineered products 
(TEPs) typically are a combination of three components, i.e. isolated cells, an extracellular Matrix (all cells 
surrounded by a complex mixture of non-living material) and signal molecules, such as growth factors.  

The term ‘scaffold’ provides new possibilities for the extracellular matrix by maintaining a three-dimensional 
space for the formation of new tissues with appropriate function. It is well known that the interaction of the cells and 
the extracellular matrix is of great importance for the intended function of the final product. Polymers having 
excellent physical properties such as high surface area, high porosity, interconnectivity pores of the nanofibre 
matrices with well-controlled degradation rates and biocompatibility of the base polymer make it an ideal candidate  
for developing scaffolds for tissue engineering [4] . 

3. Nano Materials and implants 

There are entirely different physical and chemical properties of conventional macro-materials as compare to smaller 
nanosized particles specially phenomena such as the quantum size effect become more prominent when particulate 
matter decreases to 100 nm or smaller [5]. The basic concept of large surface area to volume ratios allows 
nanophase materials for more favourable interactions with surrounding structures. Several researches shown that 
nanocrystalline layer encourages the growth and bonding of the surrounding bony tissue. In vitro research has also 
shown that bone-forming cells (osteoblasts) adhere better and deposit more calcium on materials with a grain size in 
the nanometre range than on conventional materials with a grain size in the micrometre range [1]. Proper, 
coordinated function of both types of cells is essential for the formation and maintenance of healthy bony tissue and, 
therefore, for strong bonding between the implant and the surrounding bone [6]. This is extremely important for 
implants that are attached without the use of bone cement. 

Thin layer of nanocrystalline structure on artificial implants such as artificial hips, which are usually made of 
titanium or alloys of cobalt and chromium could help to reduce the problems of wear or implant loosening. This 
nanocrystalline structure is harder, smoother, good binder and consequently results in more resistance of wear of the 
artificial socket, which is generally made of a special type of polyethylene. Hydroxyapatite is a natural component 
of bone, 70% of which consists of the mineral hydroxyapatite, with the remaining 30% consisting of organic fibres 
(collagen). Coating of hydroxyapatite with a grain size in the nanometer, rather than the micrometer scale as earlier 
makes it more biocompatible and more like that of natural hydroxyapatite in bone which likewise has a 
nanocrystalline structure (grain size less than 50 nm).  Nanoparticles of hydroxyapatite can also be used to repair the 
bony tissues of damaged bones which was first demonstrated in Maastricht University Hospital in 2000 to use an 
artificial hip with a hydroxyapatite nanocrystalline layer. Apart from hydroxyapatite, diamond and metal ceramic are 
other materials which are in use to make implants [1].  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2019.02.077&domain=pdf
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Nanoparticles including calcium triphosphate, bioactive glass, hydroxyapatite, synthetic chitin, chitosan and 
biodegradable polymers have been fabricated into porous three-dimensional scaffolds for bone repair and 
regeneration purposes.  This approach not only allows for mimicking bone in composition but the incorporation of 
nanoceramics enhances the material’s mechanical strength and nanopographic features. The utilization of polymer 
ceramic matrices containing single or multi-walled carbon nanotubes offers high tensile strength, high flexibility and 
low density that can be exploited to develop more successful orthopedic implant materials. 

The mechanical properties and biocompatibility of implants can also be improved by providing the material 
which is used to make the implants with a nanostructure. Thin layer of titanium dioxide with nanopores and slow 
released copper ions gives an antiseptic effect which helps to reduce bacterial infections which is common 
complication with implants [7]. Another possibility is to make the implants from nano powders of titanium dioxide 
or aluminium oxide using a sinter process. Promising alternative materials include organic polymers with a 
nanostructure and composite materials of organic polymers into which nanofibres of carbon or nanoparticles of 
titanium, aluminium, or hydroxyapatite have been mixed [8]. The advantage of the organic polymers is that they 
dissolve gradually while new bony tissue is being formed and imitate the natural extracellular matrix. [9]. The 
orthopaedic applications are closest to being used on patients, but biodegradable scaffolds of nanofibres consisting 
of natural or synthetic organic polymers are already used to cultivate other tissues, such as cartilage, muscle tissue, 
nerve tissue, and vascular tissue in vitro [10]. Researchers recently succeeded in using nanofibres to regenerate brain 
tissue in vivo. Scaffold-forming nanomaterial may be possible to use the method in the future to repair damaged 
human nerve tissue. Stents are small tubes of woven threads which are common to use to dilate blood vessels. 
However, inflammation reactions often occurring cause closing in stents again.  This problem is addressed by 
applying radioactive substance coating on aluminium oxide with nanopores.  These nanopores helps to slow release 
of radioactive material which prevents the stents from clogging. Though, there is need to check functionality and 
safety of these stents.   Research is also underway to explore an opportunity for conformational changes in blood 
proteins caused by their contact with the stent wall due to coating of titanium compounds [11].  
 
3.1 Arthroplasty 

Nanotechnology in arthroplasty is focusing on the development of implantable materials that can function safely 
and effectively while extending the average lifespan of implants and preventing infection. Nanotextured implant 
surfaces have augmented the function and growth of osteoblasts to increase implant osseointegration [12]. 
Specifically, the technique of severe plastic deformation (SPD), which breaks down the coarse grains of metals into 
the nanoscale range by exposing the metal to a complex high stress state, has demonstrated the ability to improve the 
biocompatibility and mechanical properties of titanium implants [13]. The use of ultra-high molecular weight 
polyethylene (UHMWPE) implants has been limited in the field of arthroplasty due to concern for potential fracture. 
However, due to its favourable biocompatibility properties and wear resistance, there has been increased interest in 
improving the mechanical strength of UHMWPE through nanotechnology. The addition of carbon nanotubes to this 
material to create a novel composite has demonstrated translational success and may eventually have utility as an 
acetabular lining or tibial component [14]. Altering an implant’s surface nanostructure has the potential to increase 
resistance to static and dynamic fatigue, improve functionality, and increase implant survivorship. 

3.2 Active Implants 

Active implants for administering medicines, such as insulin and morphine pumps have been in use for a long 
time. To administering medicines at target areas at varying rate, research on implantable microchips for the storage 
and controlled release of active substances are in process [15-17]. The release could also be controlled by a 
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biosensor that responds to physiological parameters. [1]. The other group of active implants comprises neural 
prostheses, which are intended to repair or take over nerve functions. Cochlear implants (for restoring hearing), 
pacemakers and defibrillators (for regulating the heart beat), bladder stimulators (for controlled emptying of the 
urinary bladder by spinal cord lesion patients), deep-brain stimulators (to combat tremor in patients with Parkinson’s 
disease), as well as peroneus stimulators (to combat drop foot) are few examples which  are currently in used [1]. 
Nanotechnology may play an important role in their improvement and further development with increasing 
functionality, fixation in the surrounding tissue, and biocompatibility by modifying the surface at the nanoscale [18]. 
The nanostructure increases the electrodes’ surface area by a factor of one hundred, which is necessary for proper 
signal transfer from the electrodes to the tissue [19]. The microelectrodes of neuro prostheses that register electrical 
signals in the brain often only work for a few weeks. They do not usually become defective, but the surrounding 
tissue gets damaged and nonconductive scar glial-cell tissue grows. In vitro research has shown that a nanoporous 
surface structure reduces glial-cell adhesion and promotes the formation of outgrowth of nerve cells [20]. A possible 
explanation for the stimulating effect on the nerve cells is that they are naturally embedded in an extracellular matrix 
with a nanostructure of microtubule and laminin. To combat rejection reactions or infections, nano coatings can be 
applied that release medicines gradually [21]. An antiseptic layer based on silver nanoparticles is already being used 
in Germany on cochlear implants [22]. Other examples of contributions made by nanotechnologies to active 
implants include the membranes with nanopores in microchips for drug delivery [23] and batteries with a higher 
energy-storage capacity [24]. 
 
3.3 Dental Implants 

Nanotechnology opens a new spectrum of possibilities for advancement in implant dentistry to make implant 
surfaces more biocompatible. The surgery for dental implantation is critical as there are high chances of 
infections in gingival tissue after implantation. Mimicking of nanometre scale ECM components of typical 
dimensions of 10–100 nm may improve the bone – implant interface which is the most frequent cause for failure for 
insufficient bone formation around the implant surface [25]. 

Dental implant therapy has been one of the most significant advances in dentistry in the past three decades. 
However, another challenge for the dental surgeons is achieving osseointegration.   Failure to achieve 
osseointegration can be attributed to one or more implant, local anatomic, local biologic, systemic or functional 
factors. Surface profiles in the nanometre range play an important role in the adsorption of proteins, adhesion of 
osteoblastic cells and thus the rate of osseointegration. Many in vitro and animal studies have shown that nano 
surface modifications enhance surface properties of titanium dental implant that result in rapid osseointegration and 
faster bone healing [26]. Nanoscale surface structuring, surface chemistry and wettability are three key factors for 
the development of improved devices. Nanoscale surface structuring and surface chemistry would require nanoscale 
processes to optimize cell colonization and control & optimize the chemical surface properties of an implant 
material. However, engineered nanomaterial would play a role in increasing wettability due to the observation that 
cell adhesion and subsequent activity are generally better on hydrophilic surfaces [27]. 
 
3.4 Nanotechnology in Podiatry 

How nanotechnology is playing critical role to help Podiatrist in saving our foot due to diabetes? Ohio State 
University and Boston University have created what could be considered one of the earliest therapeutically useful 
nanomedical devices. They created a tiny silicon box that contains pancreatic beta cells taken from animals. The box 
is surrounded by a material with a very specific nanopore size (about 20 nanometres in diameter). These pores are 
big enough to allow for glucose and insulin to pass through them, but small enough to impede the passage of much 
larger immune system molecules. These boxes can be implanted under the skin of diabetes patients. This could 
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Nanotechnology in arthroplasty is focusing on the development of implantable materials that can function safely 
and effectively while extending the average lifespan of implants and preventing infection. Nanotextured implant 
surfaces have augmented the function and growth of osteoblasts to increase implant osseointegration [12]. 
Specifically, the technique of severe plastic deformation (SPD), which breaks down the coarse grains of metals into 
the nanoscale range by exposing the metal to a complex high stress state, has demonstrated the ability to improve the 
biocompatibility and mechanical properties of titanium implants [13]. The use of ultra-high molecular weight 
polyethylene (UHMWPE) implants has been limited in the field of arthroplasty due to concern for potential fracture. 
However, due to its favourable biocompatibility properties and wear resistance, there has been increased interest in 
improving the mechanical strength of UHMWPE through nanotechnology. The addition of carbon nanotubes to this 
material to create a novel composite has demonstrated translational success and may eventually have utility as an 
acetabular lining or tibial component [14]. Altering an implant’s surface nanostructure has the potential to increase 
resistance to static and dynamic fatigue, improve functionality, and increase implant survivorship. 

3.2 Active Implants 

Active implants for administering medicines, such as insulin and morphine pumps have been in use for a long 
time. To administering medicines at target areas at varying rate, research on implantable microchips for the storage 
and controlled release of active substances are in process [15-17]. The release could also be controlled by a 
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biosensor that responds to physiological parameters. [1]. The other group of active implants comprises neural 
prostheses, which are intended to repair or take over nerve functions. Cochlear implants (for restoring hearing), 
pacemakers and defibrillators (for regulating the heart beat), bladder stimulators (for controlled emptying of the 
urinary bladder by spinal cord lesion patients), deep-brain stimulators (to combat tremor in patients with Parkinson’s 
disease), as well as peroneus stimulators (to combat drop foot) are few examples which  are currently in used [1]. 
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signal transfer from the electrodes to the tissue [19]. The microelectrodes of neuro prostheses that register electrical 
signals in the brain often only work for a few weeks. They do not usually become defective, but the surrounding 
tissue gets damaged and nonconductive scar glial-cell tissue grows. In vitro research has shown that a nanoporous 
surface structure reduces glial-cell adhesion and promotes the formation of outgrowth of nerve cells [20]. A possible 
explanation for the stimulating effect on the nerve cells is that they are naturally embedded in an extracellular matrix 
with a nanostructure of microtubule and laminin. To combat rejection reactions or infections, nano coatings can be 
applied that release medicines gradually [21]. An antiseptic layer based on silver nanoparticles is already being used 
in Germany on cochlear implants [22]. Other examples of contributions made by nanotechnologies to active 
implants include the membranes with nanopores in microchips for drug delivery [23] and batteries with a higher 
energy-storage capacity [24]. 
 
3.3 Dental Implants 

Nanotechnology opens a new spectrum of possibilities for advancement in implant dentistry to make implant 
surfaces more biocompatible. The surgery for dental implantation is critical as there are high chances of 
infections in gingival tissue after implantation. Mimicking of nanometre scale ECM components of typical 
dimensions of 10–100 nm may improve the bone – implant interface which is the most frequent cause for failure for 
insufficient bone formation around the implant surface [25]. 

Dental implant therapy has been one of the most significant advances in dentistry in the past three decades. 
However, another challenge for the dental surgeons is achieving osseointegration.   Failure to achieve 
osseointegration can be attributed to one or more implant, local anatomic, local biologic, systemic or functional 
factors. Surface profiles in the nanometre range play an important role in the adsorption of proteins, adhesion of 
osteoblastic cells and thus the rate of osseointegration. Many in vitro and animal studies have shown that nano 
surface modifications enhance surface properties of titanium dental implant that result in rapid osseointegration and 
faster bone healing [26]. Nanoscale surface structuring, surface chemistry and wettability are three key factors for 
the development of improved devices. Nanoscale surface structuring and surface chemistry would require nanoscale 
processes to optimize cell colonization and control & optimize the chemical surface properties of an implant 
material. However, engineered nanomaterial would play a role in increasing wettability due to the observation that 
cell adhesion and subsequent activity are generally better on hydrophilic surfaces [27]. 
 
3.4 Nanotechnology in Podiatry 

How nanotechnology is playing critical role to help Podiatrist in saving our foot due to diabetes? Ohio State 
University and Boston University have created what could be considered one of the earliest therapeutically useful 
nanomedical devices. They created a tiny silicon box that contains pancreatic beta cells taken from animals. The box 
is surrounded by a material with a very specific nanopore size (about 20 nanometres in diameter). These pores are 
big enough to allow for glucose and insulin to pass through them, but small enough to impede the passage of much 
larger immune system molecules. These boxes can be implanted under the skin of diabetes patients. This could 



548 Tejasri Yarlagadda  et al. / Procedia Manufacturing 30 (2019) 544–551
 T. Yarlagadda et al. / Procedia Manufacturing 00 (2018) 000–000  5 

temporarily restore the body’s delicate glucose control feedback loop without the need of powerful 
immunosuppressants that can leave the patient at a serious risk of infection [28]. 

The idea of artificial pancreas was developed in 1974. The problem of size of this organ didn’t allow the 
scientists to convert it in workable model. However, now an American company, Medtronic MiniMed, has been 
working on a device called Long Term Sensor System (LTSS), which links an implantable long-term glucose mini 
sensor with an implantable insulin mini pump by using this concept [29]. Discovery of ‘Smart Cells’ may be another 
solution to control diabetes. The author says “When glucose rises in the bloodstream, it will eat away SmartCell’s 
structure. As the SmartCell protein matrix breaks down, insulin is released. The more glucose is present, the faster 
matrix will erode.” This technology may stop endless blood testing and multiple shoots. Advancement in the field of 
drug delivery, non-invasive glucose monitoring via implanted nanosensors, nano-encapsulation technology to 
achieve better insulin delivery, nanomedicine-oriented applications of antiseptics, disinfectants and antibacterial 
therapeutics, development of nanofibers, which mimic collagen fibrils that may be beneficial in treating burn 
wounds may demonstrate potential treatments in the field of podiatry [30-33]. 

One of the recent advancement in podiatry is nanoemulsion treatment for onychomycosis (toenail fungal 
infection) [34]. Researchers at IBM and the Institute of Bioengineering and Nanotechnology in Singapore have 
found a way to make nanofibers from recycled plastic that know to attack only harmful fungal cells while leaving 
healthy human cells alone [32].  
 

4. Bactericidal Effects: Biomimetics 

The success of implants and tissue engineered constructs greatly depends on the biocompatibility of the 
material. Implants failure due to infection leads to increasing treatment cost, patient discomfort, increase antibiotics 
resistance, development of superbugs, revision surgery or death and lack of confidence in implant transplant. To 
overcome these issues, -researchers attempted to mimic the nano-texture bactericidal surfaces, observed in some 
plant, animal and insect species. Several fabrication techniques like lithography, hydrothermal synthesis as well as 
various sputter and vapour deposition techniques are in use to fabricate such nanostructures [35]. Best examples of 
nanotexture of naturally occurring surfaces are cicada and dragonfly wings, lotus leaves and shark skin. Nano-scale 
pillar structures on surfaces of cicada and dragonfly wings, nano and micro-scale hierarchical structure on lotus 
leaves and large number of nano-scale spatula found on gecko feet are responsible for bactericidal and self-cleaning 
properties (Figure 1) [36, 37].  

 

 

 

 

 

Figure 1: Rupture Mechanism of Bacteria Cells by Nanopillar Structures [37]. As bacterium cell is absorbed 
onto the surface, regions between pillars stretch the cell membrane, causing rupture 

A large number of studies have aimed to reproduce the bactericidal behaviour of certain naturally occurring 
surfaces, using a variety of chemical and mechanical methods like lithography, polymer demixing, phase separation 
chemical etching, electrospinning and molecular self-assembly, for patterning implant surfaces and efficiently 

6 T. Yarlagadda et al. / Procedia Manufacturing  00 (2018) 000–000 

constructing scaffolds for tissue engineering have emerged. There is definite pattern to mimic these surfaces and 
provide a challenge to reproduce a universal surface pattern that incorporates the best features of various naturally 
occurring nano and micro-surfaces. Right combination of size, width, spacing, tip sharpness and height to width 
ratio may play major role in determining the best model to drive the bactericidal effects of textured surfaces [36]. 

5. Discussion 

Nanotechnology is still advancing and need much more testing before appreciating its maximum potential in 
implant industry. In the future, we could imagine a world where medical nanodevices are routinely implanted or 
even injected into the bloodstream to monitor health and to automatically participate in the repair of systems that 
deviate from the normal pattern. Nanotechnology has the capability to inexpensively replace many conventional 
therapies and provide a multitude of novel applications. Nanotechnology offers more precise treatment modalities 
that may lead to more effective and longer lasting implants, decreased infection rates, and improved bone and 
tendon healing. However, nanotechnology is focusing on the development of implantable materials and their 
combinations that can function safely and effectively. 

Tissue engineering leads to engineered tissues to provide more definitive solutions to tissue repair in clinics and 
aims to achieve this goal by the development of in vitro devices that would repair the damaged tissue in vivo. This 
will also help to overcome the limitations of 2D cultures where cell-cell and cell-ECM interactions reduces due to 
growth of cells under non-physiological and unnaturally polarized conditions. However, the interactions between 
cell-cell and cell-ECM can determine whether a given cell undergoes proliferation, differentiation, apoptosis or 
invasion. Consequently, 2D cultures do not recreate properly in vivo systems in terms of cellular communication, 
gene and protein expression pattern and diffusion of soluble molecules (oxygen, nutrients, growth factors, etc.). On 
the other side, Animal models are expensive, time-consuming, involve ethical controversies and unable to explain 
many parameters of human responses. As a result, 3D cultures have become an important tool of choice to observe 
the third dimension and fulfil the need for in vitro approaches that enable an accurate study of the molecular 
mechanisms.  

Despite several breakthrough developments and technologies, we can’t ignore the harmful effects and threat by 
nanoscale materials. Airborne nanoscale materials can easily be deposited in the respiratory tract and can cause 
inflammatory response. The small size engineered nanomaterials are allowed to enter in or between the cells which 
can easily be transported to sensitive sites target sides of the body including bone marrow, spleen, heart, and brain. 
The shape, size, surface chemistry, physical and chemical properties of these particles are also known to increase 
inflammation and tissue damage.  

6. Conclusion 

Advancement in nanotechnology is helping us to overcome challenges in our daily routine life. Although, 
several technologies are at clinical stage and need to be tested at ground level. Healthcare providers may bless with 
nanotechnology for better diagnosis, specific drug target delivery and use of need based compatible implants. 
Nanotechnology may help the health specialists like orthopaedists, dermatologist, dentists and podiatrists to 
revolutionise the treatments in their specific fields. However, there is need to be taken care of hazardous toxins 
release through nanomaterial and nanoparticles.  
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