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Abstract
Ultra precision and micro machining processes become more and more important. This can be led back to the development 
of functionalized surfaces and parts and the mass production of smaller products e.g. lenses for personal devices. With 
increasing application and distribution, the importance of sustainability in these processes also increases. In this paper, an 
overview of ultra precision and micro machining in a system approach is given and the most decisive input parameters are 
elaborated. Included are general findings and current issues of process design with regard to the economic, environmental 
and social dimension of sustainability. Finally, it is discussed how the sustainability of ultra precision and micro machining 
can be increased and for which class of products certain strategies are recommended.
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1 Introduction

Manufacturing technologies offer plenty of opportunities to 
improve sustainability by reducing environmental impact or 
by the more efficient use of resources. Possible improve-
ments in sustainability are related to processes, machines or 
the overall system. To realize the idea of green manufactur-
ing, all production technologies have to be examined with 
respect to their possible contribution to improved sustain-
ability [1, 2].

Sustainability is achieved when the actual consumption 
rate matches the sustainable rate. Life Cycle Assessment 
helps to investigate the potential for improvement in order 
to bridge the gap between today’s consumption rates and the 
needed consumption rate to reach a sustainable state (see 
Fig. 1).

Dornfeld et al. [3] postulated the concept of “technology 
wedges” that reduce the current consumption rate stepwise 
aiming at the fulfillment of the sustainability requirements. 

This approach relies on the basic idea that the sum of many 
small changes or improvements is equivalent to a major 
change.

Ultra precision and micro manufacturing are playing a 
significant role in advanced manufacturing technology. The 
applications of ultra precision cutting and micro machining 
are increasing in the last decades and keep fueling market 
economy [3]. Ultra precision processes allow to achieve 
surface roughness down to the nanometer scale [4] and are 
applied for example to manufacture optical components. 
Micro machining processes on the other hand are adequate 
technologies to manufacture micro components, micro fea-
tures, and micro structures [5].

To the best knowledge of the authors, no comprehensive 
overview of the sustainability aspects of ultra precision and 
micro machining has been published. For example Yoon 
et al. [6] only considered conventional machining processes 
in their review. The aim of this work is therefore to provide 
this overview. First, the necessary terminology is defined, 
followed by an inventory analysis in connection with the 
explanation of the most relevant factors of sustainability. 
Finally, possible approaches to improve sustainability are 
presented.
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2  Fundamentals

2.1  Ultra Precision and Micro Machining

Definitions for ultra precision machining and micro 
machining processes are provided by Mativenga [7] and 
Brinksmeier [8] in the CIRP Encyclopedia of Production 
Engineering. Mativenga [7] defined micro machining as 
“(…) a manufacturing technology that involves the use of 
mechanical micro tools with geometrically defined cutting 
edges in the subtractive fabrication of devices or features 
with at least some of their dimensions in the micrometer 
range (1–999 μm)”.

Brinksmeier [7] defined ultra precision machining 
as “(…) a machining process whose accuracy has been 
driven to its ultimate technological limits, irrespective of 
the nature of the process and the size of the workpiece 
(macro-, micro-, or nanoscopic).”

A delineation of these processes in relation to conven-
tional machining according to Brinksmeier [9], which 
considers both component size and accuracy is illustrated 
in Fig. 2.

Ultra precision manufacturing is a dynamic field of 
research whose application possibilities are already enor-
mous and yet more to explore. The broader area of appli-
cation for ultra precision manufacturing (UPM) covers 
machining of semiconductor and optical parts with high 
dimensional accuracy. Furthermore, UPM is increasingly 
applied in the field of consumer products such as portable 
electronic devices or automotive fuel-injection devices 
under high accuracy and tight tolerances. Sophisticated 
optical parts with high surface finish are for example: 
optical glancing mirrors for X-ray telescopes, elliptical 
cylinder mirrors for synchrotron orbital radiation, and 
electroplated copper memory disks for computers widely 
used for commercial and industrial applications [10]. 
Another challenge and opportunity for ultra precision 
manufacturing lies in manufacturability of new materials. 

For example, composite materials have been increasingly 
used in aerospace industry, satellite bearing, inertia navi-
gation systems, and laser reflectors [11]. Ultra precision 
manufacturing not only lowers the cost of optical parts 
themselves but also for mold cavities of mass production 
lenses. For example, the production cost of contact lenses 
both soft and hard can be reduced by manufacturing mold 
cavities in an ultra precision machining process compared 
to polishing processes [12].

2.2  Size Effects

The findings of conventional machining processes cannot 
simply be scaled down to the dimensions of ultra precision 
and micro machining. For those, aspects like roundness 
errors or spindle eccentricities become much more dominant 
than for the conventional processes. Non scalable effects are 
commonly referred to as size effects. Vollertsen [13] defined 
size effects as “(…) deviations from intensive or propor-
tional extrapolated extensive values of process characteris-
tics which occur, when scaling the geometrical dimensions”.

Size effects can be classified in three categories. The clas-
sification of size effects is based on the considered prop-
erty, which is responsible for the existing effects and held 
constant. The three categories are density, shape and micro 
structure size effects [13].

An example of density effects are defects contained in 
the material. Considering conventional workpieces sizes, the 
number of defects in different workpieces is large so that the 
mechanical properties are not influenced and deemed to be 
constant. For very small workpiece sizes on the other hand, 

Fig. 1  Concept of “technology wedges” [1]

Fig. 2  Component size and accuracy in micro machining and ultra 
precision cutting [9]
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the mechanical properties of different workpieces can vary 
due to few defects. Shape effects result from the fact that 
certain properties are hinged on the volume or the size of the 
surface. For example, while the surface of a spherical work-
piece is proportional to the square of the radius, the volume 
is proportional to the cube of the radius. A size effect hence 
occurs when the regarded property depends on surface and 
volume. The last category of size effects is based on the fact 
that it is technologically impossible to scale all micro struc-
tural values at the same time in the same magnitude [13].

2.3  Life Cycle Assessment

A method to assess the environmental impact of products, 
services or systems on the environment is the life cycle 
assessment (LCA) standardized by the International Organi-
zation of Standardization (ISO) in standard ISO1404ff [14]. 
LCA considers the whole life cycle of products from the 
extraction of raw natural resources right up to the product 
recycling process or final disposal.

Regarding the impacts on the environment, various fac-
tors are considered such as emissions (e.g. their effect on 
climate change), physical interventions (e.g. use of water) 
and the use and consumption of abiotic and biotic resources. 
The first phase is the goal and scope definition and includes 
the determination of the aims of the LCA as well as its extent 
including the system boundaries, the modelling framework 
and the environmental impact that will be considered. 
Furthermore, a functional unit (e.g. surface roughness) is 
defined to characterize the system quantitatively [14].

The following phase is the inventory analysis and includes 
the identification of all sub-processes of the defined systems. 
The inventory of the identified processes is analyzed in a 
flow model regarding the scope definition such as the input 
of resources or energy and the output of the product, e.g. 
emissions or waste [14].

In the impact assessment, the results of the inventory 
analysis are ascribed to the environmental impacts defined 
in phase 1. This quantitative ascription allows to assess the 
influence of the single impacts. The European Commission 
recommends three areas of protection: human health, natural 
environment, and natural resources [15]. Inventory results 
to describe these areas in a physical way are for example 
climate change potential or resource depletion. In the final 
phase, the results of the three other phases of the LCA are 
interpreted and evaluated with respect of the defined goal 
of the LCA [14].

3  Sustainability Aspects in Ultra Precision 
and Micro Machining

A suitable way to study the sustainability of manufacturing 
processes is the life cycle inventory analysis [16]. Based on 
the procedure proposed by Linke [16] to investigate grind-
ing, input and output quantities of ultra precision and micro 
machining are identified (Fig. 3). The most important influ-
ences in terms of sustainability from the perspective of the 
authors are considered in more detail.

Fig. 3  In- and output diagram of ultra precision and micro machining
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3.1  Machine Tools

Machine tools have a high impact on the sustainability of 
machining processes. Common ultra precision machine 
tools have relatively large dimensions compared to the work-
piece dimensions. A current research goal is to better align 
the machine tool size with the workpiece size (square foot 
manufacturing). In addition to reducing the consumption 
of resources, machine mass could be reduced and a higher 
machine dynamic, i.e. faster axes movements, could be real-
ized [17]. Furthermore, it is necessary to adapt the machine 
tool components to the requirements of square foot manu-
facturing. The concept of square foot manufacturing allows 
to reduce the machine costs, the energy consumption and the 
use of resources. An example is the manufacturing of small 
high-frequency tool spindles for micro cutting processes by 
Aurich et al. [18].

3.2  Chip Formation and Process Forces

Both ultra precision machining and micro machining are 
characterized by very small undeformed chip thicknesses in 
relation to the cutting edge radii applied [5]. In other words, 
the cutting edge cannot be regarded as sharp. The resulting 
low ratio of undeformed chip thickness to cutting edge radius 
has a significant influence on the chip formation process, and 
thus on friction and cutting forces occurring during machin-
ing. Results of Lucca [19] and Moriwaki [20] show that in 
these conditions the resulting specific cutting force can no 
longer be described with models of conventional machin-
ing as with for example the cutting model by Merchant [21] 
(Fig. 4a). To describe the influence of the relationship of 
cutting edge radius to undeformed chip thickness, special 
models such as the model of the rounded cutting edge from 
Kim [22] were developed.

Balogun and Mativenga [23] investigated the influence 
of undeformed chip thickness on the specific energy. The 
results show that with very small undeformed chip thickness 
the specific energy increases exponentially.

The varying effective rake angle (Fig. 4b) along the cut-
ting edge radius results in the fact that the force is shifted in 

the direction of the generated workpiece surface. This means 
that a portion of the material to be machined is pushed into 
the material surface and affects the resulting workpiece 
integrity. Albrecht [24] distinguishes the force acting on the 
rake face Q and the force acting on the rounded cutting edge, 
the so called plowing force P.

Investigations of Ding and Rahman [25] show that the 
chip formation and as a consequence the cutting forces are 
influenced by the micro structure and the material properties 
of the material. Due to the small tool dimensions and the 
size effect of small ratios of undeformed chip thickness to 
rounded cutting edges radius, the process behavior in ultra 
precision and micro machining processes differs from con-
ventional machining:

• the amount of ploughing is much larger, resulting in 
higher deformation, high friction as well as high tem-
peratures and

• the dimensions of the tool can be in the range of grain 
sizes or even smaller, hence the micro structure of the 
work material has direct impact on chip formation.

It is difficult to evaluate the impact of chip formation on 
economic, environmental and social aspects quantitatively. 
Generally speaking, the aforementioned properties result 
into high loads of the tools and hence in tool wear. The 
impact of the tools is discussed in the following section.

3.3  Cutting Tool Material

Ultra precision and micro machining processes allow to pro-
duce micrometer, sub-micrometer and nanometer range of 
surface finish with high repeatability. Thereby, the cutting 
edge geometry is essential for achieving high surface quality 
due to the fact that the tool profile is transferred to the work-
piece. Generally, diamond, cemented carbide and coated 
cemented carbide tools are widely used for ultra precision 
and micro machining processes. Single crystal and poly 
crystalline diamond tools are largely used for ultra preci-
sion cutting [26]. The diamond cutting tools can be broadly 
classified as natural and synthetic diamond, both having the 
properties of high wear resistance, heat conductivity, hard-
ness and a low coefficient of friction [27].

A possible problem when using diamond-cutting tools is 
the chemical affinity of carbon to metals. The affinity leads 
to oxidization or the transformation of diamond lattice into 
graphite at high temperatures. This oxidation process and 
carbon transformation increases the tool wear rate [3]. To 
enable the application of diamond tools for metal cutting 
different approaches are investigated like cryogenic cooling 
[28] or discontinuous cutting with piezo driven tools [29] to 
reduce the cutting temperature.

Fig. 4  a Cutting model after Merchant [21]; b rounded cutting edge 
model after Kim [22] and Albrecht [24]
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In micro machining, cemented carbide is frequently used 
as tool material. Tungsten carbide is the most frequently 
applied carbide for cemented carbide tools. It can with-
stand high temperatures at the tool-workpiece contact [30]. 
The quality of the resulting cutting edge depends on the 
grain size of the cemented carbide [31]. Therefore, ultrafine 
cemented carbide is commonly used with a grain size of 
0.2 m [17].

Cutting tools for precision manufacturing should satisfy 
the following requirements [27]:

• Ultra-fine grains to form a sharp cutting edge,
• Homogeneous grain size to avoid tool ruptures at larger 

grains,
• High Young´s modulus, in order to prevent tool drift,
• High hardness, to resist abrasion and high temperatures,
• High compression strength, to avoid plastic deformations 

at high temperatures,
• High bending strength, to resist tool rupture due to a 

bending force,
• High fracture toughness, to offer good resistance against 

crack propagation,
• High resistance against thermal shock due to high tem-

peratures and high temperature gradients.

To extend tool life the cemented carbide tools are coated 
to reduce tool wear. However, the cutting micro geometry is 
influenced by the coating. Aramcharoen et al. [32] investi-
gated the influence of different coating systems when micro 
milling hardened tool steel and showed that chipping of the 
cutting edge, the flank wear and the burr formation can be 
reduced by careful selection of the coating. The achiev-
able surface quality both at the beginning and at the end 
of the process is highly dependent on the selected coating. 
Reichenbach et al. [33] showed that coating is even possible 
for ultra small micro end mills (D = 48 μm).

Wei [34] investigates the influence of a micro textured 
rake face on the process behavior with a feed rate between 
22 µm and 44 µm. The texture was generated by micro 
abrasive blasting. The results show that the cutting force 
decreases with textured rake face due to the minimized 
friction.

3.4  Workpiece Materials

Workpiece material properties, like the microstructure and 
grain orientation, highly affect surface topographical fea-
tures like surface roughness, plastic side flow, or plastic 
deformation of workpiece material [35]. Moreover, ductile 
and brittle materials behave very differently under the same 
machining conditions. For example, the machining of brit-
tle material tends to initiate micro cracks, which leads to 
discontinuous chip formation [36]. Copper, aluminum alloy 

6061, aluminum bronze (Al-bronze) are machined by single 
crystal diamond tools [37]. Aluminum alloys are using for 
the manufacturing of mirrors used as magnetic disks [38].

Titanium is a difficult-to-machine or hard-to-cut mate-
rial and leads to extremely high cutting temperatures at the 
cutting zone and low surface qualities. Furthermore, tita-
nium alloys have low thermal conductivity with high ther-
mal capacity, which makes Titanium chemically reactive to 
all known cutting tool materials and prone to built-up-edge 
formation (BUE), smearing, chipping, or adhesive wear [39, 
40]. Studying and controlling these factors during UPM are 
important due to sophisticated usage of titanium alloys in 
medical and dental prostheses due to its high biocompat-
ibility [41].

Several studies reported that UPM induced different 
degree of microstructural changes and phase decomposition 
depending on workpiece material. To et al. [42] reported that 
Zn–Al milled surfaces accelerate microstructural changes 
with increasing the depth of cut. Wang et al. [43] found that 
UPM process causes cutting induced heating effect on work-
pieces and results time–temperature-dependent phase pre-
cipitation on the workpiece. The theoretical and experimen-
tal observation [25] indicated that the cutting temperature 
has an impact on elastic recovery and surface roughness of 
workpieces. The after impacts on workpieces are dependent 
on the hardness and strength properties of materials. Wang 
et al. [44] worked on raster milled Al6061, copper and on 
Albronze workpieces, where it has been found that Albronze 
has the higher effect on surface quality due to its hardness 
and fast elastic recovery, whereas, copper produced lowest 
surface roughness.

Another factor, which influence on surface quality in 
micro machining and ultraprecision manufacturing is burr 
formation due to the variation of chip thickness, tool sharp-
ness, tool feed mode or workpiece geometry [45]. Several 
experimental and theoretical analysis [43, 45–47] have 
shown that larger tool edge radius and ductile workpiece 
produces larger burr size, whereas, sharper tool, smaller 
tool edge angle, and bigger edge angle of workpiece pro-
duces smaller burr size. Peng et al. [48] studied critical duc-
tile–brittle transition depth of cut for fly cutting and have 
showed that small feed rates and large negative rake angles 
causes higher material removal area and produces smoother 
surfaces.

In the area of ultra precision and micro machining, steel 
alloys are used to manufacture forming dies for example 
for optical components [49]. In addition to these commonly 
used materials, there are also few other commercially avail-
able materials in the market like ceramics. Due to their 
individual properties, like high hardness, strength, ductil-
ity, toughness or low thermal conductivity, the machining 
of these materials can result into short tool life, poor surface 
quality, poor geometrical accuracy.
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Furthermore, polymers are used in ultra precision and 
micro machining for example to manufacture microfluidics 
as lab-on-a-chip platforms for life sciences or chemical ana-
lytic applications [50]. The direct milling of such structures 
on a desktop machine can reduce cost and manufacturing 
time compared to e.g. lithography [51]. Below the glass 
transition temperature, the cutting mechanism is mainly 
brittle. Around the glass transition temperature, the cutting 
mechanism is ductile. Too high temperature leads to smear-
ing whereby the cutting process is difficult to control [52].

Overall, in ultraprecision manufacturing and in microma-
chining, more theoretical analysis are required for compre-
hensive understanding about material swelling and recovery 
effect, as well as, to have deep understanding regarding the 
tool mark irregularity, surface cracking or about material 
separation.

3.5  Cooling and Lubrication

Cooling and lubrication systems are necessary to cool down 
the spindle and peripheral tools and to reduce friction. Use 
of proper lubricants ensures prolonged product life, reduced 
cutting temperatures, less formation of built up edges, and 
less tool wear.

Ultra precision and micro machining necessitates small 
depths of cut, which, compared to conventional machining 
processes, result into small cutting forces [48]. The accurate 
control of flow rate or removal of excessive lubricants after 
the machining process are challenging for precision manu-
facturing. Therefore, great attention is to be paid on selecting 
the proper lubrication or cutting fluids to remove chips and 
debris during the machining processes [37, 53].

Selecting suitable cutting fluids and proper consumption 
rates as well as the cutting fluids disposals are challenging 
for ultra precision and micro machining. Different studies 
have been reported in the literature to develop different cool-
ing techniques including cryogenic cooling, minimum quan-
tity lubrication, dry and near dry machining, high pressure 
cooling, air/vapor/gas cooling etc. [54, 55]. Among these 
dry cutting reduces negative impact on the environment and 
might increase sustainability from a social, economical, and 
environmental point of view. The downside of using dry 
cutting condition compromised surface quality. In order to 
balance between sustainability and surface quality, minimum 
quantity lubrication (MQL) is becoming more encouraged to 
use for UP manufacturing. The impact of different cooling 
process on cutting tools has shown by Weinert et al. [56]. 
Figure 5 shows cutting tool edge condition after end milling 
process using MQL and dry cutting condition respectively 
and there was clear mark of tool wear for dry cutting con-
dition. Other than MQL, dry/near dry cutting fluid condi-
tion, several other approaches have been made to make the 
process greener. Tai et al. [57] investigated on different oil 

based lubrication; Liu et al. [53] developed water vapor as a 
coolant and lubricant. Das et al. [58] reported nano-particles 
enhanced cutting fluids (NPCF), which consists of nano-
metric size  Al2O3, CuO ultra-fine particles for efficient con-
vective heat transfer from the cutting zone.

Another aspect of cutting fluids is the health risk. Some-
times cutting fluids favor the growth of microbes, skin 
contact may potentially cause skin disease, close proxim-
ity might cause respiratory problem to the operator due to 
vaporized nanoparticle inhalation from cutting fluids [52]. 
The optimum balance between better product quality, eco-
nomic use, disposal of cutting fluids, and reduced health 
impact on operators are desirable for choosing cutting fluids 
for UP manufacturing.

4  Approaches to Increase Energy Efficiency 
and Sustainability

The collection of the necessary data for a complete life cycle 
assessment is very challenging. Although the energy effi-
ciency is only a part of the whole life cycle assessment, the 
consideration of the energy efficiency can provide a good 
overview in those cases where energy has a significant 
influence on the environmental performance [59]. Aurich 
et al. [59] developed an approach for abrasive processes in 
which the manufactured products are classified into three 
categories:

Fig. 5  Micro-end milling experiments under MQL and Dry (work 
material: NiTi shape memory alloy, cutting speed:  vc = 33  m/min, 
depth of cut:  ap = 10 µm, width of cut:  ae = 40 µm, feed:  fz = 12 µm, 
cemented carbide with TiAlN coating, d = 400  µm; Reprinted from 
Dornfeld et al. [5] and Weinert et al. [56])
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• Low embodied energy, high energy usage (Class A)
• High embodied energy, low/no energy usage (Class B)
• Energy generating (Class C)

In this part of the paper, the classification of Aurich et al. 
[58] will be transferred to ultraprecision and micro machin-
ing processes.

Class A products are characterized by the fact that their 
energy demand in usage substantially exceeds the energy 
input of the manufacturing process (see Fig. 6). To improve 
the sustainability of class A products it is necessary to put 
more energy in the process design. An example for this prod-
uct class are tribologically loaded components. An increased 
energy input for such products could be to structure the 
functional surfaces of the product via micro machining. By 
means of the micro structure it is possible to reduce friction 
and wear in the tribological system and as a consequence 
the energy usage of the product for the whole LC. Examples 
for such products are tribological stressed parts [60, 61] as 
cylinders or bearings. 

Products classified in class B exhibit no or only slight 
energy demand during their use phase (see Fig. 7). That 
means that the generated surface has little or no impact on 
the life time of the product. Due to this the efficiency of 
Type B products is directly linked to the efficiency of the 
manufacturing process. An overall increase of the energy 
efficiency of the product can hence be achieved by improv-
ing the efficiency of the process, as for example by reduc-
ing the processing time or the tool costs. Typical class B 
products are consumer products as for example watches and 
biological products as implants or optical components as for 
example displays or lenses for cellular phones. 

Products of class C are characterized by the fact that they 
are involved in energy production during their life cycle (see 
Fig. 8). An improvement of the efficiency of such products 
results into a higher energy generation during their use. 
This higher efficiency can be achieved by a higher effort 
or energy input in the machining of such products and ulti-
mately can result in a positive energy balance, similar to 
Class A products. 

Examples for such products are engines or bio reactors. 
An optimized nozzle design of injection pumps of engines 
e.g. through micro holes could result into a more effi-
cient fuel injection. Microstructures for bio reactors could 
enhance cell culture production to improve the efficiency.

The three product classes help to decide if the energy 
expended in the process has to be reduced, is not worth to be 
reduced or should even be increased to extend the efficiency 
of the manufactured product. The energy expended in the 
process can be influenced by several aspects, as outlined in 
chapter 3 of this paper. That is, improvement in the sustain-
ability of machine tools, e.g. by the development of desktop 
size machine tools, of the process, e.g. by improved chip 
formation, of the tools, e.g. by changing tool geometries, by 
the workpiece, e.g. via heat treatments, or by the lubrica-
tion, e.g. by applying nanofluids, can help to increase energy 
efficiency during machining. To be able to decide which 
strategy increases sustainability, a complete life cycle inven-
tory of the respective product is advised.

In addition to the named energy aspects, economic 
aspects become more and more important for parts manu-
factured via ultra precision or micro machining. Traditional 
applications, particularly of ultra precision machining, are 
very expensive parts like e.g. telescope mirrors (Class B 
products). For such expensive products, the costs of the final 
finishing through ultra precision machining are not decisive. 
Or in other words, energy savings for such Class B products 
increase sustainability in terms of environmental aspects 
but only marginally in terms of economic aspects. How-
ever, the fast development in the area of personal devices in 
the last decade completely changed this traditional role of 
ultra precision processes being only a machining process for 
high-end products. The extremely high demand in numbers 
of lenses for cameras in smartphones, tablets and laptops 
at low prices demands for fast and efficient processes. So 
energy savings in such mass production Class B products 
also contribute to the economic aspects of sustainability.

Fig. 6  Low embodied energy, high energy usage —type A [59]

Fig. 7  High embodied energy, low/no energy usage—type B [59]

Fig. 8  Energy generation—type C [59]
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5  Conclusion and Outlook

Ultra precision and micro machining processes are key 
technologies to fulfill the rising demand for micro parts and 
components. This increase in importance necessitates a care-
ful consideration of the sustainability of those processes.

In this paper, sustainability aspects of the system “Ultra 
precision and micro machining” were discussed. The deci-
sive aspects were identified and elaborated in detail. Prod-
ucts machined by ultra precision and micro machining were 
categorized in three different classes. This helps to decide 
if the energy expended in the process has to be reduced, 
is not worth to be reduced or should even be extended to 
increase the efficiency of the manufactured product. The 
energy expended in turn can be influenced by changing one 
or more of the decisive aspects outlined in the paper.

The findings in this paper are a first step towards increas-
ing sustainability of ultra precision and micro machining 
processes. Future work has to closely consider each aspect of 
the whole system with regard to sustainability. This includes 
technological, e.g. the advantage of hybrid processes [62] 
as well as organizational aspects, embodied energy in ultra 
precision and micro machining process or the influence of 
the micro chips on the health of the workers.
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