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A B S T R A C T

Fluids play a major role for production machinery and serve for very different tasks as lubricating,
tempering, cleaning, transmitting force and energy. Due to maintenance requirements and the
environmental impact their utilization is under discussion and alternatives are looked for. In this paper an
overview of the latest research activities in the field of fluid elements in machine tools is presented. The
topic of the paper includes an overview of the fluids used in machine tools, the usage of fluidic elements,
supply and treatment units, and their influence on machine tools performance. A link to fluid media on
energy efficiency is given. Research challenges in order to increase the performance of machine tools are
discussed. The paper excludes metal working fluids, which have been treated in Brinksmeier et al. [33].

© 2017 Published by Elsevier Ltd on behalf of CIRP.
1. Introduction

Fluid elements are used in machine tools for many and very
different applications as lubricating, tempering, cleaning, trans-
mitting force and energy, sealing, and fire extinguishing with
vulnerable devices. In general fluids are supplied in circuits
through the machine tool, which can be subdivided in:
� p
h
0

neumatic circuits, often designed as open loop circuits,

� h
ydraulic circuits,

� lu
brication circuits,

� p
rocess fluid circuits,

� c
ooling or tempering circuits,

� c
leaning circuits, and

� fl
uidic circuits used for special applications.

Fluids in machine tools are enabler for the main process as for
example in hydraulic presses and electric dischargemachine tools.
Beside this fluidic media are required to perform many of the
auxiliary tasks on machine tools. The fluids used in machine tools
are aswidespread as the tasks they have to fulfill and thus different
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are their physical and chemical properties. Pure media are rarely
used. Usually the used fluids consist of onemain componentwhich
is mixed with additives to adjust the chemical and physical
properties, to increase the performance and or to become an
eligible fluid for fulfilling the task foreseen. In Fig. 1 an illustrative
example of fluidic systems in a metal cutting machine tool is
shown. Here four fluidic circuits are installed. Illustratively shown
is that each circuit is used for special tasks, having different
requirements to the fluid.

Inmetal formingmachine tools hydraulic circuits are often used
to perform force transmission as with pressurised fluids high
forces can be exerted in limited spaces. In Fig. 2 the hydraulic
circuit of a deep drawing press is illustrated.

Fluidic elements are further used to increase the performance
of machine tools and the process. Metal working fluids are not
considered in this paper as an overview is given in Ref.
[33]. Precision machine tools are equipped with aero- and
hydrostatic guideways due to their low friction and excellent
damping.

For layout of fluidic circuit, computational fluid dynamics (CFD)
is used frequently. Solving the Navier–Stokes equations in space
and time discretised models is still costly. Therefore, often just
single isolated fluidic machine elements are considered in
computations. Metamodels developed, both derived fromdetailed
computation models and from measurements, describing the



Fig. 1. Simplified representation of the relevant fluid power systems in a milling
centre [101,242].

[451_TD$DIFF]Fig. 2. Simplified hydraulic circuit diagram of a hydraulic deep drawing press with
tool, according to Ref. [71].
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behaviour of the fluidic machine elements in their interactionwith
the surroundingmachine tool structure. Fluid elements are further
discussed in specialized machine tool topics by:
� B
ryan [34]: International status of thermal error research,

� N
eugebauer et al. [181]: Mechatronic systems for machine tools,

� A
bele et al. [2]: Machine tool spindle units,

� A
ltintas et al. [8]: Machine tool feed drives,

� D
uflou et al. [65]: Towards energy and resource efficient
manufacturing: a processes and systems approach,
� M
ayr et al. [166]: Thermal issues in machine tools,

� B
rinksmeier et al. [33]: Metalworking fluids-mechanism and
performance,
� M
öhring et al. [172]: Materials in machine tool structures.

With the upcoming discussions on energy efficiency ofmachine
tools in the early 21st century, the lossy fluid elements of machine
tools became regarded as critical. Therefore researchers think
about replacing fluid elements in machine tools increasingly by
more energy efficient elements.

Especially the influence of the environment is crucial. On one
hand the environment itself, e.g. temperature fluctuations, dust,
mist etc., influences the performance of fluid elements onmachine
tools and on the other hand the environment is influenced byfluids
from themachine tool, e.g. by leakage, by oil mist, by aerosols used
for cooling and lubricating means.

In Section 2 of this paper fluids used on machine tools are
discussed. Their chemical and physical properties are presented.
Section 3 gives an overview of the applications and function of
fluids. The supply of fluidic media and their treatment is discussed
in Section 4. In Section 5 the influence of fluids on machine tools is
investigated. The research activities in the field of energy efficiency
and thermal behaviour of machine tools are presented in Section
6.With a conclusion and outlook of open issues and future research
activities the paper closes.

2. Types of fluidic media for machine tools

The different types of fluidic media used in machine tools
depend on their applications and functions. Also non supported
fluids, like the environmental air, are influencing the performance
ofmachine tools. The base fluids are usually treated before usage in
machine tools, e.g. compressed air is dried and filtered or oil is
added for lubrication means. The media in machine tool
applications can be gaseous or liquids, which is not a unique
classification as some fluids change their state of aggregation
during usage, e.g. liquids in heat pipes.

2.1. Base fluids

Base fluids in machine tools are mineral oils, synthetic oils,
esters, biodegradable oils, andwater. Leaks in the hydraulic system
cause intermixture of the hydraulic oil with the cutting fluid. It is
therefore important that the different media used in the machine
tool are compatible. The hydraulic oil and the cutting fluid have to
be compatible to avoid a short term replacement of the metal
working fluid due to contamination or even vice versa. In Ref. [156]
it is reported that due to leakage up to four times a year the volume
of the hydraulic oil enters the cutting fluid circuit.

The hydraulic oil circuit in some machine tool applications is
further used for lubrication means e.g. for the guideways. The
measures in reducing the amount of media in machine tool, to
reduce the circuit auxiliary units like filters and pumps, is often
limited by extreme requirements on the fluid. In milling machines
horizontal guideways are often lubricated with G 68 and HG 68
[125] slideway oils. For inclined and vertical axes guideways G
220 and HG 220 slideway oils are commonly used. In roller guide
ways also grease is often used for lubrication. Common used grease
inmachine tool applications are of K2K class [156] in accordance to
Ref. [54]. To guideway lubrication oils often anti-sticking additives,
such as extreme pressure (EP) additives, and anti-wear additives
(AW) are added.

The largest volumetric amount of fluids used in machine tool
applications, apart from metalworking fluids, are hydraulic fluids,
followed by guideway oils and gear oils. An investigation on
hydraulic systems of machine tools in 1995 [156] in Germany
showed that the working pressure range of 80% of all machines is
between 50 and 100 bar. The relatively low pressure in hydraulic
systems of metal cutting machine tools is installed to avoid chatter
marks occurred by circuit vibration caused by the compressibility of
the fluid at higher pressure. The hydraulic system of 13% of the
investigated machine tools work in the range between 100 and
150 barandjust7%work inhigherpressure ranges. The investigation
further shows that two types of hydraulic oils with viscosity grades
of ISO VG 32 and 46 in accordance to Ref. [57] are dominant:
� H
M, in accordance to EN ISO 6743-4 [56], which are oils with
additive to increase the corrosion protection, reducing aging and
avoid seizing in mixed operation. These oils are still often
described as HLP in accordance to Ref. [55]. H indicates
hydrostatic hydraulic systems, L stands for lubricants, industrial
oils and related products and P specifies modification with
extreme pressure additives.
� H
LPD, which are oils with additives increasing the corrosion
protection, reducing aging and deterging features. HLPD is a non-
standardized common term. Compared to HLP fluids HLPD are
oils with detergent/dispersant (DD) additives.

Hydraulic oils for machine tools are detergent and disperse oils
absorbing small amounts of waste and water and are not



[452_TD$DIFF]Fig. 3. Data evaluation of Rancimat testing, conductivity after 24 h at 200 �C
[BlaserSwisslube].

K. Wegener et al. / CIRP Annals - Manufacturing Technology 66 (2017) 611–634 613
demulsifying [71]. The cleanliness of hydraulic fluids used in
machine tools should be between 15/11 and 17/13 [156] according
to ISO 4406:1999 [123]. Here the first scale number indicates the
range of particles equal to or larger than 4mm/ml fluid. The second
scale number indicates the range of particles equal to or larger than
6 mm/ml fluid. A third scale number can be attached indicating the
range of particles equal to or larger than 14mm/ml fluid. As the
individual environmental conditions, such as dust, temperature,
moisture and so on, in shop floors influence the hydraulic oil, the
hydraulic fluids should be chosen by the individual environmental
condition of the customer [62]. This requires that machine tool
manufacturers have to take into account the conditions at the
customers shop floor when choosing the fluids for the hydraulic
circuits. Some hydraulic fluids are irritating skin and/or eyes
[198]. But there is still less information given how hydraulic fluids
affect the health of the users. There are some legal restrictions to
some additives and type of oils. Nevertheless machine tool
manufacturers, customers as well as the users themselves should
take into account that leakage oil can be toxic and protection
equipment should be available on-site. The future type of hydraulic
oils should be non-toxic, biodegradable and environmentally
friendly [233].

Spindle bearings are oil injection, oil bath and oil mist
lubricated. Usually low viscosity oils of ISO VG5-22 are used
[156]. The spindle oils of class FD and FC in accordance to Ref. [126]
are often added with EP, AW and anti-oxidation additives. As the
spindle lubrication for high speed spindles is often of total loss, the
used oils must be compatible to the used cutting fluid on the
machine tool. For lower rotational speeds also permanently
lubricated bearings, containing grease, are used.

Oil is suitable for many applications in machine tools. There are
some limitationswhich require an exchange of the oil fluid to other
fluids. For the hydraulic drive of small andmedium sized extrusion
presses usually oil is used, while large extrusion presses due to the
high amount of fluid needed are often driven by oil/watermixtures
[229]. For high temperature applications hydrolubes, water–glycol
hydraulic fluids, are suitable as these fluids are fire resistant
[228]. Lowviscosity lubricants, e.g. water and refrigerants, are used
in machine tools for hydrodynamic lubrication of high speed
spindles and sliding bearings [2,235].

Water has higher heat capacity and thermal conductivity
compared to the most oil based heat transfer fluids. Water in
machine tools is in almost all applications used in closed circuits.
Water is often used as water–glycol mixture, having a better anti-
corrosion ability enlarging time intervals between maintenance.
The main and traditional application of water in machine tools is
tempering of machine tool components. Due to its heat transfer
capabilities, water cooling reduces the thermal error of machine
tool components, compared to cooling with oil, light oil or cutting
oil [251]. Water is further suggested as fluid for hydrostatic
bearings in machine tools as it is not polluting the environment
[91]. Also for applications in the semiconductor industry water is a
suitable bearing fluid [179]. Oils are usually banned or not allowed
to be used in such applications.

Estimated is that due to total loss applications, volatility,
leakage or mischance, approximately 50% of all lubricants sold
worldwide end up in the environment [205]. Almost all lubricants
used today in machine tool applications are still mineral oil based,
having a low biodegradability. Biodegradable lubricants made of
natural and synthetic esters are biodegradable [240]. Such
lubricants are more and more used in applications for machine
tools. Hydraulic fluids which are biodegradable are also considered
in standards as DIN EN ISO 6743-4:2015 [56]. The market share of
biodegradable lubricants from renewable sources is growing, for
hydraulic fluids the estimated growing per annum is about 25%–
75% [205]. In 2006 themarket share of these lubricants in Germany
was 15%, while in France and the UK in the same year the market
sharewas below0.5%. Some biodegradable oils such as rubber seed
oil, which is well available [133], are non-edible oils and can be
used in machine tools. Further advantages of biodegradable plant
based fluids compared to mineral oil based fluids are according to
[205]:
� G
ood tribological properties due to surface wettability, esters
stick well to metallic surfaces,
� L
ow friction coefficients,

� L
ow evaporation, up to 20% less than mineral oils,

� H
igher viscosity index,

� H
igh flashpoint,

� L
ow water pollution classification.

Detrimental properties are [205]:
� L
ess thermal stability,

� M
ore sensitive to hydrolysis,

� M
ore sensitive to oxidative attack.

For hydraulic systems, major factors for deterioration of
mechanical properties are heat, friction, aging behavior and
contamination of the hydraulic oil [233]. Additives are often not
biodegradable and toxic and thus detrimental for these fluids.
Usually the amount of additives in biodegradable hydraulic oils is
up to 2%, but can reach 30% for some transmission oils [205].

Ester oils tend to polymerisation and hydrolysis, what limits
their lifetime and therefore the range of application in machine
tools. Both effects are known as aging of ester oils. Aging by
hydrolysis is the inclusion of H2O, leading to decomposition of the
ester oil in alcohol and a second by-product. The decomposition of
oils and ester oils in alcoholic compounds causes olfactory
pollution to the working environment and hydrolysis is increased.
Carbodiimides are reducing the hydrolysis of ester bonds by
binding the water and producing fatty acids [205].

Polymerization of ester oils is enforced by ultraviolet light and
oxygen. Ester oils consist of saturated and unsaturated ester oils. In
general the majority in ester oils are unsaturated compounds.
Whereas in synthetic ester oils the majority are saturated
compounds. The iodine value, a number giving the amount of
unsaturated fatty acids, is used to evaluate the composition of ester
oils. The higher it is, the higher the amounts of unsaturated ester
oils, and the higher the tendency to polymerisation.

The Rancimat testing is a method for accelerated aging of oils
measuring the tendency to polymerization. Different ester oils can
easily be compared. At evaluation temperature air is passed
through the reaction cell. In this process oxidation of the fatty acids
of the oil is accelerated. The reaction products formed are
transported by the air stream into the measuring chamber, which
is filled with deionized water. The electrical conductivity of the
solution in themeasuring cell is increased by the absorbed reaction
products. In Fig. 3 a typical measuring curve of a Rancimat
oxidation test over a 24 h measurement is shown. The measuring
curve illustrates the lifetime of typical ester oils. The conductivity
slightly increases more or less linear until secondary reaction
products are detected. This measuring time is called induction
period or induction time. If secondary reaction products are
detected the decomposition of the ester oil started.

Machine tool manufacturers and users can reduce the
polymerization of ester oils by the composition of the base ester
oil. Diversified are synthetic and natural oils as well as unsaturated
and saturated oils. By adding anti-oxidation additives, the life time
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of ester oils can be increased. These additives are consumed over
time and have to be refilled.

2.2. Additives for oil based machine tool fluids

Commonly used additives are antioxidants, demulsifiers, AW
additives, HP additives and additives for pour point depression.
Adding anti-corrosion additives to metalworking fluids avoid
corrosion, as long as the concentration of additives is high enough
[188]. Often used additives are given in Table 1.
[498_TD$DIFF]Table 1
Commonly used additives and their water pollution class [205].

[499_TD$DIFF]Additive Compound Water pollution
classa

Antioxidants Butylhydroxytoluol and
other phenols

1

Alkylsubstituted
diphenylamines

1

Deactivators for Cu, Zn etc. Benzotriazoles 2

Corrosion inhibitors Ester sulfonates 1
Succinic acid esters 1

Anti-wear additives Zn dithiophosphate 2–3

Pour point depressants Malan styrene copolymers NI
Polymethacrylates NI

Hydrolysis protection Carbodiimides NI
a 0: no danger; 1: little danger; 2: danger; 3: strongly endangering; NI: not

identified.

[453_TD$DIFF]Fig. 4. Model based Phase Change Material (PCM, paraffin) concentration
optimisation and hysteresis between melting and sub-cooling temperatures of
PCM [265,266].
2.3. Gases

The common used gas in machine tool applications is
compressed air for bearing, pneumatics, and sealing applications.
In former days halon systems have often been used for fire
extinguishing in manufacturing machines. These systems can still
be found in machine tool applications especially in older machine
tools. Because chlorofluorocarbon (CFC) damage the ozonosphere,
halon fire extinguishing is prohibited in almost all industrialized
countries.Today’sextinguishingsystems inmachinetoolsworkwith
the principle of suffocation. Inert gases such as argon, nitrogen or
carbon dioxide are used. Especially carbon dioxide for the usage in
machine tools is critical as some light metals also burn in carbon
dioxide environment. It is further reported that nitrogen can react
with burning metals [170]. A newer development is an aerosol
containing potassium compounds. The aerosol chemical interferes
with the free radicals of the flame, extinguishing the fire [137].

2.4. Special media for machine tools

In general, heat transfer mechanisms acting also in machine
tools are radiation, conduction and convection [34,166]. At the end
of the heat transfer chain the machine tool components react with
some fluid, mostly the environmental air. Controlled tempering of
machine tool elements is realised in closed and open circuits. In ISO
6743-12:1989 [124], oil based and synthetic heat transfer fluids for
machine tool applications are classified. Often tempered cutting
fluids are used to control the temperature of machine tool
elements e.g. by flushing the bed, requiring a higher demand on
cutting fluid supplied to the machine tool.

Working fluids in heat pipes mentioned in literature are: water,
distilled water [258], alcohol, liquid nitrogen, liquid helium, alkali
metals [132], graphene water nanofluid [225] and 1-chloro-1,1-
difluoroethane (R-142b), C2H3ClF2 used for a pulsating heat pipe
[190]. Heat pipes are used for heat exchange in a wide range of
operating temperatures, from low (100 K) to very high (2700 K).

Suspensions of nanoparticles in a base fluid are called
nanofluids. The thermal conductivity of water can be increased
by adding nanoparticles such as SiC, TiO2, or Al2O3. According to
Ref. [115] the thermal conductivity is enhanced by 12.44% when
adding 4% vol. SiC nanoparticles or 9.99% TiO2 nanoparticles. The
heat transfer coefficient is enhanced,when adding nanoparticles in
purewater.When using nanofluids for cooling electronic devices, it
has been investigated, that the required pumping power is higher,
when using TiO2-water instead of SiC-water, both with the same
volume amount of particles and the fluid speed [115]. It can be
traced back to the higher pressure drop down when using TiO2-
water. As the heat capacity of the SiC-water, with the same volume
amount of nanoparticles, is higher it is an illustrative example that
also by choosing a suitable fluid the efficiency of machine tools
cooling system can be further enhanced. Electrorheological fluids
(ERF) are colloidal suspension, whose apparent viscosity is variable
in response to the strength of an electric field. In Ref. [10] the
application of ERF and in Refs. [87,88] the application of magneto-
rheological fluids (MRF) for film dampers in machine tools is
proposed.

Common coolants react sensitive on heat input, i.e. the fluid
temperature raises proportionally to the heat input. This is a
challenge for applications with homogeneous temperature
requirements. New approaches aim to exploit the latent heat
capacity of phase change dispersions (PCD). PCDs consist of
droplets of a phase change material (PCM) dispersed in an outer
phase, e.g. water. The PCM is designed to have a phase change at
the desired temperature. Hence, the thermal energy absorbed by
the fluid leads to a phase change instead of a temperature raise. As
discussed in Ref. [72], the challenge to be addressed is to enable the
required melting temperature, sub-cooling temperature and PCD
stability. The hysteresis between melting temperature and sub-
cooling temperature is visualized in Fig. 4. Due to the chemical
properties and different sizes of the polymer-chains of the used
PCMs, the phase change takes place at a temperature region. If the
phase change is reversed, i.e. the PCD is cooled down, the freezing
of the PCM droplets requires a lower temperature than for the
melting. This process is called sub-cooling and can be reduced by
the addition of crystal nuclei.
The technical implementation for a PCD based cooling requires
additional devices for redispersion and thermal reconditioning
[246]. The redispersion aims for a homogenization of the PCM
droplet size, which is related to the stability of the PCD. The
thermal conditioning is challenged by the required sub-cooling,
which requires a series of heat exchanger and cooling and heating
elements as the sub-cooling temperature is below the melting
temperature of the fluid. Adding of PCM droplets has also a
significant influence to theviscosityof the resultingPCD, resulting in
significantly increasedpressure loss and reducedheat transfer in the
cooling channel. The latter will increase the temperature difference
between the fluid and the cooled structure; the first will reduce the
throughput. Hence, model based optimization procedure, as
presented in Refs. [265,266], are required to optimize the cooling
channel geometry, as well as the PCM concentration in the PCD.

2.5. Standards for fluidic media for machine tools

Liquids and gases are used to transmit forces and power in
machine tool application. Liquid fluids for these applications are
mineral and synthetic oils, esters and water. EN ISO 6743-4 [56] in
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combination with ISO 11158 [120], ISO 15380 [122] and ISO 12922
[121] classifies applications of liquids in hydraulic systems. In Refs.
[56,121] it is mentioned that besides pure liquids often mixtures
are used to fulfil certain requirements, e.g. concerning inflamma-
bility. Especially, in warm environmental conditions, e.g. hot
forming, hydraulicmedia are exposed to danger of ignition. Even in
closed hydraulic circuits it is necessary to use classified according
to Ref. [56].

3. Application and functions of fluid elements

The applications of fluid elements in machine tools can be
subdivided by the tasks fulfilled. Fluid elements are used for
� t
[454_TD$DIFF]Fi
sp
empering of machine tool components,

� b
earing of rotatory and translatory axes and spindles,

� fo
rce and power transmission,

� lu
brication of machine tool elements,

� s
hock absorbing fluid elements, and

� h
ydroforming.

3.1. Tempering of machine tool components

Fluid elements are frequently used in machine tool design for
tempering components as thermal influences induce geometric
errors and deteriorate the accuracy ofmachine tools [34,166]. Cool-
ing of machine tool components is necessary if they are thermally
loaded by heat losses to prevent thermal damages. Cooling devices
in machine tools are designed as heat exchangers, where any fluid
transports the heat to usually a chiller unit or in case of air cooling
to the environmental air around the machine tool or inside the
machine tool’s enclosure. Especially small spindles for micro
milling machine tools often use air cooling instead of liquid
cooling, even if the heat capacity of air is lower compared to liquids
with cooling channels of the same size [44]. If high power densities
in electric machines shall be realised water cooling instead of air
cooling becomes necessary aswater cooling ismore effective [138].

Spindles are one of the largest thermal error sources ofmachine
tools, as spindles usually react thermally faster than the large
structural machine components. The thermal behaviour of
machine tool spindles can be largely influenced by convective
heat transfer to the spindle cooling system and the ambient air.
Therefore many investigations on machine tool spindle cooling
system improvements can be found in literature [63]. Both the heat
transfer to the spindle cooling system and the ambient air can be
optimized to increase the precision of the machine tool, by
reducing thermal errors of the main spindle. In Fig. 5 typical
geometries of cooling channels used for cooling the stator of main
spindle in machine tools are shown.When computing the spindles
thermal errors fluidic computations have to be coupled with
thermo-mechanical computations. A common way to reduce the
computation cost is implementing fluidic influences as boundary
conditions to thermo-mechanical computations. In Ref. [41] helical
water cooling channels for a built-inmotorized high-speed spindle
are numerically investigated and compared to experimental
results. By regression analysis the correlation between the Nusselt
number (Nu) and the Reynolds number (Re) is obtained for this
g. 5. Examples of flow geometries within the stator cooling sleeve of main
indles [241].
case. The Nusselt number becomes:

Nu ¼ 4:63�Re0:184; for 5�104 < Re < 1:5�105 ð1Þ

InRef. [83]a lumped-parameterthermalnetworkmodel isusedto
improve the cooling device of electric machines. The results are
compared to detailed Finite Element Method (FEM) computations
and experimental results and an excellent fit could be achieved. By
optimisation methods using this model a reduction of about 40% of
themaximumhot-spot temperaturehasbeenachieved.Theexample
shows that evenwith simplifiedmodelswith lowcomputational cost
cooled machine tool components such as motor spindles can be
improved. A fractal tree-like channel network formotorised spindles
is investigated numerically in Ref. [249]. Compared to helical cooling
channels of spindles the fracal tree-like channel network has several
advantages. The temperature field becomes more uniform, the
pressuredropis lowerandthecoefficientofperformance (COP)being
the total heat transfer rate of the fluid flow divided by the required
pumping power, becomes larger than two [249]. Such design
measures and optimisation procedures should also be used for
increasing the energy efficiency of cooling devices.

In Refs. [265,266], a model assisted design optimisation for
machine tool spindle cooling systems is presented. The approach
consists of four steps. First the heat sources, such as electric drive,
bearings, or the air gap, are identified and their losses are
computed based on parametric macro models. From the computa-
tions the cooling demand and the boundary conditions are derived.
In the second step efficient evaluation of the designed cooling
concepts and duct routing is performed byempirical models. In the
third step the design is evaluated and iteratively optimised using
computational fluid dynamics (CFD). In the fourth step the
computations are validated using the physical prototype. In
Fig. 6 the procedure is illustrated and an example of an optimised
cooling system is shown.

The cooling fluid circuit design largely affect the accuracy of
machine tools. In Fig. 7 left the positioning error of a cooled linear
axis is shown [112]. The positioning error is affected by “over
cooling” the linear axes, as the machine tool uses one cooling
circuit for all tempered components and the feed system is the first
in view of the flow. In Ref. [112] a model developed by computing
the amount of heat generated in the feed drive system using
thermal transfer functions is presented. The model is used for
adaptive control of the cooling circuit. The significant reduction of
thermal positioning errors induced by the feed drive is illustrated
in Fig. 7. Decreasing the electric energy consumption of the cooling
system is observed as an important by-product of adaptive control
of the fluid cooling system.
[455_TD$DIFF]Fig. 6. Model assisted design and optimization of a spindle cooling system
[265,266].



[456_TD$DIFF]Fig. 7. Positioning error of a cooled linear axis, left: with one cooling circuit the
system is “over-cooled”, right: positioning error reduction with adaptive control of
the cooling circuit [112]. [459_TD$DIFF]Fig. 10. Temperature increase of ball screw shaft at 200 mm nut stroke [171].

[460_TD$DIFF]Fig. 11. Thermal position and orientation errors measured on compensated machine
tool; top:uncompensated thermal errors; bottom: compensated thermalerrors [163].

K. Wegener et al. / CIRP Annals - Manufacturing Technology 66 (2017) 611–634616
The positioning errors due to thermal expansion of linear feed
drives are usually compensated using linear measurement
systems. The heat generated by the feed drive system migrates
into surrounding structure which causes thermal deformation of
othermachine tool components. Application of preloaded bearings
potentially causes thermal variations [111]. A fluid cooling of a
thread shaft is a common solution to prevent negative thermal
effects of ball screws nowadays. In Ref. [111], a model predicting
the thermo-mechanical state of a cooled ball screw feed drive
system, taking into account transient heat sources in bearings, is
presented. The heat sources in the bearings are non-stationary as
the coupling between the generated friction heat and the screw
shaft axial force changes by thermal deformation. A closed loop
FEM model of a cooled ball screw drive, shown in Fig. 8, is used
together with experiments on a prototypemachine tool in order to
avoid failure of the ball screw system due to implied thermal
stresses.

The programmed loop consisting of thermal analysis followed
by structural analysis is illustrated in Fig. 8. The heat losses in the
bearings are updated in accordance to the current thermo-
mechanical state. In Fig. 9 a comparison between measured and
computed temperatures along the ball screw at different times
using the machine tool axis are shown.

Instead of cooling the shaft of ball screws, tempering the nut
leads to comparable results in reducing the temperature rise and
the resulting thermal errors. A ball screw nut cooling system is
analysed numerically in [164,165]. The model shows that 97% of
the heat generated by the ball screw can be conducted through the
nut into the coolant. In Ref. [171] different cooling concepts of ball
screws are analysed. It is shown that nut cooling achieves a higher
cooling capability than shaft cooling, Fig. 10 [171].

A developed phenomenological grey-box model is used for
thermal error compensation of 5-axis machine by [86]. The model
is capable to compensate thermal errors induced by rotatory axis
using the axis power or the axis speed, both read out of the
machine tool control, as input parameters, for computing the
[457_TD$DIFF]Fig. 8. Scheme of the simulation loop consisting of thermal analysis followed by
structural analysis [111].

[458_TD$DIFF]Fig. 9. FEM model verification – temperatures along the screw shaft; full lines:
computation; dots: measurements [111].
arising thermal errors. In [85] it is shown that the cooling power of
the investigated machine tool is related to the axes power
consumption. The phenomenological grey-box model is used in
this machine to compensate the thermal errors of the rotatory and
swivelling axis by using the cooling power as heat input, Fig. 11
[163,167]. It is shown that more than 90% of the arising thermal
errors can be compensated with the cooling power information.
The model is extended also to compensate the environmental
temperature change influences [168] and cutting fluid influences
by temperature measurement information [162].

Heat pipes are investigated concerning their usage for cooling
machine tool spindles. They have a special channel design
accompanied to a suitable fluid and are designed to increase the
heat transfer between two ends of the heat pipe. These fluid
elements have a four step working cycle. In the first step the liquid
fluid used in the heat pipe is evaporated in the heat pipes
evaporation zone by local heat sources. In the second step the
evaporated fluid flows to the condensation zone of the heat pipe.
The vapour flow is often through the core of the heat pipe. In the
third step the evaporated fluid condensates by cooling the
condensation zone of the heat pipe. The fourth step is the liquid
fluid flow to the evaporation zone. The liquid flow is often in
channels at the housing of the heat pipe, like a double pipe. In Ref.
[132] the use of heat pipes for cooling machine tool spindle
bearings are investigated. The heat pipe is arranged in the main
spindle shaft of a milling machine, transporting the heat arising in
the spindle bearings to the condensation zone. In the condensation
zone, the heat pipe is cooled by the surrounding air and by awater/
ice mixture. The experimental results show that almost no
difference in heat transfer from the milling head can be observed
when using the surrounding air for cooling the heat pipe in the
condensation zone, compared to no heat pipe in usage.When using
the water/ice mixture for cooling the heat pipe in the evaporation
zone, the effects become significant. In Ref. [258] a heat pipe is
used repeating the four steps several times during one flow cycle,
called pulsating heat pipe as the fluid is changing its state of
aggregation several times in one flowcycle. The pulsating heat pipe
is more effective in transferring heat compared to conventional
heat pipes. The pulsating heat pipe design is used to build a



[461_TD$DIFF]Fig. 12. Schematic of the open loop pulsating heat pipe [258].
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self-cooling tool for a dry cutting process. In Fig.12 a pulsating heat
pipe is shown schematically.

Tempering fluidic material in machine tools to desired values is
crucial for the thermal performance of machine tools. A neural
network is used to control the temperature changes of oil circuits
arising due to external load. The systems compressor driven by a
frequency converter controlled electric motor is controlled by the
model and experimentally evaluated [150]. In Ref. [196] the
temperature inside an air reservoir of a pneumatic system is
shown. The temperature changes between 30 �C t over 100 �C due
to expansion and compression of the air, supplied to the machine
tool, and the heat exchange with the environment.

Fluidic friction influences the fluid temperature in machine
tools. The temperature rise in fluidic bearings is computed by:

DT ¼ Pp þ Pf

c�r� _V ð2Þ

where Pp ¼ p� _V is the fluidic power, p is the pressure and V is the
volume flow of the fluid, c is the specific heat of the fluid and r is
the density of the fluid. Pf is the mechanical power loss due to
frictional force and depend on the duct geometry. For a gap like in
hydrostatic bearings it can be computed by:

Pf ¼
2�m�u2

e �A ð3Þ

with the dynamic viscosity of the fluid m, the velocity of the
fluid u in the gap of height e, and the gap area A. In Ref. [39] the heat
transfer between hydrostatic bearings and the adjacent machine
tools spindle components of a machine tool for precision
applications is computed with the assumptions:
� T
he depth of the pocket is much larger than the gap height. The
fluidic velocity and gradients in the pocket are small, why the
temperature distribution of the fluid within the pocket area is
assumed to be homogeneous. The wall temperature of the
bearing partners can therefore be seen to be equal to the bulk
temperature of the fluid.
� In
[464_TD$DIFF]Fig. 15. Computed static and dynamic properties of the reference guideway and the
proposed guideway design [210].

[462_TD$DIFF]Fig. 13. Geometric shape and pressure distribution of the referenced guideway for a
rotatory axis [210].

[463_TD$DIFF]Fig.14.Geometric shape and pressure distribution of the proposed guidewaydesign
for a rotatory axis [210].
the gap area the film height is low and therefore the
temperature gradient in the fluid is assumed to be negligibly
small. Consequently, in the gap area, conductive heat transfer is
assumed and the wall temperature is assumed to be equal to the
fluid temperature.

Both assumptions lead to the result, that the convective
conditions in the bearings are not considered when computing
the thermal error of the whole machine tool or main components
like spindles.

3.2. Bearing of rotatory and translatory axes and spindles

For precision machine tools hydrostatic and aerostatic bearings
are often used. Spindles with aerostatic bearings have, compared
to spindles with hydrostatic bearings, the advantage that their
thermal deformation is usually lower due to the cooling effect of
the expanding fluid, while spindles with hydrostatic bearings
usually have a higher stiffness. Nevertheless, for high precision
applications, aerostatic bearing gaps for spindles with high
rotational speeds can be reduced in a way that the stiffness
becomes comparable to hydrostatic ones. Aerostatic bearings are
usually used in small and medium loaded precision machine tools
with highest rotational speeds, while hydrostatic bearings are used
in highly loaded precision machine tools [148].

With higher requirements to machine tools’ precision and/or
stiffness, the gap height of the fluidic bearings has to be reduced.
With reduced gap height the guideway surfaces for hydrostatic and
aerostatic bearings have to be manufactured precise enough and
such that they are parallel under fluid pressure. The waviness and
roughness of the guideway surfaces have further be reduced such
that the fluid fill can compensate motion errors.

Hydrostatic bearings are often used in machine tools due to
their capability for precision motion combined with high stiffness
and good damping behaviour. The relatively thick oil film of
hydrostatic bearings enables low motion errors and a high load
capacity [210,239]. In Ref. [218], it is reported that the environ-
mental conditions, such as the temperature, moisture, dust and
dirt, affect the hydrostatic bearing performance and also influence
their design and dimensions.

In Ref. [210] the pressure distribution in a hydrostatic bearing of
a rotatory guideway for a machine tool is optimised using a Finite
Differences approach. The pressure distribution in the chambers of
the rotatory bearing are computed as well as the bearing stiffness,
the guideway load capacity, and the damping coefficient. The
computations are compared to test stand measurements, showing
good correlation [210]. The original design of the hydrostatic
bearing consists of ten chambers, with synchronous flow dividers.
Its computed pressure distribution is shown in Fig. 13. The static
and dynamic performance of the guideway is improved by
modifying the chamber design. An optimum was found by a two
chamber set with optimised pocket and land design and nozzle
arrangements, shown in Fig. 14. In Fig. 15 the computed static and
dynamic properties of the guideway are shown. The stiffness of the
optimised design is much higher than of the reference guideway
and the film thickness variation is lower, when applying additional
external force to the hydrostatic guideway.

A proper choice and design of fluid flow regulation systems is
the base for a successful application. The constant flow regulation
is usually realised by a bypass controlled valve, excels with the
highest load carrying capacity, reasonable stiffness and lowest
overall energy consumption for the same hydraulic supply unit and



[466_TD$DIFF]Fig. 17. Water-lubricated hydrostatic conical bearing with spiral grooves for
increased stiffness [256].
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hydrostatic pockets geometry compared to constant resistance
regulator or regulator based on membrane valve, e.g. progressive
flow regulation (PM). A disadvantage of the constant flow
regulation is the sensitivity of the throttling gap height and thus
the bypass pressure to the fluid viscosity and thus temperature.

The constant resistance regulation using capillary tubes is able to
carry load up a gap height of zero, what is suitable for overload
control. Hydrostatic pocket stiffness can be improved by increasing
the capillary resistance and the supplied fluid pressure. PM
controlled bearings have a high stiffness, good load carrying
capacity and low energy demand. However, with increasing
hydrostatic gap heights, the advantage of high stiffness is gradually
reduced. Below a certain gap height hydrostatics with PM control
loses its load carrying capacity. Theworking range of the hydrostatic
pocket with PM regulator is limited by the supply pressure.

The constant flow control is suitable for large and less precise
machine toolswithhydrostaticsusinggapswherehigh loadcarrying
capacity is anticipated.On the contrary, thePMcontrol is suitable for
more precise machines with smaller gaps, where higher stiffness is
expected. Theconstant resistance regulation is aneconomic solution
allowing on-machine modifications of the system hydraulic
resistance [219]. Modern hydrostatic guideways are controlled by
electronic proportional flow valves, which are able to compensate
load dependencies. In Refs. [158,159] an iterative approach to design
hydrostatic guideways, shown in Fig. 16 and taking into account an
interaction of the hydrostatic pockets with the compliant machine
tool structure is proposed. The method is based on coupling the
machine tool FEMmodelwith adetailednonlinear representationof
the hydrostatic pocket characteristics, thus allowing to predict the
machine tool structural deformation caused by the pressure
distribution on the hydrostatic guideways. The approach uses an
automated generation of load combinations, multi-objective
optimization for determining design parameters and a FEM model
for predicting structural deflections of the machine frame. The
proposed approach aims at finding suitable dimensions, locations
and number of hydrostatic pockets and a flow regulator design in
order to maintain working gap height at any condition (Fig. 16).
Critical tilting of hydrostatic pockets and the guiding surface is
checked during the optimization procedure as well.

In Refs. [220,221], a detailed model of oil flow over the land of a
hydrostatic pocket using extended Navier–Stokes equation is
presented. The model captures the effect of tilting on the load
capacity characteristics of hydrostatic guideways. The model
allows an evaluation of the tilt impact, what is caused by a
parallelism error of the guiding surfaces, on the load carrying
capacity and the determination of the hydrostatic pocket tilt limit
values in interaction with the compliant machine tool structure.

Usually, oil is used as medium for hydrostatic bearings.
However, the use of oil for lubrication results in a temperature
rise in high speed operation due to its high viscosity. Water
lubricated hydrostatic bearings reduce the effect. In Ref. [91] a
water-lubricated hydrostatic thrust bearing is presented for
precision machine tool applications. With membrane throttle, a
[465_TD$DIFF]Fig. 16. Iterative approach to hydrostatic guideways design taking into account the
interaction of the HS pockets with the compliant machine tool structure [158,159].
high static stiffness of the water-lubricated bearing can be
achieved. It is recognised that with the water-lubricated bearing
the orifice effect, what reduces the flow rate at the inlet when
water is used as lubricant, affects the static characteristic strongly.
Slocum et al. [215] developed a hydrostatic bearing for precision
linear axis for machines using water based cutting fluids or pure
water as hydrostatic fluid. In Ref. [256] a water-lubricated
hydrostatic conical bearing is proposed. Spiral grooves, as shown
in Fig. 17, are integrated to increase the stability in high-speed
rotation by conveying fluid into the centre. Water lubricated
hydrostatic bearings can reach high stiffness. In Ref. [180] a design
of a water lubricated hydrostatic spindle is proposed. The stiffness
of the developed thrust bearing reached 1 kN/mm. In Ref. [43] a
sintered porous ceramic material is applied to water lubricated
hydrostatic bearings in order to improve the guiding accuracy.

The oil film slip at the gap walls has to be considered when
evaluating hydrostatic bearings inmicro scale level [40]. Traditional
boundarymodels forfluidicflowassume that thefluidvelocityat the
wall is zero. In contrast, the slip model assumes as shown in Fig. 18
that there is a relative velocity vS of the fluidic flow at the walls. In
Fig. 18 the length b is called the slip height, being the distance
between the actual surface, with fluid velocity at the wall, and the
assumedmodel surfacewith nofluid velocity at thewall. In Ref. [40]
it is shown, that a modified Navier–Stokes equation can be used to
model the oil film slip effects by setting the boundary conditions at
the wall to v = vS. The investigated hydrostatic bearing in a machine
tool spindle shows thatwithanoil slip lengthof3mmthestiffnessof
the investigated axial bearing can be increased by 33%.

As analysing complex structures still requires high computa-
tional effort, simplified models are object of recent research
activities. In Ref. [144] the computational error of laminar flow
hydrostatic bearings with round and square shaped pockets is
investigated. The flow resistance in the bearing pad is evaluated
once using CFD simulations and once using a developed empirical
model derived from previously published models. Both models
show good correlation when evaluating bearings with round
pockets, while the errors of rectangular bearings are up to 15%. The
corner effects are not considered in the theoretic model. When
increasing the scope of the simulation, e.g. computing the
behaviour of complete machine tools, it is necessary that the
computational and modelling effort of single elements are kept
small. The example in Ref. [144] illustrates that for effective
computations it is still necessary to improve the accuracy of the
developed meta models.

Due to the demands in manufacturing there is still the
requirement for specialised fluidic bearing design for manufactur-
ing machines [239]. A hydrostatic bearing with a variable inherent
throttle with thinmetal plate is presented in Ref. [199] as shown in
Fig. 19. According to the pressure difference on both sides, the thin
[467_TD$DIFF]Fig. 18. Schematic illustration of oil film slip height [40].



[469_TD$DIFF]Fig. 20. Schematic of the test set-up of an actively controlled air bearing [7].

[468_TD$DIFF]Fig. 19. Structure of a variable inherent throttle within a hydrostatic bearing [199].

[471_TD$DIFF]Fig. 22. Principe of the StuderGuide1 [Studer AG].

[472_TD$DIFF]Fig. 23. Schematic ERF film damper linear bearing and compliance force
dependence on the voltage applied [10].
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plate deforms elastically, adapting the bearing clearance. With the
design the dynamic stiffness is improved and the time response
reduced. Also active control of hydrostatic bearings is investigated.
The schematic of an active controlled air bearing is shown in
Fig. 20. The air bearing consists of a thin plate with a thicker
cylinder at its outer edge. A piezo-electrical actuator cause a rigid
body motion of the cylinder, consequently the conicity of the
bearing is changed. A capacitive type of displacement sensor is
mounted in the centre of the bearing, forming a thin gap around it,
which enables air supply to the pad. The result achieved with the
actively controlled air bearing is a higher dynamic stiffness [7].

Bang et al. [14] present an axial air bearing for high speed
spindles. With bearing material carbon fibre reinforced plastics the
rotational inertia of the bearing can be reduced by about 50%
compared to stainless steel. Further, the thickness of the air bearing
should be reduced tominimise the centrifugal forces. Consequently
the air bearing support can no longer be seen as rigid and its
elasticityhas tobeconsideredwhendimensioning thebearingsfluid
supply. Air bearingswith grooves for ultra-precisionmachines have
been designed to combine aerostatic and aerodynamic design
principles. Helical grooves at the shaft or journal surface of the
bearing change the pressure distribution within the bearing,
improving the load capacity and stiffness. The grooves change the
velocity gradients in the bearing affecting the mechanism of whirl
instability, which causes excitation of vibrations [148].

For high precision applications in machining, air bearings are
usually applied to achieve the requirements of compactness and
high accuracy. The disadvantages are low damping abilities [136]
while high stiffness can be attainedwith small gap heights and low
compression volume [128]. In Ref. [51], a novel fluidic drive for
micromachining is presented. In order to achieve a frictionless and
therefore high precision movement of the machine table, air
bearings are used. The stiffness of the setup is increased by
permanent magnets, which are pretensioning the air bearings, as
shown in Fig. 21 [51].

Studer AG, Thun Switzerland, combines hydrostatic bearings
and linear motors. The linear motors orthogonal force is used for
pretensioning the linear bearings. In Fig. 22 the combination of
[470_TD$DIFF]Fig. 21. Air bearing pretensioned by permanent magnet [51].
hydrodynamic and hydrostatic principles of the StuderGuide1 is
illustrated. A rolling guideway with a damping oil film design is
presented in Ref. [236], as a combination of rolling and fluidic
bearing. The damping oil film has a fixed height and is located
between the rolling guideways, dissipating vibration energy of the
system by oil film squeezing [236].

The dynamic characteristics of machine tool table systems with
linear motion rolling element bearings are improved by using an
Electrorheological fluid (ERF) film damper, shown in Fig. 23
according to [10]. A high damping force is induced by increasing
the ERF viscosity when the table is being moved during machining
and the viscosity can be reduced when the table is being moved
rapidly, creating less viscous drag.

A new ERF-based method of varying the throttle used for
hydrostatic bearing systems is proposed in Ref. [10] and shown in
Fig. 24. The ERF is used as the lubricant instead of the hydraulic oil.
A pair of electrodes is formed between the spindle and the
hydrostatic thrust bearing. The positive electrode is built into the
circular pad of the bearing having an annular form, while the
spindle that supports the load is the negative electrode. The
apparent viscosity of the ERF between these electrodes quickly
increases when an electric field is applied. The expected change in
the pressure distribution due to the ER effect is shown in Fig. 24.

AnERFwithnegative characteristic,whichdecreases its viscosity
with the application of an electric field, is used as lubricant for
hydrostatic journal bearings in Ref. [22]. The transmitted vibratory
force caused by the imbalance of rotating parts to the base is
successfully suppressed with this active bearing.
[473_TD$DIFF]Fig. 24. Hydrostatic ERF thrust bearing and change of pressure distribution due to
electrorheological effects [10].



Table 2
Criteria for the lubrication type [200].

[500_TD$DIFF]Grease Oil

- Small effort for design of the
adjacent structure

- Good distribution of lubricant in
the elasto-hydrodynamic lubrication
contact (EHD)

- Seal effect of the grease - Heat reduction in EHD especially at
high rpm or velocities

- Depot effect - Flushing out of solid contaminants
- High service life at low
maintenance requirements

- Very small friction losses at
minimized lubrication

[474_TD$DIFF]Fig. 25. Pressure distribution (a) and (b) and temperature distribution (c) and (d) for
a water lubricated thrust bearing, taking centrifugal forces into account. (a) and (c):
aligned conditions, (b) and (d): inclined conditions [235]. Ps: supply pressure; t:
eccentricity ratiowhat is the ratio of change in film thicknessDh to the nominalfilm
thickness h0; a: misalignment angle in XZ-plane; b: misalignment angle in YZ-
plane.
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Using fluid bearings with low viscosity lubricants for high speed
rotating machine tools, the centrifugal effects on the fluid film
cannotbeneglected.Thecentrifugal forcecan lead topressurebelow
the vaporization pressure and induce lubricant cavitation for the
fluid bearing [235]. A thermo-hydrodynamic model is developed to
compute the centrifugal effects where the centrifugal inertia
changing the situation in the pocket edges, as shown in Fig. 25(a)
and (c) by the sharp pressure drop at the downstream side.
Inclination of the axial bearings influences the pressure distribution
and temperature profile of the fluid as shown in Fig. 25(b) and (d).
Further it is investigated that the centrifugal inertia induces a radial
temperature rise in the fluid. In Ref. [235] it is illustrated, that the
centrifugal forces reduce the stiffness and the damping coefficients
of the hydrostatic water bearing, rotating with high rotational
speed due to the squeeze effect increased by the centrifugal force.

The behaviour of the thin oil film directly influences the guiding
accuracy of hydrostatic guideways. The averaging effect of an oil
film, which compensates the sensitivity of the gap height to
waviness and roughness of the sliding partners, is one of the key
factors. In Ref. [252], themechanism of the error averaging effect of
hydrostatic guideways for ultra-precision grinding machines is
analysed. The influence of travelling speed of a hydrostatically
supported slider are usually today not taken into account in the
layout. The motion errors of hydrostatically supported tables are
affected not only by the geometric errors of guide rails but also by
the traveling speed of the table. In Ref. [238], the effect of the
traveling speed of a hydrostatically supported table is analysed
considering the fluid compressibility and the squeeze film effect. It
is shown that the speed influences the motion error of the table.
The influences of the table speed on the motion errors are smaller
at higher supply pressure.

3.3. Lubricating machine tool elements

Lubrication of machine elements is essential for the long-term
fulfilment of requirements on productivity, quality and resource
efficiency. The following section describes current developments
in the field of lubrication of machine tool elements. After an
introduction to lubricating effects on sliding parts in general, the
chapter focuses on two essential machine tool elements, in
particular on feed axes with ball screw drives and roller bearings.

The main objective of lubrication is the separation of sliding
parts duringmovement, reducing friction andwear [21]. Reduction
of friction leads to a considerable increase of resource efficiency
[76]. So, prevention of wear and friction warrants long time
resource efficiency.

Tasks of the lubricant are according to [200]:
- No heat reduction by
the lubricant

- High efforts for adjacent structures
e.g. collectors required for leaking oil
� F
- No flushing out of solid

orming an elasto-hydrodynamic lubrication film separating the

two sliding parts determining friction and wear,

contaminants
� D
istribution and conduction of heat (oil lubrication),
� S
ealing the machine element from liquid and solid contaminants
(grease lubrication),
� D
amping the element’s acoustic emissions,

� P
reventing corrosion.

which shows, how secondary tasks are imposed on fluids
intentionally supplied for a specific action. Within sliding parts
twomain lubricants are used: Grease and oil. Oil is directly applied
into the contact zone of the sliding parts. Grease consists of oil and
additives within a carrier medium, e.g. metal soaps. Within the
elasto-hydrodynamic lubrication contact (EHD), the temperature
rises, allowing oil to separate from the carrier medium and
supplying the elasto-hydrodynamic lubrication film. After tem-
perature reduction the carriermedium absorbs the oil and stores it,
enabling future lubrication.

An advantage of oil lubrication is the conduction of heat from
the contact zone as well as the transport of solid contaminants.
Disadvantageous is the low viscosity of oil, leading to drainage
away the contact zone of bearings, ball screw drives or linear
guides, requiring highly sophisticated sealing concepts [21].

Grease on the other hand is specified by its consistency which
keeps it within the machine element. Therefore it supports the
sealing and avoid the entry of solid contaminations. By contrast, it
absorbs solid contaminations originating from internal wear of
sliding parts. Because of the grease’s consistency, the release of
internal solid contaminants is constrained, leading to higher wear
inside the contact zoneof the slidingpartsor requiring relubrication,
where the contaminated grease is pressed out of the contact area.

The general behaviour of sliding parts in combination with
lubricants is determined on one side by the viscosity and on the
other side by the relative velocity within the contact. The relation
between friction force and the velocity within the contact is
described by the Stribeck-Curve. Selection criteria for adequate
lubrication principles are, in accordance to [200]:
� O
perating conditions,

� T
ype and size of the bearing or the linear guide,

� A
djacent construction,

� L
ubrication supply.

Since the lubricant is often discharged out of the sliding parts
(bearing and linear guide), grease lubrication is less polluting for
adjacent elements since it sticks to the sliding parts and remains
within the applied area. In contrast, oil will be discharged even
through highly sophisticated sealing. For the selection of the
lubrication type the criteria from Table 2 may be considered.

In case of optimal operating conditions (absence of contamina-
tion), grease lubricated bearings can reach the service life without
relubrication [212]. In case of linear guides or ball screw drives the
grease is discharged out of the EHD. Also, these machine elements
are highly prone to contamination. Therefore, those machine
elements require relubrication.

High performance feed axes are essential components of
modern machine tools. In particular, the performance of feed axes
has a decisive impact on productivity, effecting both machining



[475_TD$DIFF]Fig. 26. Influencing parameters on the behaviour of feed axes with ball screws [wbk
Karlsruhe].

[476_TD$DIFF]Fig. 27. Lubrication algorithm for continuous comparison of measured and
simulated values of ball screw friction torque [79].

[477_TD$DIFF]Fig. 28.Mixed-filmmodels for lubricationwith emulsionswhen adsorbed layers are
(a) separated and (b) merged [143].
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time and the quality of the produced work piece. Ball screw drives
(BSDs) are still an important topic for international research,
because they extraordinarily influence the static and dynamic
behaviour of machine tools and in consequence the resource-
efficiency and accuracy of production systems. Fig. 26 visualizes
relevant influencing parameters on the behaviour of feed axeswith
ball screws, which can be clustered in the field’s design,
production, operation and maintenance of BSDs.

While numerous features of BSDs, Fig. 26, from design and
production are already specified, especially the influences from
operation (e.g. load, revolution, contamination) can hardly be
predicted during the planning phase of new machine tools.
Therefore, appropriate maintenance, lubrication in particular, is
absolutely necessary to achieve high accuracy, resource-efficiency
and long lifetimes for BSDs under unpredictable operating
conditions over the machine tools whole lifecycle.

To reduce maintenance, it is expedient to focus on components
with a high risk of failure. Refs. [77,78] showed that, in machine
tools, feed axes have the highest risk of failure caused by wear.
During operation, BSD lubrication is important for decreasing
friction torque as it highly influences the estimated lifespan of the
feed axes and the positioning repeatability. The BSD properties are
also influenced by manufacturing uncertainties [79], what is
essential to take in consideration as individual BSD properties are
consequence of individual deviations in pitch errors of spindle and
nut, as well as discontinuous roundness, cylindricity, mounting
accuracy and the initial greasing. These evoke significant devia-
tions in achievable lifetimes due to resulting highly individual
wear behaviour.

Lubrication has a significant influence on the lifetime of BSDs as
both too much and too little lubrication have a negative effect on
the expected lifetime [79]. In practice, grease-lubricated BSDs are
often supplied with a greater quantity of lubricant than actually
necessary. This is done in order to keep the relubrication intervals
low. This oversupply of lubricant results in an increase of the
friction torque due to churning losses, an increased resistance
against the rollers’ motion and early failure. Also, an undersupply
of lubricant leads to an increase of the friction torque and
consequently to early failure.

To remedy this deficit the principle of adaptive lubrication of
BSDs was presented in Refs. [76,79]. Ref. [259] describes adaptive
lubrication as a system that allows to adapt, change, or modify the
lubrication mechanism as conditions change to provide the
lubricant and wear protection best suited to the system's current
needs. A lubrication system that takes the ball screw friction and
temperature into consideration is more beneficial compared to a
system that uses manual or non-adaptive automated lubrication,
regarding the risk of over- or under-supplying the component. It is
still an open task for research to find a control scheme for the
optimal supply and suitable amount of lubricants.

Fig. 27 visualizes the lubrication algorithm for continuous
comparison of measured and simulated values of BSD’s friction
torque, which is used for implementation of the principle of
adaptive lubrication. Adaptive lubrication compares simulated
optimal values of BSD’s friction torque and temperature with
measured real values. Based on online comparison, valid decisions
for relubrication are calculated. Inputs for the algorithm are
measured torques from torque-sensing capsules and simulated
ideal friction torques for every individual BSD. In order to get a
reliable decision if lubrication is necessary, measured and
simulated values of ball screw friction torques are compared. If
the measured friction is lower than or equal to the ideal value, no
lubrication is necessary. If the measured friction exceeds the ideal
friction, the development of the ball screw’s temperature is
considered. This is done to prove, if the friction’s excess results
from common oscillation of inherent deviations, like thread lead,
or from a degradation of the lubrication. Increasing friction torque
signals with an increasing temperature signal can be interpreted as
an indicator for a degraded status of the actual lubrication. The
validated approach of adaptive lubrication for BSDs shows a
significant enhancement of BSDs achievable lifetimewhich in [217]
is quantified to be 70% higher in comparison to conventional
lubrication strategies.

Lubricatingmachine tool elements to avoid unwantedwear and
to reduce friction forces is one of the main applications in machine
tools. To reduce the number of lubrication circuits in machine
tools, lubricating with oil in water emulsion is an important
development. In Ref. [143], the mixed-film lubrication of rolling
elements are numerically investigated and compared to experi-
mental results of Ref. [263]. When the rolling speed is high the
mixed-film layer is adsorbed by two adsorbing layers (a in Fig. 28).
The film thickness in the Hertzian contact zone increases with the
rotation speed and oil concentration. Is the rotation speed lower,
the two adsorbed layers merge together (b in Fig. 28). In this speed
region, the thickness of the adsorbed layer is influenced by the
rolling speed and the oil concentration significantly (Fig. 29).

The temperature increase in high speed spindles can be
optimised to small increase of temperature by an optimal
combination of the temperature influencing factors with oil/air
lubrication. The five factors influencing the temperature increase
are according to Ref. [248] the viscosity of the oil, the length of the
tube that connects the distributor with the spindle, oil volume per
lubrication cycle, time between two lubrication cycles, and the air
pressure [248]. The temperature influences the oil film’s abilities in
lubricated roller bearings. If the temperature is rising, the viscosity
of lubricant is reduced leading to a reduction of the oil film
thickness between the bearing partners. Fig. 30 shows that an
increasing temperature at the inner and outer ring decreases
stiffness, damping coefficient, and electrical resistivity of a roller



[478_TD$DIFF]Fig. 29. Numerical and experimental investigated film thicknesses for different oil
concentrations [143].

[479_TD$DIFF]Fig. 30. Temperature (a), electrical resistivity (b), stiffness (c) and damping
coefficient (d) of a roller bearing investigated during warm up with a rotational
speed of 1000 rpm [127].
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bearing lubricated with lithium grease and mineral oil. Further
investigations show that when evaluating the roller bearing in
steady state temperature, the damping stays more or less constant
in speed ranges between 300 and 1500 rpm, although the
temperature is rising at higher rotational speed and the stiffness
of the bearing is decreasing. Also different to the warm up phase,
the evaluations in steady state show that the electrical resistivity is
rising with higher rotational speeds [127].

In terms of smart factory or industry 4.0, also the lubricants as
essential machine elements and their supply need to bemonitored
to avoid and predict failure or vice versa predict the next required
maintenance. The fluid containsmuchmore information than used
today. Debris might be detected and analysed to reveal the point of
possible failure. Today, the supply in automatic lubrication systems
is dedicated to each individual lubrication point and monitored
such that a failure of oil supply by blockage in one individual
lubrication point shuts down the whole machine. Those enforced
lubrication systems can be built up by multi-duct systems or with
progressive distributors in mono-duct systems.

3.4. Force and power transmission

Hydraulic andpneumatic circuits inmachine tools are oftenused
to transmit power and forces on moving elements. Examples are
given by hydraulic presses, lathes aswell as clamping and centering
devices for workpieces and tools. Fluids are necessary to transmit
the required power for manufacturing, adjustment or clamping
operations. Following, important properties of fluidic media, their
areas of application and specific requirements are described.

For the manipulation of tool positions hydrostatic drives are
often used. One example can be seen in Fig. 2. The shown hydraulic
circuit of a deep-drawing press consists of the electric drive, the
hydraulic pump, valves, lines, hydraulic accumulator and hydraulic
cylinders [59]. Furthermore, additional supply and fluid treatment
elements e.g. filters and chillers are installed to enable a long term
stable operation (see also Section 4). Due to their high flexibility,
high working capacity as well as controllability, hydraulic presses
are often favoured compared to spindle and mechanical presses.

Contrary to the classic structure of hydraulic press circuits, new
developments consider the use of decentralized and multi-drive
concepts, especially with respect to the energy efficiency of the
whole system. Besides the higher efficiency discussed in Ref. [195],
the use of new servo technology can lead to a better controllability
and high dynamics of hydraulic circuits [141]. Furthermore, due to
the combination of a variable-speed servomotor and a variable-
displacement pump, an additional degree of freedom is added to
the hydraulic system. This enables an operation of the press at
maximum efficiency during the whole process time. In conse-
quence of the advanced control, a reduction of component size and
thus lower invest costs are possible [141].

A laminar flow motor is designed for applications in diamond
turning on an ultra-precision lathe [38]. Conventional hydraulic
devices are unsuitable for such applications due to flow and
pressure fluctuations. The laminar flowmotor as an integral part of
the designed spindle, also having hydrostatic bearings, enables a
smooth and quiet operation by accepting reduction in efficiency
and increase of packaging size. The required optical quality is
reached by filtering of the power supply fluctuations of the screw
pump, which are induced by the asynchronous shaft motion [38].

In Ref. [179] a water drive spindle of about 90 W maximum
power for ultra-precision machine tools is presented. The spindle
is additionally supported by hydrostatic bearings using water as
fluid. For such approaches it is necessary to have just one fluid to
fulfil several functions in machine tool drives. Further, the water
used is an appropriate medium to remove the heat arising in the
spindle, controlling the spindle temperature.

To drive precision high speed spindles with rotational speeds in
the range of 100,000 rpm, also optimised air turbines for power
transmission, having advantages in cost and precision compared to
electric drives, are used [104]. Pneumatically driven drilling
machines are used e.g. in aerospace industry [189] and wherever
electricity is forbidden due to safety reasons.

Fluidic media are also used to transmit forces directly to the
work piece [204]. According to Ref. [204], the internal high
pressure forming processes can be subdivided according to the
used semi-finished products, e.g. tubes and sheets [231]. The
loading pressures reach from 2 bar [96] in pneumatic paperboard
forming, over 400 bar in calibrating step of stringer sheet forming
up to over 2000 bar in tube hydroforming processes [204].

In comparison to forming by solid tools, hydroforming can lead
to shortened process chains, opens the possibility of integrated
joining or cutting and yields a reduced number of tool andmachine
parts and thus tool costs. Against these advantages, longer process-
cycles only allow economical use of high-pressure forming for
small and medium batch production [204].

The forming processes of complex semi-finished products, e.g.
in stringer sheet forming, can be easily realised by hydroforming.
The pressure side of the workpiece has no contact to a solid tool
part and thus gives free space for the stringers. Stringer buckling
due to compression stresses caused by the flexible support of the
stringers is known as one process limitation [13]. Besides
rotationally symmetric parts, also stringer-stiffened rectangular
and non-symmetric parts are producible [70].

Based on conventional deep drawing processes, hydromech-
anical deep-drawing is used to apply counter pressure and thus
extend the forming limit. In special applications this process with
conditioned tool temperatures, presented in Fig. 31, allows for an
increase of the limiting drawing ratio up to 3.0 in the first draw.
Within this tool concept, the heat transfer and the application of
the counter pressure is realised by the fluidic medium [95].

During internal high pressure forming (IHPF) the omnidirection-
al pressure distribution is used to form complex parts. Avoiding



[480_TD$DIFF]Fig. 31. Hydromechanical deep-drawing tool with temperature conditioning of tool
parts [95].

[482_TD$DIFF]Fig. 33. Wear-inducing vibration during cutting and wear reduction by means of
vibration reduction [IFUM].
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product damage, tight tolerances for semi-finished parts have to be
fulfilled due to the complex process and geometries of IHPF.
Strategies to improveprocess reliabilityand thus ahigherproduction
rate are presented in Ref. [100]. In Ref. [222] an application for low
speed but high accuracy drive with very high safety requirements is
described. With a maximum speed of 20mm/s and an accuracy
better than 0.5 mm, a pneumatic step motor is used for actuating
image-guided intervention robots. The rotatory step motion is
generated by an inner and an eccentric outer gear, which is rotatory,
alternatingly pressurized by at least three diaphragm cylinders
[222]. In Refs. [94,201] a linear step drive with sensorless position
control ispresented.With thehelpof ahydraulicwiringandcomplex
control, the invention made it possible to discretise a hydraulic
pistons linear motion into step sizes of 5 or 15mm [94].

In order to reduce and homogenise the required blank holder
forces in deep drawing and sheet metal hydroforming, a first
approach of a hydraulic fluid-assisted blank holder is presented in
Ref. [257]. By applying a controlled hydraulic pressure to a groove
below the elastic blank holder surface, an equalised force
distribution is obtained, which can compensate for the increasing
sheet thickness in the flange area [98]. Some of the advantages are
lower clamping forces, an increased material flow, higher drawing
ratios and reduced sheet thinning in critical areas [97]. The latest
development in this technology concentrates on separately
controlling four circularly distributed fluid cavities to control
the blank-holder pressure below the cavities [68].

As described in Ref. [99], another use of fluid media in forming
tools is the application of local hydrostatic pressures at the
drawing edge of the die. During drawing processes, this area is
loaded with high normal contact stresses. Thus, the application of
hydrostatic pressure reduces the total drawing force, as it acts like
a hydrostatic–hydrodynamic bearing. Depending on the position of
the fluid openings in the forming tool, a reduction of the total
drawing force up to 21.5% is possible. Further, a reduction of die
wear is achieved [99]. Fluids can be used to clamp tools or
workpieces. A novel sensor-integrated hydraulic clamping system
is presented in Ref. [49]. By using strain gauges on a commercially
available hydraulic swing clamp, the load situation resulting from
the piston position and the hydraulic pressure can be detected.
Therefore, an indirect measurement of the oil pressure and the
piston position is possible, shown in Fig. 32. Even small pressure
drops during the swingmotion are detectable. Crowning of rolls for
sheet metal forming is either realised by shaping the rolls convex
and/or concave [110], by thermal crowning, as in Ref. [67] by hot
and cold water streams, by hydraulic or mechanical pretensioning
of the bearings and by elastic deformation of the roll(s). In Ref. [53]
hydrostatic bearings suppressed by hydraulic cylinders running
inside the roll are used for controlled crowning.
[481_TD$DIFF]Fig. 32. (a) Test set up; (b) calibration setup without workpiece [49].
3.5. Shock absorbing fluid elements

Shock absorbing fluid elements are used to improve the
dynamic properties of forming presses, but also as supporting
elements for machine placements. Dynamic properties are
particularly important concerning the performance of cutting
processes. The vibration resulting from the sudden excitation of
the oscillatory system consisting of machine and tool has an
essential influence on the wear of the tools in operation as well as
on potential damage to the press (Fig. 33).

For this reason, numerous damping systems are developed
based on various physical principles for various applications
(mechanical, hydraulic, electromagnetic). For rather low stroke
rates, hydraulic systems are state-of-the-art. which are located
next to the forming dies in the tool installation space of the press
acting between slide and table.

As an example, Fig. 34 shows a hydraulic cutting shock damper
with an invariable throttle [130]. The cylindrical space between
piston and base is filled with oil, which can expand into the
reservoir via a throttle line.

During its downward movement the slide touches the piston,
oil is pressed out of the cylinder producing a force, proportional to
the square of the piston velocity, counteracting the slide’s
movement. The force rises significantly after material separation
because of the acceleration of the slide and then decreases slowly.
In advanced systems the counteracting force is directly present
when the slide hits the piston by preloading the pressurized
medium [161]. The electro-hydraulic cutting shock damper
consists additionally of a control valve and a control loop to keep
the pressure inside the cylinder constant. At the instant of material
separation, just before the BDC (bottom dead centre), the slide
velocity, therefore also the oil flow, is low and the valve is almost
closed. The system’s inertia keeps the valve nearly closed after
material separation causing a maximum counterforce. Subse-
quently, the pressure slowly decays in an adjustable time window
[38].

However, the above-mentioned vibration problem is of
particular interest also for tools and machines operated with high
stroke rates. Hydraulic systems according to Refs. [130,161,207] are
less suitable in this case since the stroke travel during damping
leads to high flow losses in the underlying piston-throttle systems.
In systems suitable for this application, the path covered in the
damping system has to be decoupled from the slide’s movement.
This leads to the construction of mass-spring systems attached to
the slide, whose relative movement is dampened in various ways,
making it suitable for low stroke rates.

In the case of the friction damper described in [60,61,245],
damping masses are attached between springs to the bottom
of the slide. By means of varying the oil pressure in a cavity of
[483_TD$DIFF]Fig. 34. Cutting shock damper according to Ref. [130].



[484_TD$DIFF]Fig. 35. Damper with actively hydraulically actuated damping masses [17].

[485_TD$DIFF]Fig. 36. Sheet metal stretching by hydroforming [134].

[486_TD$DIFF]Fig. 37. Hydroforming of a tube [134].
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membrane-like friction linings, contact force and thus friction
force can be varied. The friction force which counteracts the
relative movement of the damping masses and the slide also
reduces the vibrating movement of the slide. Using this system,
wear on the cutting elements can be reduced approximately by half
[244] for stroke rates higher than 150/min.

A system in which the inertia of masses is indirectly used to
reduce cutting shocks for low stroke rates is presented in Ref.
[176]. The vibratingmovementof the slide is takenup by a hydraulic
piston and transmitted to an inertial mass via an oil-filled line.

Of increasing importance are damping systems in which the
damping effect can be varied during the slide’s movement. A
damping system based on magneto-rheological fluids is presented
in Refs. [87,88], in which the properties of the fluid and thus the
damping effect of the system can be changed during the cutting
process by applying an external magnetic field. A system in which
the damping mass is actively moved by means of a hydraulic
system is described in Ref. [17,18] and shown in Fig. 35. It consists
of two actively movable double-acting hydraulic pistons with
additional masses, which are mounted on both sides of the press
slide. A force is exerted on the cylinder and thus on the slide due to
the inertia of the actively moved piston and the additional masses.
Using a suitable control system, this force counteracts the vibrating
movement of the slide and thus acts as a damping force. The wear
on the tool could be reduced by an average of 22% compared to a
reference test without a damping system.

3.6. Hydroforming

There are process conditions (e.g. for press hardening) which
exceed the application areas of liquid media. Due to temperatures
above the flash point of the media mentioned above, gases, e.g.
nitrogen [160], under high pressure are used [181]. Special care has
to be taken when hydraulic media are used in environmental
conditions which could damage the media itself. Not only due to
unexpected system or control failure but also due to process
influences by oxygen, dirt, light, other chemicals or biological
degradation hydraulic fluids can change their behaviour. To detect
and prevent system damage and break-down an on line method to
monitor the condition of hydraulic oils is described in Ref.
[227]. Different properties, especially the temperature, the relative
humidity and the dielectric constant, can be used to determine the
current condition of themedium [227]. Additionally, by integrating
a second filtering device andmeasuring the count of wear particles
allows the detection of wear in fluidic devices [106].

In Ref. [134], hydroforming is used for deep drawing, stretching,
bending, extruding and tube forming processes. High pressure
fluid is used to form sheet and tubematerials using a single die and
a flexible diaphragm usually made out of an elastomer material
saving cost and time. Figs. 36 and 37 show typical processes for
sheet and tube hydroforming. Advantages which are obtained by
application of hydroforming processes are: better mechanical and
structural characteristic of parts, saving material and energy,
possibility to form parts with complex geometry.

The temperature in hydroforming is limited by the fluids
abilities, what is usually not higher than 300 �C [181]. In Ref. [183],
the process combination of hot metal gas forming and press
hardening is shown. With the process combination it was possible
to achieve strengths of up 1900(N/mm2) with high geometrical
accuracy of the formed part. Hot gas, e.g. Nitrogen, is used as
media, allowing hot hydroforming with temperatures up to
1000 �C [181]. This process temperature opens the potential for
using hydroforming in steel forming [181].

4. Supply, treatment and control of fluidic media

For using fluids in machine tools the fluids have to be treated,
cleaned and controlled according their requirements.

4.1. Cleaning devices and filter units

For cleaning e.g. cutting fluids in machine tool applications,
usually belt filters are used. An endless belt transports the filter
material used to clean the fluid, e.g. separate chips from coolant. In
machine tools, gravity band filters [203], for larger contaminant
particle sizes, and pressure band filters, centrifugally band filters,
and vacuumband filters, for smaller contaminant particle sizes, are
used [192]. Often paper as filter fabric is used in band filters. If the
paper filter is used once it has to be recycled. The usage of belt
filters using non-woven filter materials are increasing as this
provides a cost effective solution [216]. In hydraulic systems for
force transmission in machine tools, mainly filters in the range of
5–10 mm are used. In the remaining 20% of the machine tools,
filters with higher ranges up to 25mm are used [156].

Nevertheless, most failures of machines result from contami-
nants in the lubrication oils, such as oxidationproducts of additives
or abrasion which are not removed by mechanical filters if their
size is in the micrometer range [253]. A filter unit consisting of
several filter elements arranged on a moving cylinder is presented
in Ref. [192]. One filter element is used to clean the fluid flowing
into the filter unit while another filter element is positioned in the
filter cleaning position. The remaining filters are positioned in
between, this enables cleaning of the filter elements without
interruption of the filter process. In Ref. [175], a cyclone, that is
separating contaminants of fluids by rotating the reservoir is
presented. In Ref. [177], a coolant filtration system for machine
tools using magnetic separators, sedimentation dredge, mud
compactors using several filters is described. A non-fabric solution
for separating ferromagnetic particles, such as iron, nickel, and
cobalt, from fluids are magnetic filters. Magnetic separators are
mainly used in gear boxes and hydraulic systems of machine tools
separating wear particles from the oil [216].

Oil skimmers are a commonly used device for separating oil and
water and are also used in industrial applications [153]. Oil
skimmers are using a rotating element such as a drum or a band,
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with treated surfaces at which the oil adheres. The oil is collected
from the conveying element. In Ref. [202], a skimmer consists of a
drumhaving a drivemechanismof two rolls,where one or both rolls
areusedtoconveytheelements to thecollector. Besideoil skimmers,
gravity-forced oil/water separation is also proposed, where the
lighter oil is separated by one or more flooding steps [37]. A
microfiltrationunit for cuttingfluidsofmachine tools ispresented in
Ref. [81]. The unit separate thewater phase from the soluble oil. The
water phase can be disposed afterwards by drainage facilities,
subject to the local authorities approval. Filters available are
provided for filtering oil out of water and for particulate and vapor
removal [191]. By selecting the working pressure, the flow rate and
the temperature of the fluid, the optimum filters can be selected.

Filters made of sintered polymer plates [107] are used for
coolant filtration for grinding, honing and lapping and can remove
very fine swarf in the range of 2–3 mm. A membrane filtration
method is used after filtering the cutting fluidwith a paper filter, to
separate all contaminants, like wear particles from the tool and
workpieces, leakage oils from the machine tool and fluid
component degrading micro-organisms of the metal working
fluid. The membrane filtration technique is capable of enlarging
the lifetime of the fluid and keep the performance over time
[227]. Further, membrane filtration techniques are suitable for
avoiding toxic antimicrobial additives [153]. In order to increase
the life time of oil and lubricated machine elements electrostatic
oil filters are proposed [253,149]. Such filters are capable to collect
conductive and non-conductive contaminations in hydraulic and
lubrication oils in the sub-micrometer range. The non-conductive
contaminations are captured at the electrodes surface of such
filters. Conductive contaminations are polarized by the electric
field in the filter when touching an electrode, moving to the
electrod which has opposite charge. By touching the surface of the
electrode the charged contaminants lose their polarity and are
rejected from the electrode surface, contaminating the fluid again.
To suppress the jumping effect an additional filter between the two
electrodes has to be used to collect the particles.

4.2. Control systems

Fig. 38 shows an oil conditioning unit, as an example from press
lubrication. The preparation procedure runs in sequenced steps:
1.) D
[487_TD$DIFF]Fig.
mac
egassing or antifoaming devices, represented in Fig. 38 as
degassing cascade,
2.) S
eparation of magnetic abrasion by a magnet separator,

3.) D
ecanting to sediment debris,

4.) F
iltering and separation of water by a bypass pump,

5.) F
iltering and pumping out to the machine.

To increase the period between filter changes, the bypass filter
used is capable for a huge volume flow, realizing a permanent
cleaning of the oil. The police filter in the pipe to the machine can
be dimensioned small and has a long lifetime until exchange. For
closed hydraulic systems usually reduced process chains are
realized, by omitting the degassing and decanting, and sometimes
for small devices even the bypass filter and water separator. A
control device for cutting fluids is described in Ref. [118]. The
38. Schematic of lubrication oil conditioning unit for a press mechanical
hine [IWF Zurich].
device consists of two reservoirs. In one reservoir the cutting fluid
flowing out of themachine tool is stored. In the second reservoir the
filtered cutting fluid is collected and supplied to the process zone.
The level of fluid in the second reservoir is controlled. At low level, a
pump supplies cutting fluid from the first tank via a filter to the
second reservoir. The system further monitors the degree of
contamination of the filter. If the pumping duration becomes longer
than a desired value, the system instructs to clean the filter. Other
signals used are to measure the pressure drop in the filter unit and
clean the filter if the pressure difference becomes higher than a
desired value. Automated filter and suction filter cleaning is used in
the filtration unit [117,118,119]. Pressurized air is back-flushing the
cutting fluid, relieving the filter from chips and other particles.

In manufacturing facilities often centralized systems are used,
when several machine tools work with the same fluids. A common
example is the compressed air supply in almost all manufacturing
facilities. Equal systems are used for example to support machine
tools with cutting fluid. The advantages are that only one supply
unit, containing one filter unit, one chiller unit and so on, is
necessary. Refilling of fluids on machine tools, e.g. of cutting and
hydraulic fluid, can be automated when centralized units are used.
In [108], a supply unit for cutting fluid to several machine tools
using their own reservoirs is presented.

The disadvantages of centralized units are that on different
machines the same fluid needs to be used. Similar considerations
can be made, when cooling fluid is centralized. A variation of the
cooling fluid on the machine tool is not possible, for which reason
heat exchangers connected to themachine tools cooling circuit and
the centralized coolant circuit are usually used.

In Fig. 38 an observer, a measuring station detecting swarf, gas,
and any kind of contaminations, and can, according to industry
4.0 approach, communicatewith themachine tools control or even
with any device in the field to adapt to the state of oil and thus in
future also the state of machine components. A machine tool
coolant filtering system, including a plurality of coolant filter tanks,
which includes identifying particular contaminants in the coolant
and selectively directing the coolant to a particular filter tank,
designated to filter out that contaminant from the coolant, is
presented in Ref. [169]. A fluid communication system controls the
communication of coolant frommachine tools to the coolant filter
tanks and open the valve of the filter to be used.

The electronic components in electric cabinets of machine tools
are usually cooled by an air flow through the cabinet but are crucial
to contaminated air from the shop floor. Simple non-woven fabric
has to be cleaned or replaced by time, is usually used at the fan-
system. A centrifugal force separator for electric cabinets, working
like a cyclone cleaning the air without any filter fabric, is presented
in Ref. [193].

The VDI 3802 [232] guides the dimensioning of extraction units
for capturing air pollutant in material removal machine tools. In
machine tools, mechanical filters and electrostatic filters are used.
Wet dust collectors have to be used, due to explosion and fire risk,
if magnesium is dry machined. The filter fabric has to be replaced
by time. To enlarge the time between filter replacement, pre-filters
are used, which can easily be replaced or cleaned [103].

For an aerostatic planar guided precision milling machine, a
workspace conditioning system is designed as the cleanness of the
air in theworkspace is crucial [129]. The air of theworking envelope
is reused and canbemixedwith fresh air from the environment. The
air is cleaned by a mechanical filter, before it its cooled under the
working envelope temperature by a water/air or oil/air heat
exchanger. In a following heating unit the desired temperature is
controlled to ensure stable temperature in the workspace.

4.3. Unconventional fluidic media

A magnetic-thermal-fluidic analysis is conducted in Ref. [131]
to investigate the cooling performance of magnetic nanofluids
(MNFs) by comparing their performance with that of oil and
air. The investigation used a fully coupled FEM computation
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considering the magneto-convection phenomena and compared
the results with measurements. MNFs have been studied for bio-
and nanotechnology applications. MNFs show good characteristics
for thermal management and electric insulation. In Ref. [142] the
cooling performance of a vegetable oil-based MNF with different
volume fractions of magnetic nanoparticles resulting from
magneto-convection effects in presence of an external magnetic
field is presented. Typically,MNFare based onmineral oils, as these
oils have high dielectric strength and good cooling performance
under operating conditions. Owing to their environmental impact,
the eco-friendly vegetable oils have been lately replacing the
mineral based insulating oils. Until now, studies report only the
dielectric breakdown characteristics of vegetable oil based MNF
without considering any real electromagnetic system. To analyze
the cooling effects quantitatively, a multiphysics technique
coupled with magnetic-thermo-fluidic field equations is devel-
oped by using the quasi-static magnetic field approximation and
conjugate heat transfer. To validate the model, experiments are
conducted in an electromagnetic system with different insulating
liquids. As the results show such fluids show great potential for
further developments in guiding heat through the machine.

5. Influence of fluid elements on machine tools

Influence of fluids on machine tools cause:
� S
[488_TD$DIFF]Fi
ac
hort-term and abrupt effects (5.1): characterized by sudden
appearance of the results,
� L
ong term effects (5.2): characterized by creeping and gradual
progression of results.

Fig. 39 presents an overview of these influences. Within this
chapter, the negative effects of fluids are presented, as the positive
aspects are described in chapter 3.
g. 39. Influences of fluidic media on machine tools and their interdependencies
cording to Ref. [113].
5.1. Short-term and abrupt effects

Influences of fluid elements on machine tools which happen
suddenly are thermal influences, oscillation, leakage, foaming and
gas entrainment. These influences affect each other partially and
cause a loss in precision, damage of single machine components or
even machine failure.

5.1.1. Thermal influence
The thermal stability of fluids is essential for the functionality of

machine tools. Exceeding either high or low levels of the
acceptable operating temperature leads to aging of the fluid and
therefore to stability loss and failures of the machine [73]. The
thermal influence of fluids on machine tools are low-temperature
and high-temperature effects. Low temperatures lead to increasing
viscosity, inhibiting proper flow within the machine tool. Thus,
pumps and bearings might be damaged. Furthermore, higher fluid
and mechanical friction is caused leading to increased wear [224],
while the load capacity of bearings increases.

Rising temperatures reduce fluid viscosity which increases the
risk of leakage [145] and load carrying capacity of bearings and
lubricated contacts. Furthermore, high temperatures influence the
efficiency of additives within the fluids which results in wear, rust
and foam formation [33]. At higher temperatures, the surface
tension decreases causing reduced lubrication efficiency [73]
although the wettability increases. Elevated temperatures addi-
tionally accelerate the oxidation rate, lowering the expected life
time of the oil [73].

5.1.2. Oscillation
The application of fluids influences the dynamic behaviour of

machine tools [155]. Oscillations can occur in pipelines and in
fluidic bearings [243]. The energy,which is induced into the system
by fluids, cause dynamic instabilities of cantilevered pipes for
specific flow velocities [234] and cavitation effects. Energy storage
units such as pressure reservoirs are used to store the energy in
hydraulic presses. If such devices are not used, all energy is
released, increasing the oil heat and causing noise and vibration
[262]. The pressure reservoirs dampen these vibrations. Tubing
vibration is stimulated by a pressure surge caused by the sudden
stop of the fluid (water-hammer effect) affected by valve
actuations in the hydraulic system. Piping vibration can become
excessive if the tubing modal dynamics are equal to the water-
hammer frequencies of the system [155]. Piping vibrations appear
due to unsteady stresses caused by pulsating flow pressure in
curved pipes and tend to excite the machine tool dynamically. This
results e.g. in cutting marks on machined workpieces. Further-
more, pipe vibration of hydraulic systems of machine tools can
cause pipe breakage. For avoiding tubing vibration, usually
pulsation dampers are used, requiring additional elements in
the hydraulic system. These dampers can negatively affect the
machine tool dynamics by damping the transient flow [155].

5.1.3. Leakage
Leakage is a critical issue within the operation of machine

elements and is defined as the process of continuous loss of fluid
through an orifice. Leakage occurs in pumps [19], bearings [109],
pipe joints, gaskets, seals [32], packings, damaged vessels and
hoses [187]. While external leakage means fluid loss to the
environment and is therefore easier to identify [214], internal
leakage, unplanned or planned, represents loss of the fluid within
its own circuit [93] and pollution of neighboring media. Planned
internal leakage is a desired effect and provides cooling, cleaning or
lubricating in specific areas or components [214]. Leakage for
instance is necessary for radial shaft sealing, as it needs the
lubrication of the sealing lips for survival. A lot of research with
respect to leakage detection has been conducted [92], since precise
modelling of leakage is extremely difficult [84].

The main influencing factors for leakage are fluid viscosity
[154], operating temperature [42] and pressure [214]. Leakage is
often caused by improper sealing maintenance, as seals underlie
aging [185]. This is caused by too high fluid operating temperatures
or chemical interactions [32] and wear due to contained oil.
Further reasons for external leakage are damaged supply lines and
valve-actuator chamber connections [93]. Additionally, overfilling,
pressurization by clogged orifices, overloaded gaskets and
running-inprocedures can cause external leakage [186].Unplanned
internal leakage mainly occurs at worn out component surfaces,
caused by operation as foreseen [213].

Internal and external leakages negatively affect the performance
of the system. Thefluid of a hydraulic system for instancewill not be
able to push the piston effectively against a load, ormovingmachine
parts can show unexpected behaviour [93]. Other negative
consequences of external leakage are operator health [105],
environmental [36] and fire [82] hazards. The consequences of
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internal leakage are in general a reduced system performance [250]
and reliability [93], due to the contamination by other fluids [9]. If
valves meet bypass conditions, an increased operating temperature
can be the result [214]. In addition, the strength of the fluid film is
decreased, which limits the fluid properties, like increased friction
for lubricants or temperature for cooling fluids. This causes a major
power loss especially formotors, pumps and bearings [237]. Pistons
of hydraulic cylinders will show undesired drifting behaviour and a
decreased load capacity [214]. Solenoid valves are affected in terms
of lower control and stability properties [214].

5.1.4. Foaming and gas entrainment
Foaming and gas entrainment in machine tools influence

machine behaviour, durability and process stability. There are four
different forms of gases and air in liquid fluids [501_TD$DIFF][152]. Free air and
dissolved air are less critical, whereas foam and entrained air can
have a huge impact on the fluid performance [66]. Entrained air
describes air in form of dispersed, small bubbleswithin the fluid. In
Ref. [66] it is reported that a bubble diameter of 1 mm is considered
critical as it causes disruptions. Foam consists of a multitude of
dense-packed air bubbles on the surface of the fluid. Stable foam is
generated when the fluid’s surface tension is relatively low and air
bubble coalescence is prevented [23]. Foam stability depends on
surface area, surface tension, viscosity, contamination concentra-
tion like content of polar aging products, impurities, and certain
additives [140], and the temperature [194]. To avoid entrained air
in lubrication circuits, a degassing cascade is built in the backflow
of oil to the tank, Fig. 38.

The formation of entrained air can be explained by different
mechanisms [80]. One mechanism is the mechanical insertion of
air into the liquid fluid, like cyclic immerging machine parts or
stirring actions, as well as vacuum. Air bubbles are also emerge, if
dissolved air is subjected to significant pressure or temperature
changes. Furthermore, air entrapment, due to improper bleed
systems or added fluids, will result in entrained air. Foaming is also
caused by contamination, mainly with finely dispersed rust,
detergent, polar additives or other fluids. In contrast, pure mineral
oils will not foam. The contamination with 1000 ppm water can
already enable a stable foam formation caused by the reduced
interfacial tension [75]. Polar by-products, caused by oil oxidation,
can cause foaming [146]. The same applies to low fluid
temperatures and abrupt pressure releases causing inner bubbles
which end up in foam.With regard to avoid foaming, fluid viscosity
could be adjusted to the working task. Oils with low viscosity tend
to foam between �10 �C to 10 �C, whereas oils with a higher
viscosity show a stable foam build-up between 30 �C and 60 �C
[75]. System leaks, which allow air intrusion, are also critical. In
hydraulic systems, size, geometry, position and fluid level of the
hydraulic reservoir play important roles in foaming behaviour.
Foaming is also, like entrained air, a result of air being constantly
mixed with the liquid fluid by moving machine parts [178]. For
reducing foaming behaviour, certain anti-foaming additives like
dimethylsiloxane [157] or polyalkoxysiloxanes [178] are added to
the fluid. Entrained air results in a distortion of machine elements,
an operational disruption and an decreased bulk modulus of the
fluid. The general decrease of fluidic functionality with growing air
content, e.g. reduced cooling from cooling fluids or higher
frictional forces with lubrications, has to be mentioned. Effects
like microdieseling or cavitation can result in severe machine
element impairment [66]. Oxidation of oils results in reduced oil
life [66]. Furthermore, decreased capacity for pumps, fuzzy and
rapid hydraulic operations, reduced precision control, vibrations
and unacceptable noise [223] are consequences of air entrainment
[66]. In comparisonwith foaming, entrained air causemore serious
problems. In general, foaming in small dimensions is insignificant.
However, foaming on a large scale distracts a precise fluid level
control which causes air entrapment in closed vessels and
transports fluids in disadvantageous locations [66]. For cutting
fluids, the deposition of metal particles is prevented and cooling
fluids become less effective in their heat transfer performance [23].
5.2. Long-term effects

Long-term effects like corrosion and wear occur due to
inappropriate maintenance causing failures and severe damage to
machine elements. Corrosion ismostly prevented by correct sealing
and anticorrosive additives in fluids, wear is often inevitable.

5.2.1. Corrosion
The presence of water and salt as well as high temperatures

increase the rate of corrosion [157]. Thus, water based fluids in
machine tools are critical regarding corrosion. Due to contamina-
tion, oil contains water which causes corrosion. Various effects,
such as thermal breathing (heating and cooling of hydraulic
systems), condensation or indirect water spray, can lead to
emulsions of water and oil [46]. Oil can contain water in different
phases. One state is known as dissolved water and is characterized
by water molecules dispersed within the oil. The amount of
dispersed water in oil depends on oil temperature and rises with
increasing age of the oil. Another state is characterized by
microscopic droplets, known as emulsion. Increasing amount of
water leads to a separation into free or emulsified oil and water
[247]. Furthermore, corrosion occurs in pneumatic circuits.
Moisture in compressed air corrodes pneumaticmachine elements.
The relative humidity of air increases with the pressure and has to
be dried either by filtering the water out or by using an air dryer
[147]. If corrosion is not avoided, severe damage occurs to machine
tools. One of the most common corrosion types in machine tools is
pitting. If the rust adhering to the metal surface flakes off, pitting is
caused. Pitting is increased by metalworking fluids containing high
amounts of minerals and ions [247]. Extensive pitting eventually
weakens the metal, leading to failure, internal leakage and reduced
operating times of machine elements [230].

5.2.2. Wear
Commonly encountered wear mechanisms caused by fluidic

media are abrasive and cavitation wear. Due to hard particles, like
wear debris or contaminants, abrasive wear occurs [69]. Abrasion
caused by loose hard particles between two surfaces is termed
“three-body-wear” [74]. Basic factors influencing abrasive wear in
hydraulic machinery are size, form, hardness and concentration of
particles [74]. Furthermore, the structure and hardness of the
construction material, flow-speed and impact angle of the fluid
influence the amount of wear [74]. Wear is increased by abrupt
changes in flow direction [35]. If rust is not avoided in machine
tools, these particles pollute the fluid causing abrasion [90]. Wear
debris causes failures of hydraulic pumps by increasing the
contamination of fluids. Between 70–80% of hydraulic pump
failures are reported to be caused by contamination of fluids
[186]. Contamination is recognized as most damaging for oil and
machine elements. Some contaminants are destructive to hydrau-
lic oil, its additives or machine surfaces. Although the impact of
contaminants is of creeping nature, the damage to the machine
caused from inside can be critical [90]. This leads to decreased
machine functionality and maintenance costs, as oil analyses have
to be performed regularly [89].When hydraulic oil is contaminated
with incompatible oil, foam can be formed. Consequently, the oil
retains air, decreasing the pump efficiency and encouraging
cavitation [31]. Cavitation wear occurs due to implosions of gas-
orfluid-filled bubbles entrained influidicmedia [197]. High amount
of bubbles, high loadings or abruptly changing surface contours, too
high speeds and low pressure in pipes generateS cavitation. As a
consequence, material fatigue damage caused by the formation of
pitting takes place. Furthermore, cavitation leads to decreased
performance of the pump and unsteady flows of the fluid [31].

6. Energetic aspects of fluid elements

The major share of electric energy supplied to the machine tool
is converted into heat. Therefore, a lot of research is going on in
optimising the energy efficiency of machine tools, not only to save
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costs, but also to decrease the amount of heat introduced into the
machine tool, which has a negative impact on the accuracy and
hence the quality. From the thermo-energetic point of view, four
key areas emerge, which will be presented in more detail in the
following:
1. G
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eneration of heat within the machine tool because of energy
intensive components,
[491_TD$DIFF]Fig. 42. Peak load reduction through shifting operating states of auxiliary modules
[6].
2. T
ransportation of heat within the machine tool through

auxiliary units and fluidic media,

3. R
emoval of heat from the machine tool through the technical

building service (TBS),

4. R
eplacement of fluidic circuits.

6.1. The role of fluidic systems with respect to energy efficiency

An increasing awareness and importance of energy cost savings
and environmental impact already motivated intensive research
regarding an optimisation of the energy efficiency ofmachine tools
[45,48,64,116]. In Fig. 40 shows that the electric energy supplied to
the machine tool is converted into heat [16].

The analysis, assessment, simulation and adjustment of the
energy conversion by machine tools and manufacturing systems
are discussed in many scientific studies [3,4,5,20,24,64]. Most
analyses reveal, that the auxiliary units for the supply and
conditioning of fluidic media account for a major share of the
total energy consumption and provide the highest improvement
potential [11,52,102,139,188,254]. In Ref. [25] the energy consump-
tion share of fluid systems (cutting fluid, cooling and hydraulic
system) is quantified by more than 66%. The significant energy
share is caused by the application of inefficient over-dimensioned
components of the fluidic system (e.g. pumps or chillers) [184] and
by an ineffective use of these components, such as oversupply of
cooling fluid regarding pressure, amount and duration.

One measure to reduce the amount of energy consumption by
auxiliary systems per produced part is to shorten the machining
time and, thus, the uptime of these systems [173,182]. Fig. 41
depicts the dependency of energy consumption, tool cost and total
cost on the material removal rate in an exemplary drilling process.
Obviously, a multi-objective optimisation problem occurs by
balancing energy efficiency [209] and cost [260]. The total energy
consumption of a machine tool and peak values can be reduced by
an electric load management involving the auxiliary units [6] as
shown in Fig. 42.
. 41. Comparison of energy consumption, tool cost and total cost in drilling for
shing strategies as a function of material removal rate [184].

. 40. Exemplary electrical energy input and output waste heat energy flow
oportional) of a machine tool [16].
Regarding the supplyof processfluids (e.g. coolant lubricant), the
requirements in terms of pressure and quantity depend on the
individual process technology and specific machining demands
[255]. Consequently, improvements of the processing technology
can lead to a substantial reductionof thefluidic throughput, adapted
auxiliary units and lower energy consumption [12,33,89,151,211].
Denkenaet al. [50] report that for sidemilling anddrilling increasing
the feed rate requires high flow volumes of cutting fluid, while
increasing cutting speed having opposite effects.

Besides the economic and ecologic energy consumption per-
spective, a crucial aspect with respect to the energy conversion in
machine tools is the influence of lost heat on the accuracy and
performance of machine structures and components by thermal
effects [101,166]. In excess of thermally caused structural deforma-
tions and tool displacements, thermo-mechanical interactions can
also affect the dynamic characteristics of machine tools [15].

6.2. Energy efficient auxiliary units

Most auxiliary units have a high improvement potential due to:
� In
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efficiency: Low energy efficiency for converting electrical
energy into mechanical and into hydraulic energy,
� In
effectiveness: Auxiliary units are usually non-controlled fixed
power consumers, which run in many cases also during non-
productive periods (e.g. during standby).

The base load of the auxiliary components can be significantly
reduced by the implementation of a demand based fluid supply
[29]. Fig. 43 depicts the reduction of effective power in drilling
operations when applying a pressure controlled fluid supply by a
pump with frequency converter. Denkena et al. [50] and
Hülsemeyer [114] achieve energy savings above 30% by demand
oriented internal high pressure coolant supply. By the use of a
novel fluid-air-chiller instead of a conventional compressor unit,
energy savings of 25% are reached. In Ref. [25] the use of a tuneable
digital scroll compressor, replacing the constant running fan by a
controlled fan, using a pressure controlled circulation pump
instead of a constant running pump, and installing an optimized
chiller leads to a reduction of the active power demand by 30%–60%
depending on the machine utilization.

Hydraulic units of machine tools are one of the main energy
consumers. Hydraulically driven functionalities of machine tools
include tool clamping, tool change, work piece clamping or palette
change. Studies investigating the energy demand of fluid systems
reveal saving potentials by up to 60% [71].
g. 43. Exemplary electrical energy input and output waste heat energy flow
roportional) of a machine tool [16].
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Hydraulic systems usually contain six main components, which
all contribute to energy losses [58]: a reservoir holding the liquid
(mostly hydraulic oil), a pump supplying the liquid, a power source
(mostly an electricmotor) for driving the pump, valves, an actuator
(e.g. a clamping piston), and piping to convey the liquid. Fig. 44
depicts the energy consumption of a horizontal machining centre
[188]. Besides the pumps for high pressure internal cooling and
shower coolant, the hydraulic pump is the third relevant energy
consuming component. The control of pumps can lead to savings of
up to 70% [1]. The selection of the hydraulic fluid can also lead to
energy savings by up to 8% [27,208]. Besides cooling and hydraulic
units, compressed air systems also show significant energy
consumption in machine tools [174,254]. Additional energy losses
occur in compressed air supply networks due to leakage in pipe
connectors, valves and actuators.

In order to enable high forming speeds and pressure, in
hydraulic presses the hydraulic system is dimensioned to cover
maximum flow rates and loads. This leads to a massive oversupply
of the system at most of the time. Hence, the system operates at
low efficiency for almost the entire working cycle. The energy
consumption of large and medium sized hydraulic presses is
analysed in [261]. An exemplary energy flow of hydraulic press is
shown in Fig. 45.

An energy analysis of a 2000-t hydraulic press uses a model
which is subdivided into six parts: electric motors (E-M), pumps
(M-H), valves, auxiliaries and pipes (H-H), hydraulic cylinders (H-
M), moved cross beam dies (M-D), heat exchanger and oil tank (T-
T). The total energy dissipation of the press is shown in
Fig. 46. Here, the total energy is the sum of the active electric
energy and the gravitational potential energy.
[495_TD$DIFF]Fig. 46. Total energy dissipation of hydraulic press [260].

[494_TD$DIFF]Fig. 45. The basic energy flow of hydraulic press system [260].
The energy efficiency of hydraulic circuits can be increased by
four design measures: (1) dedicated hydraulic circuits for
consumers that demand significantly different pressure levels,
(2) supply consumers with similar pressure requirements by a
single fluid pump, (3) control supply and utilization of the fluids,
(4) use alternative fluids.

Basically, the supply pressure of a hydraulic circuit is determined
by the component that requires the highest pressure level. The
pressure level is then reduced for all other consumers causing
inefficiencies. For this reason, systems with multiple circuits, e.g. a
low and a high pressure circuit, can be found in modern practice. A
machine tool having two hydraulic circuits with different pressure
(60 bar and 200 bar) is investigated in Refs. [26,30]. Both circuits are
supplied by motor driven hydraulic pumps. Replacing the 200 bar
pumpby a booster, the energy consumption of the hydraulic system
on the investigated machine tool is reduced by 60%.

For consumers with similar pressure requirements, the energy
efficiency of the fluid system can be enhanced by combining the
hydraulic and the cooling circuits [29]. Both circuits can be
supplied with a single pump unit, leading to a decrease in energy
demand. However, thefluid needs to fulfil the requirements of both
circuits. In [28] an innovative combined hydraulic and cooling unit
is introduced. During standby condition, the power consumption is
reduced by 89% compared to a conventional system. A common,
water based, mineral-oil free fluid is used.

6.3. Transport of heat within the machine tool

The use of fluids, such as coolants or hydraulic oil, on a machine
tool introduces transportation of heat within the system. Heat
transferbetweenthefluidand its ambient isgenerallyconnected toa
change of temperature in the fluid. In cooling applications, this heat
exchangeandchange in temperature is a requiredeffect: Excess heat
canbe transferred to the coolant. Other components, suchaspumps,
which are also in contact with the fluid while creating heat losses,
can negatively influence the fluid temperature, resulting in an
undesired heat flux to down-stream components.

Abele et al. show in Ref. [3] the effect of pump losses to the
energy demand of cooling systems. Compressor based cooling
systems generally include a switch-on/off control of the compres-
sor, leading to quasi-periodic power consumptions duringmachine
operation. Errors in predicting the heat losses of components close
to the fluid, as well as the heat flux into and in the fluid will result
in an accumulated temperature error and thus significantly
influence the accuracy of power consumption predictions.

On theexampleof a spindle cooling system, theworkof Züst et al.
[264] focuses on the prediction of the temperature distribution
along the coolant stream. This allows the prediction of thefluid inlet
temperature at thermally sensitive components. The work further
identifies the sensitivity of these temperatures to the properties of
the up-stream components. Especially the heat transfer coefficients
in the tank and the pump, as well as the pump efficiency are
identified as crucial parameters. The importance and modelling
efforts of heat transportation in fluidic systems is justified by its
influence on the machine behaviour. It is thereby not sufficient to
consider the heat transfer in themain drives. Auxiliary components,
such as pumps, can introduce significant heat fluxes and result into
temperature changes in up-stream components. Hence, fluid
systems introduce a thermal interface between thermally sensitive
components under the machine tool cover and auxiliary systems.

6.4. Removal of heat from the machine tool

Amachine tool consumes electricity directly aswell as indirectly
through its integration into the factory; e.g. through compressed air,
air conditioning and water cooling to transport the heat from the
machine tool out of the factory. Schudeleit et al. [206] propose a
methodology to quantify the total (direct and indirect) energy
consumption of a machine tool. The study reveals that the
indirect energy consumption during standby, ready and processing
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contributes to more than 60% additional electricity demand
compared to the direct energy consumption as shown in Fig. 47.

6.5. Replacement of fluidic circuits

Due to the recognition about the energy efficiency of machine
tools, replacing hydraulic systems by electric actuators is
discussed. In Fig. 48 from Ref. [226], the specific energy used by
injectionmoldingmachines of the same sizewith hydraulic system
and electric drive is illustrated. The specific energy consumption of
machine tools is usually high if the throughput is small, as the
stand-by energy is allocated to a small amount of parts.
[497_TD$DIFF]Fig. 48. Comparison of specific energy usage for similar sized hydraulic and all-
electric injection moulding machines as a function of material throughput [226].
7. Conclusion

This paper gives an overview on the vast filed of tasks realized
by fluid elements in machine tools, thereby especially covering
cutting and forming machines. As the addressed tasks are not
unique for these classes of machines, the results also hold true for
other kinds ofmanufacturingmachines. The topic ofmetalworking
fluids has been excluded, as this was covered by Ref. [33] especially
for the interaction of the fluid with the mechanisms in the process
zone. This limits the selection of fluids and their description in
Section 2. Fluids on manufacturing machines serve for lubricating,
tempering, cleaning, transmitting force and energy, sealing andfire
extinguishing with vulnerable devices. Each of the application
fields requires different behavior and properties of the fluids in use.

Historically, fluidic tasks have always been the reduction of
friction and wear by greasing the contact areas and the heat
exchange which always took place by free convection to the air,
wanted or unwanted. For the energy transmission the huge force
and power density of fluidic devices and the very simple
amplification of force is exploited. The development of electric
drives or actuators with increasing force and power density due to
new magnetic materials changed the competition between the
hydraulic and electric principle of action towards electricity.
Electrohydraulic servo drives for high performance applications as
for instance for sheet stripe feeding in stamping presses have been
common technologies in the 1990s and till then have nearly
completely been replaced by full electric drives. A similar trend
today can be detected for investment casting machines, where the
replacement of the hydraulic closing motion by an electric closing
mechanism is just going on. The electric drive is supported by a
mechanical link gear. The flexibility benefit of hydraulic presses
over mechanical presses is just in the state of being dissolved by
the introduction of servo presses, where a flexibly controllable
electric drive acts via different possibilities of drive concepts on the
slide, enabling the machine to be controlled like a hydraulic
machine but still at higher expenses today.
The clearly visible trend of replacing hydraulic force transmis-
sionsbyelectricdevices is a furtherfieldby somedetrimental effects
of the fluid elements which makes engineers think of getting rid of
the hydraulic devices. These are environmental concerns, leakages
but most important the necessary maintenance of fluids, hoses and
seals. In addition the transmission of electric energy has the
advantage over transmission of fluidic energy that the energy
guiding part of the transmission is material and thus supports the
structure, which facilitates largely the application in energy chains.

The detrimental deformation of machine tools due to thermal
effects can be mitigated by intelligent compensation instead of
cooling with fluids. Research here is ongoing.

In other tasks, fluids resist stronger to electric replacement. The
Peltier-effect, possible replacement of fluids for tempering and
cooling, is by far too inefficient and removal of heat is still
necessary and will be done at least by free convection into the air
and the environment. Thus the task of heat removal will remain
with the fluids and thus also the discussion of the effect of fluids on
the above mentioned thermal displacements of the machine and
its components.

Supporting ofmovingmachine elements bymagnetic bearings is
still too expensive, which is the direct electric competitor to
hydrostatic and hydrodynamic bearings. Alternatives to avoid fluid
elements might be dry contacts by rollers or sliding elements. Both
today need lubrication to survive economically and ecologically
feasible life times. Newmaterial developments might be capable in
future to permit dry contacts, today lubrication by fluidic media
drastically increases the life time of contacting elements and thus is
indispensable. Research in this direction tries to reduce the amount
offluid by better delivery to the contacting point and to enhance the
effectoffluids byengineeredfluidic systems, for instancenanofluids
and combinations of dry lubricant with small amount of fluids.
Investigations in gear lubricationwith dryfilm coatings have shown
that also without liquid lubrication the wear, the friction and the
running temperature can be reduced [47].

There is further a tendency to unify fluids to reduce the number
of different circuits, to reduce sealing efforts and thus reduce total
cost of ownership (TCO), because fluids affectmaintenance and the
fluid preparation systems require space and energy.

On the other hand, specialized, engineered fluids are developed
to achieve just the required properties and optimize them to the
best. Also, special fluids with new properties be released creating
new fluid elements and newapplications as for instance in the past
the MRFs and ERFs or the development and design to specification
of nanofluids.

The discussion on energy efficiency of machine tools revealed,
that the inefficiencies are mainly due to the media supply systems
and their utilization. Often those systems are over-dimensioned,
sometimes to meet extreme requirements, which take place only
during limited shares of the machine’s life time. Research on
supply systems that can adapt, also under the aspect of energy
efficiency, to the actual requirements is needed in future. Adaptive
fluid supply is thus a great issue to be solved.

Suitability of fluid supply needs the consideration of the
machine tool the fluid, the fluid elements and the fluid supply as a
complex system. And not only the core elements of the machine
tool play a role, but also the covers and the integration into the job
shop environment. Disregarding this aspect is the most common
reason for unfavorable equipment of machines with those
auxiliary systems because they are merely treated as add-ons.
Layout tools today are missing respectable unsuitable, which
opens a big field of research.

Fluidic systems will naturally be impacted by general trends in
production technology. The discussion on energy saving has
and has had a huge impact on the fluidic systems as discussed
before. But also data integration, data analysis smartness, connec-
tion to business, industry 4.0 will change fluidic systems. Already
in the past and today fluidic systems are monitored as they
are maintenance-intensive parts of the machine. But predictive
maintenancestill isunderdevelopedandespecially the computation
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of life expectance of the fluid, the sealing and the supply system is
still an open research field. In addition, the fluid system connects
machine components and drag-out debris from one component to
the other. Thus, there is an interdependence between the life times
of different parts of the system, which is today not investigated.
There is no numerical optimization of fluid flow and the debris
freight and no systematic optimization of cleaning system. In
general numerical based optimization of fluid elements are often
focus on one specific element without considering the surrounded
components. There is a clear research gap in the development of
meta models, which enables computing the behavior of the
entire machine tool equipped with fluid elements with adequate
numerical effort.

The fluid can also be used as diagnostic system for the machine
as the transported abraded debris out of the machine can serve as
source of information for the wear state of machine elements.

Summarizing, the fluid systems remain an exciting research
field and performance, efficiency and success of machine tools will
depend on the thorough understanding of fluidic systems and their
interaction with the machine tool.

[502_TD$DIFF]Acknowledgements

The authors would like to thank all CIRP colleagues and experts
who have given input to this keynote paper. A special thanks to the
following colleagues who have contributed with detailed infor-
mation: Bauer J, KIT; Brecher C, RWTH Aachen; Eglin M, Blaser
Swisslube; Grossenbacher R, Fritz Studer AG; Yildrim I, ETH Zürich;
Jasper D, RWTH Aachen; Kolja A, FAU Erlangen; Machine Tool
Technology Research Foundation (MTTRF); Manikowski M, Blaser
Swisslube; Pfefferkorn F, LAMSML Madison; Reick M, ETH Zürich;
Schudeleit T, ETH Zürich; Weikert S, ETH Zürich; Zimmermann N,
ETH Zürich; Züst S, ETH Zürich.
References

[1] ABB (2009) Energy Savings for Hydraulic Systems. World Pumps 514:14–16.
[2] Abele E, Altintas Y, Brecher C (2010) Machine Tool Spindle Units. CIRP Annals:

Manufacturing Technology 59(2):781–802.
[3] Abele E, Braun S, Schraml P (2015) Holistic Simulation Environment for

Energy Consumption Prediction of Machine Tools. Procedia CIRP 29:251–256.
[4] Abele E, Eisele C, Schrems S (2012) Simulation of the Energy Consumption of

Machine Tools for a Specific Production Task. Proc 19th CIRP Int Conf Life Cycle
Eng 233–237.

[5] Abele E, Panten N, Menz B (2015) Data Collection for Energy Monitoring
Purpose and Energy Control of Production Machines. Proc CIRP 29:299–304.

[6] Abele E, Schraml P, Moog D (2016) Electric Load Management on Machine
Tools. Procedia CIRP 55:164–169.

[7] Al-Bender F (2009) On the Modelling of the Dynamic Characteristics of
Aerostatic Bearing Films: From Stability Analysis to Active Compensation.
Precision Engineering 33:117–126.

[8] Altintas Y, Verl A, Brecher C, Uriarte L, Pritschow G (2011) Machine Tool Feed
Drives. CIRP Annals: Manufacturing Technology 60(2):779–796.

[9] An L, Sepehri N (2004) Leakage Fault Identification in a Hydraulic Positioning
System Using Extended Kalman Filter. Proc Amer Cont Conf 4:3088–3093.

[10] Aoyama T, Inasaki I (1996) Application of Electrorheological Fluid Dampers to
Machine Tool Elements. CIRP Annals: Manufacturing Technology 46(1):309–
312.

[11] Augenstein E, Nelles J, Wurm A (2012) Energieeffiziente Kühlsysteme für
Werkzeugmaschinen. wt Werkstattstechnik Online 102:306–311.

[12] Aurich JC, Linke B, Hauschild M, Carrella M, Kirsch B (2013) Sustainability of
Abrasive Processes. CIRP Annals: Manufacturing Technology 62(2):653–672.

[13] Baecker F, Bratzke D, Groche P, Ulbrich S (2015) Time-Varying Process Control
for Stringer Sheet Forming by a Deterministic Derivative-Free Optimization
Approach. The International Journal of Advanced Manufacturing Technology 80
(5–8):817–828.

[14] Bang KG, Lee DG (2002) Thrust Bearing Design for High-Speed Composite Air
Spindles. Composite Structures 57:149–160.

[15] Baumann J, Hense R,Wiederkehr P, Nguyen LT, Möhring HC, Spieker C, Müller
M (2016) Thermal Effects on Machine Tool Compliance. Proc 13 Int Conf HSM.

[16] BeckM, Helfert M, Burkhardt M, Abele E (2016) Rapid Assessment:Method to
Configure Energy Performant Machine Tools in Linked Energy Systems.
Procedia CIRP 48:514–519.

[17] Behrens BA, Brecher C, Hork M, Werbs M (2005) Entwicklung eines aktiven
Dämpfersystems zur Reduzierung des Werkzeugverschlei�es von Schneid-
werkzeugen. Abschlussbericht Forschungsvorhaben AiF 70 ZN.

[18] Behrens BA, Brecher C, Hork M, Werbs M (2007) Entwicklung eines aktiven
Dämpfungssystems für Schnellläuferpressen. Available: http://www.
umformtechnik.net/binary_data/101923_62576_ut_07_01_005xx0306ut.
pdf; 12 January 2017.

[19] Bergada JM, Kumar S, Davies DL,Watton J (2012) A Complete Analysis of Axial
Piston Pump Leakage and Output Flow Ripples. Applied Mathematical Model-
ling 36:1731–1751.

[20] Bleicher F, Duer F, Leobner I, Kovacic I, Heinzl B, Kastner W (2014) Co-
Simulation Environment for Optimizing Energy Efficiency in Production
Systems. CIRP Annals: Manufacturing Technology 63(1):441–444.

[21] Bosch Rexroth (2016) Handbuch Lineartechnik, Bosch Rexroth. R310DE2017.
[22] Bouzidane A, Thomas M (2008) An Electrorheological Hydrostatic Journal

Bearing for Controlling Rotor Vibration. Computers and Structures 86:
463–472.

[23] Bowman L (1982) Foam Control Agents—Technology and Application. Speci-
ality Chemicals 2:4–10.

[24] Braun S, Heisel U (2012) Simulation and Prediction of Process-Oriented
Energy Consumption of Machine Tools. Proc 19 CIRP IC Life Cy Eng 245–250.

[25] Brecher C, Baeumler S, Jasper D, Treibs J (2012) Energy Efficient Cooling
Systems for Machine tools. Proc 19 CIRP IC Life Cy Eng 239–244.

[26] Brecher C, Baeumler S, Treibs J (2012) Design of Energy Efficient Hydraulic
Units for Machine Tools. in Seliger G, (Ed.) Sustainable Manufacturing, Spring-
er-Verlag, Berlin Heidelberg183–188ISBN: 978-3-642-27290-5.

[27] Brecher C, Jasper D, Fey M (2015) Einfluss von mineralölfreien Fluiden auf
energieeffiziente Hydraulikaggregate von Werkzeugmaschinen. ZWF 110(7–
8):411–415.

[28] Brecher C, Jasper D, Fey M (2016) Innovative Hydraulic and Cooling Supply
Unit for Machine Tools. Adaptive and Smart Manufacturing. Proc Wiener
Produktionstechnik Kongress WPK 65–76.

[29] Brecher C, Jasper D, Wennemer M, Klatte M (2016) Thermo Energetic Design
of Machine Tools and Requirements for Smart Fluid Power Systems. Proceed-
ings of the 10th International Fluid Power Conference 177–194.

[30] Brecher C, Triebs J, Jasper D (2013) Energy Efficient Solutions for Hydraulic
Units of Machine Tools. Proceedings of the 20th CIRP International Conference
on Life Cycle Engineering 191–196.

[31] Brennen CE (1994) Hydrodynamic of Pumps, Concepts ETI Inc and Oxford
University Press. ISBN 0-19-856442-2.

[32] Brink R (1993) Handbook of Fluid Sealing, McGraw-Hill. ISBN: 0070078270.
[33] Brinksmeier E, Meyer D, Huesmann-Cordes AG, Herrmann C (2015) Metal-

working Fluids—Mechanisms and Performance. CIRP Annals: Manufacturing
Technology 64(2):605–628.

[34] Bryan (1990) International Status of Thermal Error Research. CIRP Annals:
Manufacturing Technology 39(2):645–656.

[35] Caterpillar Inc (1990) Fundamentals of Applied Failure Analyses Module 4: Ana-
lyzing Wear. Caterpillar Reference Number TEBB9007, Caterpillar Inc, Peoria IL.

[36] Chan TL, D'Arcy JB, Siak J (1990) Size Characteristics of Machining Fluid
Aerosols in an Industrial Metalworking Environment. Applied Occupational
and Enviromental Hygiene 5:162–170.

[37] Chang C-L (2015) Ölabscheide-Vorrichtung. German Patent
DE102014223320A1.

[38] Chen C-J (1987) A Laminar Flow Motor for Precision Machining. CIRP Annals:
Manufacturing Technology 36(1):385–390.

[39] Chen D, Bonis M, Zhang F, Dong S (2011) Thermal Error of a Hydrostatic
Spindle. Precision Engineering 35:512–520.

[40] ChenD, Zhou S, Dong L, Fan J (2015) Performance Evaluation and Comparative
Analysis of Hydrostatic Spindle Affect by the Oil Film Slip. Journal of
Manufacturing Processes 20:128–136.

[41] Chien CH, Jang JY (2008) 3-D Numerical and Experimental Analysis of a Built-
in Motorized High-Speed Spindle with Helical Water Cooling Channel. Ap-
plied Thermal Engineering 28:2327–2336.

[42] Chun SM (2004) Thermohydrodynamic Lubrication Analysis of High-Speed
Journal Bearing Considering Variable Density and Variable Specific Heat.
Tribology International 37:405–413.

[43] Corbett J, Almond RJ, Stephenson DJ, Kwan YBK (1998) Porous CeramicWater
Hydrostatic Bearings for Improved for Accuracy Performance. Annals of the
CIRP Manufacturing Technology 47(1):467–470.

[44] Creighton E, Honegger A, Tulsian A, Mukhopadhyay D (2010) Analysis of
Thermal Errors in aHigh-SpeedMicro-Milling Spindle. International Journal of
Machine Tools and Manufacturing 50:386–393.

[45] Dahmus JB, Gutowski TG (2004) An Environmental Analysis of Machining.
Proceedings of the 2004 ASME Int Mech Eng Cong 643–652.

[46] DayM, Bauer C. (2007)Water Contamination in Hydraulic and Lube Systems.
Machinery Lubrication (9). Available: http://www.machinerylubrication.com/
Read/1084/water-contamination-lube; 07 December 2016.

[47] Dearn KD, Hoskins TJ, Petrov DG, Reynolds SC, Banks R (2013) Applications of
Dry Film Lubricants for Polymer Gears. Waer 289–299:99–108.

[48] De Filippi A, Ippolito R (1981) NC Machine Tools as Electric Energy Users.
Annals of the CIRP 30(1):323–326.

[49] Denkena B, Dahlmann D, Kiesner J (2014) Sensor Integration for a Hydraulic
Clamping System. Procedia Technology: 2nd International Conference on Sys-
tem-Integrated Intelligence: Chal for Prod and Prod Eng 15:465–473.

[50] Denkena B, Helmecke P, Huelsemeyer L (2014) Energy Efficient Machining
with Optimized Coolant Lubrication Flow Rates. Procedia CIRP 24:25–31.

[51] Denkena B, Kayapinar H (2013) XY-Table for DesktopMachine Tools Based on
a New Fluidic Planar Drive. Production Engineering: Research and Development
7(5):535–539.

[52] Denkena B, Möhring HC, Hackelöer F, Hülsemeyer L, Dahlmann D, Augenstein
E, Nelles J, Grigoleit A (2011) Effiziente Fluidtechnik fürWerkzeugmaschinen.
wt Werkstattstechnik Online 101(5):347–352.

[53] Deshpande RD, Alfano JP (1998) Hydrostatic shoe for controlled crown rolls.
US patent: US 5797826 A.

[54] DIN 51602 (1990) Kurzbezeichnung der Schmierstoffe und Kennzeichnung der
Schmierstoffbehälter, Schmiergeräte und Schmierstellen. German standard.



K. Wegener et al. / CIRP Annals - Manufacturing Technology 66 (2017) 611–634632
[55] DIN 8659-2 (1980) Werkzeugmaschinen, Schmierung vonWerkzeugmaschi-
nen, Schmierstoffauswahl für spanendeWerkzeugmaschinen. German standard.

[56] DIN EN ISO 6743-4 (2015) Schmierstoffe, Industrieöle und verwandte
Erzeugnisse (Klasse L) – Klassifizierung – Teil 4: Familie H (Hydraulische
Systeme). International standard organisation.

[57] DIN ISO 3448 (2010) Flüssige Industrie-Schmierstoffe – ISO-Viskositätsklas-
sifikation. International standard organisation.

[58] Doddannavar R, Barnard A, Ganesh J (2005) Practical Hydraulic Systems—
Operation and Troubleshooting for Engineers and Technicians. Newnes, In-
ternational standard organisation. ISBN: 978-0-750-66276-5.

[59] Doege E, Behrens B-A (2010) Handbuch Umformtechnik, ISBN 978-3-642-
04248-5.

[60] Doege E, Derenthal M, Weck M, Krell M, Gro�mann K, Wiemer H (2001)
Einfluss der Dämpfungseigenschaften von weggebundenen Schnellläufer-
pressen auf den Werkzeugverschlei�, Abschlussbericht Forschungsvorhaben
AiF 11842 B.

[61] Doege E, Derenthal M, Weck M, Krell M, Gro�mann K, Wiemer H (2001)
Reduction of Tool Wear by Increase of Machine Damping. 2nd International
Conference and Exhibition on Design and Production of Dies and Molds.

[62] DraperM (2011) Hydraulic Fluids—ANewGeneration.World Pumps 12:40–41.
[63] Du Z-C, Yao S-Y, Yang J-G (2015) Thermal Behavior Analysis and Thermal Error

Compensation for Motorized Spindle of Machine Tools. International Journal
of Precision Engineering and Manufacturing 16(7):1571–1581.

[64] Duflou JR, Kellens K, Renaldi. Guo Y, Dewulf W (2012) Critical Comparison of
Methods to Determine the Energy Input for Discrete Manufacturing Process-
es. CIRP Annals: Manufacturing Technology 61(1):63–66.

[65] Duflou JR, Sutherland J, Dornfeld D, Herrmann C, Jeswiet J, Kara S, Hauschild
M, Kellens K (2012) Towards Energy and Resource Efficient Manufacturing: a
Processes and Systems Approach. Annals CIRP Manufacturing Technology 61
(2):587–610.

[66] Duncanson M (2001) Controlling Oil Aeration and Foam. Machinery Lubrica-
tion (11). available: http://www.machinerylubrication.com/Read/255/
oil-foam; 06 December 2016.

[67] Eibe W (1990) Thermal crown controlled rolls. European patent:
EP19880311364.

[68] Endelt B, Tommerup S, Danckert J (2013) A Novel Feedback Control System—
Controlling the Material Flow in Deep Drawing Using Distributed Blank-
holder Force. Journal of Materials Processing Technology 213(1):36–50.

[69] Erichello R (1991) Lubrication of Gears-Part 2 Lubrication Engineering. Gear
Technology 3:18–22.

[70] Ertugrul M, Groche P (2009) Hydroforming of Laser Welded Sheet Stringers.
Key Engineering Materials 410(-411):69–76.

[71] Findeisen D, Helduser S (2015) Oelhydraulik—Handbuch der hydraulischen
Antriebe und Steuerungen, Springer. ISBN: 978-3-642-54908-3.

[72] Fischer L, von Arx S, Wechsler U, Züst S, Worlitschek J (2015) Phase Change
Dispersion, Potentially a New Class of Heat Transfer Fluids. 7th European
Thermal-Sciences Conference 1–8.

[73] Fitch EC (2002) Temperature Stability of Lubricants and Hydraulic Fluids.
Machinery Lubrication (7). available: http://www.machinerylubrication.com/
Read/367/temperature-stability; 06 December 2016.

[74] Fitch EC, Hong IT, Xuan JL (1988) Adhesion Wear. The Basic Fluid Power
Research Journal (BFPR) 21:93–106.

[75] Fitch J (2007) TenThings You Probably Didn't KnowAbout Air Contamination.
Machinery Lubrication (9). available: http://www.machinerylubrication.com/
Read/1088/air-contamination-oil; 07 December 2016.

[76] Fleischer J, Leberle U, Maier J, Spohrer A (2014) Resource-Efficient Ball Screw
by Adaptive Lubrication. 21st CIRP Conf Life Cycle Eng Proc CIRP 15:50–55.

[77] Fleischer J, Schopp M, Broos A, Wieser J (2007) Datenbasis für lastabhängige
Prozesseingriffe—Modularisierung und Analyse von Ausfallursachen zur
Erhöhung der Verfügbarkeit von Werkzeugmaschinen. wt Werkstattstechnik
Online 97(7/8):491–497.

[78] Fleischer J, Wieser J, Hennrich H, Schopp M (2008) Intelligente Instandhal-
tung von Werkzeugmaschinen. Angepasste Instandhaltungstätigkeiten und
spezifische Instandhaltungsintervalle. wt Werkstattstechnik Online 538–544.

[79] Fleischer J, Spohrer A, Dosch S (2015) Adaptive and Adequate Lubrication for
Highest Component-Lifetimes in Feed Drive Axes with Ball Screws. The 22nd
CIRP conference on Life Cycle Engineering Procedia CIRP 29:335–340.

[80] Fowle TI (1972) Problems in The Lubrication Systems of Turbomachinery.
Proceedings of the Institution of Mechanical Engineers 186:705–716.

[81] Freddy Products Ltd (1994) Cleaning Machine Tool Coolants at Rover Group.
Filtration and Separation 31(7):689.

[82] Fu XB, Liu B, Zhang YC, Lian LN (2014) Fault Diagnosis of Hydraulic System in
Large Forging Hydraulic Press. Measurement: Journal of the International
Measurement Confederation 49:390–396.

[83] Galea M, Gerada C, Raminosoa T, Wheeler P (2012) A Thermal Improvement
Technique for the PhaseWindings of Electrical Machines. IEEE Transactions on
Industry Applications 48(1):79–87.

[84] Garimella P, Yao B (2005) Model Based Fault Detection of an Electro-Hydrau-
lic Cylinder. Proceedings of the American Control Conference 1:484–489.

[85] Gebhardt M, Mayr J, Blaser P, Knapp W, Wegner K (2014) Thermal Compen-
sation for 5-Axis Machine Tools with Physical Model. Proceedings of the 14th
Euspen International Conference 2:323–326.

[86] Gebhardt M, Mayr J, Furrer N, Widmer T, Weikert S, Knapp W (2014) High
Precision Grey-Box Model for Compensation of Thermal Errors on Five-Axis
Machines. CIRP Annals: Manufacturing Technology 63(1):509–512.

[87] Ghiotti A, Bruschi S, Regazzo P (2010) Reduction of Vibrations in Blanking by
MR Dampers. CIRP Annals: Manufacturing Technology 59(1):275–278.

[88] Ghiotti A, Bruschi S, Regazzo P (2014) Shear Surface Control in Blanking by
Adaptronic Systems. ICTP 2014 Procedia Engineering 81:2512–2517.

[89] Ginting YR, Boswell B, Biswas W, Islam N (2015) Advancing Environmentally
Conscious Machining. Procedia CIRP 26:391–396.
[90] Godfrey D (1996) Gear Wear Caused by Contaminated Oils. Gear Technology
45–49.

[91] GoharaM, Somaya K,MiyatakeM, Yoshimoto S (2014) Static Characteristics of
aWater-Lubricated Hydrostatic Thrust Bearing Using a Membrane Restrictor.
Tribology International 75:111–116.

[92] Goharrizi AY, Sepehri N (2012) Internal Leakage Detection In Hydraulic
Actuators Using Empirical Mode Decomposition And Hilbert Spectrum. IEEE
Transactions on Instrumentation and Measurement 61:368–378.

[93] Goharrizi AY, Sepehri NA (2011) Wavelet-Based Approach for External Leak-
age Detection and Isolation From Internal Leakage in Valve-Controlled Hy-
draulic Actuators. IEEE Transaction on Industrial Electronics 58:4374–4384.

[94] Gradl C, Plöckinger A, Scheidl R (2016) Sensorless Position Control with a
Hydraulic Stepper Drive—Concept, Compression Modeling and Experimental
Investigation. Mechatronics 35:91–101.

[95] Groche P, Huber R, Dörr J, Schmoeckel D (2002) Hydromechanical Deep-
Drawing of Aluminium-Alloys at Elevated Temperatures. CIRP Annals:
Manufacturing Technology 51(1):215–218.

[96] Groche P, Huttel D (2016) Paperboard Forming-Specifics Compared to Sheet
Metal forming. BioResources 11(1):1855–1867.

[97] Groche P, Metz C (2005) Hydroforming of Unwelded Metal Sheets Using
Active-Elastic tools. Journal of Materials Processing Technology 168:195–201.

[98] Groche P, Metz C, Ertugrul M (2005) Material Flow Control in High-Pressure
Sheet Metal Forming by Active-Elastic Tools. Steel Research International 76
(12):883–889.

[99] Groche P, Nitzsche G (2006) Reduction of Friction in Deep Drawing of
Aluminium Alloys by Generating Local Hydrostatic-Pressure Lubrication.
Journal of Engineering Manufacture 220(B):43–48.

[100] Groche P, Steinheimer R, Schmoeckel D (2003) Process Stability in the Tube
Hydroforming Process. CIRP: Annals Manufacturing Technology 52(1):229–
232.

[101] Grossmann K (2015) Thermo-Energetic Design of Machine Tools, Hanser Verlag.
ISBN: 978-3-319-12624-1.

[102] Gutowski T, Dahmus J, Thiriez A (2006) Electrical Energy Requirements for
Manufacturing Processes. Proc of 13th CIRP Int Conf Life Cycle Eng 623–627.

[103] Handte J (2015) Einrichtung zur Reinigung von bei Bearbeitungsmaschinen
entstehender Abluft sowie Anlage mit einer Abluftreinigungseinrichtung.
German Patent DE102014000689A1.

[104] Harris P, Linke B, Spence S (2015) An Energy Analysis of Electric and Pneu-
matic Ultra-High Speed Machine Tool Spindles. Procedia CIRP 29:239–244.

[105] Heitbrink WA, Earnest GS, Mickelsen RL, Mead KR, D'Arcy JB (1999) Evalua-
tion of Leakage from a Metal Machining Center Using Tracer Gas Methods: A
Case Study. American Industrial Hygiene Association Journal 60:785–788.

[106] Henneberg M, Eriksen RL, Fich J (2016) Modelling and Measurement of Wear
Particle Flow in a Dual Oil Filter System for Condition Monitoring.Wear 362–
363:153–160.

[107] Herding GmbH Filtertechnik (2016) Dust-collection. Available: http://www.
herding.de/de/dust-collection.html; 18 August 2016.

[108] Hintermaier J (1994) Versorgungssystem. German Patent DE4320153A1.
[109] Hishida N, Hirayama T, HashimotoM,Matsuoka T, Yabe H (2010) Analysis and

Experimental Study on Oil Leakage fromFluid Bearing. International Journal of
Surface Science and Engineering 4:121–137.

[110] Hoffman H, Neugebauer R, Spur G (2012) Handbuch Umformen, Hanser. ISBN:
978-3-446-42778-5.

[111] HorejšO, Bárta P, Hornych J (2012) Modeling of Thermal Processes in a Cooled
BallScrewFeedDrive.Proceedingsof theMatar InternationalConference147–152.

[112] Hornych J, Horejš O (2012) Adaptive Cooling Control of A Ball Screw Feed
Drive System. Proc of the 12th euspen International Conference 1:419–422.

[113] http://image.thefabricator.com/a/articles/photos/736/fig4.gif; 07 December
2016.

[114] Hülsemeyer L (2016) Energieeffizienz spanender Werkzeugmaschinen und
bedarfsgerechter Betrieb am Beispiel der inneren Kühlschmierstoffzufuhr, Dis-
sertation Leibniz University, Hannover. ISBN: 978-3-95900-093-2.

[115] Ijam A, Saidur R (2012) Nanofluid as a Coolant for Electronic Devices (Cooling
of Electronic Devices). Applied Thermal Engineering 32:76–82.

[116] Ingarao G (2017) Manufacturing Strategies for Efficiency in Energy and
Resources Use: The Role of Metal Shaping Processes. Journal of Cleaner
Production 142:2872–2886.

[117] Ishihara A (2014) Werkzeugmaschine mit Schneidfluidfiltriervorrichtung.
German Patent DE102014104172.

[118] Ishihara M (2013) Filtervorrichtung für Schneideflüssigkeiten mit Filterrei-
nigungssystem. DE102013105421A1.

[119] Ishihara M (2014) Werkzeugmaschine mit einer Filtervorrichtung für die
Schneidflüssikeit. German Patent DE102013111103A1.

[120] ISO 11158 (2009) Lubricants, industrial oils and related products (class L) –
Family H (hydraulic systems) – Specifications for categories HH, HL, HM, HV
and HG. International standard organization.

[121] ISO 12922 (2013) Schmierstoffe, Industrieöle und verwandte Produkte
(Klasse L) – Familie H (Hydraulische Systeme) – Anforderungen an Druck-
flüssigkeiten in den Kategorien HFAE, HFAS, HFB, HFC, HFDR und HFDU.
International standard organisation.

[122] ISO 15380 (2011) ubricants, industrial oils and related products (class L) –
Family H (Hydraulic systems) – Specifications for categories HETG, HEPG,
HEES and HEPR. International standard organization.

[123] ISO 4406 (1999) Hydraulic fluid power – Fluids –Method for coding the level
of contamination by solid particles. International standard organisation.

[124] ISO 6743-12 (1989) Lubricants, industrial oils and related products (class L)-
Classification-Part 12: Family Q (Heat transfer fluids). International standard
organisation.

[125] ISO 6743-13 (2002) Lubricants, industrial oils and related products (class L)-
Classification-Part 13: Family G (Slideways). International standard organi-
sation.



K. Wegener et al. / CIRP Annals - Manufacturing Technology 66 (2017) 611–634 633
[126] ISO 6743-2 (2002) Lubricants, industrial oils and related products (class L)-
Classification-Part 2: Family F (Spindle bearings, bearings and associated
clutches). International standard organisation.

[127] JacobsW, Boonen R, Sas P,Moens D (2014) The Influence of the Lubricant Film
on the Stiffness and Damping Characteristics of a Deep Groove Ball Bearing.
Mechanical Systems and Signal Processing 42:335–350.

[128] Jaumann S (2012) PRÄZOPLAN, flächiges aerostatisches Führungssystem für
spanende Werkzeugmaschinen. Diss. ETH No. 20254.

[129] Jaumann S (2014) Werkzeugmaschine. German Patent: DE102014111238A1.
[130] Jebe P, Neumann CP, Brandl J (1977) Lärmminderung und Standmengener-

höhung beim Blechschneiden. Indanz 33/22(4):586–589.
[131] Jeong GY, Jang SP, Lee HY, Lee JC, Choi S, Lee SH (2013) Magnetic-Thermal-

Fluidic Analysis for Cooling Performance of Magnetic Nanofluids Comparing
with Transformer Oil and Air by Using Fully Coupled Finite Element Method.
IEEE Transactions on Magnetics 49(5):1865–1868.

[132] Judd RL, Aftab K, Elbestawi MA (1994) An Investigation of the Use of Heat
Pipes for Machine Tool Spindle Bearing Cooling. International Journal of
Machine Tools and Manufacture 34(7):1031–1043.

[133] Kamalakar K, Rajak AK, Prasad RBN, Karuna MSL (2013) Rubber Seed Oil-
Based Bio-Lubricant Base Stocks: A Potential Source for Hydraulic Oils.
Industrial Crops and Products 51:249–257.

[134] KarabegovicËC E, LjubijankicËC I, MahmicËC M, Husak E (2014) Hydroforming
Technologies. 18th International Research/Expert Conference on Trends in the
Development of Machinery and Associated Technology 61–64.

[136] Kiong TK, Putra AS (2011) Drives and Control for Industrial Automation,
Springer. ISBN: 978-1-84882-424-9.

[137] Korn D (2011) A Clean Fire Prevention Alternative for Machine Tools. Modern
Machine Shop 25(1). Available: http://www.mmsonline.com/articles/
a-clean-fire-prevention-alternative-for-machine-tools; 31 January 2015..

[138] Kral C, Haumer A, Bäuml T (2008) Thermal Model and Behavior of a Totally-
Enclosed-Water-Cooled Squirrel-Cage Induction Machine for Traction Appli-
cations. IEEE Transactions on Industrial Electronics 55(10):3555–3565.

[139] Krautzer C, Pamminger R, Diver C, Wimmer W (2015) Assessing the Environ-
mental Performance of Machine Tools-Case Studies Applying the ‘LCA to go’
Webtool. Procedia CIRP 29:502–507.

[140] Krethe R (2015) How to Prevent Foaming and Air Dispersions in
Industrial Gear Oils. Machinery Lubrication (2). Available: http://www.
machinerylubrication.com/Read/30096/prevent-foaming-dispersions;
07 December 2016.

[141] Landgrebe D, Blau P, Pä�ler T, Tehel R, Voigt T (2016) Energieoptimierte
Antriebskonzepte für hydraulische Umformmaschinen mit elektrischen Ser-
voantrieben. EFB-Forschungsbericht 441. ISBN: 978-3-86776-489-6.

[142] LeeHY, Kang IM, Choi HS, Lee SH (2015) Cooling performance of vegetable oil-
based magnetic nanofluid due to magnetoconvection effects. Compumag
2015. Available: http://www.compumag2015.com/Pdfs%20of%20Short%
20Papers%20by%20Session/PD5%5CPD512%20LeeCooling%20Performance%
20of%20Vegetable%20OilBased%20Magnetic%20Nanofluid%20Due.pdf;
18 August 2016.

[143] Lee R-T, Yang K-T, Chiou Y-C (2013) A Novel Model for a Mixed-Film Lubrica-
tion with Oil-in-Water Emulsions. Tribology International 66:241–248.

[144] Lin Y-T, Liao C-C, Lin T-Y, Lin C-A (2014) Simulations of Flow Resistances in
Circular and Square Hydrostatic Bearings. Procedia Engineering 79:114–118.

[145] Liu YJ, Wang ZY, Wang W, Tang DJ, Lumkes Jr. (2013) Efficiency Model of
Pumping Low Viscosity. Fluids IOP Conf Series: Mat Sci and Eng 52:1–5.

[146] Livingstone G, Cavanaugh G (2015) The Real Reasons Why Hydraulic Fluids
Fail. Tribology and Lubrication Technology 71:44–51.

[147] Lotierzo A, Pifferi V, Ardizzone S, Pasqualin P, Cappelletti G (2016) Insight into
the Role of Amines in Metal Working Fluids. Corrosion Science 110:192–199.

[148] Lou X, Chen K, Webb D, Wradle F (2005) Design of Ultra-Precision Machine
Tools with Applications toManufacture of Miniature andMicro Components.
Journal of Materials Processing Technology 167:515–528.

[149] LTA Lufttechnik GmbH (2016) Luftfiltrationssystem. German Patent
DE202015007946U1.

[150] Lu C-H, Tsai C-C (2008) Adaptive Predictive Control With Recurrent Neural
Network for Industrial Processes: An Application to Temperature Control of a
Variable-Frequency Oil-Cooling Machine. IEEE Transactions on Industrial Elec-
tronics 55(3):1366–1375.

[151] Madanchi N, Kurle D,WinterM, Thiede S, Herrmann C (2015) Energy Efficient
ProcessChain:The ImpactofCuttingFluidStrategies.ProcediaCIRP29:360–365.

[152] Magorien V (1968) How Hydraulic Fluids Generate Air. Hydraulics & Pneu-
matics 6:104–108.

[153] Mahdi SM, Sklöd RO (1991) Experimental Study of Membrane Filtration for
the Recycling of Synthetic Waterbased Metalworking Fluids. Tribology Inter-
national 24(6):389–395.

[154] Majdic F, Pezdirnik J (2010) Oil- and Water-Based Continuous Control Valve.
Industrial Lubrication and Tribology 62:136–143.

[155] Makaryants GM, Prokofiev AB, Shakhmatov EV (2015) Vibroacoustics Analy-
sis of Punching Machine Hydraulic Piping. Procedia Engineering 106:17–26.

[156] Mang T (2014) Encyclopedia of Lubricants and Lubrication, Springer. ISBN: 978-
3-642-37439-5.

[157] Mang T, Dresel W (2007) Lubricants and Lubrication, Wiley. ISBN: 978-3-527-
61033-4.

[158] MarešM, Stach E, Holkup T (2017) AGeneralMethod for Design Optimization
of Hydrostatic Bearings for Machine Tools. Proc. of the 15th Int. Conf. on
Machine Design and Production, Denizli, Turkey, 201.

[159] MarešM, Stach E, Holkup T (2012) AppliedMethod for DesignOptimization of
Hydrostatic Bearing on Real Machine Tool. Proc of Eng Mech 857–868. ISBN
978 80 86246 39 0.

[160] Masek B, Vorel I, Opatova K, Kurka P, Hahn F, Mahn U (2015) Production of
High Strength Hollow Shafts Using Tool Hardening and Q–P process. MATEC
Web of Conferences 21.
[161] Matitschka G, Bley H, Brandl J, Hoffmann H, Kreiskorte H (1980) Möglich-
keiten zur Lärmminderung an Schneidpressen, 10. Umformtechnisches Kol-
loquium, Hannover: 27. 1-27.18.

[162] Mayr J, Blaser P, Knapp W, Wegener K (2016) Compensation of Cutting Fluid
Influences on Five Axis Machine Tools. MTTRF Annual Meeting.

[163] Mayr J, Egeter M, Weikert S, Wegener K (2015) Thermal Error Compensation
of Rotary Axes and Main Spindles Using Cooling Power as Input Parameter.
Journal of Manufacturing Systems 37(2):542–549.

[164] Mayr J, Ess M, Weikert S, Wegener K (2010) Comparing Different Cooling
Concepts for Ball Screw Systems. ASPE Annual Meeting. ISBN 978-1-887706-
55-1.

[165] Mayr J, Ess M, Weikert S, Wegener K (2011) Thermal Behaviour Improvement
of Linear axis. Proc 11th Euspen Conf 291–294.

[166] Mayr J, Jedrzejewski J, Uhlmann E, Donmez MA, KnappW, Härtig F, Wendt K,
Moriwaki T, Shore P, Schmitt R, Brecher C, Würz T, Wegener K (2012) Thermal
Issues inMachine tools. CIRP Annals: Manufacturing Technology 61(2):771–791.

[167] Mayr J, Knapp W, Wegener K (2015) Reduction Thermal Errors of 5-Axis
Machine Tools. MTTRF Annual Meeting.

[168] Mayr J, Weikert S, Wegener K, Egeter M (2015) Shop Floor Conditions versus
Precision on 5-Axis Machine tools. Proc of the 15th Euspen Int Conf 308–399.

[169] McEwen SM, Bailey MR (1996) Machine tool coolant filtering system for
segregating different contaminants. US Patent 5582740.

[170] Minimax GmbH (2016) Brandschutzlösungen fürWerkzeugmaschinen. Avail-
able: http://www.minimax.de/de/branchen/werkzeug/; 12 February 2015.

[171] Miyaguchi K, Arai S (2013) State of the Art Ball Screw Trends for Machine Tool
Applications. Journal of SME: Japan 13–18.

[172] Möhring HC, Brecher C, Abele E, Fleischer J, Bleicher F (2015) Materials in
Machine Tool Structures. CIRP Annals: Manufacturing Technology 64(2):725–
748.

[173] Mori M, Fujishima M, Inamasu Y, Oda Y (2011) A Study on Energy Efficiency
Improvement for Machine tools. CIRP Annals: Manufacturing Technology 60
(1):145–148.

[174] Mousavi S, Kara S, Kernfeld B (2014) Energy Efficiency of Compressed Air
Systems. Procedia CIRP 15:313–318.

[175] Müller W (2014) Verfahren und Vorrichtung zur Aufbereitung einer von
Zusatzstoffen verunreinigten Basisflüssikeit. German Patent
DE102013100694.

[176] Murakawa M, Mo J, Wakatsuki Y, Koga N (2001) Investigation of Blanking
Noise Reduction Using a Hydraulic Inertia Damper. Journal of Materials
Processing Technology 112:205–213.

[177] N.N. (2016) Coolant Filtration Systems for Machine Tools. Available: http://
www.losma.com/liquid-filtering; 18 August 2016.

[178] Nachtman E (1990) Metal Cutting and Grinding Fluids. ASM Handbook Volume
16, Machining, ASM International: 121–132.

[179] Nakao Y, Mimura M, Kobayashi F (2003) Water Energy Drive Spindle Sup-
ported by Water Hydrostatic Bearing for Ultra-Precision Machine Tool. Proc
ASPE Annual Meeting 199–202.

[180] NakaoY, Suzuki K, Yamada K, NagasakaK (2014) Feasibility Study onDesign of
Spindle Supported by High-Stiffness Water Hydrostatic Thrust Bearing. In-
ternational Journal of Automation Technology 8(4):530–538.

[181] Neugebauer R, Denkena B, Wegener K (2007) Mechatronic Systems for
Machine Tools. CIRP Annals: Manufacturing Technology 56(2):657–686.

[182] Neugebauer R, Drossel W, Wertheim R, Hochmuth C, Dix M (2012) Resource
and Energy Efficiency in Machining Using High-Performance and Hybrid
Processes. Procedia CIRP 1:3–16.

[183] Neugebauer R, Schieck F (2010) Active Meda-Based Form Hardening of Tubes
and Profiles. Production Engineering Research and Development 4:385–390.

[184] Neugebauer R,WabnerM, Rentzsch H, Ihlenfeldt S (2011) Structure Principles
of Energy Efficient Machine tools. CIRP Journal of Manufacturing Science and
Technology 4:136–147.

[185] Nikas GK, Almond RV, Burridge G (2014) Experimental Study of Leakage and
Friction of Rectangular, Elastomeric Hydraulic Seals for ReciprocatingMotion
from �54 to +135 �C and Pressures from 3.4 to 34.5 MPa. Tribology Transac-
tions 57:846–865.

[186] Noria Corporation (2013) Causes of Hydraulic Pump Failures. Machinery
Lubrication (10). Available: http://www.machinerylubrication.com/Read/
29541/hydraulic-pump-failures; 19 November 2016.

[187] Noria Corporation (2013) How to Control Fluid Leakage. Machinery
Lubrication. Available: http://www.machinerylubrication.com/Read/29306/
control-fluid-leakage; 07 December 2016.

[188] Oda Y, Kawamura Y, Fujishima M (2012) Energy Consumption Reduction by
Machining Process Improvement. Procedia CIRP 4:120–124.

[189] Oehninger J, Jaillon J (2008) Werkzeugmaschien mit mechanischem
Vorschub welche ein Ausräumen der Späne ermöglicht. German Patent
DE602005002412T2.

[190] Ooi KT, Wong TN, Tong BY (2001) Closed-Loop Pulsating Heat Pipe. Applied
Thermal Engineering 21:1845–1862.

[191] Parker Hannifin Corporation (2016) Finite Filter Division. Available: http://ph.
parker.com/ch/de/filters-separators-purifiers; 18 August 2016.

[192] Peick H (2014) Filtrationsvorrichtung. German Patent DE102013006107A1.
[193] Pfannenberg A (2015) Luftdurchtrittsvorrichtung zur Zuführung gereinigter

Luft in einen Innenraum eines Schaltschrankes und Schaltschrank mit einer
solchen Luftdurchtrittsvorrichtung. German Patent DE102012112977A1.

[194] Pirschel N (2013) Theoretical and Experimental Investigations on Press
Hardening of Tubes by Hot Metal Gas forming. 4th Int Conf Hot Sheet Met
For of High Perf Steel 397–406.

[195] Quan Z, Quan L, Zhang J (2014) Review of Energy Efficient Direct Pump
Controlled Cylinder Electro-Hydraulic Technology. Renewable and Sustainable
Energy Reviews 35:336–346.

[196] Rakova E, Weber J (2015) Process Simulation of Energy Behaviour of Pneu-
matic Drives. Procedia Engineering 106:149–157.



K. Wegener et al. / CIRP Annals - Manufacturing Technology 66 (2017) 611–634634
[197] Riddel V, Pacor P, Appeldoorn JK (1974) Cavitation Erosion and Rolling Contact
Fatigue. Wear 27:99–108.

[198] Saghir SA (2014) Encyclopedia of Toxicology, 3Elsevier. ISBN: 978-0-12-
386454-3.

[199] Sawano H, Nakamura Y, Yoshioka H, Shinno H (2015) High Performance
Hydrostatic Bearing Using a Variable Inherent Restrictor with a Thin Metal
Plate. Precision Engineering 41:78–85.

[200] Schaeffler (2016) Grundlagen Schmierung. Available: http://medias.schaeffler.
de/medias/de!hp.tg.cat/tg_hr*ST4_1652077067, 30 December 2016.

[201] Scheidl R, Plöckinger A, Gradl C (2015) Hydraulic drive and method for
discreetly changing the positional output of said drive, International Patent
WO 2015/052206A1.

[202] Schirling K (2014) Medianabscheider und Skimmervorrichtung dafür. Ger-
man Patent DE102012015472B4.

[203 Schmid M (2012) Filtervorrichtung insbesondere zur Reinigung von Kühlsch-
mierstoffen. Swiss Patent CH703986A1.

[204] Schmoeckel D, Hielscher C, Huber R (1999) Metal Forming of Tubes and
Sheets with Liquid and Other Flexible Media. CIRP Annals: Manufacturing
Technology 48(2):497–513.

[205] Schneider MP (2006) Plant-Oil-Based Lubricants and Hydraulic Fluids. Jour-
nal of the Science of Food and Agriculture 86:1769–1780.

[206] Schudeleit T, Züst S, Wegener K (2017) Energy Equivalents to Quantify the
Total Electricity Consumption of Factory-Integrated Machine Tools. The In-
ternational Journal of Advanced Manufacturing Technology 90(9–12):3239–
3247. http://dx.doi.org/10.1007/s00170-016-9659-0.

[207] Schürr H (1981) Scherschneiden von Blech mit elektronisch-hydraulischer
Schnittschlagdümpfung. wt Werkstatttechnik Online 71(2):71–75.

[208] Shell Lubricants (2009) Energy-Efficient Hydraulic Fluid. World Pumps 8:8.
[209] Sheng P, Srinivasan M (1995) Multi-Objective Process Planning in Environ-

mentally Conscious Manufacturing: A Feature-Based Approach. Annals of the
CIRP 44(1):433–437.

[210] Shie JS, ShihMC (2013) A Study on OptimumDesign and Dynamic Behavior of
a Hydrostatic Guideway on RotaryMachine Tool. CACS Int Aut Contr Conf 146–
151.

[211] Shokrani A, Dhokia V, Newman ST (2012) Environmental Conscious Machin-
ing of Difficult-to-Machine Materials with Regard to Cutting Fluids. Interna-
tional Journal of Machine Tools and Manufacture 57:83–101.

[212] SKF (2016) Grundlagen der Schmierung. Available: http://www.skf.com/de/
products/bearings-units-housings/roller-bearings/principles/lubrication/
index.html; 30 December 2016.

[213] Skormin VA, Apone J (1995) On-Line Diagnostics of a Variable Displacement
Pump of a Flight Actuation System. IEEE Proceedings of the National Aerospace
and Electronics Conference 1:503–510.

[214] Slater K (2001) Detecting and Managing Hydraulic System Leakage. Machin-
ery Lubrication. Available: http://www.machinerylubrication.com/Read/205/
hydraulic-leakage; 07 December 2016.

[215] Slocum AH, Scagnetti PA, Kane NR, Brunner C (1995) Design of Self-Compen-
sated, Water-Hydrostatic Bearings. Precision Engineering 17:173–185.

[216] Sparks T, Chase G (2016) Filters and Filtration Handbook, sixth edition. Butter-
worth-Heinemann. ISBN: 978-0-08-099396-6.

[217] Spohrer A, Fleischer J (2016), Lebensdauererhöhung von Kugelgewindetrie-
ben durch Adaptive Schmierung. Tagungsband zum GETLUB Tribologie- und
Schmierstoffkongress, Hrsg. Forsch. Antrieb. e.V: 406–415.

[218] Srinivasan V (2013) Analysis of Static and Dynamic Load on Hydrostatic
Bearing with Variable Viscosity and Pressure. Indian Journal of Science and
Technology 6(6S):4777–4782.

[219] Stach E, Falta J, Sulitaka M (2015) Analytical Solution of Hydrostatic Pocket
Tilting. The 21 st Inter Conf Eng Mech 288–289. ISBN 978-80-86246-42-0.

[220] Stach Falta EJM (2016) Sulitaka Analytical solution of hydrostatic pocket
tilting. Applied Mechanics and Materials 821:113–119.

[221] Stach E, Mareš M, Sulitaka M (2013) Comparison of Hydrostatic Regulation
System of Thrust Bearing of Turntable. Proc of the 22nd Inter Conf on Hydrau-
lics and Pneumatics 7:151–158. ISBN 978 80 2483136.

[222] Stoianovici D, Patricio A, Petrisor D, Mazilu D, Kavoussi L (2007) A New Type
of Motor: Pneumatic Step Motor. IEEE/ASME Transactions on Mechatronics 12
(1):98–106.

[223] Suzuki R, Tanaka Y, Totten G (2002) Removing Entrained Air in Hydraulic
Fluids and Lubrication Oils.Machinery Lubrication (7). Available: http://www.
machinerylubrication.com/Read/373/entrained-air-oil-hydraulic; 07Decem-
ber 2016.

[224] Taylor CM (1993) Engine Tribology, Elsevier. ISBN: 0 444 89755 0.
[225] Tharayil T, Asirvatham LG, Ravindran V, Wongwises S (2016) Thermal Per-

formance of Miniature Loop Heat Pipe with Graphene–Water Nanofluid.
International Journal of Heat and Mass Transfer 93:957–968.

[226] Thiriez A (2005) An Environmental Analysis of Injection Molding.MIT Thesis,
Department of Mechanical Engineering, Cambridge, MA, USA.

[227] ThomW, Schildbach D (1989) Vorrichtung zumReinigen von gebrauchtenÖl-
Wasser-Emulsionen. German Patent DD288174A5.

[228] Totten GE (2012) Handbook of Hydraulic Fluid Technology, second edition. CRC
Press. ISBN: 978-1-4200-8527-3.

[229] Tschaetsch H (2006) ISBN. Metal Forming Practise, Springer-Verlag, Berlin
Heidelberg. ISBN: 978-3-540-33216-9.

[230] van derWalde K, Hillberry BM (2008) Characterization of Pitting Damage and
PredictionofRemainingFatigueLife. International JournalofFatigue30:106–118.

[231] VDI 3146 – Blatt 1 (1999) Innenhochdruck-Umformen – Grundlagen. Verein
Deutscher Ingenieure e.V. Düsseldorf Germany.

[232] VDI 3802 (2013) Air conditioning systems for factories Capture of air pollu-
tants at machine tools removing material. VDI e.V. Düsseldorf Germany.

[233] Wan Nik WB, Zulkifli F, Ahmad MF, Sulaiman O, Rahman MM (2013) Perfor-
mance Evaluation of Hydraulic Field Test Rig. Procedia Engineering 68:613–
618.
[234] Wang L, Dai H, Ni Q (2016) Mode Exchange and Unstable Modes in the
Dynamics of Conical Pipes Conveying Fluid. Vibration and Control 22:1003–
1009.

[235] Wang L, Shuyun J (2014) Centrifugal effects on the dynamic characteristics of
high speed hydrostatic thrust bearing lubricated by low viscosity fluid.
Journal Engineering Tribology 0(0):1–12.

[236] Wang QY, Jiang Z, Qian WM, Qi HS (1993) Research on Machine Tools Rolling
Slideways Assembly with Damping Oil-Films. CIRP Annals: Manufacturing
Technology 42(1):441–444.

[237] Wang X, Yamaguchi A (2002) Characteristics of Hydrostatic Bearing/Seal
Parts for Water Hydraulic Pumps and Motors. Part 2: On Eccentric Loading
and Power Losses. Tribology International 35:435–442.

[238] Wang Z, Zhao W, Chen Y, Lu B (2013) Prediction of the effect of speed on
motion errors in hydrostatic guideways. International Journal of Machine Tools
and Manufacture 64:78–84.

[239] Wardle F (2015) Ultra Precision Bearings, Woodhead Publishing inMechanical
Engineering. ISBN: 978-0-857-09162-8.

[240] Watter H (2015) Hydraulik und Pneumatik. ISBN: 978-3-658-07859-1.
[241] Weber J, Weber J (2013) Thermo-Energetic Analysis and Simulation of the

Fluidic Cooling System of Motorized High-Speed Spindles.13th Scand Int Conf
Fluid Power 131–140.

[242] Weber J, Weber J (2014) Thermo-Energetic Analysis of Fluidic Cooling System
in Machine tools. 9th Int Fluid Power Conf 292–303.

[243] Weck M, Brecher C (2006) Werkzeugmaschinen 2: Konstruktion und Berech-
nung, Springer: 3–978. ISBN 978-3-540-22502-7.

[244] Weck M, Krell M, Doege E, Derenthal M (2002) Optimierung des dyna-
mischen Verhaltens von Schnellläuferpressen durch Reibdämpfer. VDI
1736:185–199.

[245] Weck M, Krell M, Doege E, Derenthal M, Gro�mann K, Wiemer H (2001)
Schnittschlagdämpfung von Schnellläuferpressen. wt Werk 91(9):540–544.

[246] Weiss L, Züst S, Fischer L,Worlitschek J, Reinhard E (2015) EP 2 949 422 A1/US
2015/0343588 A1 Apparatus for cooling machine components using phase-
change material, Step-Tec AG.

[247] Wright J (2012) Inhibiting Rust and Corrosion to Prevent Machine Failures.
Machinery Lubrication (10). available: http://www.machinerylubrication.
com/Read/29116/inhibiting-rust-corrosion; 07 December 2016.

[248] WuC-H, Kung Y-T (2005) A Parametric Study on Oil/Air Lubrication of a High-
Speed Spindle. Precision Engineering 29:162–167.

[249] Xia C, Fu J, Lai J, Yao X, Chen Z (2015) Conjugate Heat Transfer in Fractal Tree-
Like Channels Network Heat Sink for High-SpeedMotorized Spindle Cooling.
Applied Thermal Engineering 80:1032–1042.

[250] Xie YD, Liu YJ, Wang Y (2011) Effect of Internal Leakage on an Electro-
Hydraulic Servo-Driven Control Valve Performance. Applied Mechanics and
Materials 99–100:901–905.

[251] Xu Z-Z, Liu X-J, Choi C-H, Lyu S-K (2012) A Study on Improvement of Ball
Screw System Positioning Error with Liquid-Cooling. International Journal of
Precision Engineering and Manufacturing 13(12):2173–2181.

[252] Xue F, Zhao W, Chen Y, Wang Z (2012) Research on Error Averaging Effect of
Hydrostatic Guideways. Precision Engineering 36:84–90.

[253] Yanada H, Okamoto T, Tran DK (2011) Fundamental Investigation of Charge
Injection Type of Electrostatic Oil Filter (Effect of Filter Element on Filtration
Speed). Jour Electrostatics 69:180–188.

[254] Yoon HS, Kim ES, Kim MS, Lee JY, Lee GB, Ahn SH (2015) Towards Greener
Machine Tools—A Review on Energy Saving Strategies and Technologies.
Renewable and Sustainable Energy Reviews 48:870–891.

[255] Yoon HS, Lee JY, KimMS, Kim ES, Ahn SH (2014) Empirical Study of the Power
Efficiency of Various Machining Processes. Procedia CIRP 14:558–563.

[256] Yoshimoto S, Ohshima S, Danbara S, Shitara T (2002) Stability of Water-
Lubricated, Hydrostatic, Conical Bearings Wit Spiral Grooves for High-Speed
Spindles. Transaction of ASME Journal of Tribology 124:398–405.

[257] Yossifon S, Tirosh J (1992) Deep Drawing with a Fluid Pressure Assisted Blank
Holder. Proceedings of the Institution of Mechanical Engineers Part B: Journal of
Engineering Manufacture 206(4):247–252.

[258] Ze W, Jianxinb D, Chuna S, Chen L, Dan X (2014) Performance of the Micro-
Texture Self-Lubricating and Pulsating Heat Pipe Self-Cooling Tools in Dry
Cutting Process. International Journal of Refractory Metals and Hard Materials
45:238–248.

[259] Zeng H (2013) Polymer Adhesion, Friction, and Lubrication. ISBN: 978-0-470-
91627-8.

[260] Zhang T, Owodunni O, Gao J (2015) Scenarios inMulti-Objective Optimisation
of Process Parameters for Sustainable Machining. Procedia CIRP 26:373–378.

[261] Zhao K, Liu Z, Yu S, Li X, Huang H, Li B (2015) Analytical Energy Dissipation in
Large and Medium-Sized Hydraulic Press. Journal of Clean Product 103:908–
915.

[262] Zhao Kai, Liu Zhifeng, Yu Suiran, Li Xinyu, Huang Haihong, Li Baotong (2015)
Analytical Energy Dissipation in Large and Medium-Sized Hydraulic Press.
Journal of Cleaner Product 103:908–915.

[263] Zhu D, Bireshaw G, Clark SJ, Kasun TJ (1994) Elastohydrodynamic Lubrication
with O/W Emulsions. Transaction of ASME Journal of Tribology 116:310–319.

[264] Züst S, Gontarz A, Pavlicek F, Mayr J, Wegener K (2015) Model Based
Prediction Approach for Internal Machine Tool Heat Sources on the Level
of Subsystems. Procedia CIRP 28:28–33.

[265] Züst S, Pavlicek F, Fischer L, Weiss L, Wegener K (2016) Macro-Models for
Modeling and Simulation of Cooled Spindles, Euspen Special Interest Group
Meeting: Thermal Issues, Prague, CZ.

[266] Züst S, Pavlciek F, Fischer L, Weiss L, Wegener K (2016) Thermo-Energetic
Modeling of Machine Tool Spindles with Active Cooling Based on Macro
Models. International Journal of Mechatronics and Manufacturing Systems
9(3):197–214.


