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A B S T R A C T

[561_TD$DIFF]Grinding is often the final step in the process/manufacturing chain, meaning that no subsequent post-
grinding correction of the surface and geometry is performed. This imposes strong requirements on
grinding-machine technology and on the understanding of this finalising process. While grinding has
unique capabilities it is nevertheless in competition with other machining processes. The evolution of
grinding machines is driven by process requirements like accuracy, MRR, and subsurface integrity. The
regeneration of the tool on the machine with dressing devices is to be regarded as unique for grinding
machines, hence a grinding machine always runs two separate processes. The high accuracy of grinding
has, in fact, been an obstacle to simply adopting developments from other machining [565_TD$DIFF]processes. Also,
a lack of experienced machinists and a general trend towards individualized products and one-piece
flow has required a transition [566_TD$DIFF]from an experience-based approach to a science-based approach.
Development is further driven by market demands, such as cost-reduction in terms of CAPEX, footprint,
TCO versus quality, and throughput, which affect business models and the machine’s design and
construction. Moreover, the current mega-trends – such as resource efficiency, individualization,
ergonomics and Industry 4.0 – are changing the appearance of grindingmachines, which is also affected
by the availability of new technologies, especially sensors, actuators and the control or machine
intelligence. This paper reviews the most-relevant technologies, assesses their impact and the
readiness of industry to adopt them, identifies the still-open issues, and concludes with future research
requirements.

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

1.1. Importance of grinding machines

Grinding is one of the oldest manufacturing techniques ever
used by humans. Although the process is to a great extent driven by
centuries of experience, it is still an important process and
represents a vital field of cutting-edge research. Today grinding
spans from very crude and rough applications in cutting of
materials at high material-removal rates (MRR) to finishing and
ultraprecision processes. The latter can achieve surface roughness
values in the range of [568_TD$DIFF]Ra = 0.3 nm and accuracy, planarity and size
of geometrical features in the range of 10 nm. Due to process
capabilities covering a broad range of MRR and accuracy, the
expectation is to further extend the grinding operation from rough
geometries to finishing. Moreover, requirements from the parts
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point of view are not only accuracy, but also surface topography,
where grinding can achieve unique properties. Research in
grinding tries to enhance economic and ecological properties
and performance to extend grinding applications in the overall
process chain—on the one hand, in the direction of increased MRR,
avoiding turning and milling, and on the other hand, in the
direction of fine finishing, thus making further abrasive finishing
processes such as lapping and polishing obsolete. Fig. 1 shows the
principal role of grinding in the process chain as well as research
directions.

In many industrial applications, grinding processes are the final
step in the process chain towards finished workpieces. This
encompasses two aspects:
� A
s visible surfaces the appearance of ground areas is [569_TD$DIFF]presented to
the customer. Hence, the tolerance for faults and marks [570_TD$DIFF]and all
other deviations from the intended surface characteristics is
limited, whereas other processes only need to deliver surfaces
suitable for a subsequent grinding or other manufacturing
process.



[(Fig._1)TD$FIG]

Fig. 1. Role of grinding research in the process chain.
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Fig. 2. Different grinding processes. according DIN 8589, 11-13, defining grinding
machines.
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� A
workpiece to be ground has usually already passed most steps
of a process chain. At this degree of maturity, it incorporates the
maximum value created. Scrap in grinding is the most expensive
and must be avoided.

Nevertheless, grinding today still requires test pieces to begin a
long process run, which clearly indicates the necessity of grinding
research and development in grinding machines.

Manufacturing processes are competing in terms of cost,
quality, time, throughput, flexibility and, increasingly, ecological
footprint. Grinding is suitable formanufacturing in hard and brittle
materials because of the abrasive grains’ hardness and their stout
cutting wedges with negative rake angles. The abrasive tool may
wear, but an essential feature of all grindingmachines is a dressing
device to regenerate the abrasive-tool geometry and cutting
ability. When correctly profiled, the grinding wheel is capable of
significant material removal before its geometry deteriorates and
requires reconditioning. This enables grinding even of materials
with the same hardness as the abrasive grains themselves.
Furthermore, it is possible to generate surface topographies that
cannot be produced by other manufacturing processes. Also the
subsurface integrity can be beneficially influenced by grinding. By
combined ploughing and cutting, minimal dimensional changes
are possible, which makes grinding so unattainable precise
compared to other operations. Grinding processes are highly
reliable, as no catastrophic wear can occur after run-in.

In addition, other machining technologies have improved as
well, imposing pressure for further advances in grinding,
particularly advances in laser technology [456_TD$DIFF][270]. Laser manufactur-
ing in ultra-hard materials such as diamond, which is achieved
without wear and minimal geometric restrictions, is a strong
competitor to grinding. However, it still has higher costs and is
therefore restricted to geometries that cannot be produced by
grinding. Also, some challenges can be regarded as indirect. For
example, tools with geometrically defined cutting edges can be
manufactured by using ultra-short pulsed lasers, which can
sometimes replace geometrically non-defined cutting in materials
which were formerly the sole domain of grinding.

Cost, productivity and quality have been major target param-
eters for several decades. A comparison between grinding and
hard-turning is available in Refs. [68,152] and has shown superior
reliability and quality for grinding, but better flexibility and energy
efficiency for hard-turning, depending on the application. Also,
compared to hard-turning, grinding is disadvantageous with
respect to resources, material and energy consumption, and
emissions as shown in Ref. [68]. However, due to the relatively low
cost of these resources, grinding is overall more economical.

1.2. Classification of grinding machines

Grinding machines can be classified according to Ref. [457_TD$DIFF][274] and
with respect to Ref. [458_TD$DIFF][272] in correlation to the classification of the
different process technologies with geometrically non-defined
cutting edges as it is given in DIN 8589, parts 11, 12, and 13. Fig. 2
shows the upper hierarchical level.
Belt-grindingmachines use a flexible belt. Amultitude of grains
with geometrically non-defined cutting edges are affixed to the
belt by a supporting bond material. The belt, driven by at least two
pulleys, is pushed against theworkpiece by a supporting structure,
which can be the pulley itself or a contact shoe. The supporting
structure may be a curved surface, giving the workpiece its final
shape.

A further level of classification for grinding machines with
rotating tools distinguishes between cylindrical-planar, genera-
tive-gear, coordinate and tool-grinding machines as well as
grinding machines with non-defined feed and special-purpose
machines [68]. An additional criterion for differentiation is the
machine kinematics.

1.3. Peculiarities of grinding machines

In Ref. [218], the industrial challenges in grinding are outlined in
a global view. The process properties of grinding are significantly
different from milling, which explains the differences in architec-
ture, layout and equipment of grinding machines, all of which
manifest themselves in the process chain according to [457_TD$DIFF][274]:
� C
utting speeds in grinding are 5–10 times higher than those
typically used in machining operations with geometrically
defined cutting edges, which means large tool diameters and/
or high spindle speeds.
� T
he normal forces on the grinding wheel are significantly larger
than the tangential forces, typically several times larger.
� G
rinding machines need massive protections against failure of
the grinding wheel.
� G
rindingmachines have CNC-driven dressing devices to generate
and regenerate grinding-wheel profiles on themachine. Dressing
is usually done in a separate dressing cycle. but occasionally, with
difficult-to-grind materials, simultaneously with grinding.
� T
he quality of axes, rotational accuracy of main and auxiliary
spindles are typically higher than for machines for the material
removal with geometrically defined cutting edges.
� B
alancing devices are often needed due to the high centrifugal
forces resulting from the high spindle speeds.
� T
he heat generated by high forces and high cutting speeds in the
grinding zone and originating from the negative rake angles and
wear flats must be dissipated by the use of metal working fluids
(MWF). Thus the energy required for running the grinding
process might be dominated by the coolant supply.
� G
rinding machines using oil coolant require fire protection.

� G
rinding machines are preferably equipped with an acoustic-
emission (AE) contact-recognition sensor to detect wheel-
workpiece contact.
� F
or high-quality parts, measuring devices for in-situ measuring
of the part geometry and direct iterative correction have been
developed.
� H
igher requirements have developed for sealing off machine
parts from abrasive removed from the wheel, from wheel wear
and/or dressing.

1.4. Structure of the paper

This paper is related to several CIRP Keynote [459_TD$DIFF]papers
[45,120,129,154,201,213,275], and focuses on topics related to
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Fig. 3. Microcrystalline sintered corundum abrasive grains: a) grain structure with
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grinding machines. After the introduction, Section 2 shows trends
identified for further development that would impact grinding-
machine design. Section 3 explains the market requirements
imposed on grinding machines. Section 4 derives the impact on
grinding machines from the preceding two Sections 2 and 3. As
described previously, grinding requires auxiliary devices, and
recent developments in these devices are identified in Section
5. Section 6 gives an overview of special grinding machines and
Section 7 describes intelligent-operator support. The paper
concludes with Section 8, which summarizes the state-of-the-
art in research and industry, unfulfilled requirements and open
research issues.

2. Trends in development of abrasive processes

The main objective in the development of grinding machines is
to increase productivity. However, enhancements in performance
can also be achieved by the intelligent choice of machine
parameters, leading to improved component quality and lower
processing times. Different requirements for modern grinding
machines are summarized in Table 1.

Due to new trends and developments, most of these require-
ments have been tackled recently by improved abrasive processes.
The fields of innovations in grinding technologies can be
summarized as follows:
Fig. 4. Schematic representation of contact ratio and resulting chips from standard
corundum grain and the Cubitron II grain [1,218].
� S
Ta
St

[TD$INLINE]
tructured grain technology and grain orientation.

� M
odified grinding-wheel hub designs.

� H
igh-speed-grinding (HSG), high efficiency deep grinding
(HEDG).
� C
oolant lubrication technique.

� H
ybrid grinding technologies.

� D
ressing.

� H
igh surface quality and high precision.

Furthermore, MWF techniques and dressing have a strong
impact on the machine equipment and are discussed in Section 5.

2.1. Grain technology

Conventional abrasives typically contain a blocky shape, leading
to negative rake angles. In addition, they are prone to developing
wear flats. Both these aspects lead to large grinding forces.

In the early 1980s, an abrasive grain made of microcrystalline
sintered corundum was developed, which is a chemically
precipitated and sintered material characterized by a multiphase
composite structure and an elongated shape [460_TD$DIFF][250]. However, the
advantages of this material for abrasive grinding were not realized
ble 1
ate-of-the-art requirements for modern grinding machines.
until a few years later, when abrasive material with dimensional
proportion in the dimension 4:1 was developed in 1986 [210].

The primary advantage of both abrasives is their fine crystal
structure and, hence, their ability to microfracture, leading to a
self-sharpening abrasive that does not produce high grain wear
flats. Another microcrystalline sintered corundum abrasive grain
describes [461_TD$DIFF][239], where the grain shape and proportions can be
controlled by extruding slurry, as shown in Fig. 3. A sintered
corundum grain in the shape of a thick triangle is depicted in
Fig. 4. When used in coated abrasives, where the grains are aligned
on end, the main benefit is from the near-zero-degree rake angle,
allowing, when the grit becomes dull, chip-formation in lieu of
rubbing. For bonded abrasives, where the orientation is more
random, the mechanisms have not yet been established.

Other abrasive manufacturers have investigated the effects of
grain shape on process parameters such as forces and edge wear [462_TD$DIFF]
[263]. In spite of the engineered-shape geometry, there remains a
lack of understanding of the non-uniform orientation of these
shaped grains. With CBN and diamond superabrasives, the grain
orientation can be defined by a compound, built-up abrasive layer
where the grains are individually applied in a monolayer
arrangement to a support body [17,53,54]. Yang et al. showed
that it is possible to print diamond abrasive layers with regularly
distributed grains using 3D-printing and photographic software,
giving the ability to control grain distribution in three dimensions
and multiple layers [463_TD$DIFF][291]. Further results from Korotkov and
Minkin showed that the preferred orientation of abrasive grains
depends on the work task [158]. Microcrystalline, sintered-Al2O3

grains have become more widely used. However, compared to
abrasives with a conventional microstructure, microcrystalline
grains have relatively higher toughness and ductility as well as a
higher critical stress intensity factor, requiring larger forces to
achieve microfracture. In the future micro- and monocrystalline
Al2O3 will dominate the market for conventional grains [210]. One
opportunity for superabrasive wheels is to segment the abrasive
layer on the wheel periphery.

2.2. Grinding wheel hub designs

The grinding wheel hub affects the grinding operation
significantly, particularly in high-performance grinding applica-
tions such as deep grinding and ultra-high-speed grinding, which
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Fig. 5. Influence of lubricant coolant types on the surface roughness of titanium-
nickel-nitride coated steel [113].
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has cutting speeds of 200 m/s or greater. The considerably higher
centrifugal and process forces pose new requirements on the
support body [464_TD$DIFF][21,289]. Azarhoushang investigated the influence
of segmented and non-segmented diamond wheels in high-speed
deep grinding of carbon-fibre-reinforced ceramics (CFRC), show-
ing that intermittent grinding of CFRCs at high material-removal
rates can be achieved [21]. Fritsche [94] shows that the support-
body material and design in CBN wheels have a significant
influence on tool deformation. By using a subset of materials like
steel, cast iron or alumnium and an appropriate hub design, the
properties of the grinding hub body can be adjusted to the needs
of the grinding process and thus decisively influence the dynamic
characteristics and tool-wear behaviour. Another trend in hub
technology is using carbon-fibre-reinforced polymer hubs.
Researchers such as Yang et al. show improvements in the wear
behaviour – in particular in ultra-high-speed grinding applica-
tions with cutting speeds up to 400 m/s [465_TD$DIFF][289] – when using
carbon-fibre hubs. The major advantage is improved damping,
which dissipates energy from process vibrations [466_TD$DIFF][292]. Tawakoli
showed that static and dynamic behaviour of the hub have a
decisive influence, especially in high efficiency deep grinding,
where a CFRP-wheel’s higher damping reduces vibration ampli-
tudes and narrows the frequency band compared to steel-hub
wheels [467_TD$DIFF][257]. In high-precision grinding of optical lenses, surface
quality is extremely important, with the aim of minimizing
surface errors and subsurface damage. Lin et al. showed that the
influence of grinding parameters on subsurface damage using
flexible grinding wheels occurs in the same range as by the use of
rigid wheels, but that the flexible grinding wheel achieved a
better surface roughness quality [182].

2.3. High-speed-grinding (HSG)

Different research initiatives, e.g. Klocke et al., have emphasized
that improved quality, tool life and productivity coincide with
increased grinding-wheel circumferential speeds [153]. The maxi-
mumachievable speed depends on the bonding type. Conventional
grinding wheels are limited to a speed of �125 m/s [157], metallic
bonds with superabrasives can achieve 300 m/s.

Wu et al. investigated ductile grinding of SiC under high-speed
conditions and found that high-speed grinding can diminish the
subsurface damage of SiC compared to conventional grinding and
that maintaining a constant maximum chip thickness can
improve surface roughness [468_TD$DIFF][280]. Zhang et al. investigated the
surface damagemechanism under high speed grinding conditions
[469_TD$DIFF][296].

Today’s manufacturing industry has a markedly strong focus on
increasing the efficiency of grinding processes. For example, high
efficiency deep grinding (HEDG) can achieve a large increase in
material-removal rate of composite materials with a vitrified
superabrasive CBN wheel [470_TD$DIFF][243]. A similar application can be found
in the production of cylindrical gears by high-speed grinding.
Continuous gear grinding with radial-diagonal supply motion
achieves high productivity and high precision. Furthermore, using
a highly porous grinding wheel can lead to significantly reduced
thermal stresses [141]. An investigation into high-speed grinding
of high-strength materials such as boron-diffusion-hardened
TC21-DT titanium alloy with vitrified CBN showed that the
material-removal process is strongly influenced by the hard
particles in the primary deformation zone. Higher grinding speeds
reduce the specific energy by decreasing the grinding temperature,
leading to an improvement of surface quality [471_TD$DIFF][297]. However, [218]
offers an overview to industrial challenges in grinding and shows
that the potenials of process optimization are still small when
using high speed grinding and CBN.

2.4. Hybrid grinding technologies

In hybrid grinding technologies different additional processes
are used to support the material-removal process to obtain higher
quality or productivity [163]. Vibration- or ultrasonic-assisted
grinding (UAG) is an important method to increase the material-
removal rate. The main influence of the ultrasonic vibration is on
the chip size and the chip length. Furthermore, the ultrasonic
vibration also reduces cutting forces and, consequently, specific
energy [177]. UAG is an important part of the cost-intensive
aerospace industry. Li et al. show the influence of ultrasonic
vibrations on chip formation in surface grinding of Inconel
718 with an electroplated CBN wheel. The ultrasonic (US)
activation reduces radial wear and increases the G-ratio from 7%
to 45%. The ultrasonic vibration generally leads to an increase in
the number of active cutting points of the grains on the wheel.
However, the average workpiece quality decreases [32]. This effect
cannot only be observed in the machining of Inconel, but also for
Ti6Al4V alloy [215]. Numerous studies have shown a positive
influence of US on process forces and erosion behaviour when
grinding ceramicmaterials such as silicon-infiltrated ceramic (SiC).
This advantage is exploited in the optical industry, where US-
assisted grinding is mainly used for the lens production.

Electrochemical grinding (ECG) is a variation of electro-
chemical machining (ECM) in which material is removed from
the workpiece by simultaneous electrochemical reaction and
mechanical abrasion [472_TD$DIFF][154,225]. It offers several advantages over
conventional grinding, such as low induced stress, large depths of
cut and increased wheel life [67]. Electrochemical grinding is used
to machine Inconel 718. Tool durability was improved from 15 h to
50 h when a brazed diamond wheel was used to replace an
electrodeposited diamond wheel.

2.5. High surface quality and high precision

One aspect ofmachiningwith constantly increasing importance
is higher surface-finish quality and higher precision. Pan et al.
tested the influence of process parameters on the surface quality of
monocrystalline 6H-SiC in plane grinding with a metal-bonded
diamond wheel. The removal mechanism in grinding of brittle
materials is typically microcracking at the surface – i.e., brittle
fracture. However, at a low feed rate the material-removal
mechanism transitions from brittle fracture to plastic flow, and
plastic behaviour in the shear zone becomes dominant [220]. How-
ever, achieving high surface quality requires besides specifically
adapted processes grinding machines with adequate precision
capabilities. Moreover, the influence of the cooling medium on the
surface quality must be considered. Here, the distribution of the
cutting fluid to the grinding wheel should be optimized. One
method is to use specifically shaped 3D-printed nozzles. Surface
quality also depends on the type of cutting fluid. Grimme [113]
investigated the finishing of titanium–nickel–nitride-coated steel.
Fig. 5 shows the difference between mineral oil and water-based
coolant on surface roughness (Sa, Sq).



K. Wegener et al. / CIRP Annals - Manufacturing Technology 66 (2017) 779–802 783
3. Market-driven requirements

Besides all demands from customers, the overall productivity
increase is the superordinated and omnipresent requirement.
Drastic increase of productivity is indicated in Fig. 6 for the
example of a gear grinding machine, due to increase of
manufacturing speed and also due to automation and reduction
of secondary times. This trend is still continuing.[(Fig._6)TD$FIG]
Fig. 6. Reduction of manufacturing times (Courtesy Reishauer).
3.1. Accuracy

The position of grinding at the end of the process chain requires
high accuracy and surface quality. Based onMoore’s law of storage-
capacity increase in electronics, Taniguchi [473_TD$DIFF][254] generated a
diagram specifying an increase in manufacturing accuracy with
time. This in turn was used to assign monotonically increasing
accuracy requirements to grinding machines.

Also, machine-tool builder’s sales prospects show this perma-
nent increase in accuracy. For grindingmachines, not only does the
accuracy achieved upon installation play an important role, but so
does maintaining the accuracy over a long period of time – for
instance 10 years. It is also important that the accuracy does not
depend on the user, which is the standard for other machine tools.
However, in grinding the user still plays an important role in
defining the strategy, the measuring cycles, the dressing param-
eters and intervals, etc. This gives rise to the expert systems
discussed in Section 7. Nevertheless, no dominant design is visible
and no correlation could be found between the accuracy and
guiding system, drive system, material of frame and supports.
Therefore, there is still potential for further development.
However, error budgeting as a tool is required.

3.2. Total cost of ownership (TCO)

The ability to guarantee a specific life-cycle cost is considered
an advantage when investing in machines [72]. It necessitates the
calculation of life-cycle costs [83] and collecting life-cycle
inventory data [81,209] for machine-tools and grinding processes
[183]. In grinding, the total cost of ownership (TCO) includes
machine-tool acquisition and depreciation, services and support
(e.g. maintenance, training), operating expenses (e.g. energy-
consumption costs, tooling costs for grinding and dressing), the
cost of machine downtime and other productivity losses. These are
summarized in the OEE for the machine. Here, the machine-tool
builder has significant leverage to affect the TCO in terms of energy
and resource efficiency as early as in the machine-design phase
[224].

Recent market developments – in particular, competition from
lower-cost economies – have caused traditional “product-orient-
ed” services, where the end-users own their machines, to shift
towards newmodels ofmanufacturing servitization and TCO [195],
known as “result orientation of service” (see [571_TD$DIFF]Section 3.7).

3.3. Resource and energy efficiency

Energy and material efficiency reduce costs both of product
manufacturing and product use, as well as reducing the
environmental footprint. The international standard ISO/TR
14062 deals with integrating environmental aspects into product
design and development. Amodel for the intersecting life-cycles of
machine-tools and products was developed [474_TD$DIFF][271], distinguishing:
� 1
st type benefit: efficiency during machine tool production.

� 2
nd type benefit: efficiency during machine tool use.

� 3
rd type benefit: efficiency during use of products which have
been produced on the machine tool.

The 2nd- and 3rd-type benefits, which are often connected to
grinding, have an especially large influence on resource efficiency,
as underpinned by the European Commission by replacing the
energy-using product directive 2005/32/EC [86] by the energy-
related product (ErP) directive 2009/125/EC [87]. JIS TS B 0024-3
[136] and JIS TS B 0024-4 [137] deal with grinding machines,
benchmarkingmachines with respect to their energy consumption
manufacturing reference parts.

The energy supplied to the machine for manufacturing the
reference part can be aggregated and then comparisons can be
made between processes. Enhancing energy efficiency of grinding
machines needs to begin already in the layout and design phase.
Research on energy efficiency of machine tools focus on energy-
intensive components and functions, has been driven for grinding
by Li et al. [180]. The international standard ISO 14955-1 gives a
functional evaluation method in order to understand the added
value of energy supplied for main machine-tool functions, such as
machining, process conditioning and workpiece handling. It
facilitates the identification of fields of action and the metric
must be developed individually in the design process. Addressing
this issue, the total energy efficiency index (TEEI) was developed
and applied to a grinding machine [475_TD$DIFF][242]. The metric quantifies
each machine-tool component according to its need-based
utilization/dimensioning as well as its efficiency to a reference
system leading to a sensible optimization approach on component
level. The power measurement and analyses of grinding machines
show repeatedly the same fields of action, oversizing of
components and lack of need-based control due to the unknown
real needs of a grinding process and a comprehensible belief that
“more is better”.

Thermal deformation is one cause for an error of the tool centre
point (TCP) that harms the finishing quality. Ess [85] investigated
this issue and believes that the error’s origin is in heat that is
transferred into solid structures, leading to deformations. Energy-
inefficient machine-tool components convert more energy into
heat than efficient ones and therefore increase the effect of thermal
errors. Thermal errors can be reduced in two ways: by
compensation of the thermal error through thermal stabilization
and reduction of heat intake into themachine tool through energy-
efficient design of machine tools.

3.4. Footprint

Under pressure to reduce costs, the ratio of working volume to
total machine volume as well as the required floor space is of
concern. Grinding machines require highly sophisticated mainte-
nance of metal-working fluids, which typically require the same
space as the grinding machine. The driving force behind it is the
reduction of costs, as grinding machines often work in air-
conditioned – and therefore expensive – buildings in order tomeet
accuracy requirements. Reducing the machine size is also
beneficial for accuracy, as the effective offsets for Abbé-errors
and effective lengths for thermal gradients and distortions become
reduced [204].

3.5. Safety and ergonomic requirements

The operation of grinding machines has become safer and will
continue to do so. The renewal of the European machine directive
[88] continued the requirement of redundant and coded protection
of the safeguards. Also the protection against ejected pieces of
broken grinding wheels was increased insofar as protection
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Fig. 8. Five-level architecture of the CPS pyramid [167].
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devices are now required for the internal grinding wheels.
Furthermore, exhaust fans are required and explosion protection
is compulsory for machines using with neat-oil coolant. Also,
Human Machine Interface (HMI) has shifted towards electronic
wheels or joysticks, touch screens and support systems for easier
setup of the grinding process (see Section 7).

3.6. Maintenance

Maintenance costs represent a significant portion of TCO,
namely about 40%, which typically increases over the machines
lifetime. In the “product-oriented” and often in the “use-oriented”
service, preventive and corrective maintenance is carried out by a
machine provider [195]. Predictive maintenance requires continu-
ous monitoring of machines to detect and diagnose faults. Today, a
large amount of machine data from operations is available, but the
data is not sufficiently used for conditionmonitoring. For example,
signals of position-controlled drives can be easily measured and
evaluated to quantify wear of machine components such as feed
drives [476_TD$DIFF][265].

The latest market developments are extending maintenance
into the Industry 4.0 domain, for example: (a) via software
offerings for prognostics and health management (PHM), support-
ing the servitization needs of the machine-tool industry [111]; (b)
by providing insights into future machine performance during its
life cycle [172]; or (c) by using adaptive learning and data mining
for PHM [166]. Moreover, a framework for self-aware and self-
maintained machines is proposed in Ref. [171], where machines
can self-assess their own health and degradation and actively
prevent potential performance issues.

3.7. Digitization, industry 4.0, smart factory

Smartness and communication abilities are setting the trends
for all manufacturing machines. According to Kagermann [140],
the main aspect of Industry 4.0 is the exploitation of internet
technologies integrating data from different sources for enhanc-
ing the operation and generating new business models as
indicated in Fig. 7. This requires the transformation of products
to cyberphysical systems (CPS) and production machines to
cyberphysical productions systems (CPPS) for interconnecting
digital (virtual) resources with the physical assets [167] driven by
emerging technologies such as (a) big data [172], (b) advanced
analytics [166], (c) new systems of human-machine interaction
[107].

Fig. 7 shows the different aspects of business models associated
with a machine tool, which can be supported or realized with
internet technology. The vision ranges over condition monitoring
and predictive maintenance, download of developing new
technologies, consulting the user on best practices, application
programs interface-based control infrastructure, cloud based
collection of experience, full traceability of parts production,
trading consumables/assets, trading free capacities and orders and
connection of operator and machine via smart phone. Remote
[(Fig._7)TD$FIG]

Fig. 7. Business aura of grinding machine tools as CPPS.
monitoring and teleservice have developed as standard offerings
by machine manufacturers.

In view of machine tools, the disruption or better exponential
development in smart machines evolved from automation
advances – including sensors and software and systems architec-
ture – that took off in the 2000s. An example of an early digitization
of machine tools is the emergence of teleservice engineering and
the conceptualization of digital-service enterprise [165], adding
diagnostic/predictive capabilities to machines and new business
models of product-service systems. The CPS architecture for
Industry 4.0 machines is in the initial stages of development. CPS
deployment is still primarily intended for the optimization of
machines (e.g. through monitoring) and less towards employing
decentralized architectures with higher flexibility, machine
customization and scaling. Fig. 8 shows an example of the
proposed CPPS architecture.

The smart-connection level consists of smart sensors for data
acquisition that can be used for condition monitoring; data-to-
information conversion level for self-aware machines; cyber level
as the information hub, including advanced analytics; cognition
level for decision-making; and configuration level as the digital-to-
physical feedback to apply actions required by smart machines
[167]. Further examples of manufacturing digitization include
migration of machine-tool monitoring to a cloud-computing
environment [128] and virtual reality (VR) and augmented reality
(AR), allowing the user to simulate, visualize and interact with a
grinding machine, as demonstrated in Ref. [477_TD$DIFF][266].

4. Implications on grinding machines

4.1. Materials and structure

The evolution of materials used for structural parts of grinding
machines is driven by functional requirements, general trends in
machine tools, and cost. The primary functional requirements as
named by Möhring et al. [201] are similar for all machine tools:
high static and dynamic stiffness, fatigue strength, damping,
thermal and long term stability, low weight for moving parts. As
grinding is the finishing process, grinding machine manufacturers
have a vital interest to reduce vibrations and distortions due to
thermal effects, which can be fulfilled by polymer concrete.
Consequently, it has been embraced by some of them in the early
stage. There is today a general but weak trend in machine tools
towards polymer concrete, supported by the track record, and
increasing modelling capabilities [142] as well as by commercially
available tools with multiscale calculation [478_TD$DIFF][259].

Occasionally damping is enhanced by filling structural parts
with particles [212] or by implementing dampers, fostered by
effective simulation in the design phase [38], see [571_TD$DIFF]Section 4.6.1.

With respect to thermal inertia, the heat capacity of polymer
concrete is twice as high, thermal conductivity only 6% of steel
structures. Together with the greater-mass design principle with
polymer concrete, typically time constants above 8 h for a major
change of operating conditions result. Fig. 9 gives an obvious
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Fig. 9. Left: Massy design of grinding machine bed of polymer concrete with
integrated fluidic linear guides (Fritz Studer AG). Right: Conventional grinding
machine bed in grey cast and linear roller guides (Agathon AG).
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example for such a design with direct integration of fluidic linear
guides.

Further enhancement of the thermal inertia is feasible by using
latent heat of phase-change materials [5]. Jackisch [131] reports
temperature control by built-in sensors and actuators in polymer
concrete beds to cope with thermal inertia.

Weight reduction of mobile parts in case of CNC-controlled
contour grinding – i.e., for camshaft or crankshaft grinding – is
important and gives support to CFRP applications [122]. Further-
more, a mass reduction of the moving parts enables the drives to
acquire information about the grinding process without the low-
pass filtering effect of a large mass. Papers [479_TD$DIFF][18,288] successfully
demonstrate the application of CFRP on grinding wheels, with
mass reductions up to 90%.

CFRP for burst protection guards for grinding wheels could also
enable a significant reduction of mass and yield excellent holdback
capabilities. Grinding remains a field without dominant design,
producing individual and highly specialized solutions [120].

4.2. Accuracy and error budgeting

Over the past few decades grinding machines have reached
remarkable levels of accuracy [480_TD$DIFF][247]. The goals of the defence,
automotive, astronomy, optics and microelectronics industries are
important drivers of improved manufacturing accuracy capability.
Concepts for accuracy include:
� M
inimizing the lengths of the metrology loops;

� F
ollowing Abbé’s and Bryan’s principles;

� M
inimizing of thermal and mechanical cantilevers and offsets;

� M
inimizing thermal, spatial and timely gradients by design and
thermal control;
� U
sing materials with low coefficient of thermal expansion;

� U
sing thermo- and load-symmetric designs;

� A
pplying fluidic guideways and bearings;

� U
sing drives with linear positioning as well as time- and load-
independent properties;
� E
Fig. 10. Effects of machine drive concepts on grinding cycle time [160]..
mploying feedback systems with high accuracy and linearity.

Well known for Coordinate Measuring Machines (CMMs) for
many years, the application of compensations is increasingly being
extended tomachine tools. Demands for higher accuracyand lower
costs of mechanical accuracy promote this development. As a
limitation, the capabilities of machine-tool numerical controls
have to be considered, which do not permit the use of complex
models [208].

4.2.1. Accuracy
The development of required accuracy is shown in [480_TD$DIFF][247]. Be-

cause of large grinding wheels and therefore the large distance
between the B-axis rotation centre and the grinding gap, the
accuracy of the B-axis is most important in cylindrical grinding
machines. Junker [84] offers a directly driven B-axis, which has an
angular resolution of 0.00001�, and for Kellenberger [145] even
one-third of this, which at the moment is the highest resolution
available. These B-axes are directly driven by torque motors.
Consequently, a positioning accuracy of 0.1 mm in all linear axes is
achieved in most high-end machines today despite different
technologies for axes and guiding systems [84].
For efficient grinding of threads, some manufacturers offer an
A-axis, which has similar requirements as the B-axis. Roundness is
given as 0.4mm between centres, 0.3mm and 0.1 mm for fly
grinding and hydrostatic multi-face bearing in the spindle
[95]. Bending of slender workpieces and also slender tools is
compensated by either predictive models of the grinding force and
the compliance of tool and workpiece or by direct measurement of
forces and workpiece geometry [95].

4.2.2. Error budgeting (EB)
Error budgeting (EB) has been developed as an approach for the

numerical quantification of the influence of individual geometrical
errors of machine elements such as guideways, on the spatial error
field [481_TD$DIFF][236], which is especially useful for the design of multi-axis
systems.

EB is proposed to be applied for optimization of machine design
via accuracy allocation [482_TD$DIFF][51,63,286]. EB installs relationships
between geometric errors of manufactured parts kinematic errors
of the machine’s feed and guiding systems and finally the
geometric errors of the parts and components of the machine
tool. Hence, the requirements on the parts can bemapped onto the
tolerancing of the machine, taking machine capability Cmk

considerations into account and therefore achieving “accuracy
reliability”. The inverse, influence of error models of the machine
kinematics onto deviations of the part can be computed via Monte
Carlo simulations, which then must be inverted. In a recent
development, evaluations based on EB-principles led to a new,
compact machine concept [204] and some companies [199] are
applying this technique.

A demand-driven development of accuracy requirements
necessitates the application of EB in the design phase and
compensation during the use of grinding machines in order to
cope with cost issues.

4.3. Drive concepts, guideways and feedback

The drives, guideways and feed-back systems are essential
machine elements for all aspects of a grindingmachine’s behaviour.
The focus lies on the realization of precise, partly interpolated
movements with low friction but high damping. Most damping
in machine tool structures is realized by drives and guideways.

4.3.1. Drive systems and guideways
Drive concepts have a major effect on machine kinematics with

regard to achievable velocity, acceleration and jerk. The limitations
imposed by the machine drives determine the applicability of
advanced grinding strategies and methods, such as the constant-
temperature grinding process [159]. For example, in industrial
cam-lobe grinding, the effect of different machine limitations for
linear direct and ballscrew drive was analysed for two different
camshaft grinders [160].

The optimal number of feed increments to minimize grinding
cycle time in cam-lobe grinding is always governed by machine
limitations. Fig. 10 shows the relative grinding cycle time for the
constant-temperature-cam-lobe grinding process utilized on the
two case-studied machines.
[(Fig._10)TD$FIG]
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Fig. 11. Composite drive arrangement and Polar plot of circular motion of X–Y
hydrostatic slides driven by linear motors [120].

Fig. 13. Planar model of an isolated machine [168].
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The benefits of linear motors have been identified as improved
feed accuracywith no backlash, increased dynamic stiffness, and in
combination with hydrostatic guideways no friction and wear
[120]. Fig. 11 shows the concept of such a composite drive
arrangement. It shows a circle test on a hydrostatic X–Y-table.
Besides improved path accuracy, it allows for an easier assembly
than a ball-screw-feed system as discussed in a recent CIRP-
keynote paper [13].

For the guideways, high stiffness and absence of nonlinear or
position-dependent behaviour such as periodicities must be
assured. As a technical solution, fluidic guideways are increasingly
used, fulfilling these requirements [481_TD$DIFF][236]. In [169], the application
of rigid body modelling is presented for investigation of control
concepts. It is shown that the sliding mode controller is able to
suppress the structure resonances and achieve high accuracy
control despite nonlinearities and environmental uncertainties.

A study on the error averaging effects of a hydrostatic guideway
system depending on component dimension relations is presented
in Ref. [483_TD$DIFF][287]. A compensation scheme for straightness deviations of
an open hydrostatic gantry system is presented in Ref. [484_TD$DIFF][294]. Pre-
stressing hydrostatic and hybrid guideways with magnetostatic
forces from linear motors, as shown in Fig. 12, appears to have
become a dominant design for high-precision position tasks.
Incorporating the advantages of hydrostatic-hydrodynamic hybrid
guideway concepts in flat-, V-shaped guideway are presented in
Fig. 12. Hydrostatic bearings with pressure control are used as
auxiliary axes to compensate for tilting. Hydrostatic slideways for
ultra precise grinding machines developed to ever smaller gaps
because thus the stiffness of the guiding increases and the volume
flow of the fluid decreases. Mastering gaps in the vicinity of 5 mm
then requires taking into account the deformation of the adjacent
supporting structure, which requires experience or coupled fluid
dynamic and elastostatic simulation. Furthermore, flow control
valves are used to replace the constant capillary throttles.

The guiding system presented in Ref. [485_TD$DIFF][276] is also relevant for
grinding machines, where aerostatic planar guiding surfaces are
proposed for an XY-axis system. Using a common planar guiding
surface for X and Y-axis, increased stiffness and straightness is
achieved, as demonstrated in Ref. [108].

An overdetermined guiding system, where profiled roller
guides are positioned in each corner of the z-axis ram to increase
the stiffness, was introduced in grinding machines [486_TD$DIFF][232]. Together
with a closed body as housing of the guide rails a significant
[(Fig._12)TD$FIG]

Fig. 12. Direct linear drive system left, Guideways for combined hydrostatic/
hydrodynamic support right [95].
stiffness increase can be achieved. An increase by a factor of 3 was
reported in Ref. [486_TD$DIFF][232].

4.3.2. Feed-back systems
As stated in Ref. [480_TD$DIFF][247], the positioning feed-back systems

forming themetrology loop have a significant influence on the part
accuracy. The demands regarding accuracy, repeatability, and
linearity for short displacements are relevant for grinding
applications as very small movement increments are required
not only in the on-machine part-dimension correction procedures,
but also for thermal or dynamic compensation movements. The
size of position errors within one signal period is mainly
determined by the signal period of the grating.

4.4. Machine concept and simulation

Simulation is frequently used in design of grindingmachines, as
for all machine tools, to enhance static, dynamic and thermal
characteristics. Recent advances are demonstrated for static and
dynamic behaviour in Refs. [23,74,214] and for thermal behaviour
in Ref. [98]. In contrast to milling or turning applications, the high
normal forces in grinding require high system stiffness, which
furthermore is relevant for achieving the tolerances, partly in the
sub-mm-range. Only by using the on-machine measurement
approach can this discrepancy be overcome with acceptable
hardware effort (see Section 5). The basic elements being discussed
above are preferably arranged into systems gaining additional
advantages by their layout.

A significant trend can be seen in the simulation-based
evaluation of component behaviour in the design phase, in order
to improve the system behaviour before components are built. In
Ref. [66], similar to Refs. [487_TD$DIFF][147,283], the temperature and displace-
ment of a hydrostatic spindle/shaft system is analysed via FE-
calculation.

By understanding the machine as an integrated mechatronic
system [213], an analysis of the system with regard to its
characteristics, significantly given by the drives, can be carried-
out on the rigid-body level. In Ref. [168], a vibration insulation
system is analysed using 2D-models as shown in Fig.13. The design
rule here is to align the isolators’ locations with the centre of
gravity (CG) [488_TD$DIFF][16,223,231].[(Fig._13)TD$FIG]
4.5. Grinding spindles

For grinding machines, similar aspects define the requirements
and therefore the development directions as for main spindles for
milling applications. However, in the case of grinding, the stiffness,
accuracy, power and speed requirements exceed the values for
milling spindles by an order of magnitude.

Apart from the mechanical aspects leading frequently to the
application of fluidic bearings, AE or vibration sensors can be found
in the field of grinding machines due to the need for contact
detection, condition monitoring and predictive maintenance [2].

The dynamic changes in the grinding-force components can be
related to fluctuations of grinding-wheel topography or the
workpiece material – e.g. an increase in the wheel wear-flat area
of 3% significantly increases the amplitude of vibrations while the
natural frequencies of the grinding spindle system do not change
[14]. Grinding-spindle vibrations are detrimental not only for
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surface integrity of ground workpieces, as indicated by Ref. [57],
but also to tool life time. In this respect, it is also possible to detect
grinding-spindle damage by assessing the mechanical vibration
signals (e.g. using the discrete wavelet transform method) during
the spindle speed-up and slow-down [150]. The frequency
response of a spindle system is largely affected by the spindle
design – including the preload in the joints, spindle geometry,
bearing configuration, stiffness, etc. For example, it was shown
that the first critical speeds for rough and finish grinding increase
with the increase in the spindle’s axial preload and decrease with
the increase in arbour length [135]. The effects of bolted and
tapered joints on grinding-spindle vibration modes were
investigated by Kim et al. [149], who found that tightening
forces of the joints have significant influence on the dynamic
response; the observed maximum natural frequency change was
about 60%. Another important aspect to be considered in grinding
spindles are thermal effects. The simulation of bearing tempera-
ture and heat distribution of a spindle housing can aid the
assessment of thermal displacements that affect the attainable
grinding precision [200]. One way of reducing the spindle-
generated temperatures is the use of ceramic ball bearings and
shaft, which require 23% less total power for idling compared to a
conventional spindle [180].

4.6. Chatter and chatter mitigation

In the CIRP keynote on grinding chatter [129], the origin and
suppression of grinding chatter has been discussed thoroughly. In
accordance with Refs. [11,208] and many other references given in
this section, the major sources causing vibrations can be
summarized as:
� F
[(Fig._14)TD$FIG]
orced vibrations due to unbalance and eccentricity of the
grinding wheels, vibrations due to hydraulic devices and ground
vibrations;
� F
orced vibrations in grinding due to chatter during dressing of
the grinding wheel;
� R
egenerative chatter based on workpiece and grinding-wheel
surface effects, distinguishable by different timely behaviour.

A comprehensive overview of the factors affecting grinding
chatter is given in Fig. 14, which leads directly to the counter-
measures for the prediction, monitoring and suppression of
chatter.

Approaches to control vibrations and chatter in grinding are:
� S
ystem identification and modelling to gain knowledge;

� M
odification of movement (setting, variation of speed);

� In
crease of machine damping (e.g. joints, drives, etc.);

� E
limination of externally or self-excited/regenerative chatter;

� A
pplication of passive/active damping devices.

In order to obtain the model parameters of the grinding
system, a variety of identification procedures has been proposed.
Fig. 14. Factors affecting grinding chatter [129].
The frequency response function of the system can be evaluated
using excitations given by an active tool holding device
[37]. Alternatively, as shown in Ref. [217], acoustic emission
(AE) and vibrations are used for identification of the wheel/
workpiece interaction. In Refs. [489_TD$DIFF][244,245], force measurements as
one of the various investigation strategies listed in Ref. [490_TD$DIFF][299] are
used for the characterisation and further for the improvement of
vibration behaviour and surface roughness via design modifica-
tions. The damping values are a major source of uncertainty in
system modelling, as reported in Refs. [10,12,38,129,139],
especially of the process machine interaction (PMI), thoroughly
discussed in Ref. [40]. Besides a model for the grinding contact as
shown in detail in Ref. [197], is required.

For the simulation of the surface grinding process, several
numerical approaches have been introduced in Ref. [61]. Required
process models e.g. given in Ref. [176,186,194], cover aspects
betweenprocess excitation and system. Similarly stability analyses
in frequency- and time-domain can be found in Ref. [491_TD$DIFF]

[11,12,24,101,174,235].
Doubly delayed (grinding wheel, work piece) differential

equations, used for representing regenerative chatter are applied
in Refs. [492_TD$DIFF][139,148,184,293]. Here, two delayed forcing terms are
used, one from workpiece regeneration and the other from
grinding wheel regeneration.

Calculation of the stability behaviour of plunge grinding and
traverse grinding processes with conic roughing zone with the aid
of limiting phase angle criterion is shown in Ref. [11]. Approaches
to predict part accuracy via calculation is presented in Refs.
[22,25,61] using FEM, time-domain simulations or empirical
models [7].

4.6.1. Parametrisation strategy and optimisation
The use of the methods listed above is to improve the strategies

for the parametrisation of the grinding processes, as shown in Refs.
[4,26,99]. In Ref. [99], based on simulations, a software determines
the optimal working configuration being part of operator support
(see also Chapter 7).

4.6.2. Process monitoring and chatter detection
Monitoring the behaviour of a grinding process constitutes a

separate research field. However, various types of sensors, such as
force, current, acceleration or acoustic emission, are used to gain
information of the actual system properties [493_TD$DIFF][60,71,127,162,251]. A
detailed overview is given in Ref. [120] for centreless grinding.
Monitoring approaches [494_TD$DIFF][261,275] are directly linked to the
application of grinding-chatter detection shown for plunge
grinding in Ref. [6] and belt grinding in Ref. [35]. Regarding the
sensors applied, the approaches range between sensor-free [187],
optical scattering sensors [36], tactile probe [103], AE signal
[110,112], force measurement [495_TD$DIFF][253] to multi-channel [189]
applications and other combinations. The criteria to detect chatter
vary from regarding maximum values of single sensors to the
derivation of a frequency-domain based normalised coarse-
grained entropy rate (NCER) [109].

4.6.3. Chatter suppression
Based on the available variants of monitoring and chatter

detection, chatter suppression is the next consecutive step as
described in detail in [574_TD$DIFF][11]. The approaches for chatter suppression
are closely linked to the underlying factors which lead to chatter
listed at the beginning of this section [496_TD$DIFF][282]:
� C
ontinuous variable feed rate (CVFR);

� C
ontinuous workpiece speed variation (CWSV) [15,27,107];

� G
rinding-wheel speed variation [123];

� M
odel based parameter setting [221];

� M
odification of components to increase stiffness [497_TD$DIFF][226,244] and/
or damping in the design phase;
� A
ctive damping.
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An increase in damping can be seen as a central way to increase
stability limits. The approaches vary from active damping using
actuators [37,62,91,213] to passive systems [38], such as tuned
mass damper [208] implementations. The idea is to extract energy
from the system by placing additional elements at locations where
the criticalmodes have largemodal displacements. Amajor issue is
theway of integrating the additional systems into the given narrow
existing machine designs. Here, additional structures may have
disadvantages compared to integrated solutions not limiting the
original functionalities.

4.7. Tempering and compensation

Increasing the precision of grinding machines becomes
increasingly expensive when approaching the limits of technical
feasibility. To enhance their performance, compensation of
residual errors is often a more-cost effective solution. The
application of compensations on grinding machines can be
distinguished in the four following categories:
Fig. 16. Improvement of thermal location errors during an arbitrarily chosen load
cycle of A- and C-axes, using a grey-box model for on-line compensation [102].
1.) C
[(Fig._15)TD$FIG]

Fig.
[143
6.5
orrection of the NC-movements based on previously mea-
sured, position-dependent geometric deviation values.
Depending on the ability of the NC in use, the modifications
can be fed-in online or have to be introduced off-line by
modifying the NC-code as shown in Refs. [498_TD$DIFF][56,59,96,134,
146,260,269].
2.) C
orrection of the programmed path based on on-machine
measurements using optical or tactile probes. In these
measurements, the deviations due to machining forces leading
to part and machine deformations can be assessed, assuming
that the other geometrical deviations of the machine also
influencing the measurement result can be neglected in
relation to the deviations caused by high passive forces, being
characteristic for grinding processes [499_TD$DIFF][55,126,143,175,181,
238,298]. The slightly modified application of this procedure
for hypoid gears is presented in Ref. [75]. Here, the machine
settings are optimized using known spatial geometric errors
known from calibration measurements in combination with
surface measurement results. An example is shown in Fig. 15,
where the peak-to-valley (PV) values for form deviations were
improved significantly.
3.) C
orrection of the actual axis motion set-points based on sensor
data being fed into a model delivering corresponding correc-
tion values. This procedure is typically used for thermal
compensations using temperature sensor data. An overview
of the compensation methods for main spindles as major error
source is given in Ref. [178]. A comprehensive review of thermal
issues on machine tools is given in Ref. [193], including various
proposed compensation methods. The models used for the
derivation of the axis correction values can be based on
regression analysis [194], neural networks [117] and differential
equations [102]. An example is shown in Fig. 16.
4.) A
nother application of compensation is the multi-dimensional
online compensation of mounting vibrations via active vibra-
tion insulation [500_TD$DIFF][295].
15. Improvement of form deviations based on on-machine measurements
]; left: PV before compensation: 22.2mm, right: PV after compensation:
mm.
4.8. Adaptive and mechatronic systems for grinding

Mechatronic and adaptronic solutions are summarized in Ref.
[213]. Adaptive machines use active modules, different monitoring
techniques, and control algorithms to alter their time-varying
characteristics to affect grinding forces, tool-/workpiece deflec-
tions, stiffness/damping of the joints, etc.

For example, an online force-measurement technique can be
used for grinding wheel diameter control in precision cylindrical
grinding [203] and to realize adaptive control for creep-feed
grinding using a multi-level fuzzy controller [501_TD$DIFF][285].

Activemachinemodules use actuators that are integrated in the
modules (e.g. structure, joints, etc.) for adaptation of its mechani-
cal characteristics through sensing and actuation functions,
schematically shown in Fig. 17. The realization of adaptive
machines faces several challenges, such as the integration of
active modules into an already existing machine without
weakening, redesigning or changing the modules [502_TD$DIFF][249].

Besides increasing the stiffness of machines’ modules, it is also
important to enhance the overall damping for improving the
quality of grinding. One approach to increase the damping of a
machine joint is to integrate viscoelastic materials into the joints’
interface [92]. This solution, however, is not yet readily available
for grinding machines.

Active modules for grinding machines are adaptronic systems
used in a variety of applications. Möhring et al. [202] developed an
active tailstock for crankshaft grinding by combining hydraulic and
piezoelectric actuators to achieve contour-controlled process and
better error compensation. An active wheel-holding device was
developed in Ref. [37] for a surface-grinding machine. Here, the
stacked piezoelectric actuator was integrated into a machine’s
wheelhead as shown in Fig. 18 to control the mechanical
[(Fig._17)TD$FIG]
Fig. 17. Actuators and sensors for adaptive machines [502_TD$DIFF][249].
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Fig. 18. Active wheel-holding module [37].

[(Fig._19)TD$FIG]

Fig. 19. Multi-channel power profile of a cylindrical grinding machine based on
specific customer requirements in standard configuration according to Ref. [104].
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characteristic of a taper joint, resulting in reduced radial force
countered by the actuators of the active module.

Brecher et al. [39] developed an active workrest blade for
centreless grinders to control grinding forces. This blade integrated
a dynamometer to measure the forces and piezoelectric actuators
to generate the required compensation to improve the process
stability and the resulting roundness error. Piezoelectric actuators
were likewise used to implement active chatter control via the
machine ballscrew. Here an active nut was developed and
connected to the ballscrew – integrating both sensors and
actuators to avoid unnecessary auxiliary modules that would
complicate the integrationwith themachine. In Ref. [84], a concept
for a crankshaft machine is presented, where the clamped
crankshaft is measured and the grinding program is adapted
automatically so that used crank shafts also can be reground
automatically. Self-centering steadies are available for instance
from Ref. [84], which operate on the basis of force measurements.

4.9. Energy efficiency

As pointed out previously, energy efficiency plays a major role
in enhancing grinding machines’ TCO and also accuracy.

Gontarz et al. [104] presented a case study demonstrating that
the direct energy consumption of the analysed grinding machines
can be reduced by 20% through configuration. The amortization
time of the employed improvement measures, a frequency
controlled cooling pump [575_TD$DIFF]as well as an optimized standby mode,
has been calculated to be 3 years, while a refurbishment leads to
significantly higher payback periods as shown in the study by
Gontarz et al. [105].

The reduction of the grinding tool wear and the associated
saving in the tool embodied energy and material as shown by
Kirsch et al. [151] as well as dry machining to reduce or eliminate
the consumption of cooling fluid are further attempts to increase
the resource efficiency through 2nd-type benefits [198].

Reducing the runtime of a grinding machine for the same
production lot by shortening the setup times, reducing the number
of test pieces and iterations, shortening the main and ancillary
time for a production task with the help of expert systems (see
Section 7) for optimized grinding have a tangible impact on energy
efficiency. According to Ref. [95], this might sum up to 50% of
energy expenditure, not taking into account material savings and
increase in productivity.

Methods for characterizing the interrelationship between the
quality of the results achieved, the resources used, including
energy, and the choice of process parameters, have been applied to
grinding, evoking the demand for a considerable amount of
supplementary data [179]. Fig.19 shows a typical power profile of a
grinding process, measured with the multi-channel power meter
from Ref. [106], which enables the in-depth analysis of machine
tool components separately and simultaneously. Grinding
machines show a high share of idle (constant) power, which is
utilized for driving the coolant system and the thermal stabiliza-
tion and for seal-air for the protection of linear guides and
measuring systems against debris. Energy consumption of grinding
machines depends more on the selection of components, referred
to as machine tool configuration, and on standby-management
than on the process design. Grinding machine manufacturers
[84,95] have started to enhance the energy efficiency by employing
frequency-controlled ancillary drives.

The TEEI (3.3) introduced in Ref. [475_TD$DIFF][242] is a key performance
indicator that allows addressing the field of action for energy
saving via redesign of components. The typically high share of idle-
power demand with grinding machines indicates a lack of control
of components. Hence, themost energy-intensive components, e.g.
pumps of the coolant or seal-air for spindles and sensors, will be
allocated in the section that requires need-based utilization and
dimensioning of inefficient components. The measures can simply
be implemented during the design and configuration phase.

An insight in the measures taken from grinding-machine
manufacturers to enhance the energy efficiency of their machines
is provided by Ref. [95]. An intelligent standby-management
system consists of components (e.g. pumps fans) with frequency
control, optimization of the flow resistivity of the piping system,
reduction of pressurized air consumption, and grinding spindles
that are running only in the optimal efficiency range. Reduction of
the setup and production times brings the strongest contribution
to energy efficiency. Some manufacturers offer energy consump-
tion monitoring on the machine.

5. Trends in auxiliary devices

5.1. Dedicated fluid supply

The coolant supply has to fulfil the following tasks:
� C
ooling of grinding wheel and workpiece;

� M
inimizing friction in the grinding gap;

� P
eeling off the air film and residual oil;

� C
leaning of the grinding wheel, preventing loading;

� F
lushing away the debris, chips and wear particles.

Despite dedicated efforts to eliminate grinding fluids because of
their environmental impact in the past decade, it was realized, that
in grinding there is noway around cooling due to the large amount
of heat generated in the grinding gap. Flooding of the grinding gap
to reduce grinding temperatures is applied in the overwhelming
majority of grinding operations. The supply of coolant into the
grinding zone is hence essential, but not always easy because of the
large variety of tools/geometries over a tool lifetime. Fig. 20 shows
a dedicated fluid supply by Ref. [84].

The state-of-the-art in coolant supply for grinding is presented
in Ref. [48]. During the last decades,manyadvances in research and
industry have evolved in this field along with new challenges and
requirements such as higher grinding speeds and feed rates.
Notable developments improve energy efficiency due to newer
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Fig. 20. Dedicated fluid supply for a single purpose application [84].

[(Fig._22)TD$FIG]

Fig. 22. Additively manufactured grinding nozzles and the resulting G-values for
coordinate grinding of ZrO2 dental implants.
[(Fig._23)TD$FIG]

Fig. 23. Rouse shaped nozzle with adjustable exit orifice (left) and motor-driven
height and angle adjustment for the nozzle (right) [121].
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flow optimized nozzles, which can be constructed by the use of
additive manufacturing, automatedmonitoring of the coolant flow
into the grinding arc and demand-oriented coolant pumps.

Nozzleswithmulti-needle technology seem to have advantages
as the coolant-jet stays coherent longer, and thus represent
dominant new nozzle design, as for example shown in Fig. 20.

Sakamoto et al. [503_TD$DIFF][237] proposed the use of ultrasound for
conditioning of the coolant to suppress loading and wear of the
grinding wheel to maintain a good workpiece surface. In contrast
of the supply by a jet nozzle Hosokawa et al. [124] investigated the
minimization of the coolant flow by applying brush-nozzles
consisting of flexible brushes contacting the rotating grinding
wheel achieving specific flow rates below 0.04 l/min/mm. Provi-
sion of the fluid through the grinding wheel to increase the useful
coolant flow rate was proposed by Aurich et al. [20].

Advances in simulations allow using computational fluid
dynamics (CFD) in order to analyze the nozzle flow as well as
the air flow around the grinding wheel to develop suitable supply
as proposed by Refs. [124,206], respectively. Fig. 21 shows a
Webster nozzle design, based on Rouse’s cross-section, before and
after the optimization using CFD simulations.

CFD also became a powerful tool especially to adapt and
optimize the flow distribution on nozzles for complex grinding
wheel geometries as described by Ref. [192]. In order to
manufacture nozzles with flow optimized and complex geome-
tries, additive manufacturing has evolved to a versatile tool as
demonstrated in Ref. [192,114].

For grinding of dental implants from ZrO2 with grinding pins,
the fluid nozzle with internal cooling ducts to provide a tangential
fluid velocity component shown in Fig. 22 was proposed in Ref.
[138]. This nozzle could only be manufactured additively, in this
case by SLS. The supply directly to the grinding gapwas in this case
one of the success factors to reach extreme G-values of G > 25,000,
presented in Ref. [504_TD$DIFF][227].

An optimized fluid supply remains a challenge in grinding as
grinding wheels are reprofiled and also change their diameter
dramatically. Heinzel et al. [121] proposed ameasurement chain to
maintain the most important factors for the coolant supply. To
maintain the flow speed at different volume flow rates a nozzle
with adaptive exit cross-section based on Rouse’s design is used as
shown in Fig. 23. In a closed-loop control, the optimal supply
[(Fig._21)TD$FIG]
Fig. 21. Inner flow profile andwith the help of CFD-simulations optimized profile of
a new nozzle with equal flow distribution at exit [8].
parameters including nozzle orientation are found by the
investigation of the thermal impact as the grinding wheel is
equipped with temperature measurement sensors.

The benefits of demand-driven fluid supply require controlling
five parameters, i.e. radial and tangential position, inclination,
volume flow and fluid velocity or pressure. An exchange of the
nozzle together with the grinding wheel and positioning with two
linear CNC axes is industrialized today by Maegerle [188] (Fig. 30),
and one swivelling axis by Junker [84]. The position of the grinding
gap towhich all the fluid needs to be directed, can be computed by
the control system knowing the diameter of the grinding wheel
from the dresser movements.

Minimum quantity lubrication (MQL) delivers only a very small
amount of lubricant into the grinding gap. The process tempera-
tures are decreased by reduction of the friction and by evaporation
of the oil and the pressurized air. MQL grinding systems requires a
device generating the aerosol with pressurized air and an
extraction system for the debris. Recent advances in design of
MQL-systems can be found in Refs. [505_TD$DIFF][19,255,258].

Cryogenic cooling has established itself as a viable method in
some industrial machining applications. Cryogenic grinding,
however, is still being discussed in view of concerns regarding
achievable accuracy and detrimental effects on tools. Recent
advances in system design and understanding of the impacts on
grinding machines are given in Ref. [506_TD$DIFF][132,222,230].

5.2. Dressing

Conditioning of grinding wheels has been reviewed in Ref. [507_TD$DIFF]
[275]. Among the technologies presented there EDM dressing and
laser dressing have become mature to be industrialized in the
meantime.

As pointed out in Section 2, ultra-hardmaterialsmovemore and
more in the application field of grinding. This implies the
utilization of superabrasives which are ideally metal bonded
due to their higher retention capability. Integrated in their grinding
machine, sink electric discharge dressing (SEDD) with a rotating
disc as electrode has been developed byAgathon [241] (Fig. 24) and
wire electric discharge dressing (WEDD) with a continuously fed
wire as electrode developed by Fritz Studer AG [508_TD$DIFF][155,156] (Fig. 25)
have been intensively researched in the past decade as might be
seen in Refs. [509_TD$DIFF][278,279] and finally commercialized so far.
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Fig. 24. SEDD by Agathon [432_TD$DIFF][241] called PowerGrind and patented in EP2072182 (B1)
[89].

[(Fig._25)TD$FIG]

Fig. 25. Left: situation of wire guidance, electrical contact and coolant flushing
system; right: WireDress1 unit [155].

[(Fig._27)TD$FIG]

Fig. 27. Dressing methods with ultrasonic assisting [256].
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WEDD shown in Fig. 25 provides the advantage of complex
profile dressing of the wheel with high grain protrusion and low
force, programming of dressing strategy close to conventional
dressing, less wheel wear, low energy consumption and low
tooling costs [509_TD$DIFF][278,279]. Up to now, WEDD is limited to grains with
diameters up to 150mm. The SEDD shown in Fig. 24 offers similar
advantages. The only drawback is that the electrode needs to be
regenerated from time to time.

Both electric discharge dressing systems work with grinding oil
as dielectric and thus offer the possibility for continuous dressing
on the machine as has been demonstrated in Ref. [510_TD$DIFF][277]. The
advantage of continuous dressing is that the grinding conditions
especially the forces and thus the part deflection stays constant
throughout the whole process[576_TD$DIFF].

As newdressing technology thermochemical dressing [597_TD$DIFF]shown in
Fig. 26 is proposed for coarse grained diamond grinding wheels in
[46]. The idea is to achieve high precision and surface quality with
coarse grains which means that the geometry of the grains need to
be shaped by the dressing process, which is achieved by a chemical
setback of the diamonds by heat, oxygen from the environmental
air and catalysts as Cr and Ni from the dressing stainless steel
[(Fig._26)TD$FIG]
Fig. 26. Principle of the thermo-chemical dressing process [46].
calottes. The oxidation of the diamond takes place between 600 to
800 �C. A similar principle is proposed as Ta-block dressing by Ref.
[34]. Here Tantal as being the still affordable element with highest
affinity to carbon is used as a dressing block.

Another trend in dressing of grinding wheels is the ultrasonic-
assisted technology. Fig. 27 illustrates different process applica-
tions.

The ELID process became standard in the last decade for special
applications requiring extreme surface qualities in ultrahard and
brittle materials. In Ref. [481_TD$DIFF][236], this technology is used for grinding
of hard ceramics with diamond abrasives. An advantageous use
was there also demonstrated for CBN abrasive in grinding and
finishing of steel materials.

In addition to the above-mentioned dressing technologies,
another approach for enhancing the performance of grinding
wheels is to create macro-textures like patterned abrasive layers.
Denkena et al. show in Ref. [511_TD$DIFF][70] that a patterned tool reduces the
process force of up to 20% and the grinding power by over 30%.
Others like Butler-Smith et al. used these results and created
micro-textures on super-abrasives, Guo et al. on conventional
wheel surfaces [117].

5.3. Tool exchange and tool clamping

Tool exchange systems like for milling machines developed
fairly late for grinding machines, their breakthrough started
shortly before 2010. The grinding machines were equipped with a
set of different wheels on one shaft. Cylindrical grinding machines
with (at least) an indexable B-axis offer the possibility of equipping
different spindles with different grinding tools, so that the B-axis
serves as a tool revolver at the same time. The reason for this
hesitative introduction was the limitation linked to reclamping
accuracy which introduced imbalance and geometrical runout.
This accuracy demand is critical since grinding operateswithmuch
higher rotational speeds and where the tools have typically a
higher rotational-inertia imbalance. The geometrical runout
introduces geometrical errors, bad surfaces, and increased wheel
wear. Being closely related to the grinding wheel shape and its
wear state also the fluid supply and sometimes even the dresser
need to be exchanged with the tool.

With HSK- and oriented-clamping, the balancing errors after
reclamping does not play a major role anymore and the
repeatability of tool clamping could be reduced down to 2 mm
as indicated by Ref. [512_TD$DIFF][233]. On this basis, several machine tool
manufacturers offer automatized exchange of grinding wheels
today, for example, Rollomatic [512_TD$DIFF][233] with an oriented HSK50E
interface.

For grinding wheels associated with low wear, especially metal
bonded diamond grinding wheels, the exchange of wheels is
simultaneously accompanied with an exchange of the dedicated
fluid supply, which is mounted on the exchange socket. This is the
typical technology used for tool grinding systems like Rollomatic,
Schneeberger and Schütte and is shown as an example in Figs.
28 and 29. The Mägerle grinding centre MFP 100 stores up to
30 grinding wheels with a maximal diameter of 300 mm in a chain
magazine together with the associated dressing wheel (Fig. 30).
The coolant nozzle is either positioned by 2 orthogonal NC-axes to
compensate the tool wear and adjust to grinding wheel diameter
or has a separate nozzle exchanger. Coolant supply through the
spindle and wheel is also available.
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Fig. 28. Tool changer with 6 positions that simultaneously changes grinding wheel
together with the associated nozzle [90].[(Fig._29)TD$FIG]

Fig. 29. Tool magazine for grinding tools [9].

[(Fig._30)TD$FIG]

Fig. 30. Mägerle grinding centre MFP100 [188]: left: chain magazine of pairs of
grinding wheel and associated dressing tool; right: grinding and dressing spindles
for continuous dressing with 2-axes-coolant-nozzle.

[(Fig._31)TD$FIG]

Fig. 31. Part sizes and their accuracies in micro-processing and ultra-precision
machining [47].

[(Fig._32)TD$FIG]

Fig. 32. BoX five axis grinding machine [64].
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6. Special machine developments

6.1. Ultraprecision machines

Machines are used as ultra-precision (UP) machines according
to Refs. [513_TD$DIFF][69,240], if they are able to manufacture optical surfaces.
UP-manufacturing aims at the production of high quality and
functional parts with high surface finish, high form accuracy and
surface integrity for the electronic and optical industry as well as
for astronomical applications [514_TD$DIFF][45,264]. Consequently, results
achieved by UP-processes have a roughness lower than Rz < 10 nm
and shape deviations smaller than 0.1 mm per 100 mm length of
the workpiece, see Fig. 31.

However, there is no strict definition, which delimits ultra-
precision machining against micro machining or conventional
machining, but only the validation of surface roughness, shape
deviation per part-size-length and the ability to manufacture
workpieceswith optical functions [113]. Hence, UP-grinding can be
seen as stringent application of UP design rules and concepts,
commonly applied to “hard and brittle materials like ceramics,
carbides, glasses, hardened steel or semiconductor materials”
[45]. In Refs. [44,45], a deeper insight into ultra-precision and
micro machines and processes is given underlining, that precise,
smooth, jerk-, vibration- and backlash-free motions, low levels of
synchronous and asynchronous spindle errors, high static/dynam-
ic loop stiffness, long-term thermal and dimensional control can be
seen as prerequisites for grinding processes.

In Ref. [58], the development and application of a large depth-
to-diameter-ratio UP-grinding system is presented and the new
shape adaptive grinding wheel from Ref. [29] helps for high
accuracy by reducing the process forces significantly.

The design and application of the Cranfield BoX grinder shown
in Fig. 32 is presented in Refs. [515_TD$DIFF][64,248]. This machine permits high
accuracy grinding of freeform E-ELT segments with a size of 1.45 m
made of Zerodur with reasonable productivity and excellent
surface quality.

To obtain accuracy as well as repeatability, temperature control
systems are employed to ensure the machine’s thermal stability.
The temperature of hydrostatic oils, linear and rotary motors and
grinding coolant are maintained within a range of +/� 0.1 K.

This machine has a metrology frame, that is directly mounted
on the machine base and that is independent of the axes motions.
This non-stressedmetrology frame is used for post-process surface
metrology operations. A three-stage grinding process achieves
high material removal rates of up to 187.5 mm3

[564_TD$DIFF]/s. The form
accuracy achieved was +/� 1 mm p–v per one metre of workpiece
length. Due to the low subsurface damage this grinding process
eliminates the following lapping process and minimises subse-
quent polishing process, thus the final form accuracy is achieved
more rapidly [516_TD$DIFF][262].
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Fig. 33. On-machine measurement for diamond grinding [42].

[(Fig._34)TD$FIG]

Fig. 34. Angular positioning of the grinding wheel by the use of B-axis based on a
flexure hinge [1].
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Another remarkable grinding machine is the NION (UK
government founded research programme “National Initiative
on Nanotechnology”) diamond turning and grinding machine,
presented in Ref. [65]. This machine tool enables a high-precision
machining of complex spherical and even aspherical optical
components with a surface roughness up to Ra = 3 nm making it
themost accuratemachine tool of its size. This is achieved by high-
reliable machine parts as well as an outstanding metrology frame
to detect the axes’ straightness and orthogonality errors, which can
be compensated by software. Moreover, the NION has multiple
individual controlled temperature systems to ensure a steady
temperature environment. By monitoring the temperature of the
coolant leaving its nozzles, a high thermal stability can be ensured.
This temperature system is a significant feature of UP-machines,
making it possible to improve the temperature control up to
0.001 K recently [204].

6.1.1. Application of UP principles
There are many assistant systems and machine components

necessary to obtain the previous mentioned criteria referring to
UP-machining. Han et al. [118] gave an overview over traditional
UP-machining processes. With regard to UP-grinding machines,
reliability prediction is very important. In [574_TD$DIFF][170], a reliability
prediction for centreless UP grinding machines was performed.
Further methods that will help to estimate accuracy-decreasing
factors in early design phases are error budgeting (EB) and FEA. In [574_TD$DIFF]

[50], EB is used to improve the accuracy and repeatability of a
chuck system for cylindrical workpieces. FEA is used to evaluate
the load and position-dependent deformation of a slider including
parametric optimization in [578_TD$DIFF][252,290]. The link between machine-
and resulting part deviations is demonstrated in [574_TD$DIFF][93] using swept
envelopes of the tool as presented in [579_TD$DIFF][43] besides a variety of other
models.

Especially in UP, the impact of thermal deformation has to be
taken into account. A comparison of different bed materials with
low expansion coefficients is shown in [574_TD$DIFF][120]. The thermal
deformation of a guideway during grinding is presented in [580_TD$DIFF]

[287]. In [119], the deformation of grinding wheels under thermal
process loads as well as under centrifugal loads is investigated.

To achieve optimum surface quality, accurate balanced spindles
are required in order to minimize vibrations. A fluidic balancing
system for high-speed spindles is discussed in [579_TD$DIFF][76]. The capabilities
of a new auto-levelling adjustment vibration isolation system for
UP machine tools are presented in [581_TD$DIFF][299].

In [173], a recently presented centering machine for optical
lenses is described, widely following UP principles in their design.
de Araujo and de Oliveira [68] discusses the traditional control
strategies for UP-machining. A study on the error-averaging effects
of a hydrostatic guideway system depending on component
dimension relations is presented in [582_TD$DIFF][287].

6.1.2. On-machine measurements
The measurement of the grinding wheel [518_TD$DIFF][80,273] or the

workpiece [31,42,130,144,207,211] on machine is a large field of
research in order to monitor the tool condition or the machining
result.

During UP-machining not only work pieces and tools have to be
monitored continuously, but also the machine tool itself. At best,
disturbances like tool wear, thermal effects or vibrations should be
measured and detected in the machine before and after each
process step. This leads to further extensive design measures, to
add and implement additional measuring axes, which affect the
whole system in an adverse manner. Fig. 33 presents a grinding
machine using diamond grinding wheels producing aspherical
lenses for the optical industry and offering several integrated
measurement axes and sensors. The abrasive grains have to fulfill
close specifications with respect to the cutting edge and their radii,
allowing the production of surface roughness lower than 50 nm.
That is why the machine tool features an integrated laser
vibrometer, AE- and force sensors. Besides four workpiece-axes,
there are three tool axes and three measurement-axes, which
enable a high-quality condition monitoring system of the whole
machine, but especially the [583_TD$DIFF]detection of tool contact, grinding
direction and the crystal orientation of the diamond tool
respectively [584_TD$DIFF][42].

In [28], AE signals are used to predict the roundness of the
ground workpiece. In [585_TD$DIFF][164], AE- and Hall-signals are used for the
optimal condition selection for a rotary dressing system.

Regarding the examples listed above, it can be assumed that
design features found in state-of-the-art UP-machines are
migrating in machines for standard precision applications, today.

6.2. Large machines

The huge Abbé errors associated with large machines deserve
special attention and give rise for the load compensation with
auxiliary compensation axes, for instancewith pressure-controlled
hydrostatic bearings.

To meet the accuracy requirements for large machines, further
degrees of freedom in the machine’s kinematics are used to realize
different types of compensation strategies by the NC-control,
which are implemented in order to tacklemechanical inaccuracies,
thermal expansion and deflections induced by cutting forces.
Fig. 34 shows a grinding machine for large and crowned rollers. To
avoid edge loads on the grinding wheel and enlarge its contact
length an additional B-axis having only a reduced operating
displacement the grinding wheel can be positioned tangentially
along the whole tool path.

By the use of a flexure hinge, the head stock and therewith the
grinding wheel can be adjusted tangentially to the arched surface
line in order to enlarge the grinding wheel’s contact to the work
piece. Thus two main effects can be achieved: the wear of the
grinding wheel can be significantly reduced and the material
removal rate could be increased. A precise jointwithout backlash is
of importance for this B-axis application. Fig. 34 depicts the
arrangement of the flexure hinges at the spindle head together
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Fig. 36. Left: tool revolver for grinding turning machine [95]; right: grinding—
turning benchmark [73].
[(Fig._37)TD$FIG]

Fig. 37. Large combined coordinate grinding and milling machine.
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with a linear axis drive for rotationalmovements. The axial bearing
(thrust bearing) is implemented by a sliding support.

The adjustment motion is realized by a pre-loaded linear-drive,
which is attached to the spindle head by a flexure swivel joint. By
implementing this configuration of kinematics, a pivoting range up
to�0.5� and a radial stiffness up to 2000 N/mm could be achieved.

6.3. Hybrid machines

According to the CIRP definition from Lauwers [163] hybrid
processes are processes, where different sources of energy act
simultaneously at the same place. Machines capable of running
hybrid processes are termed hybrid machines. Since 2000 hybrid
processes developed strongly. Most important today and devel-
oped to some industrial maturity is ultrasonic-(US) assisted
grinding. While US assisted cutting with geometrically defined
cutting edges is in the meantime quite common and marketed
from some machine tool manufacturers, US-assisted grinding is
fairly rare. There are 3 different possibilities to install US assisted
grinding, as shown in Fig. 35, depending on the direction of the US
amplitude. The most applied US technology is longitudinal
excitation in the spindle shaft, shown on the right side.
Applications of kinematics in the left picture, namely torsional
excitation are researched, excitation kinematics in the centre need
excitation on the workpiece side. As the frequency of excitation
needs to comply with the eigenfrequency of the excited mass, an
arrangement on the workpiece side requires exchange of the
sonotrode and adjustment of the frequency for each change of part
geometry.

US-assistance reduces cutting forces, reduces wear of the
grinding tool and enhances the surface quality. US-assisted
grinding according to Ref. [41] turns out to strongly reduce feed
forces up to 50%. These excitation systems are integrated within
the spindles [519_TD$DIFF][281] for internal grinding. In Ref. [115] a system is
reported with high rotational speed up to 60,000 rpm to reach real
cutting speeds for grinding and suitably increase of the US-
frequency up to 70 kHz.[(Fig._35)TD$FIG]
Fig. 35. 3 different methods of US assisted grinding.
6.4. Combined machines

Machines being capable of executing different processes in
sequence or at the same time at different locations are combined
machines. Combined machines developed largely since 2000,
despite the fact, that also earlier attempts for combined machines
can be reported. Machines for circular grinding and turning are the
most frequent applications of combined grinding machines
[95]. Here the tool exchange is done with a tool revolver for
directly driven tools like in conventional turning machines. Also
like in turning machines the manufacturing from all 6 sides is
realized with a main and counterspindle, as indicated in Ref. [84].

The advantage is exemplified in Fig. 36 right, where the
complementarity of grinding and turning in terms of surface
accuracy and productivity are visible. As the grinding process gap
has a larger extension in the axial direction, grinding of cylinders
with axial extension lower than the grinding wheel length have
lower process times compared to turning. But turning also
introduces a spin by its feed, which can be eliminated by grinding.

Combined milling and grinding machines are offered by
different manufacturers for instance [586_TD$DIFF][3,232], where an example
is shown in Fig. 37. Due to the adoption of tool exchangers, both
machine types approach each other. Ref. [486_TD$DIFF][232] also provides double
spindle machines with separate grinding and milling spindles,
because the requirements for both processes differ significantly in
spindle technology (Fig. 37 [598_TD$DIFF]).

A machine combining direct laser metal deposition (LDMD)
with grinding and milling processes was developed by Elb
[82]. Laser and grinding are largely different and the combination
provides the possibility especially for repair of turbine blades,
where worn out areas need to be ground to remove coatings and
deterioratedmaterial, rebuilt by LDMD and reground for achieving
required surface properties. A combined machine featuring
grinding and laser ablation for manufacturing of cutting tools
made of ultrahard materials is presented in [588_TD$DIFF][233,268] proposes a
similar machining system for tool manufacturing including also
EDM formachining of PCD. The advantage of combinedmachines is
the finalization of the product on one single machine. In common
workshops a change of machine translates into approximately one
week in lead time, which can be drastically reduced by such
combined machines. Furthermore quality issues also play a role,
namely in view of finishing a workpiece within one clamping,
which reduces/eliminates errors. On the other hand, combined
machines have devices for the execution of both processes and one
of those normally cannot work, while the other is active.

Combinedmachines therefore need to copewith the challenges
of both processes. Successful combined machines are machines
that execute both processes as good as single machines dedicated
to the individual process. This implies severe restrictions on the
combination especially if the process requirements strongly differ
from each other. Relevant for a successful combination is also a
process chain for a product with requirements to change quickly
between the two processes. The combination increases its
probability for success with increasing double used components
and functionalities.

A class of combined machines has been proposed by Refs. [522_TD$DIFF]
[228,229], combining several UP- or micro-machining processes
such as BEDG (Block Electro Discharge Grinding) and m-EDM on a
single machine.
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6.5. Micro grinder

Current workpieces for micro cutting are produced on machine
tools that are oversized regarding their installation space
compared to the microstructures to be machined. This leads to
the approach of developing minimized machine tools, adapted to
the sizes of the workpieces. In view of this development, Fig. 38
shows a desktop grindingmachine, which offers the option of path
and force control respectively.

Fig. 39 shows a micro machine for production of micro pencil
grinding tools without re-clamping. This machine incorporates
essential features for UP-manufacturing, which is necessary due to
the sensitive and filigree tools. To avoid any deviations of the tool
axis due to clamping the tool is generated in situ on the machine
and has a grindingmodule, amEDMmodule and a galvanic module
for tool coating.[(Fig._38)TD$FIG]
[(Fig._39)TD$FIG]

Fig. 39. Micro grinding machine from Ref. [549_TD$DIFF][267].

Fig. 40. Benchmark test for an expert system [97].

Fig. 38. Desktop machine with path and force control option [77].

[(Fig._41)TD$FIG]

Fig. 41. Databases for grinding expert systems.
7. Simulation tools and user support

7.1. Relevance of user support

The outcome of a grinding process largely relies on the
knowledge and experience of machine operators, as revealed by
the experiment shown in Fig. 40 [97]. In this trials, 75 operators
were asked to reduce the operation (cycle) time for grinding a part
with six features required. The task proved difficult for most
operators; while only 18% of the operatorswere able to outperform
the simulation-based expert system. This clearly demonstrates the
requirement to automatically optimize grinding conditions and to
support the users in designing grinding cycles.

A comparable intelligent grinding system was developed by
Malkin et al. [191] to perform grinding process simulation, model
calibration, process optimization, process control, and data
acquisition at the machine. This software was implemented in
an Open Architecture Control (OAC) environment. An advantage of
the OAC for grinding machines is that it provides access to
monitoring and control data, and the possibility of incorporating
process knowledge into machine-control. Nevertheless, the OAC
demands: (a) the selection of control modules and standard
interfaces, as well as (b) tools to assist the users to integrate system
components [33]. The basis for a more open and adaptable
architecture lies in STEP-NC [523_TD$DIFF][284], which could support machine
users at CAM and NC level by more information, e.g. including
workpiece geometry, grinding wheels used, feed-increments to
implement, and the sequence of a grinding cycle. However, such
object-oriented CNC implementation is not yet readily available for
grinding machines.

7.2. Databases

The intelligent and interoperable grindingmachines require the
development of a database, the process-rule base and reasoning
modules [52]. A database can store machine data, grinding-wheel
data, coolant data, process data and individual workpiece data, as
shown in Fig. 41. Essentially, such a database forms a software
system for grinding-process optimization, thermal damage avoid-
ance, improvement of dressing, and data retention [205]. Concern-
ing the latter, operator’s experience needs to be incorporated in an
expert system – e.g. to integrate a machine-user competence and
the optimized-system data in a reusable manner. Herewith, a
feedback interpreter, capable of deriving a set of input data and the
process outcomes to change, reparametrize and optimize the
models and databases, will become important. An overview on
user support systems is given in Ref. [133] demanding for
integration of machine tool properties and operational support
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in expert systems. A concept of an autonomous and intelligent
grinding machine is with self adaptivity and operator support
system is presented in Ref. [524_TD$DIFF][246].

Data required for the grinding optimization needs to be
available and ideally provided by machine builders as a basic
database. Nevertheless, new materials, new grinding wheels, as
well as improved processes require constant enlargement and
update of the database. This should be done without excessive
effort, also by providing learning procedures, which must be
handled securely.

7.3. Simulation tools

The grinding competence embedded in process models and
databases can be integrated into simulation tools to predict the
various outcomes of a grinding operation. For example, user’s
guide for centreless-grinding setup [186], was implemented into
commercial machines. Barrenetxea et al. developed algorithms for
process optimization based on high-level integration of process
models into a web-based simulation [24]. This software tool, for
example, provided the machine user with a graphical editor to
visualize geometric stability of the process (Fig. 42) – aiding more
efficient machine set-up. The enabled visualization in the virtual
environment hence allows the users to simulate and test amachine
setup before its physical utilization on a shop floor.

The simulation-based setup assistant (SUA) includedmodels for
grinding power, forces and roughness. Besides the identification of
stability, a time-domain simulation was developed to predict the
roundness deviations. The SUA shown in Fig. 43 allows the user to[(Fig._42)TD$FIG]
Fig. 42. Simulation of centreless grinding geometric stability [24].[(Fig._43)TD$FIG]

Fig. 43. SUA optimization structure [26].
input different objectives/constraints and parameter sets for
optimization, which can be stored and retrieved for later
utilization.

While the underlying models for predicting productivity and
centreless grinding outputs were described in Ref. [49], the
optimization procedures can be found in Ref. [525_TD$DIFF][234]. A review
provided by Hashimoto et al. [185] gives additional references,
including “Grindsim” [116,190], “Gigas” [219], “Iga” [52,205],
“Cegris” [79,161], “Grinding Simulator” [30], and “SUA” [26]. More-
over, a dynamic model of a centreless grindingmachine based on a
finite element model was used to capture the modes of major
modal contributions and to define machine set-up conditions to
avoid vibrations [100]. This approach was extended for simulating
machine control – via the virtualization of both machine structure
and a control system to evaluate the performance of different
control laws [91].

7.4. CAM tools

Developments in simulation are supported by knowledge-
based CAM systems and tools performing self-learning, based on
in-process monitoring and data provided by machine control
loops. The coupled simulation of machine structure[589_TD$DIFF], drives and
CNC control allows for optimization of control parameters and
virtual ramp-up process [196]. Nevertheless, universal CAM
systems for grinding do not exist. CAM systems for grinding
machines usually take the form of proprietary software, as for
instance Schütte [9], Kellenberger [145], Studer [95], Junker [84],
Rollomatik [512_TD$DIFF][233], etc. These tools are tailored for specific grinding
machines and/or computer systems provided by machine man-
ufacturers.

The importance of dedicated CAM tools for grinding is
nonetheless rapidly increasing due to potential added-value in
terms of reduced setup and grinding cycle time, which is becoming
more and more acknowledged by the machine users and builders.
For example, it was recognized that even in the simplest case of
coordinate grinding (similar to milling), the standard CAM tools
proved problematic, since the process stiffness is much higher in
grinding; meaning that geometric tolerances must be tighter.
Additional particular [590_TD$DIFF]deficiencies of CAM tools with respect to
grinding are as follows:
� R
edressing cycles are not available.

� P
rofiling of the wheel geometry is not supported.

� W
ear of the tool needs to be taken into account.

� F
requent measuring cycles need to be realized.

� L
ow tolerances require iterative approach.

� C
ontrol of steadies/stiffness for slender workpieces.

� P
rocess end with spark-out is not supported.

� N
o support for the setup of a grinding spindle turret.

The exception are CAM tools for grinding of complex parts such
as punches in tool grinding [78,159] and for cylindrical grinding of
non-round workpieces, such as camshafts [160], crankshafts and
other complex geometries, e.g. drills, forming matrices, medical
implants, threads [95].

To aid dressing, a CAM system was developed, where the
contour of a part (DXF file) determines the necessary profile of the
grinding wheel, and then automatically generates the NC path of
the dresser [95]. This program can be reused, whenever the
grinding wheel needs to be profiled for the same grinding
operation or redressed in order to keep the wheel geometry and
workpiece [591_TD$DIFF]shape.

In another CAM example, it was shown that data obtained from
CNC and servo drives could be also displayed on a CNC control
screen to aid CAMand graphical evaluation of contour error in non-
round cylindrical grinding [125].

The exemplified CAM tools are always dedicated to special
grinding tasks and offer a parametrized graphical user interface
(GUI) for programming – including path planning, reduction-, and
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pivot points, stock removal, as well as measuring cycles. Quality
control can be integrated in a machine, which also enables self-
learning and correction of the drag error. In this case, the part
geometry is measured and automatically (iteratively) enhanced.
This means that additional measuring procedures outside the
machine can be avoided. Another CAM-tool allows machine
programming by sequencing different icons for different grinding
operationswhich then can be parametrized in a dialogue, and then
transformed into an ISO code [95]. In all cases, a GUI needs to be
provided for the user to easily interact with the simulation.

8. Conclusion and open issues

8.1. Trends in grinding machines

Grinding and grinding machines developed greatly in the 21st
century following the evolution and related developments in
manufacturing. Table 2 displays horizontally the metric used to
qualify manufacturing processes today. The lines indicate different
technologies having developed and the marks show to which of
those trends they contribute advances. The column “materials”
indicates the flexibility in material choice which is mastered by
grinding machines. The application domain of grinding is
manufacturing of fine surfaces in hard materials and today faces
competition from ablation with ultrashort pulsed lasers for very
hard materials and fine geometries and from machining with
geometrically defined cutting edges for materials with lower
hardness for instance carbides. But also other process character-
istics determine grinding as preferred choice.

The main game changing technologies used in grinding
machines are:
Fig. 44. Comparison of state of the art in industry and research.
� T
Ta
D
gr
ool changers with sufficient accuracy so that re-conditioning or
rebalancing after tool change is no more necessary.
� E
xpert systems or simulation based support systems for
operators that drastically reduce the setup times.
� E
nergy- and resource-efficient grinding machines.

� S
cientific, model-based machine design and construction.

� M
odel-based compensation of erroneous motions like dynamic
and thermal misbehaviour.
� E
nhanced and adaptive fluid supply.

� S
elf-adapting machines equipped with sensors, actuators and
model-based intelligence.
ble 2
eveloping technologies and their contribution to the production metric of
inding.

[TD$INLINE]
8.2. Research topics in grinding machines

The review of the state of the art in grinding machines shows a
clear difference between scientific state of the art or understanding
and industrial readiness on machines. The expert-based assess-
ment supported by market research, patents and scientific
literature is shown in Fig. 44. The blue outer circumference of
the diagram outlines the expected requirements, namely those
extrapolated into the future for high end machines. Measured
relative to these requirements, the current state of research and
understanding is shown in red, where the difference to the blue
line is indicating the research gap. Drawn in black is the current
state of technology in high end commercialized machines, where
the gap to the red line signifies the deficiencies in application of
existing research results and to the blue line the development
potential. Naturally machine tools [592_TD$DIFF]fulfill actual market require-
ments, which makes a gap to the blue line system immanent. No
technology is really finalized from the research point of view
either.[(Fig._44)TD$FIG]
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