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The demand for miniaturized products and functionalized parts is constantly increasing. Many such products and applications are machined by
abrasive processes, particularly those made of hard and brittle materials. The first part of this keynote paper is dedicated to a discussion of micro
parts and micro structures machined - at least in part - by abrasive processes. The second part contains a detailed presentation of the abrasive
processes used to machine such micro parts and structures. The strengths and weaknesses of these processes, among others being dicing, micro
grinding, micro abrasive blasting, and vibration and magnet field assisted finishing are discussed. The paper concludes with a discussion of future

trends and research needs in the field.

Micro machining, Miniaturization, Micro structure

1. Introduction

The miniaturization and funtionalization of products and
parts has been one of the key aims of manufacturing research over
a period of several decades and has been the topic of several CIRP
keynote papers, most recently in 2006 [63]. Micro structures are
used to provide unique properties to otherwise standard surfaces;
they allow to reduce size and weight of products while integrating
more functions - in summary they can help to bridge the gap
between the macro and the nano scale [71]. Various CIRP keynote
papers have dealt with micro structured surfaces and explored
their properties [30,54,152,153,193], going back to the 1999
keynote paper that defined such structures [66].

While mass production technologies for micro structured
surfaces are available, technologies to manufacture such
structures on individual, one-of-a-kind specimens, have either
significant limitations regarding the machinable materials and
geometry or are prohibitively costly. There are many products and
applications requiring hard and brittle materials as the base
substrate. This class of materials is commonly processed via
abrasive processes.

This keynote paper provides an overview of products and
applications that need micro abrasive processes. These products
either have sizes in the micro range or exhibit micro sized features
or structures. Following this overview of products, current
capabilites of abrasive processes for micro parts and structures are
investigated in detail. This investigation is complemented by a
section on modelling of such small-scale material removal
processes, a promising technique to increase the understanding of
underlying mechanisms.

Finally, the authors have summarized possible future trends
and research needs in the area of abrasive processes for micro
parts and structures.

2. Products and Applications

Micro-sized products manufactured or finished by applying
abrasive processes cover various application fields such as
microfluidics, biomedical systems, micro electro mechanical
systems (MEMS), optics, the manufacturing of cutting tools, and
the deburring of micro parts. In many of these areas, the
fabrication of three-dimensional micro structures with distinct
topographies is of great interest as well. This chapter introduces
various typical products and applications, their properties and
requirements.

2.1 Microfluidic systems

Microfluidics is the science and technology of systems dealing
with small amounts of fluids, typically nanolitres to picoliters. A
typical microfluidic system consists of microchannels plus the
associated drivers such as pumps, mixers, heaters, fluid-particle
reservoirs, actuators, valves, sensors, controllers, etc. (Fig. 1)

thermal reactor

Fig. 1. Microfluidic system representation [121].
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Fig. 2. Relational map among fabrication methods, geometric features,
material properties, microscale phenomena, microfluidic functions, and
end applications(based on [121,133]).

Microfluidic systems provide one or more microfluidic
functions. According to [133], the manufacturing method has to be
chosen to produce the required geometric features on appropriate
materials to achieve the microfluidic functions as needed. Fig. 2
shows the interconnected relationship between manufacturing
methods, geometric features, material properties, microfluidic
functions, and end applications. According to [200,203], the shape
of the micro channel cross section significantly affects the mixing
performance of the micro mixer. Micro channels can have different
cross sections such as rectangular, trapezoidal, semi-circle, and
bell-shape. Besides the cross-section, the aspect ratio and the
surface roughness decide upon the functions of microfluidic
systems. The aspect ratio is defined as the ratio between micro
structure height and width. For microfluidic systems, a high aspect
ratio is very desirable for the performance of many sensors and
actuators such as comb-drive actuators [133]. The manufacturing
of structures with high aspect ratio is often challenging due to the
extreme required anisotropy. While isotropic processes like wet
etching cannot match this, micro grinding methods can overcome
this issue as shown in Fig. 3.

In microfluidic systems, the manufacturing of microchannels
with sufficient length, depth and the required level of surface finish
is critical for its performance. The surface roughness of the channel
surface significantly affects the wetting behaviour of liquids and
the flow of fluid within the microchannel. In microfluidic
applications that are based on surface chemistry and biomolecule
interactions, a certain roughness can be advantageous due to the
higher surface area between the fluid and the base substrate.
However, a higher roughness may change the flow from laminar to
turbulent; further it leads to a pressure drop [277]. Accordingly,
one must select and optimize suitable process conditions for a
given workpiece material. Substrate materials used for micro
pumps are glass [208,265,266], silicon [232] or
polymethylmethacrylate (PMMA) and [262,263,265,267] various
types of glass substrates
[20,84,123,129,189,202,205,214,231,259] for electrophoresis
microchips.

aspect ratio: > 500
substrate material : LINbO,
method: with dicing blades

aspect ratio: 15
substrate material : WC
method: grinding

Fig. 3. Examples of high aspect ratio anisotropic structures produced on
various substrates[56,192].
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Fig. 4. An example of finished electrophoresis chip [205].

2.1.1 Capillary electrophoresis chips

Several chemical and biomedical analysis methods consist of
the sequence of phases classified as sample preparation, reaction
and product analysis. As the reaction phase has to deal with
multiple chemical species, the later analysis phase must be capable
of separating and identifying the individual components.
Electrophoresis works on the principle of inducing detectable
differences in the migration behaviour between charged chemical
species under the influence of an applied electric field. This offers
great potential in the product analysis phase, which works
especially well with micro-sized electrophoresis chips. Currently,
micro-sized versions of classical electrophoresis chips become
more and more prominent due to their low cost compared to
conventional benchtop devices [205].

The design of electrophoresis systems is rather simple and
consists of the elements: (i) injection zone, (ii) separation channel,
(iii) detection zone as shown in Fig. 4. Due to the advancement of
micro and nanofabrication techniques, it is possible to integrate
the electrophoresis system with functional elements like a mixture
or a reactor. This enables real-time analysis, which helps in the
realisation of micro total analysis system (pu-TAS) or lab-on-chip,
achieving improved efficiency.

Typical channel dimensions vary from 10-300 um in width
and 5 - 100 pm in depth. Abrasive jet machining is the most widely
used method apart from the utilisation of dicing blades to produce
microchannels on the substrate. In abrasive blasting method, high
etching rates up to 100 um/min were achieved [202]. The
substrate containing the microchannels is attached to flat glass or
silicon substrate to form a closed enclosure. Abrasive jet
machining and abrasive blasting are commonly used to create an
inlet, outlet, and electrode opening on these materials.
Additionally, the abrasive blasting method is used to improve the
surface finish of the separation channels [20]. It was reported that
it is possible to achieve a separation channel’s surface finish (Ra)
aslow as 0.1 um with 5 pm sized abrasive particles in the abrasive
blasting method. However, the small size abrasive particles non-
reusability leads to higher processing costs [259].

2.1.2 Micro pumps

Microfluidics has provided attractive solutions for
pharmaceutical fields like drug delivery. Irrespective of the field of
application, precise dosing and transportation of small volumes of
fluid to the targeted area is frequently needed, and for this
purpose, micro pumps have been developed with different
actuation mechanisms such as magnetic [208], electromagnetic
[264-267], and ferrofluid based magnetic actuation [262,263](Fig.
5).

2.1.3 Micro mixer

In general, microfluidic devices consist of a microchannel
network for transporting fluids to regions. Usually, the dimensions
of the channels are in the range of 10- 100 um, which results in low
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Fig. 5. Schematic diagram of (a) a ball valve micro pump (b) an example of
an assembled ball valve micro pump (c) a diffuser micro pump with
external electromagnetic actuation (d) a close view of an inlet diffuser
produced on a glass substrate (manufacturing method: abrasive blasting)
[264,265].

Fig. 6. Schematic view and actual representation of micro mixers with
different 3D microstructures (manufacturing method: abrasive blasting)
[203].
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Reynolds numbers (Re ~ 1) making the flow laminar. In the

applications mentioned in section 2.1.1 and 2.1.2, it is
advantageous. However, it can pose a problem in applications
where mixing of different fluids is required as it takes much time
under laminar flow conditions. To overcome such limitations,
solutions were proposed to generate 3D microfluidic structures
with complex geometries to promote turbulent mixing.
Researchers have demonstrated abrasive blasting as a single step
method for manufacturing micro mixers to be economical by
avoiding conventional technologies like photolithography and
etching, which consists of several manufacturing steps (Fig. 6)
[203]. Moreover, abrasive blasting was also used for finishing the
3D microstructure surfaces, which enhances the fluid flow. For
micro mixer devices, glass is still a preferred material over
polymers such as Polydimethylsiloxane (PDMS) and PMMA due to
its chemical and electrical resistance [200,203].

2.2 Micro electro mechanical systems (MEMS)

Another promising application of abrasive micromachining is
the manufacturing of MEMS. These are sensors and actuators with
a typical feature size between 1-100 pm. The advantages of making
such small devices are fast response time, low weight, small
volume and the utilization of micro-scale effects, such as: gravity

becomes negligible compared to adhesive and friction effects,
surface tension dominates gravity, etc. Examples of commercially
successful MEMS are inkjet nozzles, airbag sensors and pressure
transducers [246]. Fig. 7 shows the worldwide MEMS market
revenue breakdown in 2015 and forecasted market up to 2021.

2.2.1 Sensory devices

During recent years, erosion based abrasive blasting
technology has been widely used to produce various sensor
devices as shown in Fig. 8. Traditionally, micro-structuring for
sensor applications is realized using aggressive hydrofluoric acid-
based wet etching method, limited to produce microstructures
with isotropic profiles. In contrast, the abrasive blasting technique
enables complex and controlled shapes of the eroded structures.
Moreover, the erosion rate of the abrasive blasting process is
typically several hundreds of micrometers per minute, which is
much higher than standard wet or dry etching processes’ removal
rates [22]. This makes the abrasive blasting technology very
appropriate for fast and complex three-dimensional micro-
structuring without any upper limits in the part size. [192] used a
high-speed table reversal mechanism in grinding process (very
high feed rates at high stroke rates) to produce micro slots with an
aspect ratio 15 in hard, brittle materials like tungsten carbide and
alumina for sensor applications.

2.2.2 Piezoelectric transducers

Piezoelectric thin films are useful in applications that require
low power and low noise, high frequency and large output signals.
Piezoelectric thin films application includes MEMS actuators,
resonators, and filters [271], a broad range of lab-on-a-chip
applications such as biosensing, particle/cell concentrating,
sorting/patterning, pumping, mixing, nebulization and jetting [77].
Among many other piezoelectric materials, AIN, ZnO, and Pb
(Zr1—«Tix) O3 (PZT) are most widely used. The abrasive processes
such as abrasive blasting and ultrasonic machining are used to
produce pillars on these piezoelectric materials as shown in Fig. 9.
Contrarily to dicing, abrasive blasting and ultrasonic machining
allow to produce complex non-regular patterns.

2.3 Optics

Freeform optics is the next-generation of modern optics,
exhibiting advantages of excellent optical performance and system
integration. It finds wide applications in various fields, such as
energy, illumination, aerospace and biomedical engineering. These
freeform surfaces can be categorized as (i) continuous smooth
surfaces (ii) discontinuous surfaces including steps or facets (e.g.
Fresnel lens) (iii) structured surfaces, which are the arrays of
structures for a specific function (e.g. surfaces with ridges) (iv)
multiple surfaces on a single substrate [69]. The process chain for
manufacturing freeform optics includes design, machining,
moulding, metrology and evaluation. Moulding is one of the main
processes for mass production.

cantilever beam for inertial sensor E-cores for magnetic device

substrate material : glass substrate material : ferrite

method: two-step abrasive blasting method: abrasive blasting
abrasive size: 30 pm abrasive size: 30 pm

abrasive material : Al,O, abrasive material : Al,O,

Fig. 8. Example of devices manufactured by abrasive blasting [22].



Fig. 9. Example of microstructures manufactured by (a) abrasive blasting
(30 pm size) and ultra-sonic machining (<1 um size diamond) (b) ultra-
sonic machining (c) abrasive blasting on PZT material | [23,29,166].

2.3.1 Moulds for producing micro lenses

The ability of abrasive processes to machine hard and brittle
materials makes them suitable to apply them in optical
applications such as finishing of moulding dies for lenses. In [220]
e.g. grinding was applied to finish the tungsten carbide die for
moulding of glass to produce Fresnel lenses as shown in Fig. 10.
These micro-optical lenses produced via the ground moulds find
applications in digital cameras, surveillance devices, endoscopy
tools, blue-ray players and Fresnel lenses for solar panels.

In [268] a grinding method to manufacture moulding tools for
manufacturing micro lenses with aspherical surfaces was
presented. The authors were able to manufacture a moulding tool
with a diameter of 3 mm [268].

A micro-grinding process with 10-20 pm sized diamond
bronze bond tools was used for rough cut and 2-4 pm diamond
resin bond tools for finishing aspheric optical surfaces in glass
[75]. They achieved a surface roughness of 100 A RMS, and less
than 1 pm of sub-surface damage/cracks in 30 min (workpiece
size: 40-50 mm in diameter, 120 mm convex radius of curvature).
The authors were able to finish different kinds of materials such as
optical glass, ZnSe, CaF2, ZnS, and silicon. Some researchers have
applied vibration assisted polishing (with 0.5 pm diamond slurry)
to finish the die surface for producing micro-optical lenses and
were able to achieve less than 5 nm surface roughness (Rz)
[92,219,221].

2.3.2 Optical waveguides

Another primary application of abrasive process can be found
in the manufacturing of optical waveguides on Lithium niobate.
Optical waveguides are basic photonic components which confine
the light propagation in very small volumes with dimensions of
micron or sub-micrometer scales. The light inside the guiding
structures could reach relatively high optical intensities compared
to the bulk geometries without waveguides. LiNbO3 integrated
optical devices require micro sized structures such as ridge guides,
Bragg gratings and photonic crystal structures. LiNbO3 substrates
with ridge waveguides have attracted much attention over the past
thirty years because they constitute the base of many
optoelectronic devices in integrated optics (e.g., optical switches,
modulators, couplers, multiplexers, etc.). There are many methods
for the manufacturing of LiNbOs3 ridge waveguides, such as dicing,
femtosecond laser ablation, ion beam etching, plasma etching, and

‘ fresnel shape
workpiece

Fig. 10. (a) schematic of grinding process to produce die surfaces for
Fresnel lenses moulding (b) 3D view of tungsten carbide die for Fresnel
surface moulding [220].

V" '

Fig. 11. Micro end mill with (a) dovetail shape (b) ball end, with a helix
angle of (c) -309, (d) 09, (e) +30° manufactured with thin grinding wheels
[11], (f) micro pencil grinding tools manufactured with thin grinding
wheels [Source: FBK, TU Kaiserslautern].

sputter etching. However, precise diamond blade dicing is a useful
technique for manufacturing ridge waveguide structures because
dicing integrates both cutting and polishing [279]. Moreover, with
dicing blades, it is also possible to produce high aspect ratio
structures (>500) (Fig 4b), which reduces the propagation losses
as low as 0.5 dB cm-1 [56]. Ridge waveguides on Nd: CNGG crystal
were also produced applying diamond dicing blades [147].

2.4 Manufacturing of cutting tools

Another famous category of products are micro tools
themselves. Several researchers have reported the development of
micro tools such as micro end mills or micro pencil grinding tools
applying manufacturing processes like grinding, electrolytic in-
process dressing (ELID) grinding and processes assisted with
abrasives such as wire electric discharge grinding (WEDG).

2.4.1 Micro tools production

In [10,11] the manufacturing of micro end mills and micro
pencil grinding tools with thin diamond grinding wheels was
demonstrated. As it is essential to control the process forces during
the manufacturing of micro tools, it was recommended to use small
grain sizes and a thin grinding wheel. It was also mentioned that
manufacturing of micro tools using grinding results into short
machining times. For example, the grinding time is less than
10 min for manufacturing micro-end mills with diameters from 10
to 50 pm. The same research group has demonstrated the
capabilities of grinding to produce different geometries of micro
end mills as shown in Fig. 11.

In [178] super fine abrasive wheels in ELID grinding were
used to manufacture tungsten carbide micro tools with a variety of
shapes. They were able to produce cylindrical tools with less than
1 um tip diameter as shown in Fig. 12.

The inclusion of ultrasonic vibrations during the grinding
process enables to produce 50% higher aspect ratio and 10 - 20%
smaller diameter micro tools compared to the grinding process
without ultrasonic vibrations [182].

Fig. 12. Overview of micro tools produced via ELID grinding [178].



Fig. 13. SEM-views of the edge of a micro milled cavity before (a) and after
(b); deburring by ultrasonic wet peening of a micro milled copper surface
(c) before deburring (d) after deburring; (e) SEM image of a nylon bristle
embedded with 3 pm SiC abrasive abrasive grits; brass mold surface (f)
before deburring (g) after deburring process for 4 min (h) after deburring
process for 10 min; micro milled pillars on aluminum alloy (i) before
deburring (j) after polishing (k) after abrasive waterjet machining on
polished surface [103,112,156,159].

2.4.2 Coating Pre-/Post treatment

In [225] a micro-abrasive blasting process was applied on
tungsten carbide surface as pre-treatment process to enhance the
adhesion strength of the sputtered coating. The main reason for
this phenomenon can be attributed to the resulting high
compressive stresses on the substrate surface [224]. A similar
approach was adopted to enhance the coating strength of different
cutting tools [27] and to improve tool life [28,122]. This micro
blasting process also removes subsurface damages resulting from
the macro grinding process. Hence, it was used as a post-treatment
process for ground surfaces [225,226].

2.5 Deburring via micro-abrasive processes

Burrs in micro parts need to be removed for the proper
functioning of the parts. The abrasive assisted deburring process
presents a fast and effective method for deburring these parts. One
such process is micro abrasive peening. Micro-abrasive peening
was used to deburr, smoothen and to remove the texture marks on
the micro-milled X38CrMoV5-1 VMR [103].

Several investigations were made on abrasive assisted brush
deburring processes. A nylon bristle brush with embedded
abrasives was used to remove burrs of a micro-milled surface
[156,157]. A method was proposed for deburring micro moulds
with a magnetorheological fluid consisting of 2 um sized diamond
abrasives. Metal burrs with a height of 200 pm and thickness of
1 um were removed successfully [112].

Fig. 14. SEM images of single abrasives [12].

A two-step polishing and abrasive waterjet machining method
was developed to remove burrs on micropillars [159]. In [185], a
magnetic abrasive finishing process for deburring of electronic gun
parts used in TV monitors was developed. All mentioned examples
can be found in Fig. 13.

3. Micro Abrasive Processes
3.1 Abrasives

The continual developments of High-Pressure High-
Temperature (HPHT) catalyst based synthesis processes have
resulted in the production of a wide range of synthetic diamond
and cubic boron nitride abrasive materials, ranging from sub-
micron to several millimetres [234]. Modification to the
crystallographic structure of diamond and cubic boron nitride can
also be achieved with HPHT synthesis. For instance, by the
introduction of micro-diamond or cubic boron nitride crystal seeds
into the synthesis ingredients and by controlled
pressure/temperature parameter variations, multi-crystal growth
orientations (twins) can be achieved to form polycrystalline
diamond or cubic boron nitride crystal structures [76].

The products that are derived from these abrasives, typically
consist of selected distributions of crystal shapes produced from
selections of the as-synthesised crystals or from further processed
(naturally occurring or synthesised) crystals which have been
reduced in size through crushing or ball milling. These products
are graded by their manufacturers with a friability strength or
toughness index which denotes the resistance to fracture.

Conventional diamond or cubic boron nitride (cBN) layers,
such as those used in micro-tools, generally consist of a monolayer
(e.g. brazed or galvanic bonded) or multilayer (e.g. moulded,
vitrified or sintered) of grains. These layers result in having a
population of individual diamond or cBN abrasives grains with
random crystallographic orientations, irregular inter-particulate
spacing and protrusions from the bond surface. Such
arrangements therefore result in significant differences in strength
of the individual abrasives [251] due to the anisotropic nature of
the abrasive material and to the differences in crystal shapes. In
addition, their stochastic distribution results in irregular
geometries, uneven loading and undefined chip/debris flow paths
across the tool surface. Such limitations in traditional diamond and
cBN abrasive surfaces have been addressed by research into novel
processing methods to produce regular surfaces featuring
abrasives with uniform characteristics, as described following.

3.1.1 Micro-abrasive elements

In the case of conductive materials (e.g. PCD), EDM and crystal
growth methods can be employed to generate ordered abrasive
surfaces for grinding/polishing applications [228]. While edge
definition of the micro-cutting edges obtained by EDM process
from the solid diamond structure is nevertheless time consuming
and undercut features and geometries are difficult to obtain. The
pulsed laser ablation process offers the controlled removal of
material by considering various laser energy inputs (wavelength,
pulse energy) and process kinematics (beam speed, pulse
frequency) depending upon the type and topography of the target

The employment of the designed scan paths results in the
selected removal of material (e.g. diamond, cBN) to produce the
required features and geometries. This capability has enabled the
generation of controlled (micro) abrasive shapes using solid
diamond structures (e.g. CVD diamond) as the base material. In the
case of monocrystalline diamond, the crystallographic lattice
orientation can be selected to achieve high strength (e.g. {100}
plane in the <110> direction) cutting edges of laser ablated
features. To take the advantage of fully customizing grit shapes



using laser ablation process, several studies have been undertaken
to obtain the better understanding of how different grit shapes and
their specific micro-cutting edges can influence the grinding
process results at micro scale [12]. Shape controlled micro-
abrasives (figure 14) have been used in single grit scratch tests
with zero clearance angle on ductile (Cu) and brittle (sapphire)
materials.

Grits orientated in feed direction to present a defined Number
of Cutting Edges (NoCE) as follows: circular NoCE = 0, square NoCE
= 2, triangle NoCE = 3. It was reported that for copper, an increase
in the grit NoCE results in more localised material side flow and
reduced plastic deformations. For sapphire, fracturing phenomena
was the preponderant material removal mode when using square/
triangularly shaped grits while significant plastic deformations
were found for circular base frustum.

Further, efforts have been made to understand the work
material response to multiple passes with identical grits, which
enable to design an abrasive tool with identical grits of regular
arrays. Arrays of circular, square, and triangular grits have been
generated (Fig. 15a) in identically shaped groups on a
monocrystalline CVD diamond [32]. These arrays have been
mounted on a grinding wheel hub (diameter 140 mm, cutting
speed 35 m.s'1) and overlapped scratches have been produced
with incremental depths of 1, 2 and 3 pm on Cu and Al203 materials
(Fig. 15Db).

Studies on the cutting mechanisms of single defined shaped
abrasives and controlled groups of abrasives in ductile and brittle
materials have provided an understanding about work surface
response to abrasive surfaces having defined geometry, grits
count, and identical protrusion [33]. The characteristics of such
surfaces can be customized depending on the material to be
ground. Abrasive tools can be further customised to present
abrasive grits with specific edge geometries (e.g. rake angles and
clearance angles) so that the tool is composed actually of micro-
cutting edges [184]. Such a hybrid tool with the functionality of
grinding but with the grits of identical geometry was developed as
shown in Fig. 16.

LV Spet Magn
Bt SE 20

Fig. 15. (a) SEM images of shaped abrasive groups and (b) scratches
produced by circular, square, and triangular shaped grits on sapphire [32].

Fig. 16. Laser generated diamond micro abrasive arrays showing
geometries and chip flow paths [34].

Substantial improvements in surface finish and flatness of the
ground surfaces and tool wear resistance have been obtained
compared to the results with a conventional electroplated abrasive
tool having equivalent grit size and density [34]. The primary wear
mechanisms for conventional (polycrystalline) abrasive grits are
micro fracture, flattening and cracking, while only a small extent of
micro fractures can be observed for engineered abrasive grits for
the same operational time. This is likely due to the uniform spread
of load on the engineered abrasives in combination with the
compact wear resistant columnar structure of the CVD diamond
used. These comparative wear studies open opportunities for the
design of negative rake grinding tools for industrial applications
[184]. SEM images supported by surface morphological
investigations between the surface machining and planetary
grinding process has enabled the understanding of the interaction
mechanisms between conventional/engineered abrasive grits and
workpiece surface, which allows to define the key design
parameters of the engineered grinding pads [278].

3.2 Chip formation in ductile and brittle materials when abrasive
machining

The chip formation in micro-abrasive processes of ductile
materials is similar to that of conventional macro-scale abrasive
processes. An abrasive must reach a certain uncut chip thickness
before a chip is formed [116,149,151], the so-called grain cutting
depth. Abrasives contacting the workpiece that do not reach this
grain cutting depth to form a chip cause rubbing and ploughing, i.e.
friction. In addition, all grains forming a chip also contribute to
friction and do only rub and plough before they reach the grain-
cutting depth. That is, an abrasive undergoes three phases: I -
elastic deformation (rubbing), II - elastic and plastic deformation
(ploughing) and III - chip formation (grain cutting depth reached)
[95]. The grain cutting depth depends on many influencing factors,
such as the process kinematics, the lubrication conditions,
temperature and properties of the workpiece and the geometry of
the abrasive.

The proportion of phase III decreases with decreasing uncut
chip thicknesses, the proportion of ploughing rises [222]. Hence,
the proportion of ploughing is dominating at small uncut chip
thicknesses [222]. Higher proportions of rubbing and ploughing at
small uncut chip thicknesses result into high specific energies. This
correlation is known as the size effect in grinding [13].

In micro abrasive processes, uncut chip thicknesses are very
small. The proportion of ploughing can hence be expected to be
very high [187], as are the specific energies [169].

However, the application of micro abrasive processes is more
interesting for brittle materials, as other micro processes to
machine ductile materials (milling, ultra-precision turning) are
more developed and achieve high process reliability [71]. The chip
formation of brittle materials is nominally different than that of
ductile materials. Brittle material removal at high chip thicknesses
is governed by crack initiation and propagation. These cracks
result into fatigue of the material and ultimately in the break-out
or spalling of parts of the material [24]. This results into non-sharp
edges, so-called chipping and notches on the surface. In addition,
non-visible cracks in the workpiece that can result in the
premature failure of the workpiece can exist [151,210].

With appropriate process conditions, brittle materials can be
machined in a ductile manner. That is, flow-like chips can be
produced [2,106,270] , resulting in smooth or typical ground
surfaces [171] and sharp edges of the workpiece [9]. This process
regime of brittle materials is named ductile mode or ductile regime
machining [24]. The mechanism of ductile regime machining or the
processes within the material respectively are not fully
understood to date. The knowledge of grinding in ductile mode is



based on the knowledge of tribology and material science, i.e. on
scratch and wear tests on brittle materials. Most theories refer to
the occurrence of high hydrostatic compressive pressures in the
material that result in the ductile behaviour of brittle materials
[68,151,204,270] going back to early material science theories of
Mohr [167]. Those hydrostatic pressures reduce the tendency of
crackinitiation [25] or hamper those [150], as crack initiation only
occurs at tensile stresses [5]. Hydrostatic compressive stress fields
are intensified by negative shear angles [25,252,270], as present in
abrasive processes. Another hypothesis of ductile regime
machining is based on energetic considerations. This hypothesis is
based on the assumption of a critical dimension of material
removal at the single grain or the material removing indenter.
Below this critical dimension plastic deformation prevails, as a
brittle fracture or microcracks are inhibited [117,150,197] or the
induced energy is not sufficient to initiate cracks respectively
[24,130]. Other theories refer to always present cracks in brittle
materials that are not increased when a critical dimension of
material removal is maintained, or the fracture toughness of the
material is not exceeded [141,229,233].

More recent works apply Molecular Modeling (MD)
approaches to explain the mechanism of ductile regime machining
for ultra-precision machining on the nanoscale. [36] were able to
show that if the chip thickness is below a specific threshold value,
compressive stress is induced into the material, hampering crack
propagation and that at sufficiently low chip thicknesses the shear
stress is higher than the yield stress and hence dislocation motion
is possible [35]. In [223] it was also revealed that shearing under
compressive stresses for silicon results into ductile regime
machining. The simulations in [252] suggest that brittle fracture
when exceeding a certain chip thickness can be led back to the
initiation of tensile stresses.

Although the exact mechanisms of ductile regime machining
of brittle materials are not fully understood, numerous empirical
examinations prove its existence. In [197] scratch tests
demonstrated that a ductile material behaviour exists when a
certain threshold of forces is not exceeded. The force component
in the normal direction, towards the finished surface is decisive
[62]. A ductile mode prevails, when the resulting load of a single
grain is below a material-specific threshold value [124], i.e. the
load per grain has to be low [183]. As the load per grain is directly
linked to the chip thickness, the chip thickness is used as the
characterizing value for the transition of brittle to ductile material
behaviour.

According to [24], a material-specific critical chip thickness
hcy, it is not to be exceeded. This model is based on indentation
tests [130], where a critical indentation depth based on the module
of elasticity, the hardness and the criteria of propagation of cracks
was defined. The criteria of propagation of cracks again were
found to be proportional to the ratio of hardness and fracture
toughness K¢ [155]. The critical indentation size ac was found to be
proportional to material properties [155].

E\ (K;\?

ac~ () (5) M
where E is the Modulus of Elasticity, H is the hardness of the
Material and Kc is the fracture toughness

For brittle materials, the term E/H is in a close range. Hence
the term Kc/H defines the differing behaviour of different
materials [26]. This term is also called brittleness index. It has to
be noted that the Hardness H is load-dependent. To quantify the
critical chip thickness, experiments were conducted in a large
variety of brittle materials. The empirical values of the depth of cut
with a very stiff high precision grinding machine were compared
to the critical indentation depth and a correction factor of 0.15 was
found for the proportionality equation from [155] the critical chip
thickness defined as (24)

heyerie = 0.15 (g) (%)2 (2)

He found that this correction factor is valid for a wide range of
materials. However, it has to be mentioned that the correction
factor depends on several factors, not only the material but also the
machine tool, the grinding wheel specifications and the kinematics
[145]. Numerous authors examined the critical chip thickness and
found that it is in the range of 0.01 to a maximum of 2 um
[4,14,140,145,162,170,204,242,249,280]. A frequently used value
is 1 um. Due to the very low uncut chip thickness in micro abrasive
processes, such chip thicknesses are easy to achieve, as shown in
recent works (see following subsections).

However, actual research reveals that a simple downsizing of
macro grinding is not possible. There is some evidence that the
critical chip thickness in micro grinding is smaller than in macro
grinding. In [48, 51], ductile mode regions were defined based on
crack length measurements on the workpiece. For silicon, they
defined ductile mode cutting for undeformed chip thicknesses
smaller than 20 nm, followed by a ductile-brittle transition area,
while a brittle mode is reached with undeformed chip thicknesses
bigger than 100 nm. For soda lime glass the values were even
smaller, with the ductile mode at undeformed chip thicknesses
smaller 2 nm and brittle mode at undeformed chip thicknesses
bigger 5 nm. Those values are much smaller than those reported
for macro grinding. Other experimental works also confirm this
[40]. The transition to a ductile mode for silicon was found at
around 20 nm uncut chip thickness.

Both researchers compared the experimentally observable
transition areas with analytical calculations of the chip thickness.
This entails simplifications that could result in the deviations
between the values of the critical chip thickness for macro and
micro grinding. Models and knowledge about chip formation in
micro abrasive processes are not fully explored, and most
references on chip formation are derived from macroscale
abrasive machining. Single grain scratches, as applied to
understand chip formation in grinding, can hardly be downscaled
to process conditions of micro abrasive processes. Newer works
focus on modelling micro abrasive processes, applying known
relationships of macro abrasive processes [50,187,207], see also
section 4.

3.3. Micro Grinding

Micro grinding includes all techniques to produce microstructures

using bond abrasives. Among the widespread dicing, wire cutting
and Micro Pencil Grinding Tools, also engineered macro grinding
wheels to produce microstructures as well as Electrolytic in-
process dressing grinding will be briefly presented.

3.3.1. Dicing Blades and wire cutting

Fine cutting using dicing blades or abrasive wire cutting is
nowadays extensively employed for slicing electronic materials
(e.g. silicon wafers) which are subjected to tight surface quality
requirements (surface roughness, cut straightness,
chipping/fracture edge avoidance). With thickness varying from
tens to hundreds of microns, the dicing blades are commonly made
of diamond abrasives (avg. grit size 5-20 pm) in various matrixes
(e.g. Ni, glass, etc).

In [237] a literature review of the wire sawing technology is
given in which both multi-wire slurry and diamond wire sawing,
different ingot materials, modeling of grit indentation and sawing
process were included and reviewed. The development of fixed
abrasive diamond wire machining and the advantages were
presented and introduced in [55]. The cutting mechanism
including wire bow, cutting force and wire tension force was
presented in detail.



Dicing blades were fabricated and their cutting performance
compared with commercial blades. It was found that the fabricated
blade which was made of a vitric material with pores had the better
cutting ability because of the flesh diamonds, created by wear
during cutting, on the surface [158].

Scratching tests were carried out on silicon wafers and it was
concluded that the chipping modes could be categorized into four
types in different angles (Fig. 17) and that the chipping modes
were dependent on the cutting direction and slip direction of the
wafer [148]. It was concluded that the blade surface condition is
an important factor to affect chip sizes and that the chipping size is
big at the first cutting stage (cutting distance of 0-300 m) while it
decreased at steady stage (300-2000 m) [139].

Multiple micro profiled metal bonded diamond grinding
wheels are used to machine microstructures in brittle-hard
materials to improve the productivity and get high geometric
accuracy because of the higher tool stiffness, low wear and high
profile retention [59]. [135,276] studied material interaction
during micro-grinding, one on Reaction-Bonded SiC/Si composite
(Fig. 18) and the other on maraging steel. A technique was
developed to fabricate an extremely thin diamond micro wheel
with the micro co-deposition method and the tool was used to
implement microgrooves on optical glass in situ (Fig. 19). It was
concluded that the developed tool could generate a better accuracy
and good geometry in micro-grooving [46]. Another similar
method was proposed to carry out precision dicing on hard and
brittle materials while the metal-bonded blades are laser-dressed
in situ [250]. To improve machinability, in [132] a method was
developed to produce dicing blades with photopolymerizable
resins, and the working performance was investigated via testing
of different kinds of designed blades while an ultrathin dicing
could be obtained using a spin-coating process.

Work performance of electroplated diamond wire saw is
investigated with a different combination of wire speed and ingot
feed speed when slicing single crystal silicon [80]. It was indicated
that the introducing of cutting fluid would give better wafer quality
and the wire wear mainly came from pulled-out diamond
abrasives (Fig. 20).

In [244] slicing solar silicon ingot using an abrasive
electrochemical method with the help from a multi-wire saw
system was proposed and the corresponding manufactured
product was investigated. It showed that this method occupied the
advantages of a higher production rate, low cost and better-
machined surface integrity.

In [57] a performance comparison of ultra-precision dicing
and wire sawing in machining two silicon carbide variants
materials was carried out. It was concluded that both techniques
could carry the task, but dicing showed advantages on edge
chipping and sidewall roughness while the wire sawing gives
lower sidewall curvature.
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Fig. 17. Different chipping on the die edges during the dicing silicon wafer.
a)30°,b)60°, )90°, d)irregular [148].

Fig. 18. SEM surface morphology at different feed rates. [276].
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Fig. 20. SEM pictures of diamond wire at different wear conditions [80].

3.3.2. Micro Pencil Grinding Tools

Micro pencil grinding tools (MPGTs) (also called micro
abrasive pencils, micro-abrasive tools, abrasive pins) consist of
abrasive grits that are bonded to a base body. These MPGTs are
used to produce microstructures of various sizes and shapes on
hard and brittle materials (Fig. 21).

Specifically, these micro tools are used to produce and finish
microfluidic devices, moulding or extrusion tools, microreactors,
separators of micro fuel cells, precision components like nozzles,
microstructured surfaces and special products of precision
engineering etc., and the cost may be competitive with other micro
manufacturing processes [102,186].

Fig. 21. SEM micrograph of microstructures produced on (a, b) silicon (c
glass (d) zirconium oxide (e) tungsten carbide [Source: (a, c, d) [102] (b)
[186] (e) FBK, TU Kaiserslautern].
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Fig. 22, Different shapes of tool substrates after LEDM process [47].

There are mainly two steps involved in the manufacturing of
MPGTSs: the preparation of the base substrate geometry and the
deposition or coating of abrasive grits to this base substrate,
forming the abrasive layer. The layer design differs mainly
concerning the grain size and their deposition method on the base
substrate. The sizes of MPGTs ranges from few millimetres down
to 4 um [9].Dicing blades or thin grinding wheels are widely used
to generate the geometry of the initial tool blank due to the high
achievable material removal rates compared to other processes
like EDM, WEDM, and WEDG. However, all these processes have
the flexibility to manufacture the tools in different shapes like
those shown in Fig. 22.

Cemented carbide consisting of tungsten carbide in a cobalt
matrix is the commonly employed base substrate due to its high
bending strength and stiffness compared to other possible
material such as steel. This material also allows the manufacturing
of micro tools with very low diameters and high aspect ratios [10].
Abrasive grits can be coated or deposited on the base substrate by
vapour deposition or embedding techniques such as:

- electroless plating [7,8,186]

- electroplating [9,131,181]

- micro machining of sintered PCD blanks [37,72-74]
- sintering [41,245,269]

- electroforming [47]

- HPHT synthesis (boron doping) [45]

- CVD[78,79,101]

- cold spraying [89]

It can be deduced that electrolytic (electroplating and
electroless plating) techniques are most widely used to produce
MPGTs; this is due to the low manufacturing costs and reduced
processing time [186].

Fig. 23. Comparison between MPGTs topographies produced with
different methods (a) CVD [78], (b) electroplating [181], (c) electroless
plating [186], (d) cold-spray [89] (e) sintering [168].

However, according to [79], the CVD coating method is
economical despite prolonged coating times for large batch
production as thousands of tools could be coated in one process in
bigger reactors. As mentioned above, some researchers have
considered macro-sized sintered PCD blanks, where their size was
reduced to the micro level with pEDM or WEDG process. The base
substrate of sintered PCD tools also consists of diamond grits;
during the pEDM or WEDG process, the diamonds are exposed. Fig.
23 gives a comparison between the topography of micro-grinding
tools prepared with different methods.

A comparison between the different embedding/coating
methods is given below (Table 1) concerning MPGTSs requirements
for the micro-grinding process.

Table 1. Comparison of different coating methods [41,78,79].

EP | ELP | CVD | importance
process time | | 1 low
processing cost | | 1 low
process temperature | | 1 low
tool life 1 1 - high
chip space 1 i | high
layer thickness 1 — | high
adhesion to the base substrate | — 1 high
coating uniformity - | - i high
EP - electroplating, ELP - electroless plating
high T, medium -, low |

For all coating methods, the challenge is to select the
appropriate coating parameters to achieve the required coating
thickness at high uniformity. There are several parameters which
can affect these responses. In an electroless plating process, for
example, thiourea concentration, grit concentration, substrate
rotational speed, and embedding time etc.,, [9]. Several studies
found in literature contribute to a better comprehension of the
coating process. However, applying univariate methods in their
works cannot allow the evaluation of simultaneous effects of more
than one deposition parameter on the same response.

Application of MPGTs

The micro-grinding process chain consists of several steps:
substrate preparation, coating of substrate and micro-grinding
itself. According to these steps, the available studies can be
classified in three types:

(i) Investigations to understand the micro-grinding process
mechanisms

(ii) Investigations to improve the quality of the tools and the
process

(iii) Investigation of tools for hybrid processes
Investigations to understand the
mechanisms

One of the key advantages of the grinding process compared
to other machining processes is its capability to machine hard
[10,79] and brittle materials (silicon [37,45,49,51], glass [72,73],
alumina [74] , zirconia [101]) . However, few ductile materials
[7,89,131,137,181] are also examined.

The quality of the parts produced is influenced by the process
conditions, micro-grinding wheel properties, and microstructure
of the materials to be machined or structured. In spite of the
complexities associated with the tool manufacturing and their
unpredictable nature, significant efforts have been made to
understand micro-grinding of ductile and brittle materials.

micro-grinding  process



tool size : 30 ym, grits size : 1-3 ym, depth of cut : 3 pm
workpiece : 16MnCr5, grit material : cBN

Fig. 24. Burr formation in AISI 4140H with different feed rates (left to right:
0.1, 0.3, 0.6. 0.9 mm/min) [237].

tool size : 50 ym
grits size : 2-4 ym
grit material : cBN
workpiece : 16MnCr5
spindle rotations : 30,000
feed rate : 0.05 mm/min
depth of cut : 5 pm

deviated shape

ideal shape

Fig. 25. Geometrically deviated step-shaped structure resulting from the
micro-grinding process [206].

Burr formation in micro-grinding of ductile materials is a
common issue. The burr forms along machined microchannels as
shown in Fig. 24 and its size is increased with increasing feed rates.
Due to the difficulties associated with deburring of micro scaled
structures, avoiding burrs is a primary goal of micro-grinding
process developments. To achieve this, it is essential to obtain the
optimum grinding conditions considering minimum chip thickness
values and process kinematics.

In micro-grinding of brittle materials, workpiece fracturing is
a concern. Several experiments were conducted to investigate the
ductile-brittle transition (compare section 3.2) [48-50,72,73]. To
monitor these transitions, the dynamic forces during micro-
grinding process were considered [49]. Forces in the ductile mode
of cutting region are stable whereas in the brittle region they are
unstable with large fluctuations as shown in Fig. 40. With this
approach, the process can be monitored and controlled to achieve
a high machining quality. In another approach, a method was
proposed where a resin coat is implemented on the top of the
workpiece to minimize micro fractures [51].

In micro-grinding processes, it is common to conduct the
experiments with low depths of cut compared to the grit size to
overcome the risk of premature tool failure (Table 2). In doing so,
only few grits located on the tool bottom surface participate in the
cutting process. This results in geometrically deviated structures
as depicted in Fig. 25.

Table 2. Summary of experimented grit size and depth of cut comparison.

end depth of cut per pass | average gritsize | reference
diameter (um) (um)
(pm)

50 10 7.5 [7]
70 10 10 [37]
600 20,50 30 [49,50]
850 3 63 [74]
850 2,4,6 63 [72]
850 3,57 101 [73]
1000 3,5 50 [79]
1500 15,30 108 [131]
1000 5,15 56 [131]
600 50 76 [137]

The clogging is most intense at the tool bottom. Some
researchers attempted to optimize or modify the tool bottom
surface geometry by pEDM and dressing [72,74,245]. [237]
utilized a uPEDM process to create a cavity inside the tool substrate.
Machining results proved that this modification improved the
results in terms of clogging as well as eliminating the
aforementioned step at the channel center position as shown in
Fig. 27c - Fig. 27d.

To understand the correlation of the tool topography and the
deviation of structures, a kinematic simulation of the micro-
grinding process was performed [206]. The results revealed the
influence of the maximum protruded grit’s radial positions on the
tool bottom surface on the geometrical deviations. Besides, it was
shown that a high number of grits towards the outer surface of the
tool results into the minimization of these deviations. Hence, any
effort towards minimizing the number of grits at the central region
on tool bottom surface will enhance the micro-grinding process
efficiency. Such approaches are discussed in the following sub-
section.

Investigations to improve the quality of the tools and the process

When micro-grinding, premature tool breakage is very
common due to its high aspect ratio. To prevent this, [37,45]
adopted a tangential force feedback mechanism to control the feed
rate intermittently. Besides, micro-grinding tools are prone to high
tool wear due to the high amount of rubbing and ploughing and
hence friction in the process. To minimize this, several researchers
used different cooling strategies. Among those are chilled air and
minimum quantity lubrication. [6] applied water based sodium
dodecyl sulfate (SDS) fluid in MQL mode, and achieved prolonged
tool life, less burr formation and minimized adhesion of chips to
the work surface. [131] reported that the electroplated cBN
grinding tool (case 1) could absorb much more heat generated at
the tool-workpiece contact interface than the vitrified cBN
grinding tool (case 2). As a result, applying compressed air for
cooling, lower grinding forces where achieved in case 1.

Clogging is a severe issue in micro-grinding. While in
conventional grinding this issue is known from very ductile
materials like Aluminium, in micro grinding clogging of tools was
also observed when grinding materials like case-hardened
16MnCr5 (665 HV30 + 15 HV 30, AISI 5120) (Fig. 26).

Adhesion and clogging of chips to the tool surface leads to a
rise in temperature, forces and ultimately coating failure. To avoid
this, the tool surface must have enough chip space. The lack of chip
space is also one of the main reasons that limits the use of CVD
coated tools despite their excellent coating adhesion to the base
substrate. This effect can be minimized through the proper
application of coolant [6] and via ultra-sonic assisted grinding
[181]. According to the authors, the application of ultra-sonic
vibrations resulted in considerably reduced clogging. However,
grits on the wheel end face and edge were almost crashed.
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Fig. 26. Effect of clogging on MPGT (a) before grinding (b) after grinding
(7]



Fig. 27. (a) LEDM machined tungsten carbide blank (b) electroplated micro
pencil grinding tool (c) grooves produced on tungsten carbide surface with
unmodified tool (d) grooves produced on tungsten carbide surface with the
modified tool [source: (a, b) [236], (c, d) [237]].
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Fig. 28. Cause and effect diagrams for micro-grinding processes.

Investigation of tools for hybrid processes

Some researchers have applied micro grinding tools in
combination with other processes such as EDM, micro milling, ECM
and micro drilling. The tools which can be used to perform both
processes are called hybrid tools, and the combined processes
hybrid processes [37]. Based on the available findings, a cause-
effect diagram has been designed to show the influencing
parameters on the micro-grinding results (Fig. 28).

In spite of the micro-grinding process capability to machine
hard and brittle materials, tools with high aspect ratio limit the
feed rates and hence the achievable material removal rates.
Another aspect that distinguishes micro from macro grinding is the
influence of the grit distribution. While in macro grinding, due to
the low sizes of the grits in relation to the tools, there is no visible
or detectable influence of single grains on the workpiece quality,
in micro grinding single grains can have a high impact on the
workpiece surface.

3.3.3. Micro grinding with engineered grinding wheels

As outlined in chapter 2, microstructures can enhance the
performance, lifetime and reliability of products. Besides micro
abrasive processes with tools in the dimension of the structures
themselves, there are also some examples where special macro
grinding tools with dimensions of up to 400 mm in diameter were
applied to produce microstructures. This is achieved by specially
preparing or dressing the macro grinding wheels.

textured surfaces
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Fig. 29. Conventional and textured workpiece surfaces [180].
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Fig. 30. Patterns produced in different orientations on flat workpieces
using defined grain patterned wheel [212].

A dressing technique based on Acoustic-Emission mapping
and control was used to inscribe pre-defined patterns or textures
on the surface of conventional grinding wheels [180,213]. By
choosing integer values of the speed ratio of the grinding wheel
and the workpiece in cylindrical plunge grinding, the patterns of
the grinding wheel were transferred to the workpiece surface (Fig.
29). This allowed for an increased tribological performance of the
structured workpieces. In [212] a special ¢cBN grinding wheel was
presented (Fig. 38). The single grits were arranged in a defined
gran pattern und dressed to a uniform grit protrusion. With such a
grinding wheel with defined grain pattern, deterministic
structured can be produced in flat workpieces at high speed and
efficiency. Values of the specific cutting energy ec reached values
down to 5 J/mm? [120].

Other works were concerned with mirroring the profile of
precisely dressed grinding wheels into the workpiece. E.g. to
produce riblets structures in workpieces [61], see Fig. 31. Such
structures can decrease friction losses in gas turbines up to 10 %.
More complex structures in surface were achieved by dressed,
helical grooved grinding wheels in [217](Fig. 32). In [46] a method
to develop an extremely thin diamond-grinding wheel was
presented and to fabricate crisscross microgrooves on optical glass
was presented Micro wire-EDM was employed for truing and
dressing process. In [254] microstructures were produced on a
non-coated cutting insert with 7-149 pm in depth and 0.14-0.50
in aspect ratio on the tool rake surface with V-shaped grinding
wheels. It was reported that these micro-grooved patterned tools
decreases cutting chip frictions and minimizes heat generation.
Cutting temperatures were reduced by 103°K applying the
structured inserts. The same approach was used to produce
microstructures on a ball end mill [253].

Those approaches to use macro grinding wheels to produce
microstructures are similar to applying dicing blades, as outlined
in chapter 3.3.1. Advantages of applying macro grinding wheels are
a higher process efficiency in terms of material removal rates,
while the minimal producible structure dimensions are bigger
than those applying dicing blades [61].
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Fig. 32. Three types of the grooved surface (top view photographs)
obtained with the wheels having helical grooves [217].
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Fig. 33. Example of ELID grinding setup for generation micro-tools [177].

3.3.4. Electrolytic in-process dressing (ELID) grinding

As the precision and the capability of grinding micro-features
is not only dependent on the machine tool precision but also on the
resultant cutting forces, it is important to maintain the sharpness
of the grinding wheel. One way to achieve this is by the use of
electrolytic in-process dressing (ELID) grinding [118]. An ELID
fabrication system was developed and its application by grinding
micro-cylindrical and micro-angular shafts was studied [118].
Later, they optimized machining process conditions to improve
surface characteristics of the prepared micro tools in nano-meter
level, and a tum diameter tip was achieved [119]. The use of ELID
grinding to generate micro-features/tool was reported (Fig. 33).
The mechanical strength of fabricated micro tools should be
adjusted by controlling surface characteristics [179]. Variety of
shapes of ultra-fine micro-tools were fabricated, and the strength
test results showed that the differences in surface characteristics
had an extremely significant influence on its strength [178]. It was
confirmed that ELID could be used to carry out micro-machining
[134]. Cup-type wheels and ELID process where compared when
doing precision grinding for spherical lenses and microspherical
lenses and it was claimed that the ELID grinding could achieve
better surface roughness and sharp accuracy [161]. From the
published literature it has been observed that the process is
capable in producing highly accurate features not only of
revolution (Fig. 12 left) but also with sharp edges (Fig. 12 right) at
high length-to-diameter ratios that are challenging to obtain by
other mechanical material removal processes. These features can
be machined at high precision in hard materials such as cemented
carbides. Furthermore, this technology has been further proposed
to be implemented on desktop-sized or miniaturised machines,
facilitating the implementation of the process to wider micro-
fabrication of high-value products, e.g. silicon wafers or moulds.
The capability of the process has been proven further in fabricating
polygonal tools (edge radii as small as 1pum) and surface roughness
as low as 1.8nm Ra (Fig. 12).
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Fig. 34. Micro-Abrasive Dry Blasting [1].
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Fig. 35. Influence of nozzle obliquity in MADB [23].
3.4. Micro Abrasive Blasting

3.4.1. Micro Abrasive Dry Blasting

In Micro abrasive dry blasting (MADB), a mask is deposited
above a substrate and blasted with a gas beam carrying high-
velocity abrasive particles, as shown in Fig. 34. This method is well
suited for machining of brittle materials such as glass and silicon,
finding application in micro-electromechanical systems (MEMS).
The transition from brittle to ductile removal on these materials is
not sudden, occurring over at least one decade of kinetic energy
[247]. Application to a number of other materials has been
reported, such as acrylic and polycarbonate polymers for which
ductile machining was observed [81]. Fundamental process
parameters in MADB include the nozzle shape, its obliquity and
distance from the workpiece, the type and size of abrasives, as well
as the mask.

The influence of nozzle shape on erosion rate and profile was
analysed by [67], in which it was found that round nozzles tend to
machine profiles with a V-shaped cross-section, whereas
rectangular nozzles display reduced flux effect, therefore resulting
in more uniform removal profiles. Obliquity of the nozzle relative
to the surface was shown to be an important factor [23]. Angles
other than 90- result in varying levels of under-etching of the side-
walls, as shown in Fig. 35, an effect which may or may not be
desirable. Furthermore, for obliquity angles around 55¢ variations
of the material removal has been observed as a factor of jet
scanning direction [82].

Abrasive particles tend to follow a Weibull or piece-wise
Weibull distribution across the nozzle outlet, with the jet being
more focused as particle density increases [31]. The influence of
particle size, velocity and attack angle was studied by [97], through
single impact experiments. Based on experimental observations of
lateral crack initiation, a relatively simple model was proposed
that can predict the surface roughness R, and erosion rate Ei:
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where mp is the mass of incoming particles, a the size of indented
zone, U the particle kinetic energy, H the substrate hardness and p¢
its density, and c. the lateral crack length. Reducing the kinetic
energy of abrasive particles leads to lower surface roughness, a
process variant that was exploited with shallow attack angles in
finishing of brittle glass, and for which roughness improvement
up-to 70% was reported [98,108].

Laser shadowgraph observations found a particle velocity
through the mask that is constant, but significantly lower than in
the free jet [58]. The influence of mask material was studied by [1],
in which metals, elastomers and photo-resist were compared in
terms of erosion resistance and shape transfer accuracy. Metals
are recommended for high energy processing, elastomers allow for
greater pattern complexity, while photo-resists offer a good
compromise between these two extrema. The use of dual-layer has
been explored [138], whereby a soft resin layer of high adhesion is
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Fig. 36. (a) Micro abrasive slurry jet [94], (b) Air driven slurry blasting
system [165].

Fig. 37. Micro-channels machined with pump driven system (a) Without
pulsation damper, (b) With pulsation damper [174].

deposited underneath a hard oligomer layer with high erosion
resistance. To attain ultra-fine feature resolution, techniques such
as laser-patterning [258] and lithography [201,248] have been
employed for mask generation, with final abraded feature
resolution in the range of 50 - 100 pm.

A selection of technical demonstrations are shown in section
2. MADB compares favorably with methods such as micro-end
milling [274], ultrasonic fabrication [15], and wet-etching [189].
This is particularly the case in micro-structuring of brittle
materials such as PZT micro-pillars [15] and glass micro-channels
[205,259], with the latter showing electro-osmotic mobility
remarkably similar to wet-etched channels [84]. Under-etching of
the surface by oblique machining can produce complex monolithic
structures such as glass cantilever beams [21,188]. Furthermore,
micro-blasting of multiple substrates has been used in fabrication
of intricate mechanical assemblies such a micro-pumps [264], and
embossing molds for MEMS replication [144].

Several process enhancements have been proposed to
increase the repeatability and uniformity of material removal in
MADB. Aiming at stability of the abrasive particle mass flux, [85]
proposed and demonstrated a mixing device within the pressure
reservoir, that ensures powder remains loose and able to flow
freely though the orifice to the air stream, while [107] showed that
mass flow rate monitoring is possible by attaching an acoustic
emission sensor to the target. [275] proposed intermittent
injection of abrasives into the gas stream, to prevent accumulation
of particles on the target area. [87] showed that high-frequency
vibration of the target substrate leads to more uniform roughness
and removal. As a more flexible alternative to deposited masks, a
sliding crossed shadow mask was shown to generate sub-
millimeter features [172]. Finally, MADB of elastomers and
polymers, such as polydimethylsiloxane (PDMS) or
polytetrafluoroethylene (PTFE) was found to be very slow or
impossible at room temperature. This has led to the adoption of
cryogenic techniques to enhance removal [83,91], by injecting
liquid nitrogen into the abrasive jet to enhance brittleness of the
substrate.

3.4.2. Micro Abrasive Slurry Jet

Micro abrasive slurry jet (MAS]) refers to several schemes in
which a jet of abrasive particles and water impinges onto a
substrate surface. Whereas in abrasive water jet machining
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Fig. 38. Evolution of micro-hole depth with time [174].
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Fig. 39. Micro-holes machined for various abrasives/materials [235].

(AWJM) systems, a high-pressure pump (up-to 250 MPa) sends
water into a mixing tube inside which abrasives are fed, in MAS]
the abrasives and water are pre-mixed before being sent directly
through a nozzle outlet. This pre-mixing allows for miniaturization
of the nozzle to diameters as small as 250 um [94], as shown in Fig.
36a, while preventing pre-mature erosion of the system
components. An added benefit of pre-mixing slurry is the reduced
amount of entrained air, as compared to AW]JM, which results in a
narrower slurry jet for comparable particle velocities. For micro-
channels of a given depth, the width of those made by MAS] are
typically 25% narrower than those produced by AWJM [93]. In
some systems, compressed air may be used to draw slurry into the
nozzle, and a mask applied to the surface in order to control the
blasting area, as shown in Fig. 36b [165]. Fundamental process
parameters in MAS] include the slurry pressurization system,
nozzle obliquity and distance from the workpiece, the type and size
of abrasives, as well as the mask. Assuming insignificant friction
and contraction losses, the average slurry jet velocity vs at the
orifice exit can be estimated from Bernoulli's equation [175]:

2(Pp—Pg)
s /';— (6)

where Ps is the hydrostatic pressure at the orifice entrance, Pa the
atmospheric pressure, and ps the slurry density. The MAS] process
is particularly sensitive to fluctuations in slurry pressure. Fig. 37
shows SEM micrographs of micro-channels machined by a
diaphragm pump driven system, with or without the addition of a
slurry pulsation damper. Equalisation of the pressure leads to
significantly narrower and uniform removal profiles [174]. Direct
pressurisation of the slurry tank offers greatest stability, but has
downsides such as limited volume of usable slurry [175].

Extensive studies on glass and PMMA were conducted by
[173], in which the width and depth of micro-channels were found
to increase as function of obliquity angle, orifice size, as well as
abrasive particle diameter and density. However, increased slurry
temperature led to narrower and deeper channels. Evolution of the
micro-hole profile E(x) is generally governed by a partial
differential equation given in [86]:

Zh —E* ()1 + z;i]‘@ =0 (7

where z*=z/L, x*=x/L and t*=t/T are the non-dimensional channel
depth and width relative to a characteristic length L, the time
constant T is a measure of the erosion rate at the centre of a
shallow channel, and the velocity component k expresses
dependence of the erosion rate on particle velocity [175].
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Fig. 40. Technical demonstrations of MADB (a) Undulating micro-channels
[216] (b) AIN wafer with Cu filled holes [128].

This equation correctly describes the usual tapering of
removal depth observed in experimental trials, as shown in Fig. 38.
Return flow was identified as an issue, with secondary impacts of
abrasives causing frosting damage to walls and non-targeted areas
around the jet [173]. The solution is typically to mask non-targeted
area with an epoxy coating.

The influence of abrasive and target material type was studied
by [235], in which it was shown that conventional erosion models
based on ideal crack formation fail to take into account the relative
hardness of abrasives that is critical in MAS]. Fig. 39 demonstrates
variations in micro-hole generation with alumina (WA), silicon
carbide (GC), and synthetic diamond (SC) abrasives. It was further
clarified that radial cracks do not tend to be generated under
particle impact, thus preventing degradation of flexural strength in
the machined target.

A numerical model for etching of three-dimensional features
with prescribed topographies was described by [215], in which the
inverse problem is expressed as a Fredholm integral equation of
the first kind. The difference kernel is represented by the erosive
function, while jet location and velocity are resolved.

A selection of technical demonstrations is shown in Fig. 40.
Using the inverse problem method, undulating micro-channels (a)
were imprinted without requiring a mask [216]. With a 2 steps
process chain of MADB and MAS], [128] was able to produce
microchannels in AIN wafers with Cu filled through-holes (b). With
the addition of a rapid abrasive suspension valve, [164] was able
to produce microchannels in AIN wafers with Cu filled through-
holes (b). With the addition of a rapid abrasive suspension valve,
[265] was able to demonstrate drilling of 85 pm diameter holes in
50 um thick steel at a rate of 2.5 holes per second and cutting 100
um thin features without a mask.

A number of process enhancements have been proposed to
improve material removal characteristics in MAS]. Firstly, the
addition of long-chain polymers to the slurry results in non-
Newtonian fluids with altered viscosity and elasticity. Addition of
50 wppm polyethylene oxide (PEO), the highest possible
concentration before jet oscillation occurs, was shown to result in
21% narrower micro-channels [127]. Improved edge sharpness
was also observed, and drilling of 3 mm thick glass sheet without
chipping around the exit edge shown to be feasible [125]. Secondly,
replacing water with an electrolyte of NaCl and NaNOs permits
abrasive enhanced electrochemical jet machining. The synergy
between mechanical and chemical effect leads to significantly
higher material removal rate than either effect taken separately,
and surface roughness somewhere between that achieved by the
two separate processes [142]. This makes the process attractive
for difficult-to-cut materials such as tungsten carbide [143].

3.4.3. Micro Abrasive Jet Polishing
Micro abrasive jet polishing (MA]P) refers to a process in which
a pressurized mixture of fluid and abrasives is passed through a
sub-millimetre sized nozzle at a relatively low pressure when
compared to MAS]. The jet impinges onto the workpiece surface,
which causes ductile removal of material by gentle impacting of the
abrasive particles. Some advantages of MAJP include the ability to
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Fig. 41. Relationship between grit size and inlet pressure vs. removal rate
and surface roughness in MAJP [17].

generate nanometer deep polishing footprints, reach difficult
areas behind narrow gaps, such as boreholes and steeply concave
optics, as well as a total absence of tool wear. Fundamental process
parameters in MAJP include the slurry pressurization system,
nozzle obliquity and distance from the workpiece, and the type and
size of abrasives. The relationship between pressure and jet
velocity is again well described by the Bernoulli equation.

Typical operating conditions range between 0.2 to 2.0 MPa,
with corresponding fluid velocities in the order of 10-50 m/s. The
relationship between inlet pressure, removal rate, and surface
roughness has been described in the literature [17]: removal rate
increases exponentially with inlet pressure, while surface
roughness follows a more linear relationship, as shown in Fig. 41.
MAJP is thus well suited for nanometer level surface finishing on a
variety of materials, such as glass optics and electroless nickel
plated dies used for injection molding of plastic lenses.

A comprehensive mathematical model of material removal in MAJP
is available in [38]. The volume of material I removed by a single
particle can be expressed as a simple function of its mass mp and
impact velocity (vx,vy):

2(1-b)

V(vy,vy) =k Gmpvf) Gmpv;) : (8)

where k is a workpiece material coefficient accounting for plastic
flow pressure and spring back, and b (0.5<b<1) is a material
dependent exponent of the cutting cross-section area. Distribution
of removal across the jet footprint E(r) is then expressed as:

E(r) = aa(r)V (ve(r), vy (1)) 9)

where dq(r) is the particle density, which together with particle
velocities can be derived from computational fluid dynamics
modelling [18]. The predictability and stability of material removal
in MAJP have led to its adoption in nano-shaping of functional
surfaces, through moderation of jet feed by a dwell-time algorithm
[70]. A potential issue in MAJP is the tendency for abrasive
particles to penetrate the substrate materials and remain
embedded on the surface. This is especially the case when
processing softer materials such as nickel alloys. In the case of
harder materials, such as ceramics, grain dislocation may occur if
the processing conditions are too harsh on the substrate. Both
issues have been documented, and can be predicted and avoided
through the application of simple criteria [19].

A selection of technical demonstrations is shown below. MAJP
has a propensity for removing fine tool marks, which makes it a
useful process in applications where cutting, turning or blasting
marks may cause degradation of the optical performance (due to
light diffraction). Examples include small aspheric diamond turned
electroless nickel moulding dies [17] and micro-grooves few
hundred nanometre wide and few dozen nanometre deep such as
shown in Fig. 42 [160]. By application of the dwell-time method,
polishing of functional micro-structures with sub-millimetre
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Fig. 43. MAJP polishing of functional micro-structures [39].

feature resolution was demonstrated by [39], as shown in Fig. 43.
A number of enhancements to the basic MAJP process have been
proposed and demonstrated. [227] describes the use of
magnetorheological fluid that stiffens under the influence of a
magnetic field. In this method, the well collimated jet can achieve
a higher degree of accuracy in targeting the polishing zone.
Corrective polishing down to few tens of nanometre peak-to-valley
in form accuracy was demonstrated by this process. [243]
describes a specially shaped MAJP nozzle with micro-holes, that is
pressed very close to the workpiece. As the fluid flows out of the
micro-holes, the small gap forces it to flow tangentially to the
workpiece surface, thus yielding very low surface roughness in the
order of few Angstroms rms.

To enhance the removal rate, mixing of air with the abrasive
slurry was proposed. The setup implemented by [163] consists of
a simple pulsating air supply and mixing valve, while [105] draws
slurry into an air stream by Venturi effect. In both cases, the
removal rate increases by at least one order of magnitude, but
surface roughness worsens by two orders of magnitude. In order
to solve this surface roughness issue, [16] proposed generating
micro-bubbles inside the nozzle cavity by ultrasonic cavitation. In
this setup, removal rate increases by up-to 380%, while surface
roughness remains unchanged as compared to standard MAJP.

Finally, a more basic idea for enhancing removal rate consists
of building an array of micro-jets, such as demonstrated by [240].
In this configuration, it is possible to polish arrays of micro-lenses
simultaneously, without any significant loss in process
controllability or accuracy. In another implementation, a spinning
head fitted with confocal jets arrayed around the rotation axis was
demonstrated [209] to improve surface roughness on optical glass.

3.5. Vibration assisted Micro Machining

In 1997, ultrasonic vibration-assisted micro machining (micro
UM) was significantly advanced by creating a micro-tool and
adding tool rotation to create micro rotary ultrasonic machining
(micro RUM). Rotating the micro-tool in micro RUM reduced the
tool runout caused by inaccurate tool mounting, but the rotation
required ultrasonically vibrating the workpiece instead of the
micro-tool [114]. Further advancement enabled the machining of
5 um diameter holes in quartz glass [65]. In addition to the
improved machining accuracy, the enhanced debris removal
resulting from the tool rotation led to an increased material
removal rate [272].

The diameter of the tool in micro RUM is between 100 um and
300 um. The tool generally rotates at 1000-3000 min-, and the
workpiece vibrates at a frequency of 20-100 kHz with an

amplitude of 0.5-5 um [218,272]. The vibrating workpiece causes
the abrasive to impact the workpiece ultrasonically, which
generates the surface (e.g., drills or slots). A tungsten, tungsten
carbide, or stainless-steel tool is used, while loose abrasives (grain
size: 0.5-5 um) with the mixture of water or oil is used as abrasive
slurry. Machining with fine abrasive slurry results in a fine surface
finish, and use of an oil-based slurry results in a smoother surface
finish than a water-based slurry [52]. Tool wear in micro RUM
causes deterioration of the material removal rate and machining
accuracy. The tool wear could be due to the direct contact of the
tool against the workpiece, the impact and cutting of the abrasive
particles, and the ultrasonic cavitation. However, theoretical and
experimental analyses have revealed that low-cycle fatigue of the
tool, caused by the repeated abrasive impacts, is the dominant
cause of tool wear [273]. Moreover, experimental analysis
demonstrated that the rotational speed of the tool does not
significantly influence the tool wear [273] or the material removal
rate [218].

Another application using loose abrasive is called micro
ultrasonic vibration assisted lapping (MUVL) [238]. This method is
designed to improve the dimensional accuracy—especially
roundness of holes drilled using micro EDM. In MUVL, a micro-tool
is inserted into a hole, rotated, and vibrated at a high frequency
(e.g., 30 kHz.), driving the abrasive into the gap between the tool
and the wall surface of the hole to remove the recast layer
generated during micro EDM. It has been reported that a minimum
roundness of 1 pm was achieved using MUVL in a micro hole
poorly drilled using micro EDM in a titanium alloy (Ti-6Al-4V) with
a 70 pum diameter tungsten carbide tool [238].

Because of the advancement of micro-tool technology, bonded
abrasive (electroplated diamond tool) can be used in micro RUM,
in addition to loose abrasive (abrasive slurry). While the loose-
abrasive method is commonly used to machine relatively shallow
features (~60 um deep), the bonded abrasive method enables the
machining of deeper features (more than 100 um deep) [199].

In the bonded-abrasive case, an electroplated micro diamond
tool (abrasive size: 5-120 pm) is commonly used. Either tool or
workpiece can be ultrasonically vibrated. The rotational speed of
the tool can be 5000 min-! or more [181,199]. However, unlike the
abrasive-slurry case, the rotational speed of the tool influences
both tool wear and material removal rate. Increasing the rotational
speed of the tool increases the material removal rate and decreases
the rate of tool wear [109,199].

The applications of micro RUM include not only drilling and
grooving but also the fabrication of micro carbide tools (11 um in
diameter and 160 pm in length) [182] and a carbide rod with
aspect ratio 310:1 and diameter 42 pm [257]. The fabrication of
thin, tens of micrometer thick SiC diaphragms for pressure sensors
using ultrasonic vibration mill grinding is a novel application
[136]. Those initial applications have been also extended to
include ductile materials such as stainless steel [181], and
biomedical materials such as bovine ribs [198].
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Fig. 44. Ultrasonic vibration assisted slant feed grinding [256].
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Fig. 45. Typical textured surfaces fabricated by UASG respectively using (a)
1D, (b) 2D, and (c) 3D vibration modes [255].

Recent advancements in micro RUM have resulted in new
research areas, such as fabrication of micro/nanometer-scale
structures  (ultrasonic-assisted  texturing)  for  surface
functionalization on ceramic surfaces [255]. In ultrasonic
vibration-assisted grinding, the grinding wheel is vibrated in only
one dimension (1D) to fabricate micro-features (diameter: 11-
23 um; length: 50-320 um; aspect ratio: 3-18) [182], but the
grinding wheel is vibrated in two or three dimensions in
ultrasonic-assisted texturing to create the resulting surface
textures. Fig. 44 shows an example of ultrasonic-assisted texturing
called ultrasonic-vibration-assisted slant-feed grinding [256]. In
this method, three grinding-wheel vibration modes are available:
reciprocation in the longitudinal direction (1D), circular or
elliptical vibration (2D), and a combination of reciprocation and
circular vibration (3D).

Fig. 45 shows surface textures fabricated on zirconia surfaces
using 1D, 2D, and 3D vibration modes. While the textures made
using 1D and 2D vibration modes are periodical, the texture made
using 3D is random. These micro/nanometer-scale structures are
a unique aspect of grinding technology, and they are different from
the structures made using ultrasonic vibration-assisted cutting
[255].

3.6. Magnetic Field-Abrasive Finishing

Magnetic field-assisted finishing (MAF) is used to process
surfaces by moving abrasives mixed with a mass of ferromagnetic
materials (e.g. ferrous particles) suspended in a magnetic field. The
process parameters are the magnetic field, which determines the
tool’s relative motion against the target surface and the force
acting on the tool (the dominant component of the finishing force).
Depending on the application, either a static or an alternating
magnetic field can be used. While a static magnetic field
encourages tools to slide over the target surface, an alternating
magnetic field encourages tools to collide against the target
surface. The magnetic force acting on the tool is expressed as the
product of the volume of the tool, its magnetic susceptibility, the
magnetic field intensity, and its gradient. The force acting on the
tool is easily altered by changing the size of the tools, and the
application of the tools is determined based on the magnetic force
required for processing. Magnetic fluid, a colloidal suspension
containing magnetic nanoparticles, magnetorheological fluid, a
fluid with carbonyl iron particles of several micrometers in
diameter dispersed in it, and ferrous particles, between tens and
hundreds of micrometers in diameter are representative tools. The
use of magnetic fluid generally achieves nanometer-scale surface
finish. E.g. a mixture of magnetic fluid and 0-1 um diamond
abrasive was vibrated at an amplitude of 100 pm and a frequency
of 20 Hz over a borosilicate (BK-7) glass workpiece. After
processing for 5 min, a ~2.3 pm deep, ~400 pm diameter
depression was created and a roughness of 60 nm Rmax Was
achieved [230].

When subjected to an alternating magnetic field, a mixture of
magnetic fluid and abrasive slurry was alternatingly attracted by
the magnetic pole; the pore sidewall surfaces were finished as the
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Fig. 46. (a) Mirror chip and (b) sidewall surfaces of micro-pores before
and after MAF [194].

mixture was forced into the micropores (10 or 20 pm wide and
300 um deep), originally machined using LIGA or deep reactive
iron etching (DRIE) [195,196]. As shown in Fig. 46, the sidewall
surface (~35 nm R;) was smoothed to 1.7 nm Rq by hydrogen
annealing and subsequently finished to 0.18 nm Rq by MAF using
the mixture of magnetic fluid and 20 nm mean diameter colloidal
silica [195].

The use of magnetorheological fluid enables nanometer- to
submicrometer-scale surface finishes. An example is the surface
finishing of complex microchannels in a copper substrate. The
microchannels varied in width and depth in the ranges of 0.25-
2 mm and 22.7-60.6 um, respectively. The bottom surface of the
channels was smoothed from 0.86-1.52 pm Rq to 0.25-0.78 pm Rq
[110].

Some applications, such as surface and edge finishing of
difficult-to-machine materials (including stainless steels, high-
speed steels, and cemented carbides) require much higher
finishing forces than those commonly generated by magnetic and
magnetorheological fluids. In those cases, ferromagnetic particles
(ranging between tens and hundreds of micrometers in diameter),
ferromagnetic particles mixed with abrasive grains, or composites
of iron and abrasive (alumina or carbides, etc.) are applied in a
static magnetic field to generate the forces necessary to facilitate
machining. The force per processing area for micromachining
applications are generally between 10 kPa and 40 kPa, and the
resulting surface roughness is typically on the submicrometer
order.
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Fig. 47. (a) Schematic of magnetic abrasive finishing process using multiple
pole-tip system (b) Internal surface images of flexible catheter shaft (0.58
mm OD, 0.42 mm ID) finished by MAF process [115,260].

disk 1
rotational direction

P3 P2 P1
finishing position

working gap

Fig. 48. (a) Schematic of processing principle and (b) a SEM micrograph of
cutting edge of tool after finishing [60].



A representative example is the internal finishing of 304
stainless steel capillary tubes (400 um ID), which are widely used
for medical devices and equipment. Finely finished surfaces are
desired to facilitate smooth flow of fluid or tissue inside the tube.
The as-received surface, Ra of 0.26 pm, was smoothed to 0.02 pm
[261]. To improve the finishing efficiency of MAF, methods to
simultaneously finishing both internal and external surfaces of
capillary tubes [176] and finishing multiple areas using multiple
pole-tip systems [115] have been proposed, as shown in Fig. 47a.
The flexibility of catheter shafts is controlled by slots and patterns
machined into slender stainless-steel tubes by lasers. Resulting
burrs and adhered material must be removed to allow flexible
motion of the shaft. The method shown in Fig. 47b is also
applicable for the interior surface and edge finishing of flexible
catheter shafts [260].

Edge preparation of cutting tools such as drill bits, cutting

inserts, and milling cutters is another application. Fig. 48 shows a
case using a static magnetic field [60]. Magnetic abrasive particles
generate a particle brush between two coaxial disks equipped with
permanent magnets. When the disks rotate, the magnetic abrasive
brush moves relative to the cutting tool inserted into the brush.
In contrast, an alternating magnetic field-assisted machining
process has been used to make metastable 304 stainless steel tools
collide with the tool cutting edges, removing some excess material.
[53] reported that the cutting-edge radii of twist drills were
slightly modified from 3-11 um to 18-50 um.

4. Modelling of small-scale martial removal processes

As outlined in section 3.2, the fundamental principles involved
in the small-scale material removal process could be further
assessed by modelling techniques. This chapter gives an overview
of the current state of the art of modelling approaches.

According to [100], an abrasive process can be classified as
path bound, force bound or energy bound. Accordingly, in this
section, to explain the different modelling approaches for various
abrasive processes, they are classified mainly as two types:

(i) Dbonded or fixed abrasive processes (path bound)

(ii) wunbonded or loose abrasive processes with an

actuation mechanism (force bound or energy bound)

4.1. Modelling of bonded or fixed abrasive processes

Processes such as grinding, honing, brushing, abrasive sawing,
and belt finishing etc., belong to the bonded abrasive process type,
and modelling of these processes were explained in earlier
keynotes [30,214] and other review articles [60,237]. Here, only
abrasive processes which are used for micro parts and
microstructures as classified in section 3 are considered.

In spite of the considerable number of experimental works
published, theoretical and modelling works are very limited in
micro-grinding. According to [90], lack of physical information
establishing the relationship between the physical and mechanical
properties of the machined materials, the deformation rate, and
the non-steady temperature field in the contact zone, all limit the
modelling accuracy.

According to [187], in micro-grinding process the values of
contact length and temperature in the contact zone vary
proportionately with the size of the wheel. However, ploughing
phenomenon inversely varies with the size of the wheel. Hence,
effects related to ploughing component needs to be taken care of
specifically. In line with this variation, a semi-analytical model
(combination of analytical model and empirical model) for
predicting micro-grinding forces that considers the mechanical
and thermal effects interaction and size effect at the microscale
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Fig. 49. Effect of different rake angles on SSD [191].

level of material was developed [187]. With this methodology, the
micro grinding forces based on micro-grinding wheel topography
and material properties was quantitatively predicted.

Finite Element (FE) and molecular dynamic (MD) simulations
based on single grain scratch test have been extensively developed
to understand microscopic material removal mechanism. A 2D FE
model for studying subsurface damages in BK7 glass, is shown in
Fig. 49 [191]. With this model interdependencies of the process
kinematics, the tool’s and grain’s geometric properties and the
crack propagation and sub-surface damage were identified.
Another 3D FE model was developed to study the material removal
mechanism in brittle materials (BK7 glass) [239].

The influence of micro pencil grinding tool topography on

micro channel geometrical deviations was studied using kinematic
simulations [206]. Results emphasized the influence of maximum
protruded grits radial positions and the number of grits on
geometrical deviations of the produced channels.
To further understand material removal mechanism with the
interaction of liquids and gasses, nanoscale and atomic scale
molecular dynamic simulation were developed. Similar to the
majority of FE simulations, molecular dynamics simulations
consider single grit scratching. Hence, results obtained from these
simulations could be applied to the mechanism of both bonded and
unbonded abrasive processes. The majority of MD simulation
works are confined to understanding the ductile-brittle transition
behaviour of brittle materials. A detailed review of MD simulations
relevant to machining processes is compiled in [88]. To study the
ductile-brittle transition of monocrystalline silicon at the
nanoscale, a molecular dynamic study with different edge radius
and undeformed chip thickness combinations was applied [35,36].
The results showed that as the undeformed chip thickness is larger
than the cutting edge radius, in the chip formation zone there is a
peak deformation zone in association with the connecting point of
the tool rake face and tool edge arc. The interatomic bond length’s
increase in the peak deformation zone results in volumetric
expansion of the zone. This can cause the neighbouring material to
be tensily stressed, leading to crack initiation in the material in
which the tensile stress is nearly perpendicular to the direction
from the connecting point of tool edge arc and tool rake face to the
peak. If the undeformed chip thickness is smaller than the cutting
edge radius, there is no peak in the chip formation zone, and thus
there is no crack initiation zone in the undeformed workpiece
material. These findings explain well the phenomena of ductile-
brittle transition associated with undeformed chip thickness and
edge radius, as explained in section 3.2.

Similarly, in [252] a nanoscale molecular dynamic study to
understand the ductile-brittle transition behaviour in SiC material
with diamond grits and different undeformed chip thickness
values was conducted.

MD simulations at atomic level (depth of cuts: 4 A, 8 &, and 12
A) were applied to understand the chip formation, grinding forces,
and temperature of the copper material. The simulation results
indicate that with the increase of the depth of cut, average cutting
forces increase and therefore temperatures at the contact zone are
similar to conventional grinding findings [154].

4.2. Modelling of unbonded or loose abrasive processes

A framework and unified modelling approach for various
unbonded abrasive processes was discussed in an earlier keynote



paper [100]. Therefore, here only modelling and simulations
efforts related to micro-abrasive blasting, vibration and magnetic
field assisted micro-machining process are discussed.

In magnetic field assisted abrasive process, there are several
parameters which can affect the result at the macroscopic and
microscopic level [100], also mentioned in section 3.5.

Magnetic field assisted processes is a force bound process, in
which the strength of the magnetic field decides the grain
penetration depth and in turn all other process responses. Hence,
in the modelling of magnetic field assisted finishing processes,
many researchers have attempted to first understand the strength
of the magnetic field by FE simulations, as well as physical,
mathematical or empirical modelling, and then proceed towards
force modelling and ultimately the material removal and
workpiece properties.

The smoothed particle hydrodynamics (SPH), a mesh-free
numerical technique, was used to simulate ultrasonic machining of
float glass material [241]. Additionally, propagation of cracks in
substrates and fracturing of abrasive particles were also covered.
In SPH method, the system is represented by a set of particles,
which are carrying material properties and interacting with each
other according to the governing conservation equations. It has
some potential advantages compared to the conventional grid-
based Lagrange techniques such as FEM, including the suitability
for solving problems involved in large deformations and fractures,
as errors due to mesh distortion and tangling can be avoided.
Results suggested that harder and spherical shaped abrasives
increase the material removal efficiency. Furthermore, spherical
shaped Al203 grit result into improved surface integrity, as shown
in Fig. 50.

A numerical investigation using the dynamic meshing
technique in Computational Fluid Dynamics (CFD) was carried out
for ultrasonic-vibration assisted micro-channelling process on
glasses by an abrasive slurry jet [190] .The effect of ultrasonic
vibration on the stagnation zone, the particle impact velocity and
impact angle, and viscous flow induced erosion process was
investigated. It was observed that the static pressure in the
stagnation zone, particle impact velocity and impact angle are
varied periodically with the assistance of the ultrasonic vibration
on the workpiece which in turn could affect the material removal
process. It was also found from the simulation that the ultrasonic
vibration is beneficial to the viscous flow induced erosion during
the low-pressure abrasive slurry jet micro-machining process.

In another work, CFD simulations were performed to study
the erosion behaviour of glass surfaces in the vibration-assisted
abrasive slurry jet machining process. The Eulerian-Lagrangian
method and dynamic meshing technique are used to represent the
abrasive slurry jet flow and the periodical movement of the
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Fig. 50. Result of AUTODYN simulations for USM after 5 ps with different
abrasive grits and shapes [241].

workpiece, while the particle rebound model and semi-empirical
erosion model for glasses by considering the brittle-ductile
transition are employed to simulate the impact of the erosion
process, respectively. From simulations, it was observed that the
combined effects of stagnation zone and brittle-ductile transition
results in W-shaped cross-sectional profiles. Application of
ultrasonic vibration to the workpiece enlarges the machining area
as well as erosion rate. Similar to those works CFD simulations
were used to predict the erosive footprint size in abrasive jet
micro-machining [126]. The footprint was found to be a result of
both primary particle impacts in the conical plume emanating from
the nozzle and secondary particle impacts driven by the flow. The
footprint depended on target curvature because the spread in
lateral particle rebounds differed, depending on the target radius.
It thus follows that footprints obtained from shallow channels
machined on flat targets cannot be used to predict channel shape
on curved surfaces. In energy bound abrasive jet assisted process,
most of the modelling and simulation works are confined to
predicting the jet footprint area, erosion rate and channel
geometry.

In [113] the FE method was used to calculate the distribution
of magnetic field between the magnetic poles in which a
cylindrically shaped workpiece was placed in electro-chemical
magnetic-abrasive machining process. The cutting forces
responsible for abrasion were calculated from the magnetic forces
developed from the gradient of the magnetic field in the working
gap. The effect of electrochemical and abrasion-assisted
dissolution were incorporated into a roughness model using
average anodic current empirical relation and revelead relations
between electromeganet current, surface roughness ad material
removal .

In [42] a low-pressure abrasive flow polishing (LAFP)
technology was presented to address the issue of finishing
rectangular microgroove of Cu and SUS304 materials. The effects
of abrasive flow on the polishing efficiency and uniformity were
analyzed numerically using ANSYS Fluent. The rectangular
structure of the polished microchannel was optimized by
simulating the trajectory and erosion action of particles. The
distributions of turbulence intensity and shear force in the
polishing microchannel were analyzed and optimized.

The effect of alumina particles kinetic energy and jet impact
angle on the roughness and erosion rate of channels machined in
borosilicate glass using abrasive slurry jet was investigated in [96].
A CFD model was used to calculate the local particle impact
velocities and angles, and thus the kinetic energies of particles
striking the surface. The measured erosion rate at various impact
angles and the observed damage due to individual alumina particle
impacts indicated that the dominant mode of material removal was
brittle erosion. Based on the CFD results, analytical brittle-erosion
models have been developed for air assisted abrasive jet
micromachining.

A surface evolution model was developed to predict the
profiles of micro-channels and holes machined in borosilicate glass
[174]. The results showed that, despite the differences in abrasive
flow patterns between air and slurry-based systems, the surface
evolution model developed for air-based systems accurately
predicted the profiles of micro-channels produced in the slurry-
based system with a maximum error of 7% for aspect ratios
(depth/width) of up to 5. The predicted profiles of holes were also
in reasonable agreement with a maximum error of 14% for aspect
ratios close to 1.

FE simulations combined with the Monte Carlo method were
conducted to predict the average shape of abrasive waterjet
footprints and the variability along the trench [146]. For that
purpose, the relevance of each random parameter, such as shape
(sharpness), size and relative orientation of the abrasive particles,
were investigated through parametric studies on these variables.



Fig. 51. Snapshot of a simulation of one single trench using icosahedral
particles at a velocity of 2000 mm/min with a tilted angle of 40° [146].
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Fig. 52. Different regimes of material removal in VANILA process [111].

This process was simulated using Abaqus 6.14, in which
multiple garnet particles hit the Ti-6A1-4V surface with very high
velocity and erodes the target by plastic deformation and material
removal as shown in Fig. 51.

Molecular dynamic simulations were conducted to study the
Vibration Assisted Nano Impact-machining by Loose Abrasives
process, which combines the principles of vibration-assisted
abrasive machining, and tip-based nano-machining [111]. MD
simulations were performed in this study to understand the effect
of critical process parameters such as impact velocity, particle size,
and the angle of impact of the abrasive grain on the material
removal. A material removal mechanism map, capturing the effects
of impact velocity and abrasive grain size on the occurrence and
transitions between plasticity-dominated and fracture-dominated
behaviours was derived( Fig. 52).

The abrasion phenomenon at atomistic and nano level under
different contact pressures considering two-body and three-body
contact sliding as shown in Fig. 53 was studied by means of
molecular dynamics simulations [64]. A comparison between the
simulations in Fig. 53(a), which was obtained with three-body
contact sliding at low load, and the one in Fig. 53(i), which is the
result of two-body contact sliding with cubic abrasives at high load,
clearly shows the formation of wear particles in the latter case. The
distinct horizontal grooves in Fig. 53(b) and Fig. 53(c) occur due to
interlocking of neighbouring abrasives, leading to effective two-
body contact sliding of one of the particles as its rolling motion is
constrained. The grooves are perfectly horizontal because in the
three-body contact sliding simulations, the only kinematic
constraint on the abrasives is the motion in x direction while the
motion in y direction results mainly from the current local
topography. This work allows to evaluate the wear volume and the
real contact zone resulting from two-body and three-body wear of
nanoscopically rough surfaces during abrasion.

Molecular dynamics (MD) simulations were extensively done
for polishing operations to analyze the material removal
mechanisms. The impact of large porous silica cluster on silicon
substrate, with different pore diameters was analysed as shown in
Fig. 54 [44].

It was reported that, with the increasing pore diameter of the
porous cluster, the number of the atoms removed from the impact
silicon surface would firstly increase and then decrease until the
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Fig. 53. Top view of surface topographies at various sliding conditions [64].

cluster adheres to the substrate. In addition, it was found that the
effect of an enlarged real contact area between the cluster and the
substrate is more significant than that of deeper penetration of the
cluster in order to enhance the material removal rate during the
impact. These findings were useful in optimizing the process
parameters to obtain lower surface roughness and higher material
removal rate during the chemical mechanical polishing process.

MD simulations at the atomistic level were used to study the
interaction between silicon wafers with a diamond abrasive in a
polishing process under dry conditions [3]. Simulations were
conducted with silicon asperities of different geometries, different
abrasive configurations, and polishing speeds. Under the
conditions of polishing, silicon atoms from the asperities were
found to bond chemically to the surface of the diamond abrasive.
Continued transverse motion of the diamond abrasive (relative to
the silicon asperity) leads to tensile pulling, necking, and ultimate
separation of the silicon asperity material instead of conventional
material removal in polishing (chip formation) involving
cutting/ploughing, which takes place in the absence of chemical
bonding between the abrasive and the asperity material.
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Fig. 54. (a) schematic diagram of a porous silica cluster impacting on the
crystal silicon substrate for a molecular dynamics simulation (b) side

cross-section view of the impact zone at the different moments at 4313 m/s
and 45¢ of (b) PO-Cluster (c) P15-Cluster [44].



Rolling of an abrasive grit across a silicon surface with an
asperity under various down forces and external driving forces
were studied using molecular dynamics (MD) simulation [211]. It
was shown that both the downforce and the driving force influence
the amount of material removed. The changes in potential energies
and kinetic energies of the particle and the silicon substrate during
the abrasive rolling process attributed to the deformations and the
rise in temperature of the particle and the substrate. According to
the MD simulations, substantial hydrostatic pressure induced at
the local area of silicon wafer forces the silicon atoms to transform
from the classical diamond structure (« silicon) to metal structure
(B silicon) [99]. This important factor results in the ductile fracture
of silicon and ultimately in a super-smooth surface.

The impingement of abrasive particles in water jet on a
monocrystalline silicon substrate was studied by MD simulations
[43]. The results show that as the standoff distance increases, the
jet will gradually diverge. As a result, stress region and high-
pressure region of the silicon substrate under small standoff
distances were significantly larger than those under large standoff
distances. Therefore, the material removal rate at the beginning
will be high and then decreases due to an increase in the standoff
distance.

5. Current status and future scope

In this chapter, the available manufacturing methods are
reflected concerning their current possibilities to machine the
products and applications introduced in chapter 2. Future research
and development needs necessary to further exploit the
possibilities of micro abrasive processes are identified.

Chip formation and ductile/brittle transition

Models and knowledge on chip formation in micro abrasive
processes is commonly derived from or equated with findings of
macro grinding. In fact, the models and theories on cutting
mechanisms in macro grinding are also not based on the
observation of the process itself, in contrast to those of cutting
processes like turning or milling, as the contact zone in grinding
cannot be observed. They are based on chip root examinations,
interrupted cutting or grain breakouts, single grain scratch tests
and analogies to the theories of cutting with defined cutting edges.
Such investigations are hardly possible on the small scales of micro
abrasive processes. Also, to be able to give statements on e.g. uncut
chip thickness values, equations are used that necessitate tool
characterizations, which are also an issue on small scales. This
could be an explanation on the deviation of the absolute values of
the critical chip thickness to achieve ductile mode grinding
comparing macro and micro grinding of the same material. Further
research has to address these basics of chip formation on the micro
scale and should include detailed quantitative characterization
methods of tools and processes. To avoid the intricacies of the
small scale of experimental conditions, the possibilities and
current developments on modelling of the process, as outlined in
section 4, could be exploited.

Abrasives

While the advances in abrasive materials (e.g
crystallographically oriented structures) and their property
customisation need to be transferred to the micro-tool design, it
could be commented that the existing solutions might obtain
abrasive grits or elements at the micro-scale level. It is believed
that manufacturing technologies like laser ablation could generate,
at competitive outputs and costs, such micro-abrasive elements (at
order of microns rather than tens/hundreds of microns) of orderly
distributions and controlled shapes. This will enable micro-
grinding technology to make a leap forward in achieving tighter
part quality measures. Nevertheless, it is felt that the technologies

of generating micro-abrasives by post-processes might induce
additional form deviations of the tool geometry with negative
influence to the precision of these micro-grinding tools. Hence,
additional measures for getting the tools into the necessary
tolerances (e.g. runouts) might be necessary in these conditions
which will add to the overall cost of the technology.

Dicing Blades and Wire cutting

For fine slotting using dicing blades and wire cutting it seems
that significant research is needed to better understand how the
quality of the edges and walls of the cuts can be improved. Here,
some directions of research could be the customisation of the
abrasive materials distribution on the edges and fronts of the
dicing blades to address the differences in the cutting mechanisms
occurring on the different areas of abrasive tools. Furthermore,
geometrical customisation of the active surface of these abrasive
tools could be realised to enhance the swarf removal and thus,
cleaner cutting.

Micro Pencil Grinding Tools (MPGT)

MPGT are a promising technique for micro structuring of hard
and brittle materials at high flexibility concerning shapes and sizes.
The challenge here is currently the targeted and repeatable coating
of the tools. Further, detailed studies on the coating parameters
and the coating composition are necessary to fully exploit the tool’s
potential. Tool optimizations also have to address the tool base
body. On the one hand, shaping the base body can help to decrease
clogging issues and to improve the bottom surface quality of the
manufactured structures. On the other hand, tool breakage could
be reduced by introducing new base substrates of the tools. Finally,
wear of tools can be reduced by proper cooling. Research efforts
should be directed in developing cooling strategies adapted to the
process. This includes the coolant supply system but also the
composition of the coolant itself.

Vibration assisted Micro Machining

Recent study of micro rotary ultrasonic machining (micro
RUM) has explored process applications from drilling and
grooving of hard, brittle materials to surface texturing including
fabrication of complex features used for MEMS, microfluidics, and
sensor applications. However, methods and mechanisms to
improve the quality of surfaces and subsurface created using micro
RUM have not been reported. These areas should be part of future
research, in addition to studying micro-feature fabrication
characteristics and tool wear.

Micro Abrasive Blasting (MAB)

Current laser drilling technology can produce nozzle insert for
MAB with outlet diameter around 50 um, which allows for lateral
processing resolution of around 100 pm. Scope for further
miniaturization of nozzles, with ever more narrowly focused laser
beams, needs to be explored. Furthermore, as the size of abrasives
decreases their mass and thus kinetic energy reduces as the
inverse power of 3, which makes usage of sub-micron grits almost
unpractical with current technology. Therefore, ways to energize
the abrasive particles, such as ultrasonic cavitation micro-bubbles,
thermal heating by pulsed laser, as well as greater operating
pressures, will need to be developed in order to process surfaces
with lateral dimensions at the micron scale or less.

Magnetic Field-Assisted Finishing (MAF)

Although many research groups have experimentally
demonstrated the feasibility of MAF for surface and edge finishing
of micro parts, the transition of MAF from the laboratory to
practice remains challenging. The practical realization of MAF
processes might be hindered by a lack of appropriate MAF process
models. Modelling of the MAF process could enable control of the



material removal rate and accurate prediction of surface finish,
which would lead to the industrial implementation of MAF
processes.

Modeling of small-scale material removal processes

Several FE and MD simulation works have been done for
small-scale material removal process to understand the material
removal mechanism and other responses. However, the majority
of works is limited to specific cutting conditions or to single grits,
which are useful to study the dominated ‘size effect’ but have less
convergence towards real process. Hence, in future, there is a need
to develop feasible hybrid models (combining different modelling
approaches such as FE-empirical, kinematic-empirical, analytical-
kinematic etc.) by integrating the combined action of stochastically
distributed grits. The hybrid modeling approach is already proven
to be successful for loose abrasive process and needs to be
expanded for fixed abrasive processes. Moreover, there is a need
to predict the process behaviour with dynamic grit distribution
variations (for loose abrasive processes) or rapid grits wear (for
the fixed abrasive process).

6. Conclusions

This keynote paper gave a comprehensive overview of
products and applications that have features on the micro scale.
The focus was on features in hard and brittle materials, which are
commonly machined via abrasive processes. The paper explored a
number of promising systems, devices and tools. Abrasive

processes to machine such products and their capabilities were
investigated in detail. Particularly in view of the continuing
miniaturization of the features, a further miniaturization of the
tools and scales of the abrasive processes themselves is required.
The review in this keynote paper showed that there is a need for a
deeper understanding of the mechanisms of abrasive small scale
material removal processes to achieve this. Recommendations on
future research directions were given. However, the review also
showed that knowledge from common scale abrasive machining is
not fully scalable to the micro scale. This was e.g. demonstrated by
the scale effects of the brittle-ductile transition area. Modelling of
such small scale material removal processes appears to be a
promising technique to gain a deeper understanding of the
underlying mechanisms.
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