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A B S T R A C T

Complex surfaces are increasingly used in optics, biomedical devices, and aerospace industries. Additive
manufacturing and five-axis milling can produce complex shapes, but additional finishing processes are
needed to meet the surface quality demands. This keynote paper reviews shape-adaptive finishing processes
that enable uniform surface quality improvement without altering the shape. Key factors affecting shape
adaptability, processing efficiency, and material applicability are analyzed and optimal process selection
strategies for finishing complex surfaces are discussed. Future possibilities and research topics in this area,
including process modeling/simulation, digital twin, surface/subsurface metrology, functionality evaluation,
and applications of advanced robotics and artificial intelligence, are outlined.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC
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1. Introduction

The expanding design space realized by improved modelling,
design, and fabrication capabilities has resulted in a great variety of
component geometries being produced to meet a wide range of
increasingly stringent functionality requirements. Especially in recent
years components with complex three-dimensional shapes have
become more prevalent in various fields. For example, free-form
optics used in virtual reality (VR) and augmented reality (AR) systems
[67], artificial joints and dental implants used in biomedical field [90],
precision molding dies used in plastic/metal forming [243], and tur-
bomachinery components used in electrical generator, vessels, and
airplane jet engines [119]. Generally, these components are required
to have both high form accuracy and surface quality to meet the
requirements of functionality. For example, the form accuracy and
surface roughness of freeform optics are required to be in the levels
of 0.1 mm Sz (peak to valley) and 1 nm Sa (average roughness),
respectively [67], and these values become smaller for shorter wave-
length applications such as UV optics. Sometimes, high surface qual-
ity is required mainly for aesthetics/cosmetics purposes to achieve
visual/haptic comfort, and in turn, adding value to products, such as
artworks, ornaments, accessories, and portable/wearable devices.

A complex shape can be fabricated via additive, subtractive
manufacturing processes, or forming methods. In recent years, numer-
ous methods of additive manufacturing have been developed for creat-
ing complex shapes of various materials [206]. However, due to the
powder particle size, melting parameters, layer thickness and the
orientation/slope of surfaces, the additive-manufactured part surfaces
are usually very rough with Ra ranging in the level of 1»10 mm, which
is far rougher than being usable as final products [70]. Similarly, in sub-
tractive manufacturing methods, such as multi-axis milling, tool feed
marks and burr formation may result in rough surfaces [126]. As func-
tionality requirements increase, whether due to more challenging oper-
ating conditions or the desire for enhanced longevity, achieving the
texture and quality of the component’s surface and subsurface through
the process used to create its overall geometric form becomes unlikely.
In such cases, additional processes, possibly employing different physi-
cal mechanisms than those used for form generation, are necessary to
finish the surfaces and meet the required specifications across relevant
length scales in terms of form accuracy and surface quality.

Extensive research has been conducted on surface finishing of
semiconductor wafers where a uniform pressure is applied to a flat
workpiece [65]. A main challenge in finishing complex surfaces is
ensuring that the material removal/deformation rate remains consis-
tent irrespective of the surface’s geometric form. The surface finish-
ing system must enable adaptive control of the dominating process
parameters, i.e. applied load, relative velocity profiles, to accommo-
date the workpiece shape. Finishing complex surfaces has been often
performed manually by skilled workers, but there is a great drive to
replace them with deterministic, automated, and controlled pro-
cesses. The shape adaptability of the process may be achieved by
machine movement, tool compliance, or a combination of both. A
shape-adaptive process reduces surface roughness uniformly while
keeping the desired workpiece shape. In addition, to make the pro-
cess cost effective, surface finishing must be performed efficiently.
This means the process must meet the requirements of shape adapt-
ability, surface quality and production efficiency simultaneously.
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Table 1
An overview of shape-adaptive surface finishing processes

Primary mechanism Subcategory Processes

Mechanical with material
removal

Loose Abrasive Tool-based polishing
Contactless processing

Fixed Abrasive Compliant grinding
Belt finishing

Kinetic Abrasive Mass Finishing
Sand blasting
Fluid jet polishing

Mechanical without mate-
rial removal

Peening Shot peening
Water jet peening
Machine hammer peening

Burnishing Roller/ball burnishing
Deep rolling

Chemical Liquid Solution-based polishing
Solid Dry electropolishing
Plasma Plasma-assisted polishing

Physical Ion/electron beam Ion beam figuring
Electron beam irradiation

Laser beam Laser peening
Laser polishing
Laser recovery

Electrical discharge Electrical discharge polishing

Fig. 1. Sample TIF profiles.
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In recent decades, several surface finishing technologies have
been developed which can be used for finishing complex surfaces.
These processes are based on multidisciplinary mechanisms, such as
mechanical, thermal, chemical, physical modification of surfaces. Var-
ious types of tools have been used for shape-adaptive surface finish-
ing, such as deformable solid tools, fluid jet tools, powder-based
tools, high energy beam tools, and so on. Surface finishing of various
workpiece materials such as pure metals, alloys, glass, ceramics, poly-
mers, and composites, has been investigated. These new finishing
processes have enabled a bigger design space and added value for
complex geometries.

Within the framework of the International Academy for Produc-
tion Engineering (CIRP), several keynote papers have been published
on the theme of complex surfaces manufacturing, such as freeform
surfaces [67] and structured surfaces [44]. While considerable efforts
have been invested in the shape design and creation [190], metrology
of complex surfaces [76], as well as modelling of surface generation at
the micro-nano scales [237], less review papers can be found which
focus on the finishing processes for such surfaces. In this context, a
review of the shape-adaptive surface finishing technologies for com-
plex surfaces is considered a timely contribution to the community of
manufacturing.

This paper consequently reviews the advances in the research and
development (R&D) of shape-adaptive processes for complex surface
finishing and identifies the challenges in finding optimal finishing
processes compatible with the process chains used to generate the
form and to achieve the final desired specifications. Section 2 intro-
duces the relevant terminology and classification of the processes
discussed in this paper in terms of their surface modification mecha-
nisms and tooling mechanisms. Sections 3 to 6 provide comprehen-
sive reviews of typical methods for shape-adaptive surface finishing,
including mechanical (with/without material removal), chemical,
and physical methods, respectively. Section 7 presents a comparative
analysis of the shape adaptability, material applicability, processing
efficiency, and achievable surface quality for the methods described
in Sections 3 to 6. Based on the review and analysis of the state of the
art of complex-shape surface finishing, Section 8 discusses future
possibilities and promising research topics in this area. Finally, Sec-
tion 9 summarizes the main conclusions.

2. Definitions

2.1. Geometries requiring shape-adaptive processes

The design requirements of a surface that necessitate the applica-
tion of shape-adaptive finishing processes typically include some or
all of the following: continuous surfaces with varying radii of curva-
ture, discontinuous surfaces with features such as facets or steps, dis-
crete local features on continuous surfaces, or a combination of
multiple non-complex surfaces arranged in complex manner. Not
included in this paper are the fabrication of multiscale structured sur-
faces as outlined in the 2020 CIRP keynote [44]. The creation of deter-
ministic features of shorter length scale, and lower amplitude values
on the surfaces described earlier in this section are not considered
here, however the final finishing of such created features are within
the scope of the paper.

2.2. Core aspects of shape-adaptive processes

Shape-adaptive processes for finishing complex surfaces are those
that can accommodate local changes in surface topography, through
deterministic, ideally in-process, control of the tool-workpiece inter-
action. In this context, ’in-process’ refers to the on-machine measure-
ment of workpiece surface carried out while the manufacturing
process is taking place [76]. The tool-workpiece interaction mecha-
nisms may be mechanical, chemical, or physical in nature, as shown
in Table 1. Irrespective of the mechanism, material removal and/or
material re-distribution will occur on the workpiece surface. For a
tooling configuration, the tool’s removal or modification rate, referred
to as the tool influence function (TIF), should ideally be deterministic
and controllable [110]. In all cases, it is imperative to understand the
factors affecting the resulting topography (form variation and surface
finish) achievable by the TIF. Whereby form variation is in the order of
the tooling size, surface finish is focused on high spatial frequency sur-
face characteristics such as root mean square roughness (Sq) or similar
parameters according to ISO 25178-2 [99].

While the actual process mechanism and tooling configuration
strongly influences the high spatial frequency (roughness) finish, the
surface coverage ratio (SCR) of the tool can influence both the mid
(waviness), and low (form) spatial frequency components of the
processed surface. The SCR is defined as the ratio of TIF’s projected
area to the workpiece surface area, see equation 1:

SCR ¼ TIFprojected area=Workpiecesurface area ð1Þ
Typically the shape and magnitude of a TIF is determined by quan-

tifying the post processing surface under the following conditions:
(1) the tooling is held at a fixed location with respect to the work-
piece (or vice versa), (2) there is no tooling movement beyond that
inherently required for the process mechanism, (3) the duration of
the processing is for a defined period of time, known as the dwell
time. See Fig. 1 for sample TIFs.

In-process variation of the TIF can be achieved via any of the fol-
lowing: orientation of the tool with respect to the workpiece surface
(as illustrated in the top row of Fig. 1), altering the process settings to
influence the magnitude of the tool’s material removal or surface
modification rate, or by in-process alterations of the tool’s shape. This
highlights another shared requirement across all shape adaptive pro-
cesses, that is, the orientation and location of the tool with respect to
the workpiece surface is always known.

In cases where the SCR is less than 1, the tool must translate over
the workpiece surface, i.e. follow a pre-defined tool path, with a given
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step over, to ensure full surface processing. The shape of the TIF com-
bined with overlap between adjacent toolpaths results in local varia-
tions in the material removal with periodicities predictable via
convolution of the TIF and the step over distance, see Fig. 2(a). These
periodic surface undulations have spatial wavelengths shorter than
the tooling diameter and are typically categorized as waviness or
mid-spatial frequency (MSF) features on the surface. Wavelengths for
such MSFs are defined by the optics industry to be 80 µm to 2.5 mm
[98,198]. These MSF features, if of sufficient amplitude, will result in
degradation of the system’s optical performance [4,198]. Although
MSF features are highly dependent on the programmed toolpath, i.e.
step over between adjacent paths and the raster strategy, the latter
can be chosen to reduce the nature of the MSFs on the surface by
avoiding highly linear paths, changing tooling direction between sub-
sequent passes, or programming a pseudo random path, see Fig. 2(b)
[63,169,228] for examples of the latter.
Fig. 2. (a) TIF combined with raster path can induce MSF features on the processed
surface, (b) illustrates the surfaces resulting from simple raster (left) and pseudo ran-
dom (right) tool paths [228].
While a TIF is typically determined when the tooling is at a speci-
fied orientation with respect to the workpiece surface, and ideally
that should be maintained throughout processing, scenarios will arise
where slope discontinuities and regions of high local slope gradients
will occur within the TIF area, see Fig. 3. In such instances, the TIFs
may vary from that nominally characterized and the potential impact
of such needs to be considered with respect to the processes ability
to achieve the required finish and form. This will be addressed for the
processes described within Sections 3 to 6 of the paper.
Fig. 3. Top row: examples of local geometries that pose processing challenges; Bottom
row: resultant post processing form degradation.
2.3. Finishing process objectives

Finishing refers to the processing needed to achieve the required
specifications across all spatial length scales, i.e. at the shorter
(roughness), medium (waviness), and longer (form) length scales.
While a finishing process may target a sub-set of the spatial domains,
i.e. finish and/or form, it is seldom that optimal performances can be
achieved without due consideration to the other spatial domains.

The final surface texture may range from stochastic to deterministic
finishes, see [105] for definitions and examples. Inmost cases, the trend
leans more towards stochastic finishes. The achievable finish, while
ultimately dependent on the composition and integrity of the work-
piece material, is also obviously driven by the factors controlling the
process mechanisms at a local scale. For example, the size of the abra-
sives abrading the workpiece, compliance of the solid tool bringing the
grits in contact with the workpiece, the chemical interactions between
utilized fluids and the surface, laser power density, etc.

As already noted, for processes with a SCR <1, the waviness of the
final surface will depend on both the shape of the TIF, its sensitivity
to underlying slope variations, the chosen tool raster path, and the
associated raster path’s step over distance.

Considering that as the part’s overall form is dependent on the lon-
ger-term stability of the TIF, i.e. over the time taken to process the
entire surface, and again the sensitivity of the tool to local variations in
surface slopes, a consistent dwell time over the surface is required for
consistent material removal or modification. However, convolving the
TIF function, and the surface height form error maps, enables the gen-
eration of a TIF dwell time map for each location on the surface. The
dwell time map, which controls the tool’s translation speed over the
surface, indicates where the tool should move slowly (to remove more
material or modify the material more intensively) and more rapidly
(to remove less material or modify the material less intensively) to
reduce overall form errors. While primarily utilized within the optics
industry, form errors in the nanometer range are technically feasible.

3. Mechanical processes with material removal

Mechanical processes can either plastically modify surfaces via
material deformation or remove the material via ductile and/or brit-
tle modes. The removal mode and rate depend on numerous factors
encompassing the workpiece material properties, processing condi-
tions, and the tooling geometry. While this paper is more concerned
about the shape adaptability of processes, key aspects of the material
removal regime will be discussed in this section to provide insights
on the resulting TIF shapes. Processes covered include loose abrasive
processes, fixed abrasive processes, and fluid-based kinetic abrasive
processes.

The TIFs encountered in this section have SCRs <0.5 (expect for
mass finishing, see Section 3.3.1), so both the tool path (Fig. 2) and
tooling compliance (Fig. 3) need to be considered in the context of
required final specifications (form, waviness, finish). Aside from con-
ventional material driven considerations, the choice of the finishing
process also depends on both the overall shape of the surface and the
severity of the local gradients. All processes in this section rely on
physical contact between the abrasives and the workpiece to alter the
surface, but processes requiring a tool, not a jet/stream, to engage the
abrasives with the workpiece will be more sensitive to physical acces-
sibility constraints. Concave structures, highly variable surface gra-
dients, and surface discontinuities will be more difficult to access than
convex surfaces with less surface gradients and discontinuities. While
using smaller tooling diameters can improve accessibility, doing so
may incur longer tool paths/processing times, wear induced changes
to the TIF, leading to unpredictable form and finish variations, and the
potential for difficult-to-remove short wavelength MSFs.

To understand the nature of the resulting TIFs and how they may
or may not accommodate gradient variations within the TIF’s pro-
jected area, the material removal mechanisms will be considered and
discussed in each section. A shared characteristic, irrespective of the
mechanical process deployed, is that the TIF shape and depth shows
a strong correlation with the surface’s principal curvatures [256].

If stable TIFs can be maintained across the workpiece surface, and
given sufficient form metrology and computer control, deterministic
finishing to correct form errors is achievable. In fact, the majority of
the processes with SCRs<1 in this section have been developed by
the optics industry to obtain sub-micrometer form errors on freeform
surfaces.

3.1. Loose abrasive processes

3.1.1. Tool-based polishing
Pad-based (or tool-based) polishing has been used for finishing

components for centuries. It is the quintessential loose abrasive



Fig. 4. Schematic of a compliant bonnet polishing tool and its implementation on a vir-
tual pivot-based CNC machine [27].
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process whereby abrasive grits are fed together with a carrier fluid in
front of the tool. They are then entrained by the tooling and the
resulting relative motion and load applied by the tooling removes
material to produce a low roughness surface. The tool consists of a
rigid substrate connected to the articulation system. Polishing pads
of varied stiffnesses are adhered to the substate. Contact with the
workpiece is achieved via an applied load. The most basic equation
used to characterize the material removal rate of loose abrasive pro-
cesses is a variant of the Preston equation, which localizes the inter-
action of abrasives with the surface [222]:

dz
dt

x; yð Þ ¼ kpm x; yð Þv x; yð Þs x; yð Þ ð2Þ

where kp is the material/grit type dependent Preston constant, m(x,y)
is the distribution of friction in the contact zone, v(x,y) is the distribu-
tion of relative velocities in the contact zone (accounting for the
sphericity and tilt of the tool), and s(x,y) is the pressure distribution
in the contact zone resulting from the load applied on the tool. The
tool offset into the surface, which compresses an elastic tool (made of
rubber or silicone), induces the applied load. From this equation, it is
clear that for a tool rotating about its own center, the TIF will have a
W-shape profile as shown in Fig. 1(a). Direct prediction of the profile
is difficult as the friction and pressure distribution in the contact
zone are particularly difficult to characterize [222]. Other factors that
play a role include hydrodynamic pressure [283], friction variations
due to pad properties and slurry replenishment, as well as the influ-
ence of shear-stress-based removal. It is also noted here that this
equation fails to predict the existence of material removal along the
rotational axis of the tool (where velocity is zero) [97]. This is due to
the chemical interactions between water and the workpiece surface
(hydrolysis), often augmented by the use of chemically active abra-
sives such as silica or ceria, that results in a relative softening of the
substrate surface hardness [65].

The achievable surface finish is determined by process consum-
ables (abrasive type, slurry composition and pad type) [65]. While
Evans et al. [65] and Cook [51] provided a solid foundational under-
standing of the role of consumables in conventional polishing, newer
literature on the topic of chemical mechanical polishing (CMP) should
also be considered. It encompasses details of optimal slurry composi-
tion for a broader range of materials beyond the conventional semi-
conductor materials for which the process was developed [128,214].
For example, an impeller blade made of stainless steel has been suc-
cessfully polished. Compared with the surface before polishing, the
tool marks and vibration defects were completely removed, resulting
in a reduction of Ra from 1.66 to 0.56 mm [136].

It is important to maintain consistent load distribution as the tool-
ing translates over the surface. Multi-axis machines are needed to
maintain constant pressure distributions. Special planning software,
which can compensate for fluctuations in the applied forces, is
required to ensure that uniform material removal is achieved across
the surface [130]. When using industrial robots, the lower stiffness
and accuracy require the use of adaptive systems for controlling the
load in the contact area [112,162,270], although the contact condition
can be fully described by a set of concurrent partial differential equa-
tions that have a unique set of solutions [285].

While conventional polishing has an SCR above 1, in the 1970s
Aspden et al. [12] combined small conventional polishing tool con-
structs (SCR<0.25) with numerical position control to better control
the form achievable on an optical component. Using simple x-y posi-
tion control and convolution dwell time calculations, they were able
to correct form errors on an 80 cm optic with a 300 cm radius of cur-
vature. In the 1990s, a more complex tool articulation system was
presented by Ando et al [9] to finish freeform optical surfaces. Since
then, deterministic polishing has evolved to attaching tools of smaller
sizes to articulated robot arms with multiple degrees of freedom to
ensure that the tooling remains normal to the workpiece surface at
all stages during processing thus enabling the finishing of more com-
plex freeform optics. Again, smaller tools can accommodate higher
slope gradients, though West et al. [254] and Martin et al. [153] used
a stressed lap whereby the form of the polishing tool was
mechanically altered to accommodate local slope variances on the
large meter-scale freeform mirrors for the Giant Magellan Telescope
project. Irrespective of their sizes, conventional polishing tools used
in this configuration have a W-shaped TIF profile. A TIF like that illus-
trated in Fig. 1(b) can be achieved by rotating a spherical tool that
has its axis tilted with respect to the local normal of the freeform sur-
face [245], see Fig. 4.
This method has been applied to a range of compliant tools: gas-
bag tools [104], bonnet tools (a reinforced membrane filled with
compressed air) [245], as well as rubber/silicone and polyurethane
tools [27] which can be in turn covered with conventional polishing
pad materials. The direction of the tilt can be used to control the
directionality of marks left on the surface by the abrasives, with con-
tinuous processing of the tool producing the best results [23]. The
area of the contact region is controlled by the geometrical offset of
the tool into the workpiece surface, while the load or stiffness of the
tool may be controlled independently by changing the air pressure,
Shore hardness of the rubber/silicone, or thickness of the rubber layer
[252]. The tool radius is usually adapted to the workpiece size, with
consideration given to tool accessibility with respect to the most con-
cave curvature on the surface. The smallest radius for a rotating tool
as reported in the literature is 0.4 mm [2]. Beyond that point, the
rotational velocity of the tool required to achieve substantial material
removal rate becomes impractical. To overcome this constraint,
smaller tools can also be used on a rapidly vibrating head instead of a
spindle [82,223]. In this case, the small tool radius ensures consistent
removal rate under a fixed pre-load and lateral motion, regardless of
the surface slope. The TIF is shaped like a groove when actuating in
one direction, and like an inverted top-hat when actuating in two
directions.

These tool-based loosed abrasive processes have found much
application in the form correction of optical components by control-
ling the dwell time at each location on the tool’s path. As simple ras-
ter toolpaths can induce MSFs, pseudo random paths (see Section
2.2), developed for the bonnet tools, have been deployed to avoid the
generation of MSFs. While this approach can reduce the generation
of highly periodic features, complete avoidance is difficult. Removal
requires either the use of a low compliance tool, a fiber-based tool, or
introducing a viscoelastic material instead of air inside the bonnet
tool cavity [117]. If the low compliance tool (first avenue) is chosen,
the pads must be sufficiently stiff so as to not contact (and hence
remove material) from the lower regions of the waviness feature;
however, it may induce its own form errors if not sufficiently compli-
ant to longer scale slopes. The fiber-based tools (second avenue) can
be sufficiently compliant on a longer length scale to conform to form
variances, while sufficiently stiff on the local scale to only remove
material from the asperities of the MSFs [208,209]. Fig. 5 illustrates
the removal of surface waviness through interaction with a viscoelas-
tic tool (third avenue).

As material removal is dependent on the load acting on the tool
contacting the workpiece, all struggle to accommodate surface dis-
continuities that alter the pressure profiles within the TIF’s projected
area, see Fig. 3. Fig. 6 illustrates the higher material removal rates at



Fig. 5. (a) Interaction between viscoelastic bonnet polishing tool and surface, and (b)
typical removal of mid-spatial-frequency waviness [286].

Fig. 6. TIF distortion near the edge of workpiece: (a) bonnet TIF [131], (b) fluid jet TIF
[83].

Fig. 8. (a) Schematic of MRF configuration, (b) example TIF [56].
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the edge of the part during bonnet polishing and fluid jet polishing.
However, the edge of the tool, as well as planning a progressive
reduction of the spot size near the edge in the tool path, can mitigate
these issues [131]. While sacrificial parts, i.e. fixtures adjacent to
edges and plugs for re-entrant features to prevent tool overhang (and
thus altered pressure profiles), can minimize associate edge rounding
issues, maintaining the form of features smaller than the tool’s TIF is
not feasible with these contact-based processes, i.e. scenarios illus-
trated in the two right most cases illustrated in Fig. 3.

3.1.2. Contactless process
For tools not contacting the surface, the load is controlled either

by the tool spinning rate (for shear-thickening fluids), or the strength
of applied magnetic field (for magnetic finishing). Shear stress finish-
ing is a recently developed abrasive based method, which was first
proposed to improve the surface finishing characteristics of fluid-
only based processes [133]. Based on the observation that non-New-
tonian fluids, such as dense aqueous mixtures of corn starch, tend to
increase their apparent viscosity when subjected to shear, the con-
cept of dynamically jamming abrasives against the workpiece surface
arose, as shown in Fig. 7. The intricacies of fluid behavior and optimi-
zation are detailed in [132,160,217,288]. It was found that the flow
velocity of slurry affects shear rate in the polishing region and hence
the removal rates. A modification of Preston’s law has been proposed
in order to characterize material removal rate (MRR) in the planar
shear stress finishing process [271]:
Fig. 7. Shear stress finishing mechanism: polymers or starch form hydro-clusters in the
shear zone, which encapsulate the abrasives and drive them to abrade the surface [132].
MRR ¼ KPv3�
2
n ð3Þ

where K is the lubrication coefficient, P the applied pressure on the
fluid, v the relative velocity, and n is the viscosity index of the slurry
(with n = 1 corresponding to a Newtonian fluid). At the nanoscale,
abrasive interaction with the surface bears strong similarities with
the float polishing process with the material removal mechanism
consisting of both removal and transfer of atoms that promote a fine
surface finish [31]. The approach has found application in smoothen-
ing non-trivial surface geometries: optical glass [210], gear surfaces
[171], tool edges [47], V-groove micro structured surfaces [277], tur-
bine blades [211] and prosthetic joints [170]. It has, however, not
been used for form correction. The removal mechanism is entirely
dependent on fluid stiffening. Since the stiffening phenomenon
occurs above a critical fluid shear rate condition, small changes in the
gap shape (when going across freeform surfaces) or the gap height
(due to tool path deviations) can significantly alter the removal rate.
This makes deterministic polishing particularly challenging.

Magnetorheological finishing (MRF) is a process that is primarily
used for form correction. It utilizes an electromagnetic field to suffi-
ciently increase the stiffness of a magnetorheological fluid containing
iron carbonyl particles and polishing abrasives (ceria or diamond), so
that when the stiffened fluid encounters the workpiece surface, it
abrades material, see Fig. 8(a). Their uptake by the optics industry in
the 90s [101] revolutionized the precision finishing of freeform surfa-
ces. Form errors in the sub-micrometer range and nanometer scale
roughness are achievable on freeform surfaces. In this application,
the MRF machines are configured for the fluid to be entrained over a
rotating wheel, effectively producing a renewable fine grinding
wheel. While the details of the factors affecting the MRR are given by
DeGroote et al. [56], the drag force as the fluid engages with the
workpiece results in a TIF similar in shape to those shown in Figs. 1
(d) and 8(b). TIF lengths are typically several mm long, and depths of
0.2 mm in glass can be achieved in a few seconds. As with other
wheel-based processes, the radius of curvature of the wheel carrying
the fluid to the workpiece dictates the scale and geometry of the part
that can be finished. The supplied smallest wheel diameter is 10 mm.
Magnetic field assisted finishing (MAF) utilizing ferri-colloid solution
mixed with abrasives and conventional magnetic poles was driven by
the need to polish difficult-to-access surface, such as the internal walls
of fine ceramic tubes [248]. Such a configuration was found to offer a
fast and easily controllable method to finish internal surfaces down to
around 0.01 mm Ra [224]. The process could be accelerated by introduc-
ing a specially prepared pole inside the tube, which is attracted to the
magnetic field and increases the area of contact processing [260]. The
process was later adapted to polishing complex freeform surfaces such
as prosthetic knee joint [259], stents [261] and V-grooves [251], by
adopting a shaft configuration that presses the magnetic particles
against the workpiece. The distribution of abrasives around the tip can
be inferred from the magnetic equipotential between the tip and work-
piece, as shown in Fig. 9. Concentration of the magnetic field in prefer-
ential areas can be achieved by including magnetic-field shielding
material (Mu-metal) in the shaft construction [16].



Fig. 10. Pressure distribution in a circular contact zone of a compliant spherical tool,
and its effect on abrasive/workpiece interaction [283].

Fig. 9. Magnetic finishing tip: (a) schematic of magnetic equipotential, and (b) appear-
ance of polishing tip [244].

Fig. 11. Principle of belt grinding process [135].
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Alternative setups have been proposed for specific applications.
For instance, the use of a rubber sheet to separate the magnetic ele-
ments and abrasives was adopted to polish diffractive optical ele-
ments without damaging the profile edges of the optics [225]. In
another deployment, counter-rotating rollers were used to produce a
well channeled and high-velocity flow of magnetic abrasive com-
pound for polishing microfluidic channels [81]. A magnetic-field-
assisted mass-finishing process was also reported, in which an annu-
lar chamber filled with either bonded or loose magnetic abrasive
brushes is rotated past sets of paired permanent magnets [247]. Addi-
tionally, it is possible to integrate chemically active ingredients in the
polishing compound, such as free radicals that etch the surface [189].
Again, these processes are primarily concerned with smoothening
the surfaces, and do not target form corrections.

3.2. Fixed abrasive processes

3.2.1. Compliant grinding processes
Generally speaking, processes with fixed abrasives offer higher

abrasion rates than loose abrasives and are more likely to find appli-
cation in form correction and the finishing of harder materials includ-
ing special alloys and ceramics [284]. However, given the rigidity of
conventional metal bonded or vitrified grinding wheels, their appli-
cation in finishing complex geometries is limited by the need to
match the tool radii with the surface curvatures; variances in the lat-
ter will result in excess or limited local material being removed from
the workpiece. Replacing the rigid matrix material with more compli-
ant elastic material offers more flexibility as the TIF is no longer
driven by the in-feed value, but rather the applied force as deter-
mined from the axial offset into the workpiece surface. The commen-
tary made in Section 3.1 regarding TIF shapes is applicable here.
Again, it is noted that precise control of tool position and load is
required in order to achieve stable material removal conditions with
such processes [48,81] . For this purpose, dressing the pad with a
grinding tool or cutter is a common approach [27] that allows precise
motion of the contact area when using precision CNC machines.

A number of compliant tools with fixed abrasives have been
developed. A typical implementation is the shape adaptive process in
which rigid pellets embedded with abrasive grits are firmly attached
on top of an elastic spherical body [25]. At the scale of the abrasives,
high mechanical impact can be attained without inducing large ther-
mal effects. A further advantage is the existence of a defined cutting
edge, as shown in observations of the tools at different stages of
machining [24], which ensures a substantial and stable material
removal rate from the tool. A mixture of water and mineral oil is typi-
cally supplied as a coolant. The behavior of the abrasives in shape
adaptive grinding was studied in detail by Zhu et al. [287], who
showed that cutting, plowing and rubbing can occur simultaneously
due to the varying pressure distribution in the contact region, as
shown in Fig. 10. The possible coexistence of cracking, plastic flow
and elastic behavior modes within a contact region, imply that devia-
tions from nominal TIF pressure distributions may have impact
beyond the TIF profiles; local variances in surface finishes may be
induced. Shape-adaptive grinding tools have been shown to achieve
nanometer scale roughness Ra on various metal alloys and hard
ceramics, often starting from a very coarse condition such as selective
laser sintering [24], metal-matrix composites [287], WC-Co coatings
[78], and chemical vapor deposition [29], without the need for a pre-
machining step. A further advantage of the defined cutting edges is
the possibility to build predictive models of the finished surface
topography [115]. When combined with a final finishing step with
loose abrasives, angstrom (A

�
) level roughness can be achieved in

applications such as X-ray mirrors [23].
Monolithic elastic grinding wheels in which the abrasives are

directly embedded into rubber or polyurethane is another avenue.
They have been shown to perform exceedingly well in finishing of
gears, thanks to their compliance with the surface which means that
the actual depth-of-cut is not a direct relation of the geometric con-
tact condition [93], while some recent developments have attempted
to hybridize loose and fixed abrasive tools. Using a dissolvable bond,
a tool was developed that continuously loses fixed abrasives [262]. In
another attempt, a hybrid tool combining a conventional cup grind-
ing wheel and a shape-adaptive grinding tool demonstrated both
deep axial cutting depth and significantly improved surface rough-
ness with reduced grinding chatter [184].
3.2.2. Belt finishing processes
Belt finishing processes, where the apex of the belt contacts the

workpiece, are a fundamental technique in compliant tools with fixed
abrasives. They offer advantages such as smaller radii of curvature,
displacement-based loading, and improved accessibility to concave
geometries due to their extended length. As shown in Fig. 11, the
abrasive belt grinding process primarily relies on the relative motion
between abrasive grains and the workpiece under normal pressure.
The complex contact deformation at the grinding interface results
from the elastic properties of the belt substrate, bonding material,
and rubber contact wheel [195]. Consequently, the cutting depth in
abrasive belt grinding cannot be precisely controlled. Instead, the
normal displacement of the grinding head (u) is commonly used to
adjust the normal grinding pressure. Recent research has emphasized
a deterministic approach, focusing on both form and finish to
enhance the resilience of coated abrasive products used in belts. The
advent of sol-gel process [118] and explosive fragmentation method
[5] for production of these abrasives has proved particularly success-
ful. Such abrasives have a micro-structure that allows them to slowly
break down as they wear, instead of falling-off entirely from the abra-
sive sheet binder matrix. In this way, the belt can remove material for
an extended time, while maintaining excellent uniformity of removal
rate and surface roughness.



Fig. 12. Influence of the particle size on the material removal and the resulting rough-
ness during sand blasting [40].

Fig. 13. Dependence of the particle velocity on the air pressure and the standoff dis-
tance during sand blasting [179].
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3.3. Kinetic abrasive processes

Abrasives processes based on kinetics can be generally split into
two overall categories: (1) mass finishing processes where the work-
piece is either entrained in moving media, or is moved through in a
deterministic matter, and (2) fluid or gas-based jets with or without
abrasives that impinge the workpiece surface with a pressure signifi-
cantly lower than abrasive milling jets. In each case, the abrasives or
media impact and score the surface on a nanometric scale, removing
minute amounts of material.

3.3.1. Mass finishing processes
Mass finishing processes enable the finishing of a wide range of

geometries via the relative motion between the workpiece and the
abrasive media of choice. In all cases, the SCR is larger than 1 and as
such the processes are primarily for only altering the surface finishes.
The processes may be fixtureless (barrel, centrifugal barrel or disk,
tumbling, vibratory) or fixtured (drag or steam finishing) in nature
with the latter being more suited for higher valued components
where component to component impact is undesirable [18]. While
these processes are simple in concept, the media-workpieces interac-
tions, consisting of some combination of impact, sliding and rolling,
are dependent on media geometry, added fluids, and system kine-
matics [250,258]. The latter has a significant influence on the result-
ing surface topography. Depending on the orientation of the
workpiece surface to the dominant media flow direction, a surface
may experience more rolling or sliding interactions over direct
impact where rolling and impact modes will drive plastic deforma-
tion and smoothening of local surface features, while sliding is more
likely to induce material removal and result in scratches. Mullany et
al. [164] observed how the surface topography on opposing sides of a
flat plate can vary depending on part orientation within the flow. The
problem is further worsened when the surface geometry is complex
or when the initial surface topography also varies with orientation,
as in the case of additively manufactured components. While mass
finishing processes for additively manufactured parts have been
widely studied, both [18] and [70] provide good reviews, the empha-
sis has been placed more on average roughness reduction and how a
process smoothens surfaces printed with different orientations with
respect to the build direction. Papers outlining the effectiveness of
different mass finishing options include [39,102,155]. For the fixtured
processes (drag, stream or other variants of such) there is a need to
develop modelling capabilities to optimize the orientation of the
workpiece within the media flow to ensure uniform processing of all
surface regions. Two different modelling approaches can be taken,
neither yet fully developed. One approach is to consider the media as
a continuum. Keanini et al. [114] demonstrated the validity of this
approach and modelled the media using computational fluid dynam-
ics software packages to ascertain local workpiece velocity and pres-
sure profiles, see [164] and [73] for insights on the approach. Missing
from this strategy is the integration of the actual media workpiece
interactions to predict finish topography. The second approach is to
use discrete element modelling (DEM) to model the media workpiece
interaction [241]. In this case, the flow and contact properties of
media round the workpiece can be more accurately captured,
although the computation time is dramatically longer. This second
approach offers great potential, albeit currently it involves high
computational costs.

3.3.2. Sand blasting
For the jet-based processes, the kinetic energy of abrasive par-

ticles is the main driving factor in localized interactions with the sur-
face. The volume V of material removed by a single particle can be
simplified as follows [30]:

V vx; vy
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where k and b (0.5 � b � 1) are coefficients compounding contribu-
tions from plastic flow pressure and spring back in the material; vx
and vy represent the tangential and normal speed, respectively; mp is
the mass of the abrasive particle. The typical shape of the TIF for these
processes is the W shape.

The sand blasting process and abrasive jet micro-machining are
based on the acceleration of abrasive ceramic particles (e.g., Al2O3,
SiO2) in a gas stream. The stream is directed towards the surface to
be processed at velocities of up to vjet = 200 m/s [3]. A wide range of
materials from hard and brittle materials to metals can be processed
by these processes. The material removal mechanism is based on
small fractures and micro-chippings caused by the particles’ impact
(see Fig. 12). The particles in common blasting media have a size in
the sub-millimeter range, although the particle size distribution can
cover a wide spectrum [154].
In terms of shape adaptability, the influence of a varying standoff
distance (SOD) needs to be considered. Oranli et al. [179] varied the
SOD during sand blasting of polycarbonate sheets. In a model-based
approach, they analyzed the particle velocity for varying air pressures
and revealed that a constant impact velocity can be expected for a
SOD of 100 to 200 mm. Consequently, even with large differences in
structure height, parts with complex shapes can be finished under
almost constant conditions (see Fig. 13). However, regarding the
morphology after sand blasting, the coverage level slightly decreased
with increasing SOD above 200 mm. Besides others, Bouzakis et al.
[40] applied sand blasting as a finishing technique for the edge prepa-
ration of cutting tools. Different edge geometries were generated by
varying the blasting pressure pb.
Bouzid and Bouaouadja [41] investigated the influence of the
impact angle and the blasting time on the resulting surface after sand
blasting of soda lime glass. With impact angles lower than 90° (nor-
mal to processed surface), the resulting surface roughness continu-
ously decreased. The values almost halved when the angle was
changed from 45° to 90°, which indicates that differences in rough-
ness will also occur when finishing complex geometries. Ally et al. [7]
observed a reduced MRR for lower impact angles after abrasive jet
micro machining of titanium alloys and steels. This is a key challenge
for the finishing of complex geometries with regard to shape adapt-
ability. Despite materials for the medical sector [154] or for turbine
blades [7] have been sand blasted, publications dealing with the chal-
lenges of processing of parts with complex geometries by sand blast-
ing and abrasive jet micro-machining are very rare.
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3.3.3. Fluid jet polishing
Fluid jet polishing systems use water instead of air as a carrier

fluid [66] or a magnetorheological fluid [202]. The higher density of
water means than the velocity of particles is about 30 times lower for
a given operating pressure. The drag force is also larger, which means
that particles generally follow fluid streamlines and thus reach the
surface with an almost tangential velocity [26]. As a result, fluid jet
polishing delivers a lower removal rate and finer surface finish than
sand blasting, with a tendency to remove high-spatial-frequency
waviness from the surface [23], as shown in Fig. 14. Another major
difference is the laminar outflow of slurry, whereby the jet remains
collimated over a distance of up to 1 m, allowing a small footprint
size that is preferable for computer-controlled correction of difficult
waviness [282]. The nozzle distance to the surface does not affect the
removal rate, which means that fluid jet polishing does not require
the complex positioning or force control systems usually employed
with compliant polishing tools, as a substantial practical advantage.
Fig. 14. Removal of high-spatial frequency diamond turning marks by fluid jet polish-
ing with a 1.5 mm diameter nozzle and vertical feed [23].
The relatively low removal rate in fluid jet polishing can be miti-
gated through a number of approaches. One possible avenue is the
use of multiple nozzles [238], which is low-cost but leads to interfer-
ence in the jet impingement regions and thus generation of complex
TIFs. It is also possible to generate cavitation micro-bubbles directly
before the fluid escapes the nozzle cavity [21]. In this case, the micro-
bubbles cause internal mixing of the slurry to occur, which increases
the angle and velocity of particle impacts [21]. Finally, mixing air
with the slurry before it escapes the nozzle causes formation of fluid
and abrasive particles within an air stream, which increases the out-
let velocity together with a partial absorption of the impact energy
by the fluid surrounding the particles [87].

The small footprint size in fluid jet polishing means that special
attention should be paid to the waviness generation caused by scan-
ning of the TIF with regular patterns [86]. It is however well suited
for generation and/or polishing of small features on surfaces, such as
micro-channels, as long as the machine and controller settings are
optimized [161].

It should however be noted that fluid jet polishing of soft metals
and ceramic materials can be challenging, as the abrasive grits tend
to either become embedded or cause grains to fall from the ceramic
material matrix. This can however be mitigated by operating under
submerged jet condition [28].

4. Mechanical processes without material removal

The high relevance of the surface and subsurface characteristics
for components with complex geometry drives the application of
processes resulting in beneficial surface integrity [103]. Mechanical
processes without material removal described here to induce com-
pressive residual stresses, hardness alterations, microstructural
changes and in most cases a reduced roughness are referred to as
mechanical surface treatment [207]. The most common representa-
tives of mechanical surface treatment are peening processes as well
as variants of burnishing processes. They are well established for sim-
ple geometry. However, in terms of shape adaptability, they feature
characteristic potential as well as limitations, which need to be con-
sidered when finishing components with complex shapes.

The TIF for mechanical surface treatment is characterized by con-
tinuous (burnishing) or discontinuous (peening) contact of mechani-
cal load-imposing bodies with the workpiece surface. Given the small
TIF, the processes can be applied to workpieces with small and large
dimensions. The accessibility of the surface to the peening media or
the tool can be of limiting character for highly complex geometries of
the part.

The high mechanical loads lead to localized plastic deformation of
the workpiece surface and to changes in the subsurface characteris-
tics below the load-imposing body. The projected area of the contact
is typically below 2 mm2, leading to surface coverage ratios several
orders of magnitude smaller than 1. The plastic deformation of indi-
vidual contacts results in an inhomogeneous modification of the
topography and the subsurface characteristics. This is why very high
overlapping rates of tool footprints are selected for burnishing and
machine hammer peening to achieve a homogeneous processing
result.

4.1. Peening processes

In mechanical surface treatment, peening processes are character-
ized by impulse-like impact of the peening media to the peened com-
ponent. The peening media can be solid (shot peening), liquid (water
jet peening), or pulsed laser-induced cavitation (laser shock peening,
see Section 6.2.2) [216]. Peening can be performed using loose media
or a guided tool (machine hammer peening). All of these finishing
processes can be applied to complex shapes with limitations regard-
ing the accessibility of the body impacting to the surface.

4.1.1. Shot peening
In shot peening, solid bodies (shots) are accelerated and hit the

processed surface in free flight. In terms of shape adaptability, the
major influencing factors during shot peening of complex geometries
are the standoff distance (SOD, distance of free flight) and the impact
angle bi. For complex surfaces [275] and a fixed position of the nozzle,
these variables change during the process.

Fuhr et al. [74] analyzed the relevance of the impact angle on the
surface and subsurface properties of Ti-6Al-4V. For a variation of the
impact angle between bi = 90° and bi = 30°, they concluded that the
effect on the resulting roughness can be neglected. Only at very high
overlapping ratios of 1200 %, a moderately reduced roughness at an
impact angle of 90° has been observed. It has to be noted that all shot
peened surfaces showed higher roughness compared to the as-
machined (ground) state of the specimens. For additively manufac-
tured Ti-6Al-4V, they observed a reduction of the initially very high
roughness (Rz > 150 µm) to Rz = 100 µm. While the robustness of the
resulting surface roughness against variations of the impact angle
indicates shape-adaptability over a wide range, the subsurface char-
acteristics change at comparably low impact angles. In fatigue test,
the authors reveal slightly higher fatigue strength for samples which
were shot peened with an impact angle of 45° and below. At a con-
stant peening intensity, the increasing shear loads at lower impact
angles increase the resulting compressive stress, dislocation density
and material flow, leading to higher fatigue strength.

Concerning the relevance of the standoff distance on the shape
adaptability, Khany et al. [116] varied the SOD in a range between
120 mm to 155 mm during shot peening of a low carbon steel. Even
though the authors describes that the S/N ratio (alternating stress
versus the number of cycles) of the shot peened specimen improved
slightly when a low SOD was selected, the effect was still very small.
In addition, SOD varied within a range of 25 mm during the investiga-
tions. Considering the negligible influence of the variation of SOD on
the processing result, it can be noted that shot peening has a high
shape adaptability. This is confirmed by Hennig et al. [94] in shot
peening of Ti6246 blisks (Fig. 15). By adapting the nozzle design and
the nozzle path using a 3D-model of the component, they made use



Fig. 15. Shot peening for aerofoil treatment of blisk assemblies [94].
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of the robustness of the process e.g., in terms of SOD to successfully
finish complex geometries. Considering application of shot peening
for shape-adaptive finishing, the common increase in roughness and
the expected rounding of pointed structures due to plastic deforma-
tion should be emphasized.

4.1.2. Water jet peening
In water jet peening [236], the high frequent impact of water

droplets causes plastic deformation in the surface and subsurface
layers. For this purpose, water pressures of more than 100 MPa are
applied. In contrast to the conditions for fluid jet polishing (Section
3.3.3), no abrasive particles are added into the water. However, mate-
rial removal can be observed even for water jet peening without
abrasive particles. In water cavitation jet peening [15,151], the jet is
injected into a water-filled chamber causing the formation and col-
lapse of bubbles accompanied with cavitation effects.

In water jet peening applied for mechanical surface treatment
without material removal, the nozzle geometry (nozzle diameter dn
and nozzle angle a) and the standoff distance SOD are decisive for the
size of the typically round or elliptical shape of the water jet (Fig. 16,
left). The structure of the jet (Fig. 16, right) is subdivided into three
regions [218]. In the initial region, the continuous flow of the solid
core causes constant axial pressure, which is not sufficient to induce
plastic deformation of the workpiece surface. This region is not suit-
able for mechanical surface treatment. In the transition region (also
referred to as main region or droplet flow region), the jet falls into
separate water droplets which, at impact, cause local plastic deforma-
tion due to higher dynamic pressure compared to the solid core. In
the final region, jet diffusion causes a reduction of the droplet size
and thus insufficient impact pressure of the single droplets. With
regard to the treatment of parts with complex geometry, this indi-
cates that for successful processing, the distance between nozzle and
workpiece must always stay within the transition region. Further-
more, the peening angle may change during water jet peening of
complex parts. The influence of variations of these parameters are
discussed below in more detail.

In an experimental study using a 6063-T6 aluminum alloy, Balaji
and Jeyapoovan [14] identified the standoff distance and the water
pressure as the decisive factors for the achievable microhardness. For
the resulting surface roughness, the interaction between the standoff
distance and the traverse rate was revealed as the major influencing
factor. This means that the standoff distance may not be varied in
wide ranges when finishing parts with complex shapes. Ming et al.
Fig. 16. Effective variables of a water jet peening and change in jet structure with standoff di
[159] addressed the influence of the standoff distance in more detail
and revealed a maximum of compressive residual stresses at the
30 mm standoff distance. Higher and lower standoff distances during
water jet peening of 316 L steel led to a drop of the compressive
residual stresses. For changes of the standoff distance of less than
5 mm, only a small decrease of the resulting surface and subsurface
characteristics was observed. This indicates that parts with complex
geometries featuring height differences of less than 5 mm can be
water jet peened without significant changes of the processing result.
For water jet peening of helical gears, Qin et al. [188] analyzed the
influence of the impact angle on the impact pressure along the cross-
section of the jet. The maximum impact pressure was found in the
center of the jet for impact angles from 0° to 90° and there was no
influence of the angle on the maximum pressure. However, at the
lowest and highest impact angle (0° and 90°) the impact pressure
dropped much earlier and more strongly with increasing distance
from the center of the jet. For a 0° impact angle, this resulted in less
pronounced residual compressive stresses indicating that processing
complex surfaces, a variation of the impact angle may lead to inho-
mogeneous residual stress states.

4.1.3. Machine hammer peening
In machine hammer peening [207], the tip of a plunger is acceler-

ated towards the processed surface pneumatically [191], electromag-
netically [34] (Fig. 17), mechanically [148], sonotrode driven, or by
piezoelectric effects [138].

For machine hammer peening, the impact angle can be varied by
means of the angle of attack (perpendicular to feed direction) and the
tilt angle (parallel to the feed direction). For a constant distance t
between the plunger tip and the workpiece surface. Bleicher et al.
[35] simulated processing complex geometries by deliberately vary-
ing the impact angle bi to analyze the process forces. At bi = 90°, max-
imum forces were observed which decreased with decreasing bi. A
non-linear correlation characterized by a moderate drop of the axial
forces by less than 15% for impact angles down to bi = 75°. In the
range of 75° > bi > 65°, a sharp decline of the axial forces down to
35% of the value for perpendicular impact is observed. This value
stayed constant for a further decrease of the impact angle down to
bi = 45°. At the same time, the radial forces increased with declining
impact angle and reached the same level as the axial forces at bi = 45°.

Wied [255] analyzed the effect of the angle of impact for machine
hammer peening of ZnAlCu3. A deviation from an ideal perpendicular
impact (bi = 90°) resulted in a less pronounced smoothing of the sur-
face. The same observation was made by Bleicher et al. [35], who ana-
lyzed the surface roughness of machine hammer peened AISI D2 steel
in terms of Ra for different impact angles and varied peening distance
t. For the hardened state, the surface roughness after machine ham-
mer peening increased by 40-145% depending on the peening dis-
tance. Interestingly, the opposite effect was observed for the same
material in a soft (unhardened) state. Here, an impact angle of
bi = 60° led to an up to 50% reduced Ra-value. The authors explained
these observations by the higher orthogonal forces required to flatten
the roughness peaks from pre-machining for hard materials. Man-
nens et al. [150] performed machine hammer peening tests using
martensitic AISI CA6-NM as the workpiece material. In agreement
with the results of Bleicher et al., the authors were able to determine
stance [218,236].



Fig. 17. Design and experimental setup for machine hammer peening with an electro-magnetic actuator [34].
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an increase in surface roughness with decreasing impact angle for
this high-hardness material state. This indicates that for finishing
components with complex geometry, the surface finish will vary at
different impact angles. Considering the high orthogonal forces
required to flatten the surface of harder materials, impact angles of bi
>75° offer a stable process window without significant loss of force.

4.2. Burnishing processes

According to Schulze et al. [207], burnishing covers a number of
processes such as roller burnishing, deep rolling, and diamond
smoothing, all being characterized by a guided tool. Deep rolling dif-
fers from roller burnishing in such a way that the process is designed
to induce more extensive plastic deformation. Burnishing is further-
more subdivided into ball burnishing and roller burnishing depend-
ing on the geometry of the used tool. Tool concepts featuring
mechanical bearing (springs) as well as hydrostatic bearing with tool
holders designed to realize a certain stroke are available, which has a
direct effect on the shape adaptability of the processes described
below. In addition, it should be noted for all burnishing processes
that the diameter of the tool used is a limiting factor for the process-
ing of complex geometries. Tools with a defined radius, typically in
the range of a few millimeters are commercially available. The small-
est diameter available for diamond smoothing is 0.4 mm. These
dimensions do not allow structures with smaller radii or angles to be
processed without adversely changing shape. There is no established
technology to specifically process complex microstructures with
these burnishing or deep rolling tools.

4.2.1. Roller and ball burnishing
In tool concepts for roller burnishing and ball burnishing with

fixed burnishing body, the burnishing force is a result of the defined
travel of the tool in the normal direction of the surface to be bur-
nished (path dependent). Without adaptation of the tool path during
the process, a varying distance between the center of the tool and the
processed surfaces leads to a variation of the burnishing force. In
terms of shape adaptability, even minor deviations from ideally flat
surfaces would result in locally varying surface and subsurface char-
acteristics. Yaman et al. [264] presented results from roller burnish-
ing experiments using additively manufactured Inconel 718 as a
workpiece material. Despite the limited stroke of the tool, the process
was suitable to reduce surface roughness from Ra = 15 µm (as built) to
Ra = 0.32 µm after burnishing. Similar results were presented by
Rotella et al. [201] for roller burnishing of stainless steel. This indicates
that at least the height differences in the initial roughness of AM-parts
allow for homogeneous burnishing. Considering the track depth for
single track burnishing experiments, the indentation depth is usually
set to 50-150 µm (e.g., [274]) and thus higher than common initial
roughness values. The same applies to diamond smoothing, where a
fixed diamond travels over the surface to be smoothed with compara-
bly low mechanical loads. Liborius et al. [137] quantified the surface
roughness after diamond smoothing with a tool diameter of 2 mm and
the forces at 200 N and below by means of the valley void volume. At
low feeds and high forces, the valley void volume was reduced to 0.1
ml/m2 which led to more pronounced fretting effects testing the dia-
mond smoothed thermally sprayed Fe17Cr2Ni0.2C coating.

There are a few references dealing with mechanical bearing bur-
nishing systems with springs for finishing complex shapes. In the
investigation of the surface integrity of cylindrical aluminum work-
pieces, Harish and Shivalingappa [89] observed a more pronounced
effect of roller burnishing at identical burnishing forces. However,
the exact tool diameters were not disclosed, and small deviations of
the ball and the roller might have caused the different results in
terms of roughness and strain hardening. Lopez de Lacalle et al. [144]
used a burnishing system with hydrostatic bearing system to
improve the roughness of molds and dies with freeform surfaces (see
Fig. 18). It was found that burnishing led to similar finish to hand pol-
ishing with a roughness of Ra = 0.18 µm.

For complex shapes, adaptation of the tool path is required. Tsu-
chida et al. [239] presented two different approaches to compensate
for the shape change of the workpiece in ultrasonic vibration assisted
burnishing of zirconia ceramic. A flexible stage was used to keep the
mechanical load constant and was shown to lead to beneficial surface
finishing. Working without the flexible stage but with a rotating bur-
nishing tool resulted in reduced roughness, regardless of the ultra-
sonic excitation of the tool. The tool concepts with springs thus have
been proven to be suitable for finishing components with complex
shapes. The aforementioned limitations regarding the diameter of
the tools and the accessibility of the surface to be finished however
remain.

4.2.2. Deep rolling
To induce high compressive residual stresses [61], hardness alter-

ations [1,157], and microstructural transformations [43,156], hydro-
static deep rolling tools or mechanically mounted tools [181,289] are
applied. For hydrostatic deep rolling tools, the metalworking fluid of
the machine tool is applied to the deep rolling ball at high pressures.
The stroke of the ball holder available with hydrostatic deep rolling
tools, which is in the range of several millimeters, was used by Klocke
and Mader [120] as well as B€acker et al. [13] to finish turbine blades



Fig. 18. Ball burnishing of a mold made of H13 tempered steel: (a) details of the burnishing setup, (b) one of the burnished surfaces [144].

Fig. 19. Deep rolling of turbine blades [120].
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(Fig. 19). In experimental and numerical investigations, they
observed homogeneous material modifications along the processed
surface of the blades.

The influence of a varying distance between the hydrostatic
deep rolling tools and the processed surface was furthermore
investigated by the Leibniz-IWT in Bremen. A cylindrical work-
piece made of quenched and tempered AISI 4140 was milled to
generate an eccentricity of max. 4 mm (Fig. 20). The part was
deep rolled on a turning lathe using a hydrostatic deep rolling
tool with a ball diameter of db = 6 mm and a force of Fr = 1130 N
at a feed of f = 0.1 mm and a rolling speed of vr = 50 m/min. This
set-up led to a quick variation of the distance between the fixed
position of the tool holder and the processed surface. The stroke
of the ball holder allowed tracking of the deep rolling ball for up
to 3.5 mm. The resulting surface residual stresses indicated that
only a slight decrease of the compressive residual stresses was
observed for the area exposed to increasing distance between the
tool holder and the processed surface. This indicates a moderate
effect when deep rolling complex geometries with hydrostatic
deep rolling tools. The general design of mechanically mounted
deep rolling tools is identical with the tools applied in ball or
roller burnishing. Thus, the potential and limitations discussed in
Section 4.2.1 apply to deep rolling with those tools.
Fig. 20. Residual surface stresses of a deep rolled sample with 4 mm eccentricity.
5. Chemical Processes

Surface finishing can also be performed via chemical processes.
Unlike mechanical processes, where force (stress)-driven material
removal or redistribution occurs, in chemical processes, however,
chemical reaction is the dominant factor for material removal (no
redistribution) with limited or no presence of force (stress). Chemical
reactions can be realized by using chemical solutions, electrolyte, and
plasma. This section reviews major chemical processes which are
useable (or potentially useable) for shape-adaptive surface finishing
of complex shapes.

5.1. Solution-based chemical polishing

Solution-based chemical polishing (SCP) is an effective method
to improve the surface quality of metal parts that have complex
geometries. In recent years, it has attracted researchers to use
chemical solutions for polishing to enhance the surface quality of
additive manufactured parts [17]. General process steps of chemi-
cal polishing are presented in Fig. 21(a). It is necessary to clean the
part’s surface to remove contamination and undesirable oxides
before immersing the entire part in chemical solutions. The metal
surface dissolves into metal ions, and the ions diffuse in the solu-
tion. When the metal dissolution rate is faster than the ion diffu-
sion rate, metal ions are concentrated in the concave, and the
density of cations (mainly hydrogen ions (H+)) in the solution
decreases in the concaves, as shown in Fig. 21(b). As the etching
rate at the convex parts is greater than that at the concave parts, a
smooth surface is gradually formed [111]. It is easily seen from
Fig. 21(a) that the SCR of solution-based chemical polishing can
reach 1. The TIF will be determined by the local curvature of the
surface as well as the chemical reactivity influenced by factors
such as solution concentration and temperature.

Depending on the material of the parts, the solution components
are different. For example, phosphoric, nitric, and hydrochloric acids-
based solutions are employed for the chemical polishing of stainless
steel [85,240]. Aluminum can be chemically polished by phosphoric-
sulphuric-nitric acid. Depositing a certain amount of copper on



Fig. 21. (a) Process steps of chemical polishing, and (b) its material removal mechanism [17].

Fig. 22. Dog 3D printing models: (a) without surface finishing, (b) with acetone vapor
finishing, and (c) pen-style finishing [227].
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aluminum can improve the polished surface quality [53]. Adding
nanostructured media (microemulsion) to the acid can greatly reduce
the surface roughness of aluminum [166]. The acidic solutions con-
taining HF and HNO3 with different HF/HNO3 molar ratio are used for
chemically polishing Ti-6Al-4V [149,249]. It was found that by com-
bining isostatic pressure with chemical polishing, the fatigue limit
was significantly increased [10]. For the polishing of copper, not only
acids-based solutions [68], but also weak alkaline solutions can be
used [108].

To chemically polish 3D parts printed from polymer filament,
organic solvents are the suitable solutions. Instead of immersing the
parts into the solutions, chemical vapor was used to eliminate the
layer grooves on the part. By the influence of gravity and liquid sur-
face tension, the groove-like structures were slowly dissolved and
smoothed. As the printing material changes, the choice of chemical
vapor also varies. Acetone vapor was used to polish acrylonitrile
butadiene styrene (ABS) [92], and dichloromethane vapor to polish
polyethylene terephthalate-glycol [145]. The longer the part is
immersed in the chemical vapor, the more material is dissolved,
which may finally cause dimension change of the part. In addition,
vaporized solvent does not support selective polishing and may
cause the loss of small features. Fig. 22(b) shows an ABS dog model
polished with acetone vapor. Although a smoother surface is
obtained than before polishing (Fig. 22(a)), the lines around the
eyes of the dog disappeared. To overcome this drawback, Takagishi
and Umezu [227] developed a pen-style device filled with a chemi-
cal capable of dissolving the materials selectively. By controlling the
movement of this pen-style device, it dissolves the convex parts of
the layer grooves on the model surface, subsequently filling the con-
cave parts and smoothing the layer grooves. With this pen-style
device, localized removal of layer grooves on 3D printed surfaces is
Fig. 23. Mechanisms of dry electropolishing: (a) point contact between a surface and resin p
occurrence and metal ions transfer to resin particles; (d) peak removal and surface smoothin
achievable while keeping solvent usage at a safe level. Fig. 22(c)
shows an ABS dog model polished with the pen-style device filled
with acetone. It improved the surface roughness while maintaining
the detailed structures around the eyes by performing selective
treatment.

5.2. Dry electropolishing

Dry electropolishing (DEP), recently developed by GPAINNVA
[80], utilizes electrolyte-containing polymeric spheres as electro-
polishing media that can conduct electricity and remove the oxides
produced during electropolishing. The combination of electrical
flow and workpiece movement within the media induces ion
exchange, selectively removing material from the peaks of a rough
surface, as shown in Fig. 23. Since no liquid is used as electrolyte,
dry electropolishing achieves less chemical alteration to work-
piece, significantly reduces chemical waste, and provides a better
working environment compared to solution-based chemical
articles; (b) micro-electrolytic cell formation around collision points; (c) anodic reaction
g [158].
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polishing and wet electropolishing. Furthermore, the edge round-
ing problem, happening in most pressure-based polishing pro-
cesses, is insignificant in DEP. The access to corners and holes, that
are difficult to access in mechanical processing, becomes easier.
The workpiece may be rotated during the polishing process, allow-
ing the inner surface of a tubular product to be polished as well
[257]. Similar to solution-based chemical polishing, dry electropo-
lishing has an SCR of 1. The TIF is determined by the local curvature
of the surface, as well as the size of the electrolyte-containing poly-
meric spheres and the applied voltage.

Dry electropolishing has been validated in polishing several
materials including Inconel 718 [257], BT-6 titanium alloy [124],
Ti-Al-V alloy [269], cobalt-chrome [193], WC-CO cemented carbide
[196], and 316L stainless steel [192]. Fig. 24 shows a comparison of
a BT-6 titanium alloy compressor blade before and after dry elec-
tropolishing. The surface roughness was reduced from 0.32 to
0.04 mm Ra [124]. However, dry electropolishing was found not
able to reduce Rz as much for surfaces produced by laser powder
bed fusion because it was difficult to remove all the partially
melted particles from the surface [192]. Additionally, the effective-
ness for improving the fatigue limit depends on the processed
materials. For example, dry electropolishing enhanced the fatigue
limit of Ti-Al-V alloy [269], while this was not the case for 316L
stainless steel [192].
Fig. 24. Compressor blade made of BT-6 titanium alloy (a) before and (b) after dry elec-
tropolishing [124].
5.3. Plasma-assisted polishing

Plasma-assisted polishing (PAP) is a dry polishing method to
achieve damage-free surface on hard-to-machine materials, which
combines surface modification using plasma irradiation and removal
Fig. 25. (a) Schematic of PAP setup [58]; (b) mechanism of PAP [219].
of modified layers using ultra-low polishing pressure or soft abrasives
[219]. A schematic of the experimental setup for PAP is shown in
Fig. 25(a). In general, it consists of two parts, plasma irradiation and
mechanical removal. The plasma jet, consisting of free radicals and
active species, is generated by applying a radio frequency (RF) electric
power to dissociate the reactive gas, impinging the surface and react-
ing with the material to form modified layers [60]. Whereas in the
mechanical removal part, the modified layer is removed by a polish-
ing tool with soft abrasives. The specimen is placed on a linear stage,
and the PAP is conducted via two sequential steps: surface modifica-
tion by plasma irradiation and dry polishing by abrasives, as detailed
in Fig. 25(b).

Different from hot plasma (Ti in the range of 104»105 K), which
can effectively reduce mechanical strength and hardness of materials
via the thermal softening effect, the cold plasma (Ti in the range of
103 K) adopted in PAP involves physical and chemical effects but less
thermal effects. It operates based on chemical reactions between the
active radicals in the plasma and surface material to improve material
removal rate and surface integrity [140]. In PAP, chemical reactions in
material modification need to be carefully designed and optimized to
achieve the total process performance. Given the thickness of the
modification layer is in the level of tens of nanometers, PAP is mainly
used for finishing high-accuracy parts.

In the past decade, PAP has been applied to processing a variety of
hard-to-machine materials including silicon carbide [59], aluminum
nitride [220], gallium nitride [57], sapphire [19], and diamond [141].
For example, it was used to surface finishing of gallium nitride, where
the surface material is modified into gallium fluoride (GaF3) via CF4-
plasma irradiation, then the modified layer (GaF3) is removed by dry
polishing using a CeO2 grindstone. This avoids the preferential etch-
ing or oxidation of the dislocation sites that occur in slurry polishing,
and an ultra-smooth (Sq <0.1 nm) surface was generated [57]. Fur-
thermore, results demonstrated that the cold plasma could oxidize
silicon carbide and turn it into silicon dioxide, through which the sur-
face hardness significantly decreases from 37.4 to 4.5 GPa [59]. The
silicon dioxide on the modified layer can be easily removed by a
resin-bonded CeO2 grinding stone and a scratch-free surface with Sq
of 0.69 nm was obtained [58]. The surface topographies of the plasma
etched, and PAP processed SiC surfaces are compared in Fig. 26, the
latter showing a distinctly better surface quality. For polishing single-
crystal diamond, the plasma irradiation and polishing plate induce O
radicals and frictional temperature as the catalyst effect to accelerate
the mechanically induced graphitization during PAP to achieve aniso-
tropic removal [263]. The material removal rate was 10 times greater
than that of conventional polishing, and surface roughness of
0.13 nm Sq was obtained [263]. However, most available literature
on PAP is on surface finishing of planar wafers. Application of PAP to
freeform surface finishing requires precision control of the MRR irre-
spective of the surface curvature.



Fig. 26. Schematics and 3D topographies of the (a) plasma etched, and (b) plasma-
assisted-polished SiC surfaces [58].
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6. Physical processes

This section explores a variety of physical processes used for sur-
face finishing, such as ion beam figuring, large-area electron beam
irradiation, laser processes, and electric discharge polishing. The pri-
mary emphasis lies in elucidating the material removal and shape
control mechanisms inherent to each of these processes. Similarly to
chemical processes, physical processes do not involve mechanical
force (stress), thus can be used for processing various difficult-to-
machine materials without the need to consider the material hard-
ness and brittleness.

6.1. Ion beam figuring

Ion beam figuring (IBF) draws ions from plasma, accelerates them
with high voltage, and irradiates them onto a target to process the
material using their collision energy, as shown in Fig. 27. The IBF
method adjusts the dwell time to realize the desired surface topogra-
phy. Since processing is performed by irradiating ions, it is possible
to process on an atomic scale in principle. Excelling in minimizing
damage, IBF is effective across a variety of materials irrespective of
electrical conductivity, including optical glass, metals, semiconduc-
tors, and plastics. Its applications are diverse, ranging from the crea-
tion of intricate optical components to the development of advanced
X-ray mirrors [77].
Fig. 27. Schematic of ion beam figuring principle [273].

Fig. 28. Large-area EB irradiated mold steel surfaces for various energy densities after
30 times irradiation [243]. (The scale bar is 50 mm)
The early challenges of IBF are noteworthy. In the 1990s, IBF
emerged as a technology in optical manufacturing, overcoming the
limitations of traditional machining. The research by Schindler et al.
[205] in 2001 showed the intricate material removal process in IBF,
emphasizing its reliance on ion sputtering and precise positioning. A
previous comprehensive review [6] explored IBF in comparison with
other electrical, physical, and chemical machining methods. This
paper indicates that IBF processes rarely exceed surface temperatures
of 400 K, while other processes like laser beam machining can reach
10,000 to 30,000 K. Also, IBF relies on ion impact to remove surface
atoms, whereas plasma discharge machining involves chemical reac-
tions at atmospheric pressure. Ion beam processes have significantly
higher energy levels compared to plasma processes.

The increasing demand for precision, particularly in the realm of
ultra-precision optics used in lithography, urged advancements in
IBF algorithms and techniques after 2009. Notably, Wu et al. [71]
developed algorithms to achieve nano-scale surface accuracy and
craft low-gradient mirrors. Jiao et al. [107] managed to achieve sur-
face errors less than 1/100th of a wavelength on SiC and Zerodur sam-
ples. To expand this technology, Arnold et al. [11] pioneered IBF and
atmospheric plasma jet technologies for aspherical optics in synchro-
tron and X-ray applications. IBF demonstrated remarkable accuracy
at sub-nanometer order across various materials. Recent advance-
ments have further pushed the boundaries of this technology. Wang
et al. [253] addressed post-IBF roughness in Si with an optimized vac-
uum pumping scheme, achieving surface smoothness. Du et al. [62]
combined IBF with polishing to efficiently remove turning marks on
aluminum, resulting in low roughness. IBF has also significantly
enhanced the properties of sapphire [146]. The surface roughness of
high-purity sapphire has been reduced to improve infrared transmis-
sion properties. Current research focuses on factors such as particle
energy, weight ratio, temperature, and angle of incidence to further
optimize surface smoothness and address microdefects. However,
due to the small spot size of the ion beam, the SCR of the IBF process
is usually very small (<<1).
6.2. Large-area electron beam irradiation

Electron beam (EB) is a type of energy beam that accelerates elec-
trons and causes a physical collision on the surface to melt or evapo-
rate the material. Large-area EB irradiation has been demonstrated as
a highly efficient method of polishing metal mold surfaces [168]. The
SCR of this method is large (=1 or <1). Using large-area EB irradiation,
Okada et al. [177] polished Ti by closely controlling the irradiation
conditions, while Tokunaga et al. [234] took advantage of the low
thermal conductivity of cast alloy, raising the surface temperature to
the melting point in just a few minutes to achieve a smooth surface.
The Ti alloys after EB processing were found to have dramatically
improved wear and corrosion resistance as well as heat resistance,
expanding their lifespan in aerospace and medical applications.

Large-area EB irradiation is also effective in polishing steels and
has been applied in the surface finishing of molds with various
shapes. Okada et al. [176] treated stainless steel for surgical tools and
jigs using the large-area EB irradiation. The surface quality and blood
repellency were both improved. Uno et al. [242] used 60 mm-diame-
ter electron beams to irradiate mold steel (NAK80). This method
reduced surface roughness from 6 mm Rz to less than 1 mm Rz in just
a few minutes. Fig. 28 shows the effect of EB polishing on an electrical
discharge machined surface of mold steel. The surface became dis-
tinctly smoother when an optimal energy density was used. In addi-
tion, Murray et al. [167] repaired electrical charge-induced cracks in
AISI 310 stainless steel. They also smoothed intricate molds with
micro pillar structures, significantly refining both the microstructure
and substrate surfaces [168]. Recent research addresses surface
smoothing of additively manufactured parts, with promising surfaces
devoid of oxide layers. Recently, Shinonaga et al. [213] explored edge
filleting for convex parts, and demonstrated the potential for precise
shaping by EB irradiation without part deformation.
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6.3. Laser processes

6.3.1. Laser polishing
Laser polishing is a technology for smoothing surfaces by gently

melting or removing an ultra-thin layer of material, a schematic of
the former of which is shown in Fig. 29. This non-contact process,
which utilizes a precisely controlled laser beam, excels in precision,
efficiency, and adaptability to various shapes, making it applicable
across a wide range of industries.
Fig. 29. Schematic of laser polishing by remelting a thin surface layer with continuous
laser radiation [233].
Continuous wave lasers, with wavelengths exceeding 1 µm, cause
the material to absorb energy, leading to surface melting or evapora-
tion. The choice between Nd:YAG, fiber, and CO2 lasers depends on
the material, shape, and desired outcome. Zhao et al. [280] reported
that a CO2 laser removed cracks in fused silica, achieving higher proc-
essing speed and quality compared to traditional methods. Fiber laser
polishing of Ti-6Al-4V, as reported by Pfefferkorn et al. [183] reduced
surface roughness by 72%. Eckert et al. [64] unveiled the mechanism
of surface smoothing through melting and evaporation.

In terms of microstructural transformations, Telmir et al. [232]
conducted laser polishing on H11 tool steel, which led to grain refine-
ment, increased hardness, and reduced carbon concentration, but
introduced high tensile stresses. Liu et al. [139] reported that UV laser
polishing of CVD diamonds via precise material removal and
achieved surfaces with 8 nm Rawhile preserving optical quality.

Ultrashort pulse lasers, such as femtosecond and picosecond
lasers, are suited for polishing hard and brittle materials like sap-
phire. Non-thermal ablation is a process that removes material by a
non-linear absorption process without generating significant heat.
Taylor et al. [231] focused on polishing germanium using a femtosec-
ond laser, exploring parameters for non-thermal ablation. Schafer et
al. [203] achieved a surface of 20 nm Sq on lithium niobate using
ultrashort laser pulses. Qian et al. [187] investigated laser polishing
for coating films, highlighting the role of roughness and microstruc-
ture in oxidation resistance. Chen et al. [49] pioneered the simulta-
neous creation of shapes and surface finishing on glass using a
femtosecond laser. They used a model to predict the interaction pro-
cess, including plasma generation and surface temperature, allowing
for precise control over material removal and surface finishing. Tan
Fig. 30. Example of laser polishing for ventricular assist devices [79].
et al. [229] proposed an innovative method for polishing glass micro
lens arrays at nano/microscale, which efficiently creates ultrasmooth
surfaces without damaging shape accuracy.

In the field of additive manufacturing, laser polishing has been
used to enhance surface quality and reduce roughness in various
complex parts, as shown in Fig. 30. Rosa et al. [200] demon-
strated improved surface quality on additive-manufactured parts.
Marimuthu et al. [152] developed a model to understand melt
pool dynamics and achieved a significant reduction in roughness.
Fang et al. [69] reduced the surface roughness of Inconel 718
from 7 µm to less than 0.1 µm Ra. Yung et al. [272] enhanced the
surface quality and hardness of CoCr with dynamic laser focus
adjustment. Wan et al. [246] reduced the surface roughness of
AlSi10Mg by 68.3% to 7.1 mm Sa. Cvijanovic et al. [54] achieved
up to a 70% reduction in Sa on IN-738 parts through Nd:YAG laser
polishing. Kobayashi et al. [122] proposed a surface finishing
method for steel molds by using a picosecond pulsed laser. The
process involves the steps of surface flattening by removing the
surface asperity via laser ablation and generating nanoscale laser-
induced periodic surface structures (LIPSS) on the flattened sur-
face.
6.3.2. Laser shock peening
Laser shock peening (LSP) is based on the generation of elastic

shock waves [182,215]. The vaporization of the first atomic layers
of an opaque absorption layer due to the interaction with the
laser pulse produces a plasma plume whose expansion is limited
by application of a thin film of a transparent medium. The plasma
causes high surface pressure and recoil effects. As a result, the
surface and subsurface layers are plastically deformed, and com-
pressive residual stresses are induced [230]. The spot diameter is
usually in the millimeter range with a homogeneous distribution
of the pressure along the beam diameter [42]. With respect to
shape adaptability, the dependence of spot radius and laser inten-
sity on distance from the lens must be considered. As shown in
Fig. 31, laser intensity increases as spot radius decreases.
Although the increase in intensity with decreasing spot radius is
generally quite steep, it is a matter of distance variations in the
range of several millimeters. As a result, the process capability
can be classified as robust when processing complex surfaces
with such height differences [212].

Research dating back to the 1990s laid the foundation for this
technology, and now heavy industries are reaping the benefits. LSP
is effective especially for large, lightweight magnesium compo-
nents manufactured through wire arc directed energy deposition
[134]. Recent advancements, such as droplet confinement for high-
temperature LSP and 3D gradient LSP for crafting multi-scale
hydrophobic surfaces, hold immense promise for a variety of appli-
cations [278]. The study by Pan et al. [180] demonstrated that the
effect of LSP on microstructure can increase fatigue strength by up
to 37 %. This creates lighter and stronger components in a variety
of industries.



Fig. 31. Variation of laser spot radius and intensity as a function of distance from the
focusing lens [221].

Fig. 33. Schematic of wire EDP finishing of a curved sample [109].
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6.3.3. Laser recovery
Laser recovery is a surface finishing method for single-crystal

materials that eliminates subsurface defects generated in pre-proc-
essing steps such as cutting, grinding, and polishing. The damaged
areas are repaired using a laser beam, finally revealing a uniform sur-
face with a perfect crystalline structure. A study by Yan et al. [266]
focused on the possibilities offered by laser recovery of silicon single
crystals. Their nanosecond pulsed Nd:YAG laser revived ultra-pre-
cisely machined silicon wafers. At certain energy intensities, the laser
caused recrystallization, turning the amorphized, dislocated and
cracked subsurface layers into the same single-crystal structure as
the base material. However, excessive energy input resulted in the
formation of tiny particles, suggesting the vaporization and recon-
densation of silicon [268]. Their efforts also identified critical surface
angles at which laser recovery becomes ineffective, providing impor-
tant guidance for processing curved/sloped surfaces [267]. More
recent advances include laser micro-Raman spectroscopy of the laser
recovered surface, revealing changes in crystallinity and boron distri-
bution within the laser-treated area, allowing the boron concentra-
tion to be adjusted by optimizing laser parameters [173]. Niitsu et al.
[175] demonstrated the successful application of this concept, using
a nanosecond pulsed Nd:YVO4 laser to recover grinding-induced
damage in boron-doped silicon wafers. By fine-tuning the pulse
width and peak irradiance, they achieved a remarkably smooth sur-
face with an impressively low roughness of 1 nm Sa on curved surfa-
ces of silicon edges and notches, as shown in Fig. 32. This method can
be also used for finishing micro lens arrays, grooves, and other
micro-structured surfaces of single crystal materials. By controlling
the shape, power, incidence angle, and scanning dynamics of the
laser beam, laser recovery can be applied to various complex shapes
including microscale surface structures. However, due to the small
spot size of the laser beam, the SCR of the laser recovery process is
very small (<<1).
Fig. 32. Three-dimensional surface topography of a silicon wafer edge showing the boundary
6.4. Electric discharge polishing

Electric discharge polishing (EDP) using a wire electrode, shown
in Fig. 33, has emerged in the realm of surface engineering to apply a
smooth finish to a variety of materials, from metals to ceramics. In
EDP, optimal setting of electrical charge conditions is key to balancing
surface roughness, remelting layer thickness, and MRR. As a limita-
tion, EDP can only process electrically conductive materials because
it relies on electrical sparks to erode a material.
Amorim et al. [8] found that incorporating Mo powder in dielec-
tric fluid and fine-tuning the current increased the hardness of AISI
H13 tool steel by a factor of four. Klocke et al. [121] addressed the
brittleness of silicon nitride by introducing titanium nitride and
explored various methods to minimize the degradation of silicon
nitride in EDP. Through analysis and experimentation, Swiercz et al.
[226] elucidated the complex interplay of current, pulse duration,
and time interval on surface roughness, white layer thickness, and
MRR of the tool steel 55NiCrMoV7.

EDP is also finding applications in metal additive manufacturing.
In this field, complex parts often have rough surfaces. Hassanin and
Boban employed EDP to smoothen Ti-6Al-4V [91] and SS316L [38],
achieving impressive roughness reductions. Boban further extended
it to AlSi10Mg [36] and TiAl alloys [37], not only refining roughness
but also enhancing hardness and corrosion resistance. Jithinraj et al.
[109] extended EDP by a geometric model, predicting material
removal depth for improved shape accuracy after polishing. In addi-
tion, Swiercz et al demonstrated an EDP process that improved the
roughness of Ti-6Al-4V by 88% to 0.8 µm Sa, revealing an interaction
between discharge energy and surface finish [178]. A limitation of
wire EDP is the workpiece shape must be able to be tangentially
enveloped by the straight wire electrode. The SCR of wire EDP is
remarkably higher than that of IBF but still remain very small
(<<1).
of original surface and laser-recovered region [174].
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7. Processes performance comparison

7.1. Shape adaptability

The evaluation of shape adaptability is of great importance to
choose suitable finishing processes to achieve the target with the
minimum feature loss and best efficiency and economy. As noted in
Section 2, shape adaptability refers to the capability of reducing the
surface roughness while simultaneously preserving the intended
geometrical features (global and local scale forms) and ensuring min-
imal MSF generation. The ability of a process to do this depends on
the relevant length scales central to the process, tool-surface contact/
interaction modes and pose requirements, and general accessibility
to the surface in question. Table 2 highlights the attributes and capa-
bilities of the different processing options with respect to form, finish,
integrity, and ability to process complex surfaces. Surface finish capa-
bilities are, as always, subject to incoming surface quality, and are
dependent on the entire processing chain. Whether an attribute is
positive or negative needs to be considered in the context of the
desired outcome. For example, chemical solution polishing is
highlighted for all ‘Complexity’ aspects, however uniform processing
of local protrusion may be a negative, if said protrusion is a required
surface feature. The table does not attempt to comment on either
processing efficiencies or material limitations, these are addressed in
Sections 7.2 and 7.3 respectively.

7.1.1. Geometric form
Geometric form changes involve two aspects: shape deviation due

to the low shape adaptability of the process (negative aspect), and
form error correction during finishing (positive aspect). Although
form correction is not the central theme of this paper, a subsection of
the processes offers the potential to implement form correction in
conjunction with the final surface finishing, i.e. processes with
smaller SCRs (< 1) and temporally stable material removal based
TIFs. Processes with larger SCRs do not offer local material removal
discrimination to be employed in this manner, i.e. mass finishing,
chemical finishing, etc. The beam-based processes offer the most pre-
cision due to their highly repeatable TIFs and smaller projected TIF
diameters (sub-millimeter). The tool based loose abrasive processes
are routinely engaged in form correction, as are fluid jet polishing
and MRF processes.

While the latter portion of Section 2.3 gives an overview of the
information required and steps needed to achieve form correction,
Table 2
Summary table comparing the shape adaptability of different processes.
details within the following papers [27,45,276] give insights into
nuances and computational complexity of the process for correcting
freeform optics. Even a cursory reading of the literature on this topic
will reveal that the success of the entire endeavor centers on the abil-
ity to quantify the magnitude of the surface form errors at adequate
levels of lateral and vertical resolution. Form measurement
approaches include, for example, coordinate measurement machines,
optical interferometry, and fringe projection approaches. The com-
plexity of the shape and the acceptable level of deviations strongly
influence the ease at which a surface form error map can be gener-
ated. For example, the surface form error of the traditional rotation-
ally symmetric spherical or aspherical surfaces mainly manifests in a
rotationally symmetric form. Hence, the tolerance analysis of surface
deformation for these surfaces are mainly based on radius changes or
other equivalent perturbations. Freeform surfaces have no rotational
symmetry, and their surface expression is much more complicated.
As a result, the fabrication of freeform surfaces is much more com-
plex than the rotational symmetric spherical and aspherical surfaces.
And the surface form error of the freeform surfaces cannot be
described by a single radius and/or other rotationally symmetric
terms [172].

7.1.2. MSF generation
MSF errors occur in processes where the SCR<1 and where the TIF

combined with step over distance in the tools programmed path
result in locally varied material removal depths or deformation levels
at the above-mentioned length scales. While they are inevitable
under the conditions listed above, the question to be considered is if
they negatively impact the functional performance of the finished
surface or not. Typically affected functionalities include optical and
cosmetic functionalities. The latter may have no negative mechanical
functionality but may be associated with lesser levels of care and
craftsmanship thus negatively impact the perceived quality, and con-
sequently value [163]. Within the optical community there is solid
literature base describing how MSFs can negatively impact imaging
capabilities. The same community has invested in venues for their
avoidance though pseudo random paths (Section 2.2) and reduction
via fiber based or viscoelastic based tooling (Section 3.1).

As MSFs inherently have associated periodicity, their quantifica-
tion can be achieved via Fourier transforms and power spectral den-
sity analysis [165] of the measured surfaces; these functions are
commonly found in commercial dimensional metrology systems. The
measured data must have sufficient lateral resolution (at least 2 to
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5 times finer than the smallest feature) to capture the shorter wave-
length periodic features.

7.1.3. Surface roughness
Surface roughness, also called surface texture, is considered the

higher frequency content of a surface, i.e. that remaining after form
and waviness have been removed from the measurement. The
achievable surface finish is determined by process physics and pro-
cess consumable choices. For example, in loose abrasive processes,
the nature of the abrasive (composition, size, shape, etc.), the carrier
fluid chemistry and rheological properties, and the pad structure
(stiffness, hardness, topography) all influence the final surface rough-
ness. The achievable finishes indicated in Table 2 provide general
insights on level of finishes achievable by a process given an optimal
set of processing conditions and consumables; specifics for a particu-
lar material can vary and will obviously depend on the initial starting
state of the surface.

7.1.4. Uniformity of finish
The uniformity of the achievable surface finishes depends on the

processes’ sensitivity to surface gradients within their individual TIFs
and the performance of the tooling over time. In the majority of pro-
cesses, the produced surface finish within a TIF is expected to be reason-
ably consistent. The fixed or loose abrasive processes may see variations
over time as the tool either holding or entraining the abrasives glazes
and alters the removal efficiency. And as outlined in Section 3.2, fixed
abrasive processes have regions with differing removal mechanisms
and hence different local finishes can be expected. The extent to which
this matters depends again on the functionality requirements.

The process requiring most deliberate effort to achieve uniform
surface finishes are the mass finishing processes where the orienta-
tion of the surfaces within the fluidized abrasive media will strongly
impact the contact mode (normal or shear impact) and hence the sur-
face finish outcomes.

7.1.5. Surface integrity
Field and Kahles [72] launched the term surface integrity, which

covers the surface and subsurface characteristics (geometrical and
metallurgical). Surface and subsurface characteristics including,
topography, texture, and material property change, are primary fac-
tors that potentially affect the performance and durability of compo-
nents in various engineering applications. In certain applications,
such as optics and semiconductors, subsurface damage needs to be
avoided. Abrasive processing and non-mechanical processing, which
generate small or zero force, are suitable. However, for other applica-
tions, such as bearings and turbine blades, requiring hard and high-
resistance surfaces, processing methods that apply significant stress
to the workpiece are preferred. Table 2 provides general insights on
the surface integrity achievable by each process.

7.1.6. Surface complexity
In the context of freeform surface finishing, four key aspects must

be considered in regard to geometrical complexity: accessibility
(global gradients), local surface gradients, reentrant features and local
protrusions. A key aspect of shape adaptability is the ability of the
tooling to have the correct proximity to the workpiece surface to
interact with the workpiece under the conditions known to deliver
the desired material removal profiles and finishes. In other words,
the tooling can access the surface to provide a deterministic TIF. Pro-
cesses with SCR=1, i.e. those where the workpiece is submerged in
the working fluid, obviously have fewer accessibility constraints and
thus rank highly in Table 2. Mass finishing while also having a SCR=1,
can be access-limited due to the size of its media, with larger media
being excluded from smaller, high-slope regions. The beam-based
processes, such as laser, ion beam, MRF jet, fluid jet etc., offer reason-
able surface accessibility as the beam or jet offer flexibility with
respect to the standoff distances between the tool and the workpiece;
the tool need not make physical constant with the surface, but it must
maintain ‘line of sight’ with the areas to be processed. The smaller
tooling diameters (10s mm to mm in range) also ensure the potential
to access a wide range of geometries. Mechanical contact-based pro-
cesses (fixed and loose abrasive process, MRF, burnishing, etc.) can be
most constrained. In this category of processes, the tools must make
physical contact with the part under specified orientations to achieve
deterministic processing outcomes. If the component’s overall sur-
face gradients are great, or highly varying, there just may not be suffi-
cient space for the tooling and its accompanying fixture to get into
sufficiently close proximity at with the correct orientation to the sur-
face of interest. Multi axis, high degrees of freedom machine tools
with CNC control are needed for surface accessibility. When the cor-
rect machine tool, metrology, and machine tool control infrastructure
are available, surface gradients can not only be precisely maintained
but also corrected with nanometer-level accuracy.

Accommodating surface gradients within a TIFs projected area is
most difficult for the mechanical contact-based processes with rigid
tooling where the material removal profile is related to the applied
pressure profile. TIF-scale local gradients affect the contact areas/
pressure distributions and thus the resulting material removal varia-
tions. Compliant pads, bonnet-based tools, or even adaptive shape
control tools can better accommodate TIF-scale gradients. Reducing
the tooling size can also assist in overcoming issues with this cate-
gory of tools, however this comes at the expense of increased proc-
essing time and the risk of imparting MSFs, with shorter length scale
MSFs more difficult to remove. For the mechanical non-contact-based
processes, and many of the beam-based processes, the material
removal rate may remain consistent within a range of standoff dis-
tances, in such instances these facilities the preservation of TIF-scale
surface gradients. For the chemical and electrochemical processes
where the SCR=1, material removal from longer length scale features
is typically uniform, however issues will arise when shorter length
scale features are present and need to be preserved.

For surface features, such part edges, reentrant feature edges, and
corners, some edge and corner rounding will be expected. The extent
of rounding depends on how the TIF is affected by the reduced area
interacting with the tooling; displacement based mechanical pro-
cesses will see increased pressures (due to less contact area) thus
higher removal rates, force based will be less sensitive to such, but
edge roll off can still be expected due to tooling tilt. It’s not uncom-
mon for MMR to vary several mm in from the edges. Jet based pro-
cesses do experience some edge effects. The velocity of the fluid in
the edge region can double compared to the inner region, which con-
sequently affects material removal at the ragged edge of the work-
piece. Similarly, beam-based processes also face edge effects. For
example, laser polishing is generally safe on very blunt edges but
problematic on very sharp edges, with higher power levels often
causing more edge loss and dulling the sharp edges to some extent.

The fate of protruding surface features will depend on their scale
with respect to the process’s TIF, with those encompassed within a
TIF difficult/impossible to maintain without any loss of geometric
fidelity. Masking may help preserve these features to some extent.
For example, since polysilicon slurries can be quite selective to oxide
and nitride masking films, the polishing process halts once the silicon
nitride layer is reached. This allows polysilicon deep trenches to be
planarized by CMP [125].

7.2. Processing efficiency

Loose abrasive processes tend to have smaller MRR compared to
those with fixed abrasives. A bonnet tool which is an example of the
process with loose abrasives exhibits a MRR of 3 mm3/min in case of
polishing BK7. On the other hand, the shape-adaptive grinding with
fixed abrasives reaches a MRR of 10 mm3/min when SiC is processed.
The tool radius should be as large as possible under the restriction of
the minimum concave radius of the workpiece surface when the
maximized efficiency is needed.

Fluid-based abrasive processes have wide variety in terms of the
MRR and processing efficiency. An example of the MRR of the mass
finishing of aluminum is 2.5 mm3/min. As stated in Section 3.2.1 the
orientation of the workpiece surface relative to dominant media flow
direction could affect the MRR. In the case of sand blasting and
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abrasive jet machining the MRR is also depending on the impact
angle of the abrasives besides other parameters as reported by Ally et
al [7]. Nickel based alloy is finished with the MRR of 0.035 mm3/min
by shear stress finishing while it is finished with 0.1 mm3/min by
fluid jet polishing.

Peening is basically a non-material-removal type of process. The
efficiency is determined by the surface modification rate instead of
the material removal rate. The SCR of shot peening reaches 1200%.
The surface roughness can be improved by setting proper SOD and
impact angle with the high SCR namely high efficiency [74]. In water
jet peening it is important to place workpiece surface with proper
SOD against the nozzle. The transition region of the water jet should
hit the workpiece surface to enhance the plastic deformation effi-
ciently. In machine hammer peening, the peening head is accelerated
toward the workpiece surface pneumatically, electromagnetically
and ultrasonically. With the pneumatically driven and electromag-
netically driven hammer the oscillating frequency is in the range of
several tens to hundreds Hz. With direct sonotrode driven and ultra-
sonic driven hammer the oscillating frequency could reach several
tens of kHz. TIF is as small as that of other peening processes the high
oscillating frequency could enhance the efficiency of the surface
modification.

Burnishing is another process for surface modification without
material removal. Compared to the peening process the burnishing
exhibits larger TIF which could contribute to the higher process effi-
ciency. In deep rolling, for example, the rolling speed reaches
50 m/min [13].

Besides mechanical processes, chemical processes are another
effective option in terms of processing efficiency. In chemically melt-
ing finishing, the workpiece surface is smoothened since the loca-
tions with high gradient changes, e.g., due to protrusion [68,145] and
sharp corners [227], dissolve faster than other locations. The MRR of
316 steel reaches 30 g/min [17]. The MRR of the same process on
Ti�6Al�7Nb alloy is approximately 0.06 g/min [147], while it
remains 0.011 g/min for AlSi10Mg [204]. It is noted that the batch
process is possible to enhance productivity [52]. In dry electropolish-
ing, material removal is limited to the peaks of the surface, resulting
in a high material removal rate. In the case of TiAlN/TiSiN, its thick-
ness can be precisely reduced at a rate of 0.04 mm/min [197]. Dry
electropolishing is also applicable to batch processes to improve
processing efficiency [80].

Chemomechanical polishing is extensively applied in semi-con-
ductor fabrication. Especially, lots of efforts have been made to
achieve a high MRR. For example, silicon carbide is processed with a
MRR of 200 nm/h [281]. In another example where sapphire is proc-
essed, the MRR is 0.387 mm/h [129]. For flat wafers, batch processing
is possible, thus the total production efficiency may be high. For com-
plex shapes, however, batch processing is difficult.

Plasma-assisted polishing is a high-efficiency dry polishing
method, achieving a MRR of 2.1 mm/h for diamond [263], 500 nm/h
Fig. 34. Comparison of normalized process efficiency for various processes: (a) DEP 316 stee
per alloy, (h) SCP 316 steels, (i) PAP diamond, (j) mass finishing, (k) shear stress finishing, (
peening, (s) SCP Ti6Al4V, (t) burnishing, (u) laser processes.
for aluminum nitride [220], and 80 nm/h for silicon carbide [60]. For
single-crystal sapphire, the MRR reaches 32 nm/min [19].

Ion beam figuring is applied mainly in optical field and its MRR
reaches 1 mm3/min. Uniformity of material removal can be expected
by optimizing the beam scanning paths. In addition, the process is
not sensitive to the geometrical gradient of the surface.

Laser polishing is another promising method to finish complex
surfaces. Its MRR is, however, negligible compared to conventional
polishing processes. Since the main mechanism is thermal melting,
only a microscopic layer of material is removed from the top of the
workpiece surface via vaporization. Laser peening is similar to laser
polishing but no material removal is accompanied. The workpiece
surface is modified in a way that the fatigue and corrosion resistance
are improved by plastic deformation without significant material
removal. Laser recovery is a process for modifying surface/subsurface
structures. The process mechanism is dominated by thermal melting
and crystallization, therefore the MRR is theoretically zero. The spot
size of the laser is usually small (»20 mm2) thus the total processing
efficiency is highly dependent on the laser scan strategy.

Large-area EB irradiation typically has a beam diameter of »
60 mm which covers a large area, enhancing the surface modification
rate. As high-energy ions are impinged on the workpiece to remove
atoms, the MRR is difficult to precisely quantify. Electrical discharge
finishing is a surface finishing process where thermal melting and
vaporization are the dominant mechanisms. The MRR ranges from 16
to 22 mm2/min for finishing Si3N4-TiN.

For non-removal processes, however, MRR cannot be defined,
which hinders the direct comparison of efficiency of various shape-
adaptive finishing processes. Even for the processes with material
removal the quantitative comparison of the efficiency is difficult with
a single parameter such as MRR. Thus, a novel indicator to compare
the processing efficiency of all the processes, normalized processing
efficiency (NPE) is introduced here as below:

NPE ¼ MRR=VProj ð5Þ
or

NPE ¼ 1=DT ð6Þ
where VProj is the volume supposed to be finally removed in the pro-
jected area of the tool on the workpiece surface, DT is the dwell time.
NPE can also be interpreted as the inverse of the time of tool-work-
piece interaction required to finish the surface at a specific position.
For some processes, the workpiece surface is not processed just one
time, instead, it may be processed for many times (e.g., peening). In
this case, dwell time is the total time of all the tool-workpiece inter-
actions for a specific position on a workpiece.

The comparison of NPE for various processes is summarized in
Fig. 34. The material removal and non-removal processes are directly
compared. NPE of similar processes which are explained in the same
section of this paper tend to have close values of NPE. Although NPE
ls, (b) PAP sapphire, (c) PAP SiC, (d) CMP SiC, (e) CMP sapphire, (f) PAP AlN, (g) DEP cop-
l) fluid jet polishing, (m) sand blasting, (n) IBF, (o) MAF, (p) EB irradiation, (q) EDP, (r)
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does not directly reflect the time needed for the actual processes, NPE
multiplied by SCR does. The laser polishing, for example, exhibits a
high NPE. However, it normally has a low SCR which makes the pro-
cess take longer time depending on the workpiece size and laser scan
speed.

7.3. Material applicability

Tool-based abrasive processes are applied to various materials
such as ceramics, glass and metals. When using industrial robots, the
lower stiffness and accuracy of the robot requires the use of adaptive
systems for controlling load in the contact area. When the workpiece
shows a certain degree of compliance, due to its low rigidity, the pro-
cess becomes more challenging since the contact conditions are not
easy to control. In such cases the estimation of the contact conditions
which is fully described by a set of concurrent partial differential
equations is needed. Fluid-based abrasive processes are also applica-
ble to various materials. Shear stress finishing, for example, is applied
to process optical glass [210], steel alloy SCM435 [171], cemented
carbide [47], copper plate [277], nickel-based alloy [211] and steel
SKD11 [170].

Mechanical processes without material removal have a wide
range of applications to metal materials that exhibit plasticity. The
subsurface properties such as residual stress are greatly affected by
the parameter in a way that the compressive residual stress has a
peak with a certain standoff distance in water jet peening [159].
Another important parameter is the impact angle of the media. For
example, the martensitic AISI CA6-NM workpiece exhibited the
increase of surface roughness with decreased impact angle in the
machine hammer peening. Burnishing is also applied to engineering
ceramic [96] and additively manufactured Inconel 718 [264]. When
the workpiece with complex geometry is finished, a burnishing tool
with spring component is applied for better shape adaptability.

In solution-based chemical processes, the workpiece is limited to
the material that exhibits chemical reactions with the solution.
Chemical melting finishing is applied to both metal and polymers.
The difference between metal dissolution rate and ion diffusion rate
makes the workpiece surface smooth eventually. 3D printed polymer
such as acrylonitrile butadiene styrene [92] is smoothly finished with
the method as well. Chemomechanical polishing is a key technique in
semiconductor industries. The chemicals in the slurry lead to a chem-
ically reacted layer on the workpiece such as Si and SiC wafers
through chemical oxidation or hydration, which is further removed
by mechanical abrasion through the sliding or rolling of abrasives
[55]. Plasma-assisted polishing is a highly efficient dry process that is
applied to semiconductor materials and metals that show chemical
reactions with plasma.

Physical processes are also widely applied to numerous materials.
Ion beam figuring is useful for hard brittle or heat-sensitive materials,
such as fused silica, silicon, Zerodur, calcium fluoride, copper, SiC,
aluminum etc. Laser polishing is applied to hot work steels, titanium
alloys, and stainless steel, as well as ceramics, glass and polymers.
Laser peening is applied to workpiece materials such as nickel-based
alloys, titanium-based alloys, aluminum-based alloys, as well as
ceramics and composites. Laser recovery is a unique process applied
to single-crystal materials such as silicon. Large-area election beam
irradiation is applied to a variety of alloys, such as magnesium alloy,
aluminum�silicon alloy, tool steel, and stainless steel.

8. Future Possibilities

As manufacturing demands continue to evolve, advanced surface
finishing techniques are becoming increasingly needed, particularly
for processing complex geometries and novel materials. In this con-
text, innovative finishing methods are required to address these chal-
lenges. Additive manufacturing (AM), for example, present unique
challenges due to high roughness, porosity, anisotropic material
behavior, and non-uniform geometries. The high potential of shape
adaptive processes for post processing of AM parts is expected espe-
cially for builds with complex geometry.
As addressed in Sections 3 to 6, significant advances have been
demonstrated for surface finishing technologies for complex-shaped
workpieces. However, the advances are accompanied by new prob-
lems and challenges in the industrial applications of those technolo-
gies. To address those problems and challenges, extensive research
efforts are required from both the academic and the industrial levels.
This requirement means some emerging opportunities for further
R&D and breakthroughs in this field.

8.1. Optimal Process Selection

Process selection will always be an optimization challenge
bounded by material, final specifications, process availability, costs/
time constraints. Selecting the right process for a specific workpiece
requires a comprehensive decision-making framework that accounts
for material properties, geometry, desired surface quality, processing
efficiency, and production cost. Table 2 in Section 7 summarizes
some potential selection criteria in terms of achievable surface finish,
uniformity and integrity of the generated surfaces. Furthermore,
workpiece material characteristics, such as hardness, thermal proper-
ties, and surface conditions, influence the prediction of process
behavior. The initial workpiece geometry significantly affects process
feasibility and efficiency. For industrial applications, suitable systems
for processing parts with a wide range of sizes and geometrical fea-
tures have to be developed. As such, Table 2 aims to provide a useful
starting point in process selection and is not intended as a definitive
look-up.

For the applicability of the processes discussed in Sections 3 to 6,
the accessibility and suitability have to be evaluated considering the
mechanical load during finishing of partly filigree components. In
this case, plasma-assisted polishing, hybrid processes like electro-
chemical-mechanical polishing, and laser-assisted mechanical polish-
ing may provide promising solutions by integrating mechanical,
chemical, and physical methods. Adaptive tools with compliance for
intricate geometries, nano-structured abrasives for ultra-hard mate-
rials, and multifunctional designs may enhance the process flexibility
and precision. These advancements address diverse material require-
ments and enable high-quality finishes for ultra-precision applica-
tions. It should be pointed out that though some of the processes
described in Sections 3 to 6 are commercially available or already
used for industrial applications, some others still remain on the labo-
ratory scale and need further development to find industrial applica-
tions.

8.2. Modeling and Simulation

As mentioned in Section 2.3, the generation of a TIF dwell time
map for each location on the surface is important to achieve form
accuracy in the nanometer range which is required in the optical
industry. Successfully achieving this requires sufficiently high-resolu-
tion height maps of the TIF and current surface form, the ability to
create a surface form error map, and appropriate algorithms to both
convolve the TIF with the error map to generate the dwell time map
and generate the machine code to translate the tooling over the sur-
face at the desired varying speeds to achieve the required local dwell
time.

Modelling surface topography evolution as a function of TIF and
tool path is another topic of intense discussion and development.
Optimizing TIF shapes ensures consistent material removal rates,
minimizes defects, and reduces MSF errors. Adaptive TIF generation
and real-time feedback systems dynamically adjust parameters like
pressure and tool compliance for varying geometries. Predictive
models and high-fidelity simulations using tools like finite element
analysis (FEA) and computational fluid dynamics (CFD) enable accu-
rate optimization. Novel tool designs, such as elliptical or asymmetri-
cal TIFs, provide specialized solutions for enhanced performance.
High-resolution metrology tools integrated with TIF models improve
process control and minimize risks of over- or under-polishing.

From the initial proposal for using computers to control sub-aper-
ture polishing processes [45], much literature has been dedicated to
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the topic of improving the algorithms used for the computation of
convolution (prediction of processed surface topography from a given
dwell-time distribution) and deconvolution (retrieval of dwell-time
distribution necessary to achieve a target surface topography). The
deconvolution problem in particular is severely ill-conditioned. Nev-
ertheless, least-square solutions were found and excellent comput-
ability is achievable through the introduction of a damping factor in
the iterative computation [46]. More recently, Yamato et al. [265]pro-
posed a novel method that eliminates the need for deconvolution.
The concept consists in convoluting the influence function together
with a set of spline basis functions used to represent the dwell-time
distribution. This creates a set of process basis functions (PBFs) that
share the same control points with the dwell basis functions (DBFs).
Using the PBFs, the control points are fitted against the target
removal profile through conventional spline fitting methodology.
Meanwhile, the dwell distribution can be retrieved by applying the
control points to the DBFs. This new approach has been shown to
provide solutions with a frequency content that overcomes the first
zero-power frequency issue observed with traditional least-square
methods.

The influence of the tool path layout and its geometric parameters
(e.g., track spacing) on the surface generation is an important topic.
Projecting a planar raster path onto a freeform surface leads to vari-
able spacing between the tool path tracks, which in turn causes non-
uniform material processing for a given dwell-time density. While
this can be mitigated through dwell-time moderation, advanced tool
path planning strategies for uniform coverage of material removal
distribution on freeform surfaces have been proposed [88]. Further-
more, tool paths can be randomized to reduce the occurrence of tool
path signature in the power spectral density of the processed surfaces
[63].

Besides the need for retrieving the dwell-time distribution, the
dynamic capabilities of the machine tool used to deploy the process
can also greatly influence the surface generation outcome. In the case
of influence functions generated through geometrical contact
between a physical tool and the workpiece (e.g., bonnet polishing,
shape adaptive grinding, MRF), volumetric errors of the machine may
cause large variations of the spot size across the workpiece [142].
More generally, Mizoue et al. [161] have described how the dynamic
properties of the control system can create large discrepancies
between the actual tool feed profile and intended NC code. The prin-
ciple is that the intended tool path as specified in the G codes first
passes through the control system interpolator where an acceleration
filter is applied (e.g., exponential, jerk-limited). Next, the feed drive
system introduces further distortion of the signal due to factors such
as friction, current limitations, etc. As a result, the actual feed profile
may deviate severely from the original G code. When with a raster
tool path, this can induce left-to-right and right-to-left shifts between
tracks. It has been shown that such issues can be partly mitigated
through identification of the control system and modification of the
G code [22], but this remains a topic of on-going research. An exten-
sive summary of algorithms and methods for convolution/deconvolu-
tion of tool influence functions, as well as the impact of machine and
control system dynamics, was featured in the CIRP Novel Topics in
Production Engineering [235].

Prediction of the tool influence function as well as the surface cov-
erage ratio depends on the understanding of their relation to the cho-
sen process parameters and the resulting process quantities. A
seamless data flow from in-process measurements to a digital repre-
sentation of the shape adaptive process would, in a first step, allow
for establishing digital shadows. Given that the correlations between
the process quantities and the resulting surface finish are understood,
digital representations controlling the physical representation of
shape adaptive processes, i.e., digital twins, can be developed [33,84].
However, achieving this requires not only precise and accurate pro-
cess evaluation but also high-speed data acquisition. In particular,
locally resolved data on process quantities, such as mechanical and
thermal loads, provide deeper insights into process behavior,
enabling further optimization of both surface quality and overall pro-
ductivity.
8.3. Surface/subsurface and Process Evaluation

To further clarify the aforementioned process correlations and for
a wide implementation of the shape adaptive processes in industrial
application, advanced methods for characterization of the key prop-
erties of the finished surfaces will be the basis. This may include eval-
uation methodologies related to surface integrity, particularly
focusing on the assessment of shape deviation, feature loss, non-uni-
formity in surface/subsurface characteristics, as well as the resulting
surface functionality of the finished parts. Bayraktar and Pidugu [20]
highlighted how microfluidic devices, which gained interest due to
their potential applications in various fields including the biomedical
industry, face challenges in design due to incomplete understanding
of fluid flow in microchannels. The authors emphasized the impor-
tance of characterizing liquid flows in microfluidic systems to ensure
their effective operation, particularly when feature loss could
obstruct fluid flow or alter flow patterns. It is noteworthy that while
employing smoothing filters, such as the S-Filter, can be instrumental
in noise reduction, they also have the potential to induce shifts in fea-
ture boundaries, consequently affecting dimensional characterization
outcomes. Convolution-based smoothing filters may inadvertently
lead to the attenuation of sharp feature edges, exacerbating the risk
of feature loss. To mitigate these challenges, non-linear filters have
been developed, with a particular focus on enhancing edge preserva-
tion, especially for surfaces characterized by step-like formations, as
commonly encountered in MEMS components [105].

For the evaluation of freeform shapes, Galantucci et al. [75] pro-
posed an AI-based approach aligning measured point clouds (3D laser
scanner) with the target geometry. The integration of AI in the evalu-
ation and prediction of finished surfaces offers high potential. This is
demonstrated in a study using an artificial neural network (ANN) fur-
ther enhancing the evaluation process by predicting shape-related
parameters based on acquired digital images. Additionally, a shadow
removal algorithm was introduced to improve image quality,
addressing potential distortions caused by inclined surfaces [185].

Berglund et al. [32] introduced an approach for selecting relevant
parameters for the evaluation of the post-processing effects, particu-
larly quantifying shape deviation. They presented a novel method
that combines conventional areal texture parameters, multiscale
analysis, and statistics to achieve a detailed and more relevant sur-
face topography characterization. In this approach, conventional
parameters describe types of features, such as peaks, valleys, and tex-
ture properties like anisotropy, while area-scale complexity analysis
provides information about the size of these features. By using both
methods in combination, a more detailed and complete surface tex-
ture characterization can be achieved, enabling a better understand-
ing of the observed phenomena. Redford and Mullany [194]
proposed a systematic signal detection theory-based framework to
assess a metric’s ability to differentiate between two different surface
classes, or indeed multiple different surfaces. These approaches indi-
cate future developments for advanced characterization of surfaces
finished by shape adaptive processes.

Current limitations in evaluation methods such as the linear diffu-
sion filter which is suitable for smooth surfaces but not capable of fil-
tering a structured surface that has sharp edges [106] have
furthermore to be addressed in the future. This limitation occurs
because linear diffusion is a Gaussian smoothing procedure. For that
reason, it does not only reduce noise, but also important features
such as edges are smoothed. Limitations are also mentioned by Jiang
et al. [106] regarding the morphological filter. Besides this method
being time-consuming for large data sets and large structuring ele-
ments, the maximum ball radius is limited due to the huge computa-
tion involved. In practice, those large radii are often requested,
especially for surfaces with forms attached. This can be a driver for
further developments and progress within the field of evaluation of
finished surfaces.

Leach et al. [127] pointed out the need to overcome various
instrumental limitations, one of them being bandwidth limitations of
optical instruments. There is a lower wavelength and an upper wave-
length limit. Transfer function model limitations were discussed as
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well. For rough surfaces, multiple reflections can introduce errors.
With multiple reflections occurring, the linear assumptions of the
transfer function models are not functioning properly. In the future, a
mechanism is needed to calculate the magnitude of the measurement
uncertainties caused by the various assumptions, and a calibration
technique that applies to rough, strongly scattering surfaces.

Jiang et al. [105] discussed current limitations of cross-correlation
methods. First, they cannot easily detect rotational instances. Second,
they cannot easily discriminate between salient and less-relevant
traits in comparison. A solution to those problems is provided by the
polar transform and the Fourier-Mellin transform. Wavelets can be
used to isolate individual features as well. The transformation of the
topography to other mathematical spaces, for example the Radon
transform for linear features and the Ridgelet and Curvelet trans-
forms for curved features also provide solutions. The angular radial
transform has been also adapted to operate on height maps and con-
figured to ensure a solution for described limitations.

The shape adaptive processes presented in Sections 3 to 6 have
shown to be beneficial for finishing components with a wide range of
potential applications. To firmly establish shape adaptive processes
in production, the processes must be able to generate finished parts
with application-based functionality in terms of customization of sur-
face and subsurface characteristics. Parts finished with the aforemen-
tioned shape adaptive processes can show elevated functionality in a
medical setting, where surface treatments might prioritize antibacte-
rial properties [199] to mitigate infection risks. In the automotive sec-
tor, the focus is different and may be on enhancing scratch resistance
to preserve the vehicle’s aesthetic appeal over time and realizing sta-
ble and better tribological properties [113]. Shape adaptive processes
discussed in Section 4 have proven to beneficially modify the finished
surface of parts with simple geometries. Building on initial findings in
recent work, they can be successfully used for complex parts in the
future. To establish shape adaptive processes in the production of
parts with functionalities such as water repellence, self-cleaning,
anti-icing, and reduction of drag, the processes’ impact on the wetta-
bility of the surface [50] needs to be quantified and understood. The
diversity of functionalities enabled by shape adaptive processes will
further extend to include aspects like chemical resistance for indus-
trial applications, optical clarity for display technologies, and biocom-
patibility for implants and medical devices in the future.

Optical methods [95] will continue to stand as a cornerstone of
the evaluation, employing advanced techniques such as optical pro-
filometers, laser scanners and confocal microscopes. White light
interferometry [143] further enhances 3D surface topography maps
with sub-nanometer resolution, offering a synergistic approach to
surface evaluation. Complementary to these are advanced micros-
copy techniques, including scanning confocal electron microscopy,
providing high-resolution imagery that reveals micro and nanoscale
surface characteristics. These methods will also in the future be
highly relevant because of their precision, accuracy, time aspects and
the development of integrating ANN into the evaluation of the optical
measurement data. Currently, some attempts have been made. For
example, QED Technologies has developed a footprint measurement
add-on system for their MRF machines [186]. Zeeko used the
Renishaw NC4 on-machine to measure the tool, and 4D NanoCAM to
measure the footprint [2].

However, for surfaces with complex shapes finished by shape-
adaptive processes, evaluation will remain challenging both in terms
of geometrical properties as well as with respect to functionalities
such as wear resistance, friction property, reflectivity, or wettability.
The technological and quantitative description of complex surfaces
that are to fulfil an aesthetic function currently poses a particular
challenge.

8.4. Application of Robotics and Artificial Intelligence

Many finishing processes, such as polishing and burnishing, so
far depend heavily on human expertise, making them less repeat-
able and efficient, especially for complex shapes or mass produc-
tion. Robotics and automation can address these limitations by
providing consistent quality and reducing dependence on skilled
operators. Advanced robotic systems with multi-axis processing
capabilities replicate human adaptability and precision. For exam-
ple, as demonstrated by Krall et al. [123] in machine hammer
peening, the influence of the dynamics and positioning accuracy
of the robot have to be fully understood based on comparisons
with results from machine tools. Real-time feedback through inte-
grated computer vision systems ensures accurate adjustments
during processing. Human-robot collaboration systems balance
flexibility and efficiency, with robots performing repetitive tasks
while humans oversee decision-making.

Autonomous finishing systems, coupled with simulation-based
parameter optimization, further improve productivity and minimize
reliance on trial-and-error approaches. Artificial intelligence (AI) and
machine learning facilitate automated decision-making and adaptive
control, dynamically adjusting parameters such as tool paths and
dwell times. Hybrid processes that integrate mechanical and chemi-
cal methods provide a balance between performance and cost-effec-
tiveness. To reduce trial-and-error and reliance on human expertise,
AI-driven systems are increasingly being used to optimize parame-
ters in real time and enhance efficiency.

AI is also instrumental in determining optimal processing param-
eters based on workpiece material characteristics. For instance, Iwao
et al. [100] demonstrated a machine learning and particle swarm
optimization-based system for selecting shape-adaptive grinding
parameters. The system processes input data, including material
properties such as Young’s modulus and hardness, in conjunction
with a simplified grain indentation model. This AI-driven approach
outperforms human operators in reducing process time while achiev-
ing targeted surface conditions. Additionally, AI tools are being used
to monitor the evolution of tool influence functions [279], such as
changes caused by tool wear.

The integration of AI into surface finishing is revolutionizing pro-
cess selection, parameter optimization, and decision-making.
Machine learning algorithms trained on extensive datasets recom-
mend optimal finishing methods based on material properties and
geometry, streamlining workflows and improving efficiency. AI-
driven systems dynamically adjust parameters such as pressure and
speed to ensure uniform material removal while minimizing defects.
Moreover, predictive maintenance systems powered by AI detect
wear and misalignment, enabling proactive scheduling and reducing
downtime. By integrating AI with computer vision, in-situ surface
quality monitoring becomes possible, providing real-time feedback
for immediate corrections. Fully automated AI-guided robotic arms
further enhance consistency and reduce human intervention. Special-
ized AI-driven solutions for industries such as optics, aerospace, and
biomedical engineering demonstrate the technology’s ability to meet
stringent industry standards while improving scalability and cost-
effectiveness.

9. Conclusions

Surface finishing technology has developed in the past decades
where multidisciplinary methodologies have been adopted. How-
ever, when these technologies are used for finishing complex surfa-
ces, there are still challenges in terms of shape deviation, feature loss,
and surface/subsurface nonuniformity. Hence, shape-adaptive pro-
cesses are required to reduce surface roughness uniformly while
keeping the desired workpiece shape. This keynote paper reviewed
and compared major types of shape-adaptive surface finishing pro-
cesses, including mechanical, chemical, physical processes, from their
material removal or redistribution mechanisms, tooling mechanisms,
shape adaptability, processing efficiency, and material applicability.
This comparison helps identify and select optimal shape-adaptive fin-
ishing processes for various complex surfaces to improve the surface
quality without losing the form accuracy and surface features. Based
on the review and analysis results, the existing problems and chal-
lenges, as well as future possibilities and research directions in this
emerging field were identified. Further topics for research include
process modeling/simulation, digital twin, surface metrology and
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functionality evaluation, applications of advanced robotics to the
shape-adaptive processes, and integration of AI to process selection,
parameter optimization, and process evaluation.

Nomenclature
CMP:
 Chemical mechanical polishing
 MRR:
 Material removal rate

MSF:
 Mid-spatial frequency
DEP:
 Dry electropolishing
 NPE:
 Normalized processing
efficiency
EB:
 Electron beam
EDP:
 Electric discharge polishing
 PAP:
 Plasma-assisted polishing

IBF:
 Ion beam figuring
 SCP:
 Solution-based chemical

polishing
LSP:
 Laser shock peening

MAF:
 Magnetic field assisted finishing
 SCR:
 Surface coverage ratio
SOD:
 Standoff distance

MRF:
 Magnetorheological finishing
 SSD:
 Subsurface damage
TIF:
 Tool influence function
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