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Abstract. Finishing of complex surfaces needs simultaneous movement of multiple axes and precessing the tool
on the surface in a desired tool path. For finishing narrow internal surfaces, the conventional spherical or flat
end tools are difficult to precess inside the geometry. Therefore, this work presents a new tooling system for
grinding narrow channels on tungsten carbide surface, to be used in optical applications. A thin wheel type
finishing wheel and related jig is designed to use on an ultra-precision finishing machine. Finishing using the
newly developed wheel type tool with different grade shape adaptive grinding pads could generate excellent
surface finish within Ra = 3 nm. Form correction capability of the developed tooling system was also verified
where the form error of the channel could be reduced to ~7 lm P-V from an initial error of ~42 lm P-V, in 5 h of
processing time.
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1 Introduction

Cylindrical mirrors find applications in various fields,
including laser scanning, laser diode systems, spectropho-
tometry, and X-ray beam lines [1]. Grinding or finishing
of these surfaces is comparatively difficult by the conven-
tional processes, tooling and machine control software.
There are physical contact-based processes and unconven-
tional energy processes for the finishing of optical compo-
nents, wherein form error and surface roughness could be
controlled within tens of nanometer and subnanometer
range, respectively [2]. Unconventional processes such as
laser beam finishing suffer with subsurface thermal effects
and residual stresses whereas ion beam figuring is limited
by its very slow processing [3]. In the mechanical removal
processes, time-dependent removal techniques such as fluid
jet finishing (FJP) and shape adaptive grinding (SAG)
have been extensively researched and established in last
two decades. In fluid jet finishing, pressurized slurry is
directed onto the surface in order to polish the surface.
Fluid jet finishing has been established to achieve surface
roughness less than 10 nm and form error within 100 nm
[4]. The first work on FJP was presented by Fahnle et al.
[5] where they reported that using 10% SiC abrasives

(#800) in water polishing the surface of a BK7 sample from
the roughness 350 nm to 25 nm rms was possible with a low
pressure of less than 6 bar. Booij et al. [6] observed the
linear dependence of material removal rate with slurry
concentration. Additionally, it was also observed that the
theoretical dependence of material removal rate on param-
eters in fluid jet polishing includes processing time, abrasive
concentration, abrasive diameter, particle velocity, and
scanning effect. Fang et al. [7] reported that the volume
removal rate in FJP is approximately proportional to the
square root of Young’s modulus and inversely proportional
to the square of the Knoop hardness of glass. Further
improvement was observed using ultrasonic cavitation-
assisted FJP systems that can boost material removal rate
by up to 380% without affecting surface finish, offering
advantages for super-fine finishing of optical and prosthetic
surfaces [8]. Recently, surfaces with narrow channels similar
to resembling to cylindrical mirrors also showed potential in
optical and molding applications which need to be finished
to stringent optical matrices [9]. Fluid jet polishing is a suit-
able method to process such intricate shaped workpieces.
However, performance of FJP is limited when polishing a
workpiece having multiple phases with different hardness.
One of the examples is tungsten carbide (WC) where cobalt
binder present at the grain boundaries is softer as compared
to the tungsten carbide grains. In such cases, there are high

J. Eur. Opt. Society-Rapid Publ. 2025, 21, 37
� The Author(s), published by EDP Sciences, 2025
https://doi.org/10.1051/jeos/2025031
Available online at: https://jeos.edpsciences.org

RESEARCH ARTICLE

Journal of the European Optical
Society-Rapid Publications

RESEARCH ARTICLE

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

* Corresponding author: pratap@iiitk.ac.in

https://orcid.org/0009-0007-0093-2739
https://orcid.org/0009-0007-0093-2739
https://orcid.org/0009-0007-0093-2739
https://orcid.org/0000-0002-7377-7879
https://orcid.org/0000-0002-7377-7879
https://orcid.org/0000-0002-7377-7879
https://doi.org/10.1051/jeos/2025031
https://jeos.edpsciences.org/
https://creativecommons.org/licenses/by/4.0/


chances of abrasive particle embedding into the workpiece,
and non-uniform removal inside the grain and grain bound-
ary regions [10]. FJP polishing was tried on tungsten
carbide channels where similar conclusions could be drawn.
The initial WEDM (Wire-electric discharge machining) cut
surface showed poor surface morphology with crater and
pits, as shown in Figure 1a. After FJP polishing, the grains
were exposed clearly as the removal depth was higher at the
grain boundaries, as shown in Figure 1b. The surface rough-
ness reduced to 1.12 lm Ra from the initial roughness
1.55 lm Ra. The surface roughness could not be reduced
further using FJP polishing.

Shape adaptive grinding (SAG) uses an elastic tool with
abrasive pad attached on top of it, shown in Figure 2a.
Elastic tools can achieve conformity with the shape of the
workpiece while removing the material by virtue of contact
pressure between tool and the workpiece. Shape adaptive
grinding with optimum process parameters combinations
and suitable abrasive pad can achieve Ra ~ 1 nm and form
error within 100 nm [11]. There have been quite a lot of
developments in tooling and processing for shape adaptive
grinding. Beaucamp et al. [12] proposed pressurized air-
filled SAG tools to achieve high removal rate and subnano-
metric surface finish. CVD deposited silicon carbide could
be polished to 0.4 nm Ra with removal rate as high as
100 mm3/min. It could be established that these tools gave
stable performance over 10 h of finishing time. Ductile mode
removal during SAG was associated with subnanometer
chip thickness and very high specific energy, while fracture
mode was associated with chip thickness above 10 nm and
specific energy an order of magnitude lower than ductile
mode. An aspheric silicon mirror could be polished down
to form error 1.5 lm P-V and brittle mode material removal
could be controlled to less than 10% by determining ductile-
brittle transition limit for SAG process [13]. Zhu et al. [14]
performed shape adaptive grinding of low expansion
ceramics such as NexceraTM, ZerodurTM and Cordierite
using SAG. Shape adaptive grinding with fine abrasive
grain size of 3 lm could realize better surface roughness fin-
ish when compared to that obtained with 9 lm abrasive
size. Ghosh et al. [15] finished WC-Co (Tungsten carbide-
cobalt) coating using SAG tools and could attain surface

roughness 7 nm Sa. It was concluded that sequential reduc-
tion in abrasive size over the finishing runs leads to better
surface finish in SAG. In all the above discussed research
on SAG, various shaped SAG tools, as shown in Figure 2b,
have been developed and one chooses amongst them for the
process in accordance with the workpiece size and shape.
Different workpiece sizes and shapes such as flat, spherical,
aspherical and freeform could be effectively finished using
these available tool shapes. However, the cylindrical optics
with narrow channel shape is difficult to process using exist-
ing SAG tooling as it is not feasible to fit and precess the
ball-end, teardrop or cap type tools inside narrow channels.
Therefore, a new tooling system is needed to effectively
process such surfaces demanded in optical applications.

The aim of this research is to develop a new SAG tooling
system which is capable of effectively finishing narrow
channel shaped optical surfaces. In this research, a new thin
wheel type finishing tool and a tool jig is designed which
could be mounted on ultra-precision polishing machines
for the form correction of narrow channels. Removal char-
acteristics of the wheel tool are modeled and compared with
that of the experiments. The finishing and form correction
capability of the proposed tooling system was also
established.

2 Experiments

The workpiece measurement, the tooling development, and
finishing experiments are detailed in the following
subsections.

2.1 Workpiece

This study targets ultra-precision finishing of narrow
channel made of tungsten carbide (having cobalt as binder
material). The channel was manufactured by wire-cut
electric discharge machining (WEDM) technology. The
channel and the surface micrographs are shown in Figure 3a.
A large number of pits and craters induced by electric
discharge machining are quite evident on the surface. The
channel has concave conical shape with radius ~3 mm.

Fig. 1. Optical micrographs showing (a) initial WEDM cut surface of the tungsten carbide channel and (b) surface condition after
fluid jet finishing.
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3D measurement of the surface was carried out using a
form talysurf (Make: Taylor Hobson, Model: PGI1240).
Form error of the surface was determined by mapping
the measured 3D profile against the design, by using
Metrology Toolkit software (Make: Zeeko). Measured 3D
shape of the channel is shown in Figure 3b. Initial roughness
Ra on the channel surface was approximately ~1.5 lm.

2.2 Process and tooling

Shape adaptive grinding was carried out on 7-axis ultra-
precision finishing machine (Make: Zeeko Ltd., Model-IRP
200). The machine provides travel range of 200 mm �
200 mm � 120 mm and positioning resolution of 10 lm.
A thin wheel type finishing tool is designed which can rotate
along an axis perpendicular to the surface normal, shown in
Figure 4a. The wheel has a recess on periphery to accommo-
date a rubber ring. A strip of SAG abrasive pad is attached
on top of the ring using superglue. The diameter of the
wheel is 20 mm and the width of the attached SAG pad
is 1 mm. The finishing wheel is fixed to a 3D printed jig
(Material: ABS) by using screw and bearings, to ensure free
rotation. The assembled tooling system attached to the

machine is shown in Figure 4a. A driving wheel with a thick
rubber disk on top of it is inserted inside the machine
spindle (H-axis). The finishing wheel (driven wheel) is in
contact with the driving wheel at an eccentricity of
15 mm, and their axis are perpendicular to each other.
When the spindle with driving wheel rotates with rotation
n1 rpm, the friction between driving wheel rubber disk and
finishing wheel abrasive pad leads to rotation of the finish-
ing wheel at n2 rpm. The driving wheel and the driven
finishing wheel are in contact with a preset load. H-axis
(spindle) of the machine is equipped with a load cell which
can be used to read the load at the interface of driving and
driven wheels. The simplified H-axis configurations
mounted with standard SAG tool and the new wheel tool
are shown in Figure 4b. In case of standard SAG tools
directly inserted into the H-axis, the diaphragm is pressed
in backward direction and the floating bas presses the load
cell. This gives the positive load value on the load reading
bar available on the machine interface. In case of the new
proposed tooling system, the ABS jig is mounted on outside
of the H-axis. When there is any load on the finishing wheel,
the load is transferred on the outside of the H-axis though
the ABS jig. This load tries to push the diaphragm in

Fig. 2. (a) Shape adaptive grinding (SAG) process, (b) standard SAG tool shapes.

Fig. 3. (a) Tungsten carbide channel and optical micrograph of the surface and (b) measured 3D shape of the channel.
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forward direction and there is a negative load on the load
cell bar. The driving wheel is pressed against the driven
wheel and locked until the load cell indicates a predeter-
mined value. This value is obtained from the preliminary
experiments. The rotating wheel at 150 rpm is contacted

with the workpiece at the offset value 0.15 mm. There are
two contact spots: one between the driving wheel and
driven wheel and another one between the driven wheel
and the workpiece surface. If the contact pressure between
the driven and driving wheel is less than the pressure at the

Fig. 4. (a) Details of the newly developed tooling system attached on the machine tool, showing 3D printed jig, driving wheel and
wheel type finishing tool, (b) load cell position inside the machine H-axis and probing arrangement with standard SAG tools and new
wheel tool, and (c) probing points selected inside the channel and captured error map with residual error.
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driven wheel-workpiece interface, slipping occurs between
driven and driving wheel. This makes the process com-
pletely inefficient. Therefore, the contact pressure between
driven wheel and driving wheel is adjusted until there is
no slipping at the interface. From the initial experiments,
it could be observed that a preset load of 6 N between
driving wheel and driven wheel was sufficient to balance
the pressure between the driven wheel and the workpiece,
and to avoid the slippage. To control the tool paths
and calculate various precessions for the proposed wheel
too, a new software plug-in was developed and added in
the existing machine control software ZephyrCAM (Make:
Zeeko).

In the SAG process, the workpiece geometry is probed
using the tool itself to compensate for the workpiece
geometrical errors and mounting errors in the CNC
program. The probing is accomplished by reading the load
variation using a load cell located behind the tool, as shown
in Figure 4b and explained above. In the newly proposed
tooling system, the finishing wheel is not directly in contact
with the load cell, rather the wheel is pressed against the
driving wheel and the driving wheel is then transferring
the load to the H-axis casing. Therefore, it was necessary
to check if the geometry of the workpiece could be
effectively captured during probing. A total of 36 probing
points were selected inside the channel, shown in Figure 4c.
The residual error map of the probing is also shown.
The residual error of ~63 lm could be observed against
the designed dimensions of the channel, which is also quite
close to that of the form error ~72 lm P-V measured by
form talysurf (Make: Taylor Hobson, Model-PGI1240).

SAG processing conditions are presented in Table 1.
The raster path inside the channel and tool-workpiece
contact is presented in Figure 5a. Water was used as a
coolant during the whole process. Tool offset was kept at
0.15 mm, as the larger offset led to quick wear and tear of
abrasive pad and slipping of the wheel. Different kind of
abrasive pads were used based on their removal character-
istics and surface finishing capabilities. In this work, 3 lm
RBD (resin bonded diamond) and 9 lm NBD (nickel
bonded diamond) SAG pads were used, which are shown
in Figure 5b. The surface form and surface roughness after
finishing was measured using form talysurf. To capture the
surface micrographs, deep focus microscope (Make:
Keyence, Model-VHX7000) was utilized.

Table 1. Processing conditions for shape adaptive
grinding.

Wheel diameter 20 mm
Coolant Water
Point spacing 1 mm
Track spacing (TS) 0.5 mm
Tool offset 0.15 mm
Tool rotation 150 rpm
Feed rate 300 mm/min
Precess angle 0�
Precess direction 90�

Fig. 5. (a) Raster path inside the channel and finishing wheel
and workpiece contact, (b) optical micrographs of 3 lm RBD
and 9 lm NBD SAG abrasive pads.

Fig. 6. Wheel-workpiece contact during SAG finishing process.
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3 Results and discussion

Shape adaptive grinding with the newly developed wheel
type tooling was adopted to correct the form and surface
finish on the channel. Feed moderation strategy was
adopted for form correction of the surface. Feed moderation
works on the principle of controlling the material removal
locally by varying the feed rate along the tool path. In order
to enable feed moderation, removal characteristics of the
tool has to be obtained in terms of influence function.
The influence function of the wheel tool was modeled based
on Preston’s equation of material removal rate [15]. The
idealized contact between the wheel tool and the workpiece
is shown in Figure 6.

Contact force between tool and workpiece is given as:

Fn ¼ K T aSb
� � ð1Þ

where, Fn is the normal force, T is the wheel offset and S is
the shore hardness of the rubber. Coefficients K, a and b
are taken as 5.77 � 10�2, 1.49 and 1.45, respectively
[15, 16]. Maximum pressure Pmax in the contact area
can be obtained as

Pmax ¼ Fn

Ac
: ð2Þ

Ac is the contact area which can be estimated as
Ac = l � b, where b is the width of contact and l is the con-
tact length. Width of contact b is equal to the width of a
pellet; refer Figure 5, as a single line pellet strip is
wrapped around the wheel for finishing. Length of contact
l is determined from triangle DOAB. Contact pressure
between an elastic tool and workpiece follows gaussian
distribution where the pressure is maximum at center
and diminishes towards the edges [17]. Pressure at any
point (xi, yi) in the contact region can be estimated as:

Ps ¼ Pmax exp � xi2 þ yi
2

2r2

� �c
ð3Þ

where, r is the standard deviation, and c is the modifica-
tion coefficient. Tool influence function (TIF) for the
wheel tool can be estimated as [18]:

Fig. 7. (a) Simulated and experimental footprints and (b) 2D section profile across the influence footprint.

Fig. 8. Error map for form correction.

Table 2. Form error results for various corrective runs.

Run Process
time

Target
correction

Achieved
P-V (lm)

1 2 h 07 min 25% 18.3
2 49 min 33% 14.6
3 55 min 50% 13.9
4 1 h 07 min 33% 7.8
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TIF ¼ kPsvt ð4Þ
where, k is the removal coefficient, v is the relative velocity
between wheel and the workpiece, and t is the dwell time
chosen for influence. Since the form error P-V is quite
large ~72 lm, 9 lm NBD pad was used to ensure higher
material removal rate [19] and faster form correction.
An influence function of the wheel type tool with 9 lm
NBD abrasive pad was obtained by making a tool-
workpiece contact for t = 30 s, and wheel offset, and
rotation were set to T = 0.1 mm and n2 = 150 rpm,
respectively. The simulated and measured influence foot-
prints are shown in Figure 7a. The simulated footprint
looks symmetric from �y to +y and �x to +x directions.
In contrast, the experimental footprint is comparatively
assymetric due to wobbly motion of the wheel caused by
low rigidity of the assembly. Removal rate calculated from
the footprints came out to be 0.042 mm3/min and
0.036 mm3/min in case of experiments and simulation,
respectively. Section profiles across the footprints showed

Fig. 9. Evolution of the form error during form correction runs using SAG wheel tool.

Fig. 10. 2-D profiles along the center of the channel across
different form correction runs.
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that P-V height is 16.2 lm and 17.8 lm for experiments
and simulation, respectively, which seems to be in good
agreement. Small variation is removal footprints, as seen
in Figure 7b, and removal rate can be attributed to the
eccentric wobbly motion and run out of the wheel caused
by low rigidity of the wheel assembly and the jig.

Next, the measured surface of the workpiece was
mapped against the design and the error map was obtained,
shown in Figure 8. Feed moderation was applied to calcu-
late the feed rate scheduling based on the error map and
removal characteristics of the tool obtained from the influ-
ence function. The 9 lm NBD SAG pad was used on the
wheel for form correction, due to high removal rate capabil-
ity of the NBD pads.

Results of form correction are summarized in Table 2.
Correction time, targeted correction and achieved P-V error
for different corrective runs are given in the table. The
target correction is the amount of correction targeted for
a particular corrective run, which can be input in the
CAM software ZephyrCAM. For example, the P-V error
before a particular run is 50 lm and the target correction
chosen is 25%, then the expected P-V error after the correc-
tive polishing will be (50 � 0.25� 50) = 37.5 lm. The com-
plete 100% correction in single run is usually not considered
due to uncertainty of the grinding and polishing processes.
To analyze the P-V error, a clear aperture of 97 mm was
chosen and the remaining 4 mm length (2 mm from both

the edges) of the channel surface was cropped down. The
reason behind leaving the 2 mm length near the edges
was that the wheel tool was susceptible to abrasive pad
tearing and rubber slippage when moving near the sharp
edge of the channel. Therefore, the raster path was gener-
ated considering 2 mm under-hang from both sides near
the edges. The P-V form error in the clear aperture was
42.9 lm. After four correction runs, the form error came
down to 7.84 lm P-V from the initial error of 42.9 lm
P-V in the clear aperture of 97 mm. Form error convergence
over different runs can be clearly observed from Figure 9.
The form error was a bit high near the edges of the channel.
2-D profiles taken along the center of the channel are plot-
ted in Figure 10. The form error was found to be within
2 lm P-V along the center line.

For further surface finishing of the channel, different
types of SAG pads were used sequentially. The roughness
profiles before and after finishing are shown in Figure 11a.
Surface roughness Ra across various finishing runs is plot-
ted in Figure 11b. To start with, 9 lm NBD pad could take
down the roughness to 15–20 nm from the initial roughness
~1.12 lm. Next, 3 lm RBD abrasive pad was used on the
finishing wheel. This could achieve a highly shiny surface
with Ra ~ 3 nm. Enhanced surface micrographs before
and after finishing are shown in Figure 11c, where the
evolution from a severely pitted surface to a polished sur-
face could be observed.

Fig. 11. (a) Roughness profiles before and after SAG finishing, (b) roughness evolution across different finishing runs, and (c) surface
condition of the channel surface before and after SAG finishing.
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4 Conclusion

This work presented a new tooling system and established
its performance for SAG finishing of narrow cylindrical
optics potentially useful in optical systems. A thin wheel
type finishing tool with mounting jig for an ultra-precision
7-axis finishing machine was proposed. Fluid jet finishing
was also used to polish the channel surface in order to estab-
lish the need and superiority of the proposed tooling system.
Fluid jet finishing fails to generate uniform surface on tung-
sten carbide having a binder phase. The loose abrasives in
the slurry tend to remove more amount of binder material
and lesser removal from the tungsten carbide grains. The
proposed wheel type SAG tools with different grades of
abrasive pads could produce a fine surface having roughness
Ra < 3 nm. In terms of form correction, the developed tool-
ing system could converge the P-V error on the surface with
error of 18–35%. There is still scope of improvement in the
design and material of the wheel and jig to make it more
rigid and reduce the variations in the removal rate.
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