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It is strongly wished that hard and brittle materials
could be used in a wide variety of fields because of
their great material characteristics. For now, however,
minute profiling or high-efficiency cutting of these ma-
terials has not yet been put into practice due to their
hardness. At the same time, there have been numer-
ous reports available on ductile mode cutting for hard
and brittle materials in response to the increasing de-
mand. Very smoothly finished surfaces can reportedly
be generated through the work of a material removal
mechanism similar to plastic deformation, done by mi-
crominiaturizing cutting units with the sharp cutting
edges of tools. Because of the extremely narrow duc-
tile mode regions, however, forced cutting processing,
which includes cutting work, demands extremely high
motion performance or rigidity of machine tools, and
this makes it difficult to realize stable ductile mode
cutting. On the other hand, pressure cutting process-
ing similar to polishing is known to be capable of pro-
ducing extremely smooth finished surfaces on hard
and brittle materials; this suggests that we could re-
alize stable ductile mode cutting that will always cre-
ate the same depths of cut by controlling the insertion
forces on the tools. In this paper, in order to realize
stable ductile mode cutting, we have devised and pro-
totyped a constant pressure cutting device which can
regulate cutting forces by regulating supply pressure
with air static pressure bearings. We have investigated
the relationships between the pressure supplied in the
cutting direction and the cutting forces in order to get
static pressure characteristics of the prototype device.
We have also carried out experiments to cut hard and
brittle materials with the prototype constant pressure
cutting device mounted on the tool post of an ultra-
precision machine tool to prove the effectiveness of the
constant pressure cutting device for the ductile mode
cutting of hard and brittle materials.
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1. Preface

Technologies related to optical electronics and semi-
conductor devices have seen rapid developments in re-
cent years, and such devices have required far more accu-
rate, more miniaturized, and more multifunctional com-
ponents. In other words, these devices have needed to be
high-value-added. On the other hand, hard and brittle ma-
terials, such as glass and silicon carbide (SiC), are used
in a wide variety of fields. This is because of their great
material characteristics in terms of hardness and optical
characteristics as well as their material homogeneity, as
these are the most important characteristics for nanofab-
rication. These hard and brittle materials, very difficult
to cut as work materials, have been produced by polish-
ing processing or deposition processing rather than by
minute profiling or high-efficiency processing. On the
other hand, there are many research studies underway
in an effort to extend the range of applications of ultra-
precision processing, and there have been many cases
reported in which ductile mode cutting with monocrys-
talline diamond tools has been applied to various hard
and brittle materials [1]. Those studies have verified that
smoothly-finished surfaces with no brittle damage on hard
and brittle materials can be created by microminiaturizing
the processing units with the sharp cutting edges of tools
and that material removal mechanism in the cutting mode
was based on plastic deformation [2]. Some studies have
reported on the depths of cut in the ductile-brittle transi-
tion of various hard and brittle materials, called critical
depths of cut (dc), as obtained in many different cutting
conditions [3]. In those reports on dc, the authors have
obtained the depths of cut by first cutting into work mate-
rials in an oblique direction with the tool’s cutting edges
and then by identifying the ductile cutting regions and the
brittle transition points through observation of the worked
surfaces. Any profiling would require extremely narrow
regions for critical depths of cut to be maintained through-
out the cutting processes. The lack of a sufficient number
of machine tools with the level of motion performance
that will meet the abovementioned requirements makes
it difficult to put into practice minute profiling or high-
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efficiency processing for hard and brittle materials [4]. As
an example of the cutting of hard and brittle materials us-
ing elliptical oscillation, there is another work that reports
that fine-finished surfaces have been obtained by adding
elliptical oscillations to the cutting motions of tools [5].
It is also reported therein that the cutting tools get worn
out very rapidly, providing another problem to be solved
before such cutting methods are put into practice. There
have also been some other reports [6, 7] of the successful
cutting of hard and brittle materials in the ductile mode
with rotary tools. These tools make use of the advantage
of rotary tools, namely that their cutting edges can make
small depths of cut. Even with such rotary tools, however,
we cannot do any profiling that is smaller than the rotation
curvatures of the rotary tools, and this makes it difficult to
apply such rotary tools to minute profiling.

2. Classification of Machining

Machining is largely classified into forced cutting and
pressure cutting. In cutting and polishing processing, both
of which are classified as forced cutting, the cutting edge
of a tool is first positioned, via the position control mech-
anism of the machine tool, on the coordinates of preset
depths of cut for work materials. Relative motions are
then started between the tool and the work material by
means of the motion mechanism of the machine tool. The
quantities to be removed by cutting are determined by
preset depths of cut and feed rates to achieve very high-
efficiency cutting. With tools and work materials com-
pletely held in the machine tool, however, the static and
dynamic accuracies of the machine tool itself are bound
to directly affect its cutting accuracies; its motion accu-
racies are directly reflected in the accuracies of the work
material being cut.

On the other hand, in pressure cutting, which falls into
the category of abrasive cutting, tools are inserted into
work materials by means of applied pressure. As tools
represent floating abrasive grains, their cutting accuracies
are not so susceptible to the motion accuracies of the ma-
chine tool that they would be determined by the accura-
cies of the worked surfaces of the work materials. As cut-
ting progresses, the accuracies of worked surfaces and the
guidance of tools are both so improved that the worked
surfaces result in very accurate shapes. However, cutting
efficiency gets lowered because forces delivered to one
abrasive grain are so small that only shallow cuts can be
made. On top of that, pressure cutting has the disadvan-
tage of not being able to be applied to minute profiling
because it cannot properly control the positions of work-
ing points of the floating abrasive grains which serve as
the tool. In this paper, noting that mirror finishes can be
achieved by polishing hard and brittle materials [8] but not
by cutting them, we propose a cutting method which make
possible to control depths of cut and the positions of the
tool’s cutting edge so stable that they will not be affected
by the motion performance of the machine. In this study,
we have devised and prototyped a constant pressure cut-

Fig. 1. Schematic view of constant pressure unit.

ting device that has air static pressure bearings mounted
in three directions so that constant pressure cutting can be
applied to hard and brittle materials. The outline of the
prototype constant pressure cutting device is illustrated
in Fig. 1. It is constructed so that a slider with a tool
holder mounted at the forward end is retained by a radial
air static pressure bearing and two thrust air static pres-
sure bearings fore and aft. Consequently, forces that in-
sert the tools into the workpiece can be regulated by any
difference in the pressure of air supplied to the fore and
aft thrust bearings. Air pressure supplied to the air static
pressure bearings can be regulated with a regulator via a
digital pressure gauge, and displacements of the tool can
be directly measured with a laser interference measure-
ment sensor, which has minimum resolutions of 8.4 nm,
installed at the back end of the slider.

3. Static Characteristics of Constant Pressure
Cutting Device

The constant pressure cutting device used in this study
has a difference in bearing clearances in the radial direc-
tion and axial directions so that it can make strokes in
the longitudinal direction. On top of this, circuits within
the static pressure bearings are not independent of each
other, which cause pressure fluctuations. For these rea-
sons, it may not be possible for the device to sustain
constant pressure cutting conditions. In order to check
whether the device can actually perform constant pressure
cutting, therefore, we have measured its insertion forces
caused by the restoration forces of a flat spring. Fig. 2
is an outline drawing of the experiments. For the exper-
iments, we installed the constant pressure cutting device
on the tool post and a CCD camera on the Z-axis of the
machine tool in order to observe the contact conditions
of the flat spring. We have slowly inserted, by means of
the flat spring, a pin fitted at the forward end of the con-
stant pressure cutting device to measure and record the
displacements of the flat spring, the machine coordinates
of the ultra-precision machine tool, and the movements
of the pin in relation to the constant pressure cutting de-
vice. Fig. 3 illustrates the ideal relationships between the
Z-axial displacements and the pin’s insertions; the Z-axial
displacements and the pin’s insertions are each set at 0
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Fig. 2. Measuring test of insertion force.

Fig. 3. Constant pressure condition.

when they are in contact. When the pin with insertion
forces Pi is inserted by the flat spring, the flat spring un-
dergoes a deflection to create restoration forces Pr. When
displacements of the flat spring are small and insertion
forces of the pin are large, i.e., Pr < Pi, the Z-axial dis-
placements of the machine tool on the insertion side only
increase without any movements of the pin. Increases in
the Z-axial displacements only with no movements of the
pin indicate that the flat spring has thus been displaced.
When the restoration forces of the flat spring Pr balance
the insertion forces of the pin Pi as the Z-axial displace-
ments increase, i.e., Pr = Pi, the pin is inserted as the
Z-axial displacements increase. In this case, the Z-axial
incremental displacements and insertions of the pin are
equal and the inclination of the graph in Fig. 3 becomes
1. The inclination 1 indicates that restoration forces Pr of
the flat spring and insertion forces of the pin Pi are con-
stantly in balance or that the proposed device is in a state
of constant-load cutting operation. We can also tell from
Fig. 3 that the Z-axial displacements or any difference in
displacements between the Z-axis and the pin when the
inclination of the graph begins to change represent dis-
placements of the flat spring. If the proposed device is
not under constant pressure conditions, we can change
the forces to insert the pin by changing the positions in
which the tool is held. In such a case, the graph does
not present a straight line of inclination 1; when inser-
tion forces Pi are smaller, the curve will come below that

Fig. 4. Non-constant pressure condition.

Fig. 5. Measuring test of insertion force.

for the constant pressure conditions, and when insertion
forces Pi are larger, the curve will come above that for the
constant pressure conditions, as shown in Fig. 4.

Figure 5 illustrates the relationships between the Z-
axial displacements and the pin’s insertions when a flat
spring 0.02 mm in thickness is used, when the pressure
of the radial bearing is 0.538 MPa, and when the dif-
ference in pressure between the forward and aft thrust
bearings is 0.240 MPa. The graph in Fig. 5 shows that
the pin is not inserted until the Z-axial displacements ap-
proach 138 µm. This indicates that displacements of the
flat spring are so small that the forces to insert the pin are
larger than the restoration forces of the flat spring. Further
insertion of the Z-axis has resulted in a straight line of in-
clination 1. The pin seems to be inserted by the number
of incremental displacements of the Z-axis. The forego-
ing proves that constant pressure cutting is feasible with
the proposed device.

4. Experimental Equipment and Methods

With the constant pressure cutting device installed on
the tool post of an ultra-precision lathe, we have con-
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Fig. 6. General overview of ultra-precision machine tool.

Table 1. Cutting conditions.

Tool monocrystalline diamond

Work material Electro-less nickel plating CVD-SiC Optical glass

Insertion force 4.0 mN 1.6 mN

Spindle rotation 10 min−1

Feed rate 1 µ /rev

ducted experiments to cut electro-less nickel plating,
CVD-SiC, and optical glass. The ultra-precision machine
tool has highly accurate aero static bearing on the work
spindle and an ultra-precision V-V rolling guide on each
axis, enabling high-accuracy cutting in units of 10 nm.

Figure 6 is an overview of the machine tool. Cutting
conditions are given in Table 1. We have used monocrys-
talline diamond tools with an apex angle of 60◦ and rake
angle of 0◦ to cut electro-less nickel plating and CVD-
SiC. We have used monocrystalline diamond tools with an
apex angle of 90◦ and rake angle of 0◦ to cut optical glass,
in continuous V-grooves at a pitch of 1 µm, through the
use of front lathe turning. We have set the cutting forces
for electro-less nickel plating and CVD-SiC at 4.0 mN
and those for optical glass at 1.6 mN. We have set the
revolutions of the main axis at 10 rpm, the lowest revo-
lutions in the specifications of the machine tool. In this
study, we did not carry out any pre-processing of work
materials once they were installed on the ultra-precision
machine tool, so the cutting experiments were conducted
with work materials in uncoordinated surface shapes. The
finished surfaces have been observed with a differential
interference microscope and a three-dimensional surface
texture measurement device.

5. Results and Consideration

Figure 7 shows differential interference microscopic
pictures of the finished surfaces of electro-less nickel plat-
ing as obtained by the V-groove cutting. Observed on the
finished surfaces are uniform, continuous V-grooves that

Fig. 7. Microscopic image of electro-less nickel plating.

Fig. 8. Cross-sectional image of electro-less nickel plating.

Fig. 9. Cross-sectional profile of V-groove of electro-less
nickel plating.

are synchronized with a feed rate of 1 µm/rev, but there is
no chipping or other defects. This seems to be evidence
of proper ductile mode cutting.

Figure 8 presents the surface texture measurement re-
sults. It shows very sharp troughs of nearly equal depths;
this means that stable V-grooves have been created by the
deeply inserted tool throughout the cutting period. Wavy
surface components seem to have resulted from the tool
that cuts along the prior shapes in the constant pressure
cutting processes.

Figure 9 shows cross-sectional profiles of the electro-
less nickel plating cut using the constant pressure cutting
method. The P-V value is 644 nm, a little less than the
theoretical roughness of 866 nm. The cross-sectional pro-
files show comparatively sharp peaks at higher points and
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Fig. 10. Microscopic image of CVD-SiC.

Fig. 11. Cross-sectional profile of CVD-SiC.

some marks of broken surfaces in one direction at lower
points. Given that some geometric shapes cutting along
the prior shapes are transcribed in the troughs, it seems
that the steep peaks generated immediately after cutting
have been cracked and broken by kind of stress concen-
tration from the prior grooves. The foregoing indicates
that constant pressure cutting can be applied to electro-
less nickel plating with a cutting force of several mN, re-
gardless of constant depths of cut.

Figure 10 shows differential interference microscopic
pictures of the finished surfaces of CVD-SiC as cut in V-
grooves. Although we can observe uniform, continuous
V-grooves with a pitch of 1 µm, the prior shapes have
such strong effects on them that some grooves are clear
while others are unclear. Fig. 11 illustrates the cross-
sectional profiles for Fig. 10. In some regions, the grooves
created have depths of about 10 nm, while in other regions
the grooves are about 7 nm deep, or a few percent of those
for the worked surfaces of electro-less nickel plating. No

Fig. 12. Microscopic image of optical glass.

Fig. 13. Cross-sectional profile of V-groove of optical glass.

brittle fracture marks are observed in the cutting direc-
tion. This is evidence that ductile mode cutting can be
applied to CVD-SiC, too, with a cutting force of several
mN. Smaller depths of grooves in CVC-SiC than those
in electro-less nickel plating are due to a large difference
in hardness between them; with hard work materials, the
depths of cut that balance with cutting forces are so shal-
low that cutting is done with only the tip of the cutting
edge. This results in groove depths much shallower than
the theoretical roughness.

Figure 12 shows the differential interference micro-
scopic pictures of the finished surfaces of optical glass as
cut in V-grooves. There is no chipping or other defects
observed on the finished surfaces, where uniform grooves
have been created at a pitch of 1 µm. Fig. 13 illustrates
the cross-sectional profiles as obtained from the surface
texture measurements for Fig. 12. Despite the belief that
critical depths of cut for optical glass should be about
25 nm owing to its low fracture toughness [9, 10], actual
grooves created on the finished surfaces are no more than
about 20 nm. Although that leaves as little tolerance as
5 nm in the depths of cut before the optical glass tran-
sitions to the brittle mode, absolutely no brittle fracture
marks are observed on the worked surfaces. This seems to
suggest that ductile mode cutting has taken place through-
out the cutting processes and that the constant pressure
cutting device has produced very stable working condi-
tions. This proves that constant pressure cutting can prop-
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erly be applied to optical glass as well, with a cutting force
of several mN realizing stable ductile mode cutting. Con-
stant pressure cutting in the ductile mode can be applied
to hard and brittle materials in general, although we need
to further ascertain the cutting conditions under which sta-
ble ductile mode cutting could be sustained, irrespective
of any differences in material characteristics.

6. Conclusion

In this study, in order to realize stable ductile mode
cutting for hard and brittle materials, we have devised
and prototyped a constant pressure cutting device with air
static pressure bearings mounted. We have conducted ex-
periments to cut various hard and brittle materials at con-
stant pressure after investigating the static characteristics
of the prototyped device. The following are the conclu-
sions we have reached:

1. The prototyped constant pressure cutting device has
been found capable of sustaining constant cutting
forces.

2. Cutting forces can be controlled by combining the
pressure of the three air static pressure bearings.

3. The constant pressure cutting device has been found
capable of cutting in ductile mode with constant
depth of cut along the prior shapes.

4. The constant pressure cutting device has been found
capable of cutting electro-less nickel plating and op-
tical glass in the ductile mode.

5. The constant pressure cutting device has also been
found capable of cutting CVD-SiC in the ductile
mode, creating V-grooves several nanometers in
depth.
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