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A new cutting mechanism for the fabrication of micro-
scale grooves is presented in this study. Based on the
control principle of the nano-cutting mechanism us-
ing an Atomic Force Microscope (AFM), in the newly
developed system, a single crystal diamond tool is
mounted at the free edge of a cantilever beam and is
used for the removal of material. During the cutting
process, the cantilever undergoes a deformation that is
required for the implementation of a machining force
feedback control. It was experimentally observed that
the use of this mechanism enables to maintain the cut-
ting depth of the micro-grooves constant even if they
are fabricated on inclined surfaces; this is achieved by
maintaining the normal cutting force constant using a
feedback controller. For this experimental system, an
optical lever is used to measure the angular deforma-
tion at the tip of the cantilever, thus providing a bet-
ter understanding of total cutting force involved in the
machining process.

Keywords: micro-cutting, constant cutting force, optical
lever, AFM machining, v-groove

1. Introduction

Recently, the fabrication of micro-textured surfaces has
been in great demand in various industrial fields owing to
its numerous applications. More specifically, the fabrica-
tion of micro-grooves is one of the most important fea-
tures in mechanical, electronics, photonics and biomed-
ical applications, such as for the development of micro
lens arrays, micro-channels for heat exchangers, and mi-
cro/mesa arrays for biomedical devices [1].

Several micro-machining technologies are available for
the development of such micro-textured surfaces, e.g.,
Micro-Electro-Discharge Machining (MEDM), lithogra-
phy electroforming molding (LIGA), laser machining and
ElectroChemical Machining (ECM). However most of
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Fig. 1. Nano-cutting mechanism using AFM.

these technologies have several disadvantages related to
the limitations of the material properties or the cost in-
volved in each manufacturing process [2].

On the other hand, ultra-precision machining using dia-
mond tools is being increasingly applied in the fabrication
of high-precision machined parts for advanced industrial
applications. The extremely high hardness and crystalline
structure of diamond enable the fabrication of diamond
cutters with very sharp cutting edges that are necessary
for ultra-precision machining [3]. Some techniques that
employ diamond tools have been developed for the fab-
rication of micro-grooves [1,2,4-8]; however, the main
disadvantage of such techniques resides in the fact that
the precision of the machine needs very strict control, be-
cause any error in the motion mechanism (thermal defor-
mations, geometrical deviations, etc.) will be transferred
directly to the machined work.

A new cutting technique for the fabrication of micro-
grooves that is based on the control principle of the
nano-cutting mechanism using an Atomic Force Micro-
scope (AFM) [9-18] (Fig. 1) was proposed in previous
works [19-21]. In this cutting mechanism, micro-grooves
are formed using a cantilever with a commercial diamond
tool chip attached to its free edge, and that under a suf-
ficiently high normal load it is possible to remove ma-
terial. To maintain the cutting depth constant, a displace-
ment sensor, piezoelectric actuator (PZT) and Force Feed-
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Fig. 2. Schematic of the previously developed cutting mech-
anism.

Back Controller (FFBC) are used to control the relative
displacement between the tool tip and the material sur-
face, which consequently gives a constant normal cutting
force.

The ability of this cutting mechanism to maintain the
normal force constant during different cutting experi-
ments realized on inclined surfaces has been demon-
strated [21]. However, owing to its characteristics, this
mechanism does not provide all the information required
to understand the cutting process involved. For this rea-
son, a new cutting mechanism using a different sensing
method is presented in this study, which enables a deeper
examination of the deformation of the cantilever for fur-
ther investigation of the cutting process.

2. Parallel Leaf Spring Cantilever Mechanism
Setup

The previously developed cutting mechanism, whose
schematic is shown in Fig. 2, consists of a single crystal
diamond tool chip that is mounted at the edge of a flexi-
ble parallel leaf spring cantilever. To control the normal
cutting force, the relative position between the tool and
the workpiece (GAP) is sensed during the entire process
using a capacitive displacement sensor. The GAP value
is compared with a reference voltage in the implemented
Proportional-Integral (PI) controller; the resultant output
is a signal that will be sent to a PZT, which will provide
fine position displacement in order to maintain constant
the deformation of the cantilever and hence, the normal
cutting force. The displacement sensor, the PI controller
and the PZT constitute the FFBC, which is also shown in
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Fig. 3. Previously developed experimental system a) Cut-
ting mechanism, b) three-axis machine tool.

Fig. 4. Different groove arrays fabricated using previously
developed cutting mechanism.

Fig. 2 [21].

To achieve a larger manufacturing area, the cutting
mechanism is mounted on a three-axis Numerical Control
(NC) machine tool, as shown in Fig. 3. One advantage
of this system is that the FFBC can compensate part of
the geometrical errors of the machine tool used. By this
mechanism, V-grooves with cutting depths of up to 50 um
and lengths in the order of centimeters can be fabricated in
a single cutting. Linear arrays of grooves can be realized
in one or two directions, thereby permitting the fabrica-
tion of simple micro-structures such as pyramidal arrays
(Fig. 4).

As mention previously, cutting experiments were per-
formed in [21] to observe the behavior of this mechanism.
When the FFBC is active, the system maintains the cutting
depth of the grooves constant even if the machining is per-
formed on an inclined surface. Fig. 5 shows a schematic
of a cutting experiment performed on inclined surfaces,
as well as the normal cutting force recorded during this
experiment. The graph shows the variation of the nor-
mal cutting force (vertical axis) while the tool displaces
along the cutting axis (horizontal axis). Fig. 6 shows
Scanning Electron Microscope (SEM) images that com-
pare the micro- grooves fabricated when the FFBC was
active with those when it was not active. It is observed
that the width of the groove (wg) — which is directly re-
lated to the cutting depth (dg) and the cutting angle of
the tool (87) by the Eq. (1) — increases as the tool dis-
places along the cutting axis when the FFBC is not active.
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Fig. 6. Micro-grooves fabricated on an inclined surface.

However, when the FFBC is active, the cutting depth is
maintained constant during the machining process.

After observing the behavior of this mechanism dur-
ing several cutting experiments, some drawbacks were de-
tected. For the cutting experiments, the total cutting force
(Fr) is considered to have a normal component (Fy) and a
horizontal component (Fz) as shown in Fig. 7. However,
owing to the characteristics of the sensor used, only the
normal component can be estimated using Hooke’s law
for springs (Eq. (2)), where the Fyy denotes the normal cut-
ting force, O is the deformation of the cantilever (GAP),
and the k is the cantilever stiffness, which is 37.1 mN/um
for this mechanism.

wG

dg=——7F+—— . . . . . . . ...
2-tan<%>

Fv=k-6 . ... ... ....... 0

A parallel leaf spring cantilever was implemented to ob-
tain a linear deformation on the cantilever during the cut-
ting process, which was measured by the capacitive sen-
sor. However, through Finite Element Analysis (FEA)
(Fig. 8), it was observed that the deformation of the can-
tilever is affected by the cutting direction, and a non- lin-
ear deformation was observed. To observe the impact of
the cutting direction on the cantilever deformation, cutting

Int. J. of Automation Technology Vol.§ No.6, 2014

Development of a Non-Rigid Micro-Scale Cutting Mechanism
Measuring the Cutting Force Using an Optical Lever

1]/

—— GAP
=P Feed direction

.\

Fig. 7. Cutting forces in micro-groove fabrication process.

Backward direction
(pulling)

Forward direction
(pushing)

Fre—"

Fig. 8. Effect of cutting direction on the cantilever deforma-
tion using FEA.

80
o

70 ‘
Z 60 /
= 3 /
3 30 4 Forward
S 40 3 cutting
= 2 plod
gﬁ 30 Y o Backward
£ 20 & cutting
“ 10 ¥

0 10 20 30
Cutting depth [pm]

Fig. 9. Results of cutting experiments in forward and back-
ward directions.

experiments were performed in forward and backward di-
rections; the obtained results are shown in Fig. 9, where
the normal cutting force (vertical axis) is plotted as func-
tion of the cutting depth of the groove (horizontal axis).
The results confirm that the cutting direction affects the
behavior of the cantilever, but owing to the characteristics
of the capacitive sensor, it is not possible to describe how
its deformation occurs.

A new cutting mechanism was proposed to estimate the
total cutting force components (Fy and Fy) (Fig. 7), by si-
multaneously measure the torsional and flexural deforma-
tion of the cantilever with an optical lever. The proposed
system is also expected to provide additional information
about the cutting process.
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Fig. 10. Concept of the newly proposed sensing method. Fig. 11. Schematic of newly proposed cutting mechanism.

3. Single Leaf Spring Cantilever Mechanism
Setup

The proposed optical lever consists of a Quadrant Pho-
toDiode (QPD) as the detector, a laser as the light source,
and an array of mirrors to direct the laser beam to the mea-
surement point (Fig. 10).

According to Fig. 10, to apply the flexural and the tor-
sional deformations to the cantilever beam, the cutting
will have to be performed perpendicular to its larger axis;
then, the horizontal cutting force (Fy) will be obtained by
the torsion at the free edge of the cantilever, measured by
the displacement Ax on the QPD, whereas the vertical or
normal cutting force (Fy) will be obtained by its flexion,
measured by the displacement Az on the QPD.

Both cutting mechanisms have similar dimensions, be-
cause of which they can be adapted indistinctly to the
PZT actuator as well as to the motion mechanism. A sin-
gle cantilever beam is mounted because the optical lever
measures the angular deformation of the cantilever instead
of the linear displacement, as is necessary for the capac-
itive sensor. Because of this change, the fabrication of
cantilever beams with different geometrical characteris-
tics such as length, thickness and shape is proposed, in 1500

order to observe the impact of the cantilever stiffness on SI00 | ¢4

the cutting process. The position of the tip of the diamond = 2500 : . § ie

tool remains the same for all the cantilever beams, even if 0 2000 R L o q B Rectangular

the cutting will be performed in different directions (for- £ 10 VLTI LA T

ward, backward and lateral). Two mirrors — one at the g ’im ..gI‘: g 89 . B T1.0mm L20mm

free edge of the cantilever beam and the other in the body 'U: g;ﬁﬁ;“_“_c 6o oo @ T1.5mm L20mm

of the mechanism — are mounted to direct the laser beam 0 o 20 ap: 3 20N a0

from the light source to the QPD. To set the initial inci- - DR AR R

dence position of the laser beam on the QPD, the QPD is — 1400 | oo n" Trapezoidal

mountgd on an XY-stage. Fig. 11 shows a schematic of E 1200 L T - : A T1.0mm L20mm

the newly proposed cutting mechanism, whereas Fig. 12 g ’f;gg B wiPTL 1 © T1.5mm L20mm

shows the overall system. E o eleat’ Y e Lo Omim SOy
A more detailed calibration of this mechanism has been g 400 | T ' : : agea??s 8¢

presented in [22]; a summary of this calibration is shown i 3“2 Bgobuss

in Fig. 13, from which it can be seen that the sensitiv- 0 I 2 3

ity and stiffness of the cantilever beam change depend- Defacmation due 10 torsion [meady

ing on its geometrical characteristics. The shape (rect- Fig. 13. Sensitivity of cantilevers with different geometries.

angular or trapezoidal), thickness 7', and length L de-
pend on the cantilever selected. For rectangular can-
tilevers, the width W is kept constant at 10 mm, whereas
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Table 1. Conditions of cutting experiments with the new
cutting mechanism.

Material Brass

Inclination < +3/10000

Cutting length 3 mm

Cutting depth 5,10, 15,20 um

Feed rate 6 mm/min

Cutting type Dry and orthogonal cutting

Tool Single crystal diamond tool
Cutting angle 90°

Cutting direction | Forward, backward and lateral
Cantilever Rectangular, L 10 mm 7 1.0 mm

for trapezoidal cantilevers, the longer (Wp) and shorter
(W1) sides are 20 and 10 mm, respectively. The results
presented in this paper are obtained from cutting exper-
iments performed with a cantilever with a thickness of
I mm, and a length of 20 mm. Under bending, this can-
tilever exhibits a sensitivity 110.4 mV/um and rigidity of
17.9 mN/um. In contrast, under torsion, its sensitivity is
approximately 592.5 mV/mrad and its torsional constant
is 2042.3 mN-mm/mrad.

4. Cutting Experiments

Several cutting experiments were done to evaluate the
performance of the new cutting mechanism. The cutting
conditions of these experiments are presented on Table 1.
For these experiments the FFBC was not active.

When the cutting is performed in the forward and back-
ward directions, it is not possible to determine the total
cutting force (Fr), because only the vertical component
(Fy) can be measured. However, when the experiments
are performed in the lateral direction, both components of
the total cutting force (Fjy and Fy) can be determined us-
ing the output voltage from the QPD and the calibration
performed previously (Fig. 14). Fig. 15 shows a plot of
the normal cutting force Fy and horizontal cutting force
Fy as function of the cutting depth of the groove. The
results show that Fy accounts approximately 80% of the
total force, which is a common value in mechanical cut-
ting.

To verify the accuracy of the measured cutting force,
the experimental results were compared with theoreti-
cal calculations for the deformation on the cantilever.
From [23-24] and considering Fig. 10 as reference, it can
be observed that the Hooke’s law for cantilevers (Eq. (3))
can be used to estimate the deformation on the cantilever
by employing its geometrical properties. In this equation,
the vector A denotes the cantilever tip’s deflection, the
tensor C is the inverse stiffness tensor, and the F is the
force vector. For simplicity, Eq. (3) can be rewritten as
Eq. (4), considering that deformations on the cantilever
beam other than its torsion and bending can be ignored
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Fig. 15. Cutting force components during lateral cutting.

because they are very small.

A=C'F N )|
Ax e O Fx
Az 0 ¢ Fz

“4)

From the general Euler-Bernoulli beam bending equa-
tion, it is possible to determine the constant c,, as shown
in Egs. (5) — (7). Here, it is important to mention that
Egs. (6) — (8) are valid only for cantilever beams with a
rectangular transverse area. In these equations, /, w and ¢
denote the length, width and thickness, respectively, of the
cantilever; E is the Young’s modulus of the cantilever’s
material; and J, is the moment of inertia,

Az = 3ZE3JZFZ N )
J.= MI}—I; (6)
Az = %Fz N )
€z = EALTZ; (8)

The constant ¢, is the largest coefficient of the tensor C
and will appear as part of other coefficients.
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Fig. 16. Actual and estimated cantilever deformations.

The component of the cutting force in the X direction
will induce torsion and bending to the cantilever beam.
Eqgs. (9) — (12) are derived from [23]. Here, /;;, denotes
the distance between the tool tip and the cantilever beam.
Finally, Eq. (13) is derived to estimate the deformation of
the cantilever beam in the X and Z directions. Fig. 16
shows a comparison of the theoretical and experimental
results. To evaluate the equations, the experimental cut-
ting force is used to calculate the cantilever deformation,
which is then compared with the deformation measured
by the optical lever.

Ax = Axpeng + Axpors = (Cbend +Ctors)Fx )
473
Chend = Ewdi . (10)
812 |
Crors = ﬁ (1)
22 2
Coxr = % e (D)
25, 2
Ax l2 +W 0 Fx
=Cz-
Az Fz
0 1
. (13)

From Fig. 16, it is found that the experimental and the-
oretical results are in agreement, thus verifying the va-
lidity of the information obtained from the measurement
system.

Finally, cutting experiments were also performed in the
forward, backward, and lateral directions in order to ob-
serve the capability of the new sensing system to show the
deformation of the cantilever depending on the cutting di-
rection. In this case, only the data required to calculate
the normal cutting force can be obtained from the QPD
output. A summary of the results obtained from the three
experiments is shown in Fig. 17.

The figure shows that the cutting forces measured dur-
ing the three experiments were significantly different even
though the experiments were performed under the same
cutting conditions. An important point to note is that
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negative values of the cutting force were observed dur-
ing cutting in the forward direction. For the forward and
the backward cutting processes, the deformations of the
cantilever during indentation were very similar; however,
when the mechanism started moving along the cutting
axis, the edge of the cantilever showed a different defor-
mation, as shown in the schematic in Fig. 18.

In the case of backward cutting, the deformation of the
cantilever was observed to occur in the same direction as
that by the indentation process because the diamond tool
was pulled against the workpiece surface; this means that
the larger the cutting depth, the larger is the output voltage
obtained from the QPD. However, when the experiment
is performed in the forward direction, the mechanism
pushes the tool against the material surface, inducing an
abnormal deformation at the edge of the cantilever (con-
trary to the deformation due to the indentation process).
As result, in forward cutting, when the cutting depth is
increased, the abnormal deformation is larger, and there-
fore, the output recorded at the QPD can have negative
values. It is important to point that in both cases (forward
and backward cutting), the normal (Fy) and the horizon-
tal (Fy) components of the cutting force contributes in the
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Fig. 19. Scanning Electron Microscope (SEM) images of
the micro-grooves fabricated under three different cutting di-
rections.

bending of the cantilever beam. In the case of lateral cut-
ting, the flexural deformation of the cantilever beam has
a similar behavior to that during backward cutting, but
smaller in magnitude. This is because in the lateral cut-
ting process, the horizontal component Fy, which is the
largest component of the cutting force, produces torsion
on the cantilever, whereas the normal component Fy gen-
erates the flexural deformation.

Figure 19 shows SEM images of micro-grooves with
an initial indentation of 5 um. In these images, it can
be observed that the actual cutting depth is different from
the indentation depth. This is because, as explained in
Fig. 18, after the indentation process, the cantilever un-
dergoes a different deformation depending on the cutting
direction. Specifically, in the case of forward cutting, the
cutting depth increases when the tool is running along the
cutting axis, because the tool is being pushed into the ma-
terial. In the cases of the lateral and backward cutting,
however, the cutting depth remains constant during the
process.

It is important to consider that the tool is mounted on
a non-rigid mechanism, and therefore vibration occurs at
the edge of the cantilever, especially when the cutting
depth is too large. In order to reduce the vibration during
the manufacturing of large grooves, and subsequently to
improve the quality of the machined surface, it is recom-
mended that cantilever beams with larger stiffness should
be used and cutting should be performed in layers, where
several passes are required to achieve a specific cutting
depth.

5. Summary

A non-rigid cutting mechanism that uses a control prin-
ciple similar to that of the nano-cutting experiment using
an AFM mechanism has been developed.

In previous stages of this research, it was demonstrated
that the fabrication of micro-grooves with a constant cut-
ting depth, even on inclined surfaces, is possible by us-
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ing a Force FeedBack Controller (FFBC). However, the
sensor used for the FFBC is capable of detecting only lin-
ear displacements, making it difficult to completely un-
derstand the cutting phenomenon involved in this experi-
ment.

To overcome this inconvenience, a new cutting mecha-
nism that employs an optical lever as the sensing method
was proposed to obtain more information about the cut-
ting forces involved in the manufacturing process. To
evaluate the performance of this new mechanism, several
cutting experiments were performed, obtaining as result
the following conclusions.

a) When the experiment is performed in the lateral di-
rection (cutting axis is orthogonal to the longest side
of the cantilever), it is possible to measure the total
cutting force by measuring the flexural and torsional
deformations of the cantilever beam used.

b) It was observed experimentally that the horizontal
component of the cutting force accounts approxi-
mately for 80% of the total cutting force, which is
a common value for mechanical cutting.

c) To determine the accuracy of the cutting force mea-
sured by the mechanism, a theoretical analysis based
on the geometrical characteristics of the cantilever
beam was done. The experimental and theoretical
results demonstrated that the force measured by the
mechanism is a good approximation of the actual
cutting force. However, for future experiments, im-
plementation of force sensor is recommended to ver-
ify the experimental results.

d) The difference between the results of cutting exper-
iments performed in different directions (backward,
forward, and lateral) was analyzed. Given the abnor-
mal deformation observed in forward cutting, the use
of backward or lateral cutting is recommended, with
the lateral cutting providing additional advantage.

e) Because the tool was mounted on a non-rigid mecha-
nism, vibration was observed to occur during the cut-
ting experiments. For this reason, it is recommended
that grooves should be fabricated by sequential lay-
ers, especially when the cutting depth is large. An-
other advantage of this new mechanism is the possi-
bility of use different kinds of cantilever beams, each
with a different stiffness. Surface quality and tool
life are two parameters that should be considered in
future experiments.

f) The actual cutting depth differs from the initial cut-
ting indentation, set by the motion system. This phe-
nomenon is directly related to the deformation of the
cantilever beam, depending on the cutting direction.
This parameter should therefore be calibrated in or-
der to compare the cutting forces in each case more
accurately.
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