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Simulation and Analysis of Surface Generation in Micro-milling
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Abstract: Micro-milling is a flexible and economical mean for manufacturing precision miniature components
with three-dimensional geometry features in a wide range of materials. In this paper, a 2D model of surface
generation is proposed based on the minimum cutting thickness. Through simulating the surface topography and
computing the arithmetic surface roughness, R,, the relationship among the surface roughness, the feed per tooth,
as well as the cutter geometry is obtained. The model is validated by means of experiments.
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1 Introduction

The miniaturization of devices demands the
manufacture of accurate miniature components with
three-dimensional (3D) geometries with a wide range
of materials. Presently, MEMS technologies such as
photolithography and chemical etching, are the
principal methods for producing these micro-scale
miniature components, but they are not able to
produce the components that have 3D geometry
features. In recent years, micro-milling emerges as
one of the primary technologies due to their inherent
flexibility and economy [1-4]. However, it differs
from conventional milling. For conventional milling,
the surface generation models can accurately predict
the surface topography [5, 6]. For micro-milling, the
conventional surface generation model does not work
very well [2-4]. In the conventional milling, the feed
per tooth usually dominates the surface finish. In
micro-milling, on the other hand, the feed per tooth is
about the same size as that of the cutter radius. As a
result, the actual rake angle becomes negative so that
the rubbing and the plowing processes dominate. In
order words, the cutter radius plays an equally
important role. This results in the minimum cutting
thickness effect [7, 8], beyond which, no chip is
formed [3, 4].
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This paper presents a new surface generation model
for micro-milling. The rest of the paper is organized
as follows: Firstly, in Section 2, a 2D model of
surface generation is proposed. Secondly, Section 3
presents the experiment results of slot milling using
our custom made miniature machine tool with a
miniature flat end milling cutter. The experiment
results match that of the simulation. In Section 4,
using the model, the influences of the minimum
cutting thickness, the feed per tooth and the geometry
of the cutter are analyzed. Finally, Section 5 contains
conclusions.

2 Modeling of Surface Generation in
Micro-milling

2.1 Simulation model of surface generation
Considering a slot milling operation using a flat end
milling cutter, as shown in Fig. 1, the cutting
thickness, %p, can be approximated as follows [9]:

hy = f,SIin0 (1)

where, f; is the feed per tooth and & the angular
position of the tooth.
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Fig.1 Schematic of the slot milling process

With each pass of the tooth, the surface generation
process along the centerline of the slot floor, where 6
is at 90°, can be described as follows: First, define the
cutter geometry and the local coordinate system, x-y,
as shown in Fig. 2(a). In the figure, the thick solid
line represents the cutter profile with 7, be the nose
radius, and ' the concave angle. Suppose that the
cutting edge radius is ry, the corresponding minimum
cutting thickness is Zpmin. The relationship between
hpmin @nd r, can be approximated as follows [7, 8]:

homin =k - 1, )

Dmin
where, k is the ratio of the minimum cutting thickness
to the cutting edge radius, which depends on material
property, and usually ranges from 0.2 to 0.4. Then, all
points along the cutter profile is shifted a distance
hpmin along the normal direction, and then the
corresponding line representing the minimum cutting
thickness with the dashed is determined in Fig.2(b).
For each pass of the tooth, the surface profile along
the centerline of the slot floor is generated by the
motion trajectories of the end cutting edge and the
nose arc cutting edge. Then, the cutter profile y
representing the end cutting edge and the nose arc
cutting edge can be expressed as:

= {\/rf — x?

! H ! /. H !
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The corresponding minimum cutting thickness
profile ymin can be expressed as:

(7, = howin) ¥/ 75 7, 2 x> =1, SINK’ @
™|y~ o COS K, x < -, SiN K

Suppose that the initial surface profile yo has the
cutter profile y of equation (3), as shown in Fig.2(c),
then, for the subsequent first tooth pass, the cutter
profile y; can be expressed as:
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The corresponding minimum cutting thickness
profile yminy can be expressed as
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Then, for the subsequent i tooth pass, the cutter
profile y; can be expressed as

{\/TZJ‘) [ +iE) 20> (@, 751K (7

r. oS¢ +[ (x—if,) +r. sink’Ttanw’; x < (if, —7. Sin’)

The corresponding minimum cutting thickness
profile ymin; can be expressed as
P v 150+ i) 2 x> (i~ 8inK) o
it = h cosk’ : x<(if, —r. sinK)
Then, with each pass of the tooth, the surface profile

along the centerline of the slot floor can be computed
through combining the old computed surface profile.

hl‘)min-

(d)

Fig.2 Schematic illustration of the surface generation
along the slot floor centerline

For example, the case for the first tooth pass is shown
in Fig.2(c). At point A, the corresponding minimum
cutting thickness point is A', the minimum cutting
thickness is exceeded, and then the chips are formed
and the surface profile is updated to include point A.
However, at point B, the corresponding minimum
cutting thickness point is B', the cutting thickness is
less than the minimum cutting thickness, and then no



chip is formed and the surface profile is not updated.
Fig.2(d) shows generated surface profile after the
first tooth pass. With the repeat of this process, the
surface profile along the centerline of the slot floor is
generated.

2.2 2D simulation of surface topography
After the minimum cutting thickness is determined,
the above model can be used to simulate the surface
profile along the centerline of the slot floor. Once the
surface profile is generated, the arithmetic surface
roughness R, can be computed. The surface
topography 2D simulation program is developed
using MATLAB and the flow chart is shown in Fig.3,
n is the number of the tooth pass.
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Fig.3 Flow chart of the surface topography
simulation

A tungsten carbide 2-fluted flat end milling cutter of
diameter 500 um is used for the subsequent
experiments. The cutting edge radius, the nose radius
and the concave angle are estimated using SEM to be
2um, 2um and 5°, respectively. Suppose that £ is 0.3,
and then the simulated surface topography with the
feed per tooth of 2um and 0.5um and the computed
surface roughness R, values are shown in Fig.4. For
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the feed per tooth of 2um, the periods of the
saw-toothed surface profile is equal to the feed per
tooth 2um. For the feed per tooth of 0.5um, the
periods of the saw-toothed surface profile is 1um, not
equal to the feed per tooth. This indicates that no chip
is formed with each pass of the tooth for a smaller
feed per tooth due to the minimum cutting thickness
effect. Instead, the tooth can rotate several times
without performing any cutting. The chips are
formed when the minimum cutting thickness is
exceeded [4].
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Fig.4 Simulation of the surface topography along the
slot floor centerline

3 Micro-milling Experiments

3.1 Experimental conditions

Experiments are performed on the developed
miniaturized machine tool, as shown in Fig.5. This is
a horizontal 3-axis numerical control milling
machine tool. The overall size of the machine tool is
300x150x165 mm. The spindle speed is controlled
by changing the air pressure, and its maximum is
150000r/min. The feed system is composed of three
precision linear tables with crossed roller bearing
linear guides. The 3-axis table, whose travel range is
30x30x25 mm, is stacked on the workpiece side of
the machine tool and driven by a piezoelectricity
ceramics ultrasonic motor, respectively, while the
cutter is clamped on the spindle and held in a
stationary location during milling. The feed system
resolution is 0.1 pm. Each axis has a resolution
0.05um optical linear encoder used to provide
positioning feed-back.



Fig.5 Miniaturized machine tool

In the experiments, the workpiece material is
ALB6061, and the machining operation is slot milling
with dry cutting. The axial depth of cut a, and the
cutting speed v, are constant at 50 um and 80 m/min,
respectively. The feed per tooth f;, is varied from
0.125um, 0.25um, 0.5pum, 1pum, 2um, 3um to 4um,
respectively. For each feed tested, three grooves of
length 7 mm are cut, and surface roughness is
measured by a Form Talysurf (S4C) surface profile
measuring system along the centerline of a slot floor.
Fig.6 shows an example of surface profile
measurement at the feed per tooth of 3 um.
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Fig.6 Surface profile along the centerline of a slot
floor and its surface roughness R, values

3.2 Experimental results and analysis

The average of measured surface roughness R, values
for the same feed tested and the corresponding
computed surface roughness R, values using the
above model are shown in Fig.7. Both the results
show that the surface roughness values is
significantly affected by the feed, and the surface
roughness values increase as the feed per tooth is
reduced to a certain value, namely the existence of an
optimal feed that will produce the smallest surface
roughness values. Obviously, this is different from
the trend of the surface roughness values with
reducing feed observed in conventional milling
process. Fig.7 indicates that the proposed surface
generation model can reasonably describe and
explain the trend of the surface roughness values with
the varying feed in micro-milling process, and also
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indicates that the minimum cutting thickness has a
significant influence on the achievable surface
roughness in micro-milling process.

Surface roughness Ra {um)
B

Feed par tooth fz (um)

Fig.7 Computed and measured surface roughness R,
values

Generally, the factors contributing to the surface
roughness include the geometry and the instability in
machining process. The former is mostly the height
of the residual area generated based on the geometry
of the cutter and process parameters, and the later
includes vibration, deflection, chatter, and built-up
edge formation, etc. In conventional milling process,
the residual area is generated based on the concave
angle, the nose radius and the feed, and then the
surface roughness values will exhibit the
conventional trend of increasing roughness with
increasing feed. In micro-milling process, process
parameters are often comparable to the geometry of
the cutter, due to the existence of the minimum
cutting thickness, and then the residual area is
generated based on the combined effects of the
geometry of the cutter, process parameters, and the
minimum cutting thickness. Especially for a smaller
feed per tooth, when the minimum cutting thickness
is not exceeded, the cutter rotates several times
without removing any material, and the consequent
residual area is larger than the residual area generated
based solely on the geometry of the cutter and
process parameters. As a result of the combined
effects, an optimal feed exists to produce the smallest
surface roughness value. It is obvious that the effect
of the minimum cutting thickness is dominant at
smaller feed in micro-milling process. Moreover, the
rubbing and the plowing of the workpiece material
under the cutting edge will affect the chip formation
[4], and will affect the machined surface qualities.

4 Factors affecting surface roughness
in micro-milling

As the size of a cutter decreases, its geometry cannot
be improved proportionally because of limitations in
the cutter fabrication processes. Using the above



model, the influence of the cutter geometry on the
surface roughness in micro-milling can be analyzed.

4.1 Effects of minimum cutting thickness
and the cutting edge radius

Suppose that the cutting edge radius »=2um, the
nose radius ».=2um, the concave angle x'=10°, and
then the surface roughness R, values as a function of
the feed per tooth in terms of different ratios & as
expressed in equation (2) are shown in Fig.8. It is
found that the surface roughness values are strongly
affected by the ratio .
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Fig.8 Effect of the ratio £

Suppose that the ratio £=0.3, the nose radius ».=2pum,
the concave angle x'=10°, and then the surface
roughness R, values as a function of the feed per
tooth in terms of different cutting edge radius r, are
shown in Fig.9. It is found that the surface roughness
generated by a cutter with bigger cutting edge radius
is much larger than that generated by a cutter with
smaller cutting edge radius and the optimal feed that
will produce the smallest surface roughness value is
increasing with the increasing cutting edge radius.
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Fig.9 Effect of the cutting edge radius

Clearly, the machined surface roughness is
significantly affected by the cutting edge radius and
the feed. Combining Fig.8 and Fig.9, it is found that
the surface generation in micro-milling process is
strongly affected by the cutting edge radius and the
feed per tooth through the minimum cutting
thickness.

4.2 Effect of the concave angle
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Suppose that the ratio £=0.3, the cutting edge radius
m=2um, the nose radius ».=2um, and then the
surface roughness R, values as a function of the feed
per tooth in terms of different concave angle ' are
shown in Fig.10. It is found that the effect of the
concave angle x' on the surface roughness is
insignificant, because of the residual area generated
by the motion trajectories of the nose arc cutting edge
at a lower feed. When the feed is increased, an
increase in the concave angle increases the surface
roughness, due to the residual area generated by the
motion trajectories of the end cutting edge and the
nose arc cutting edge. But a too smaller concave
angle will increase the wear of the end cutting edge.
As a result, the surface roughness values will be
increased instead.
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Fig.10 Effect of the concave angle

4.3 Effect of the nose radius

Suppose that the ratio £=0.3, the cutting edge radius
m=2um, the concave angle x’'=10° and then the
surface roughness R, values as a function of the feed
per tooth in terms of different nose radius r. are
shown in Fig.11. It is found that neither a smaller
nose radius nor a bigger one will produce the smallest
surface roughness values, namely an appropriate
nose radius based on the feed exists.
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Fig.11 Effect of the nose radius

5 Conclusion

The main conclusions can be drawn as follows:
(1) A model of surface generation 2D simulation
based on the minimum cutting thickness is proposed.



Comparison between the computed and the measured
surface roughness values indicates that this model
can reasonably describe and explain the observed
behavior in micro-milling process.

(2) In micro-milling process, when the feed per tooth
is reduced to a certain value, the surface roughness
values start to increase, namely the existence of an
optimal feed that will produce the smallest surface
roughness values.

(3) In micro-milling process, the existence of the
minimum cutting thickness has a significant
influence on the achievable surface roughness values.
The existence of the optimal feed is due to the
combined effects of the geometry of the cutter and
the feed, and the minimum cutting thickness effect.
The surface generation in micro-milling process is
strongly affected by the combined effects.
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