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In recent years, owing to the advent of mobile phones,
product miniaturization and multifunctionalization
have rapidly progressed. However, the large-sized
machine tools for the manufacture of small products
waste a considerable amount of space and power. The
present study aimed at applying a magnetic-polishing
method using a ball-end mill-type tool to examine the
optimum processing conditions. This was done to ap-
ply a mirror finish for the integration of the cutting
and polishing processes by using the small machine
tool. The magnetic-polishing effect was evaluated
from the point of view of the polishing amount, sur-
face roughness, specimen shape, and mirror-surface
condition. In addition, the movement of the paste dur-
ing polishing was observed through images obtained
through a high-speed camera. The movement of the
paste is considered for effective polishing and other
cases. Accordingly, various magnetic-polishing tech-
niques were used for irregularities and step shapes.
Various conditions were also examined, and a stable
condition was determined. The results reveal that the
amount of polishing paste significantly influences the
polishing movement. In addition, a sufficient polish-
ing effect could be obtained by duplicating the polish-
ing course by using a sine wave course.

Keywords: magnetic polishing, mirror finish, compact
machine tools

1. Introduction

Consumer goods of daily use are becoming increas-
ingly smaller and lighter [1], and processing requirements
that can be adapted to small parts composing these pro-
ductive goods are increasing. However, the sizes of ma-
chines (e.g., machine tools and industrial robots) have not
changed significantly, and even for small products, large
machines are often used. These large machine tools oc-
cupy large spaces and consume high amount of power,
thereby leading to wastage problems [2]. In response,

the miniaturization of machine tools has been recognized
as an effective means of reducing the absolute global-
warming index in the manufacturing processes and in the
use of machine tools. The processing of a small part gen-
erally requires the use of a processing method suitable for
the size of the part [3]. Solutions to this problem have led
to production downsizing and implementation of cell pro-
duction systems [4, 5]. This idea is also useful from the
point of view of life-cycle assessment (LCA) [6, 7]. LCA
is a method to calculate not only the power consumption
during product processing but also the cost of manufactur-
ing and disposing of processing machines. Smaller pro-
cessing machines are considered advantageous because
such machines help reduce the use of materials and power
consumption for each production considering manufac-
turing processes.

The integration of cutting and polishing processes in
small machine tools has been proposed for the use of cell
production and LCA concepts. This research proposed
a magnetic-polishing method by using a small-diameter
ball-end mill-type polishing tool [8, 9]. The aim of the
research was to integrate cutting and polishing processes
by using one compact machine tool [10, 11]. These stud-
ies reported on R5, which can be easily used to keep the
magnetic force large. However, the use of a small tool is
advantageous for performing detailed polishing. There-
fore, in this study, experiments were conducted by using
R2 tools. In addition, the effect of the magnetic-polishing
method on the groove shape was considered from the
point of view of the polishing amount (removal mass) be-
fore and after polishing, surface roughness, polished sur-
face shape, and mirroring. An examination of the pro-
cessing conditions for achieving the mirror finish through
the proposed magnetic polishing was performed based on
the results. Although the magnetic-polishing method has
been shown to be effective in previous studies [12, 13]
with respect to the groove shape, when the height and
width of the groove shape decrease or achieve a certain
size, a sufficient polishing effect cannot be obtained in-
side the groove in the dynamic equilibrium steady state
of the polishing magnetic paste. Therefore, to cope with
the direct product manufacture (groove shape) as well
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Fig. 1. Desktop-sized CNC machine tool, MM 55.

as manufacturing the product from a metal mold (step
shape), a groove-step shape was developed in this study
by adding the step shape to the groove shape. An im-
provement was confirmed by oscillating (swinging) the
magnetic-polishing paste in an unsteady state by using the
new polishing method.

2. Experimental Methods

2.1. Experimental Equipment
A three-axes orthogonal-type vertical compact CNC

machine tool (MM 55) from Iwama Kogyo Co., Ltd.
(Fig. 1) was used for the groove and step cutting and mag-
netic polishing. The installation floor area was 0.183 m2,
and the weight was approximately 40 kg. Considering
that the machine weight in a conventional machine tool
often exceeds 5 t, this machine tool was extremely small
and lightweight. Its operating range was 50 mm × 50 mm
× 50 mm. After processing, the test piece was washed
with ethanol by using an ultrasonic washer manufactured
by Velvo-clear (40 kHz) to remove all foreign matter from
the surface of the workpiece. Thereafter, the roughness
(Ra, Rz) and shape of the polished surface were measured
before and after magnetic polishing by using a laser-type
shape-measuring instrument, VK-X 210 (Keyence) and
a stylus shape-measuring instrument HandySurf E-35B
(Tokyo Seimitsu Co., Ltd.).

2.2. Tools, Magnetic-Polishing Paste, and
Workpiece

A double-bladed square-end mill MS 2 SS (Mitsubishi
Materials Corporation) with blade diameters of De = 1.0
and 6.0 mm were used for the groove and step shape
cutting, respectively. For the polishing process, abra-
sive grains (i.e., alumina and stainless steel; Fig. 2(b))
were applied to a ball-shaped magnetic-polishing tool
(NPS-ϕ3-ϕ4-R2 from FDK) with a ball-tip radius of
Rp = 2 mm (Fig. 2) and a magnetic-polishing paste
(MPL-CU 3 LBOD from FDK) comprising magnetic
metal particles (iron; average particle diameter ϕ =

 
(a) Tool    (c) Brush 

Tool 
shank

Permanent
t

4 mm

Tool

Paste

(b) Paste

Fig. 2. Magnetic-polishing tool.

Table 1. Paste information.

Almina Iron Oil
Mass [wt%] 37.5 37.5 25
Diameter [μm] 0.05 50 –
Density [kg/m3] 7860 3950 950

Before cutting

10 mm

After cutting

(a) (b)

Fig. 3. Workpiece (brass).

50 μm) and a solvent (vegetable oil/fat) were used to form
the magnetic-polishing brush [14]. The conditions of the
paste are summarized in Table 1, which shows that the
alumina particles are only approximately 1/1000-th of the
size of the iron particles. Therefore, the alumina parti-
cles were adsorbed by iron particles through the surface
tension of the oil, carried toward the outer circumference
by the centrifugal force generated in iron particles, and
collided with the workpiece [9].

The tip of the polishing tool was a strong neodymium
permanent magnet; hence, the workpiece was made of a
nonmagnetic metal (brass workpiece of 30 mm × 10 mm
× 5 mm, as in Fig. 3(a)) so that it could not be affected
by the magnetic force. Because cutting was to be per-
formed, stainless-steel-like materials, which are difficult
to cut, were avoided. Fig. 3(b) shows the groove- and
step-shaped workpieces after machining. Two channel
shapes were prepared on one workpiece so that the other
face was not affected during polishing. The width of both
the groove and step shapes was b = 1.0 mm. The height
h = 1.0 mm and length y = 10 mm were according to the
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Fig. 4. Channel polishing.
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Fig. 5. Polishing method.

tool diameter used for groove cutting. Fig. 4 illustrates
the experimental state when using the groove shape. In
the experiment, magnetic polishing of the workpiece was
done under the same conditions for two identical shapes.
The mass, surface roughness (central average roughness
Ra, maximum roughness Rz), and shape of the polished
surface were measured before and after polishing. The
surface roughness is an average value measured at three
places in each of two shapes.

2.3. Experimental Conditions
To create grooves, a two-blade square-end mill with

a diameter of 1 mm was used. Its rotation speed was
16,000 rpm and feed speed was 400 mm/min. Addition-
ally, to create steps and planes, a 6-mm-diameter double-
bladed square-end mill was used with a rotation speed of
12,800 rpm and feed speed of 400 mm/min (tool manu-
facturer recommended value).

Figure 5 shows the system of the magnetic-polishing

t = 0 A

t = T(x)

t =T(x)

x

t = t

fp
Np

Feed
directionRotation

direction

X

Y

Locus of
tool center

dx

Z

(a) Movement

(b) Pressure

Fig. 6. Magnetic-polishing brush model.

method used in this study. The feed rate was fy =
10 mm/min, as represented by the Y -axis. The gap (i.e.,
the distance between the polishing tool tip and the work-
piece top face) was Gt = 0.3 mm. For the step shape,
Gs = 0.3 mm from the side face and 0.3 g of the paste
was used. The polishing tool and workpiece were always
in a noncontact state. The paste followed the rotation and
feed motion of the polishing tool and deformed according
to the workpiece shape. Moreover, both the bottom and
the side surface were polished because the abrasive grains
in the paste moved along the polishing surface.

3. Polishing Theory for Magnetic Brush

The Preston formula presented in Eq. (1) was used to
predict the amount of polishing in the magnetic-polishing
process [15, 16].

M′ = kPvt . . . . . . . . . . . . . . . (1)

In Fig. 6(a), R is the radius [mm] of the contact between
the polishing brush and the surface to be polished, and x
is the perpendicular distance [mm] between point A and
the center trajectory of the polishing tool, r(x, t) [mm].
The distance between point A and the center of the pol-
ishing tool was measured after 2 s. The polishing time for
point A is represented by 2T (x) [s], assuming that t = 0
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Fig. 7. Magnetic field distribution.

2 mm

Fig. 8. Paste shape after polishing.

when r = x. The following equation is obtained when this
motion model is applied to Eq. (1):

M = 4ky
∫ R

0

∫ T

0
Pv dtdx, . . . . . . . . . (2)

where M [mg] is the removal mass (polishing amount)
and y [mm] is the polishing distance.

Next, to obtain the polishing pressure, the magnetic
force distribution was calculated from the data provided
by the tool maker. The result is presented in Fig. 7, which
shows that the paste is generally gripped in an elliptical
shape. Further, the shape of the paste was observed while
polishing the step, as shown in Fig. 8, where the tool is
raised vertically after rotation. The distance of the tool
from the step is 0.3 mm and the rotation time is 60 s.
The solid part of the paste shape, as shown in Fig. 8, is
assumed to be rotating without considering its flowabil-
ity. Furthermore, the figure shows that a large amount
of paste is distributed in the part surrounded by the solid
line, and a polishing pressure is generated. However, the
side surrounded by the broken line shows that the paste
is distributed in the same shape as in the step, and almost
no polishing pressure is generated. Thus, we decided to
consider only the polishing of the bottom surface.

In this study, polishing pressure P [MPa] was assumed
to be represented by a quadratic function of radius r [mm],
as shown in Fig. 6(b):

P = C(r−R)2, . . . . . . . . . . . . . (3)

where C is a constant. The polishing load (i.e., the load
applied in the negative direction of the Z-axis in Fig. 5)
Fz [N] applied within the paste contact range is expressed
as follows:

Fz =
∫

P ·ΔS

=
∫ R

0
C(r−R)2 ·π {

(r +dr)2− r2} =
π
6

CR4, (4)

where ΔS [mm2] is a minute contact area between the pol-
ishing brush and the surface to be polished. Therefore,
from Eqs. (3) and (4), polishing pressure P becomes

P =
6Fz

πR4 (r−R)2. . . . . . . . . . . . (5)

In this study, pressure P was calculated by measuring
Fz through a force sensor. In Fig. 6(a), distance r(x, t)
between point A after t seconds and the center of the pol-
ishing tool and half T (x) [s] of the polishing time for point
A become⎧⎪⎪⎪⎨

⎪⎪⎪⎩

√
r(x, t)2 − x2 =

fp

60
t

r(x, t) =

√
x2 +

(
fp

60
t
)2

,

. . . . . . . (6)

T (x) =
60

√
R2 − x2

fp
, . . . . . . . . . . (7)

where fp [mm/min] is the feeding speed of the polishing
tool in the direction of the Y -axis.

The polishing relative speed, represented by
v(x, t) [mm/s], is expressed as in Eq. (8) because
the speed of the movement of the polishing tool in the
experimental conditions was so small that the feed speed
was negligible with respect to the peripheral speed:

v(x, t) =
2πNp

60
· r(x, t), . . . . . . . . . (8)

where Np [per min] is the rotation speed of the polishing
tool.

4. Experimental Results and Discussion

4.1. Magnetic Polishing for Planar, Groove, and
Step Shapes

4.1.1. Experiment Outline
In a previous study [17], the polishing effect was ver-

ified by performing magnetic polishing on planar and
groove shapes. However, the roughness of the bottom
of the groove was not improved. Furthermore, the prod-
uct may have both the groove and step shapes. There-
fore, in this study, magnetic polishing was performed on
a step-shaped workpiece to observe the application of the
proposed method over a wider range of shapes. An ap-
propriate polishing condition was also examined from the
verification result of the polishing effect.
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Fig. 9. Influence of feed motion n under various rotation
speeds Np on surface roughness.

First, magnetic polishing in a steady state was per-
formed on flat, groove, and step shapes, as in [17]. The
difference in the polishing effect was then compared de-
pending on the presence or absence of concavities and
steps. Fig. 4(b) shows the shape of the workpiece, with
a channel width of b = 1.0 mm and heights of h = 0.3
and 1.0 mm. Fig. 5(a) shows that the groove shape was
polished in a linear reciprocating motion such that the
center of the polishing tool was aligned with the groove
center. Fig. 5(b) demonstrates that the step shape was
polished by a linear motion in one fixed direction through
a one-step difference. In the scanning direction, polish-
ing was performed around the step shape in two direc-
tions: the same direction (counterclockwise, CCW) as
the tool-feeding direction, and the rotating direction of
the polishing paste in the opposite direction (clockwise,
CW). The feed speed in all conditions was constant at
fy = 10 mm/min in the direction of the Y -axis. The dis-
tance from the tip of the tool to the bottom of the groove
step was 0.6 mm. Moreover, the plane gap was deter-
mined to be 0.6 mm for comparison.

An experiment was conducted to find the number of
polishing passes, n, required for a sufficient polishing
effect for a polishing rotational speed of Np during the
experiment against a flat surface without irregularities.
Fig. 9 shows the measurement results of surface rough-
ness Ra [μm] for the rotational speeds of Np = 500, 1000,
and 1500 min−1. Fig. 9 shows that the result with the
rotation speed of 1500 rpm was the best; however, the au-
thors found that almost the same polishing roughness can
be obtained by increasing the number of polishing rounds.
In the magnetic-polishing method, if the rotation speed is
too large, the paste may get scattered because of the cen-
trifugal force at the start of the tool rotation. Although the
paste scattered at 1500 rpm and not at 1000, 500 rpm (at
which the paste does not scatter at all) was judged suit-
able for observation. Furthermore, in [11], the theoretical
polishing amount (bottom surface) of the groove-shaped
polishing decreased (which was considered better) with a
decrease in the rotation speed. The polishing effect (sur-
face roughness) was obtained as a result of actually pol-
ishing at the rotation speed of Np = 500 min−1. Therefore,
the optimum rotation speed during polishing was taken
as Np = 500 min−1. However, the experiment was con-

 
    (a) Plane; 500 min 1              (b) Plane; 1500 min 1 

 

           
(c) Groove; 500 min 1       (d) Groove; 1500 min 1 

 

      
(e) Step; 500 min 1             (f) Step; 1500 min 1 

CW                                         CW 
 

       
(g) Step; 500 min 1             (h) Step; 1500 min 1 

CCW                                    CCW 

Fig. 10. Surfaces after magnetic polishing.

ducted with Np = 500 and 1500 min−1 because the man-
ufacturer recommended rotation speed of the tool was ap-
proximately Np = 1500 min−1. The number of polishing
rounds at which the change became small at 500 rpm was
determined to be 12.

4.1.2. Experimental Results
Figure 10 shows the result of polishing for a groove

depth of 0.3 mm; the same tendency was observed for
the groove depth of 1.0 mm. Figs. 10(a) and (b) show
images of the surface after planar polishing; Figs. 10(c)
and (d) show the surface after groove polishing; and
Figs. 10(e)–(h) show the surface after step polishing.
Figs. 10(c) and (d) confirm that although the groove
depth is just 0.3 mm, the bottom surface cannot be pol-
ished. Fig. 11 presents the respective polishing amounts.
By judging the polishing result through visual obser-
vation, the sharpness of the reflected character string
can be confirmed [18, 19]. In this study, the character
string “Doshisha University” was reflected. Regarding
the mirror-surface degree, the roughness before polishing
(i.e., the character string was blurred) was approximately
Ra = 0.46 μm and Rz = 2.25 μm, as obtained from the
magnetic-polishing result with respect to the plane, and
Ra = 0.18 μm and Rz = 0.83 μm after polishing (i.e.,
the character string was sufficiently clear). Therefore, the
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mirror-surface degree after polishing was considered to be
Ra and Rz values when the character string is clear.

In the case of planar polishing, as shown in Figs. 10(a)
and (b), Np = 1500 min−1 with a larger rotation speed
showed a slightly clearer character string and a larger pol-
ishing amount. Compared to the rotational speed em-
ployed in ordinary grinding-wheel polishing, a higher
rotational speed was more effective in planar polishing.
However, the scattering of the paste was observed during
higher rotation speeds.

Further, in the case of groove-shaped polishing, as
shown in Figs. 10(c) and (d), the top surface of the work-
piece was polished, but the bottom surface of the groove
was insufficiently polished as in the previous study. In
Fig. 11, although the amount of polishing was obtained to
be of the same extent as that for the flat surface, most of
the polishing was done for the top surface of the work-
piece (other than the groove) with respect to the mir-
ror surface degree. In the case of step-shaped polishing,
Figs. 10(e)–(h) depict that the character string was clearer
when Np = 500 min−1, and the polishing amount was ap-
proximately the same as that for the flat surface.

For the uneven shape, the polishing paste needed to en-
ter the groove or a corner. Therefore, the centrifugal force
caused by the rotation increased more than the pressing
force exerted by the magnetic force. When grinding the
groove shape, it takes time for the paste on the top sur-
face of the groove to move to the bottom of the groove.
Therefore, at high speed rotation, it is considered that the
paste moves to the top surface of the next groove before
the paste moves to the bottom surface of the groove. The
step shape achieved its step shape again before the paste
fell to the bottom surface; hence, it was difficult for the
paste to reach the lower part of the corner. As a result, the
polishing effect was very less. Therefore, to obtain the
polishing effect for uneven shapes equivalent to that of a
flat shape, Np must be 500 min−1 at a low rotation speed.
Furthermore, for the step-shaped polishing (CW, CCW),
the CCW rotation, in which the relative polishing speed
was increased, was adopted because no significant differ-
ence was found when Np = 500 min−1, which provided
the polishing effect. Fig. 12 shows the surface rough-
ness at this time. The visual observation results show that
the surface roughness values of groove and step polishing
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Fig. 12. Surface roughness after magnetic polishing.
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Fig. 13. Tool position.

are poorer than that of planar polishing. In addition, con-
sidering that the surface roughness before polishing was
approximately Ra = 0.4 μm, almost no polishing can be
observed.

4.2. Motion State of Polishing Paste During
Polishing on Steps

4.2.1. Experimental Overview of the Observation
from the Side Surface of Step

The shape of the magnetic fluid polishing paste varied
according to the workpiece shape. Iron particles formed
into clusters through the magnetic flux of the polishing
tool and attached to abrasive grains. In planar polishing,
the clusters could maintain almost the same state. How-
ever, in the uneven-shape polishing, the clusters collapsed
on coming in contact with the channel, thereby resulting
in an irregular movement. Therefore, the polishing effect
of the magnetic polishing on the uneven shape and the
motion state of the polishing paste differed considerably
from those observed in planar polishing.

Therefore, the paste movement during the rotation of
the polishing tool was observed to elucidate the motion on
the uneven shape. The groove-step shape can be regarded
as a combination of two step shapes divided at the center;
therefore, the ease of observation from the lateral direc-
tion was considered, and the brass-based step shape was
observed after this experiment. The step was 2.0-mm high
(Fig. 13), and polishing was performed by separating the
polishing tool from each surface by 0.3 mm from the side
surface and the step bottom surface. This experiment did
not consider the feed motion ( fy = 0). Moreover, the paste
motion for tool rotation was considered only from the side
and bottom directions through a high-speed camera (i.e.,
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(a) 0.5-g paste

2 mmGt = 0.3 mm Gt = 0.3 mmGt = 4 mm
(b) 0.3-g paste

Fig. 14. Side-view of paste motion.

VW-9000, Keyence) with a shutter speed of 1/3000 s and
frame rate of 500 fps.

4.2.2. Experimental Results
Figures 14(a) and (b) show images of the motion states

of the 0.5-g and 0.3-g pastes (before contacting → 5 s
after reaching the Z-axis command value → 10 s after
reaching). Much of the 0.5-g paste accumulated at the
corners and did not follow the tool rotation. The follow-
ing paste also ran on the accumulated paste without hit-
ting the side face. This process continued during polish-
ing; hence, the amount of polishing on the side and bot-
tom surfaces of the portion where the paste accumulated
decreased. The overall polishing effect also decreased.
Therefore, not only the shape of the workpiece, but also
the polishing paste caused the polishing motion to be ob-
structed.

Figure 14(b) depicts the observation result of 0.3-g
paste, which was thought to be less excessive than the
0.5-g paste. A paste pool was observed immediately af-
ter initiating rotation, but it decreased after a few seconds,
and the paste followed along the workpiece shape. The
paste was applied to the polished surface as the rotation
stabilized. Fig. 8 shows the paste (0.3-g paste) separated
from the workpiece after polishing for 60 s.

The abovementioned results and those from Fig. 15 in-
dicate three distinct regions: (I) the top surface of the
workpiece, (II) the strong-magnetic-flux region inside the
groove (just under the polishing bit), and (III) the weak
magnetic-flux-density regions separated from each other.

The 0.5-g paste in region (I) rotated only above the top
surface of the workpiece and did not participate in polish-
ing of the inside of the groove. No change was observed in
the paste shape; therefore, the part in contact with the top
surface polished the top surface. The paste in region (II)
polished the side and bottom surfaces inside the groove.
In region (III), the paste that could not follow the tool ro-
tation accumulated in the corner, and the following paste

Workpiece

Region
I

Region
II

Region
III Not polishing

Tool

Abrasive grain

Z XY

2 mm

Fig. 15. Paste model during polishing.

ran over it and rotated because the effect of the magnetic
flux density of the polishing tool was very small. Conse-
quently, the paste did not come into contact with the side
surface, except initially, and almost no polishing effect
was obtained.

Regions (I) and (II) showed similar results for the 0.3-g
paste; however, no change was observed in region (III) be-
cause unlike for the 0.5-g paste, additional paste did not
exist for the 0.3-g paste. As a result, the rotational mo-
tion of the paste within region (II) was stabilized and was
in contact with a wide range of the side surface, thereby
improving the polishing effect.

4.3. Motion State Near the Tool Center of
the Polishing Paste During Polishing

4.3.1. Outline of the Experiment for Observation from
the Bottom of the Groove Using an Acrylic
Plate

In Section 4.2, the paste movement was observed only
from the lateral direction. The motion state of the paste in
the vicinity of the tool cannot be observed from the axial
direction because brass was used for the work.
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Fig. 17. Bottom view of paste motion.

Accordingly, a step shape was constructed using a
transparent acrylic plate to enable observation from the
axial direction. Section 4.2 discussed how a high-speed
camera was used to capture motion pictures for 0.3-g and
0.5-g pastes. Fig. 16 shows the positional relationship
among the polishing tool, workpiece, and camera when
taking photographs from the bottom side.

4.3.2. Experimental Results
Figure 17 shows a photograph taken with the high-

speed camera from the bottom surface of the paste motion
with only tool rotation and no feeding motion ( fy = 0). In
the case of the 0.5-g paste, Fig. 17(a) shows that the paste
accumulated at the corner, as discussed in Section 4.2,
whereas the 0.3-g paste rotated. However, when observ-
ing the rotational motion of the paste near the center from
the lower side of the workpiece, the rotational speed of
the paste was much slower than that of the spindle. Fur-
thermore, the rotating and stationary states were intermit-
tently repeated, showing many moments that were par-
ticularly stationary. The paste was pulled by a magnetic
force in the circumferential direction to follow the bite ro-
tation. However, the amount of paste accumulated in the
corners was large when a large paste amount was used.
The magnetic force also acted between the accumulated
paste and the polishing tool to form paste clusters such
that the effect of the magnetic force was applied to the
paste rotating between the two exits. The directions of
these two magnetic forces were almost vertical; therefore,
the force caused by the rotation was weakened. This was
considered to be the cause of the instability caused by the
delay in the rotation around the tool center. Therefore,
most of the paste was used up in polishing.

In contrast, in the case of the 0.3-g paste, as shown in
Fig. 17(b), although some paste accumulation did occur,
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=
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Not recovery
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Fig. 18. Relationship between h and Rp.

no magnetic force was observed between the accumulated
paste and the tool, unlike in the case of the 0.5-g paste.
Therefore, the vicinity of the tool center rotated stably.

Therefore, with respect to the stepped shape, obtain-
ing the magnetic-polishing effect under the same condi-
tions as those of the flat polishing was difficult. In addi-
tion, obtaining a polishing effect by changing the paste
amount according to the shape of the polished surface
(e.g., height) was difficult. This was effective for im-
proving the effect. Under this condition, the polishing
effect can be improved by decreasing the paste amount,
and a sufficient effect can be expected when using the
0.3-g paste. In addition, by examining the conditions
under which step height h [mm] was varied to produce
paste accumulation, the relationship between step height
h and polishing tool diameter Rp [mm] is represented
by ε = h/Rp. Paste accumulation occurred continuously
when ε ≥ 0.45 or more. Therefore, the subsequent polish-
ing conditions can be applied to the condition of ε ≈ 0.45
or more. Fig. 18 shows the results of investigating the
state of paste pool at various step heights. The ratio of
the radius of the polishing tool to the height of the step
height was taken as the ordinate, making it dimension-
less. As can be seen from Fig. 18, it has been found that
the paste pool cannot be eliminated when the height of the
step height exceeds a certain level.

4.4. Investigation of Polishing Conditions for Step
Shape

4.4.1. Experimental Overview of the Addition of
Vertical Motion Perpendicular to the Feed
Direction of the Tool

The rotational motion of the paste around the polish-
ing tool can be stabilized by adjusting the paste amount
according to the shape, as discussed in Section 4.3. How-
ever, when polishing the stepped shape, both the bottom
and side surfaces must be polished. Here, the paste is ac-
cumulated only through the linear motion; hence, the con-
tact range of the paste with the side surface can decrease,
and a sufficient polishing effect may not be obtained.

For efficiency, instead of going back and forth many
times by the linear feed, we consider a path that can ob-
tain sufficient polishing effect in one reciprocation and
eliminate paste accumulation [20]. Two paths were ex-
amined in the horizontal direction with respect to the feed
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Fig. 19. Pass routes (step): (a) horizontal direction
(X-Y surface) and (b) vertical direction (Y -Z surface).
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Fig. 20. Bottom view of the movement in the horizontal
direction (from left: when straight fed; 1.5 mm away in the
Y -direction; returning to the original distance).
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Fig. 21. (a) Bottom and (b) side views of movement in the vertical direction (from left: when linearly fed; Gt =
1.0 mm, increased by 0.7 mm in the Z-direction; Gt = 1.7 mm, increased by 2.0 mm in the Z-direction).

direction of the tool (displacement on the X-Y plane in
Fig. 19(a)) and in the vertical direction (displacement
on the Y -Z plane in Fig. 19(b)). The workpiece was an
acrylic plate of height h = 2.0 mm and was photographed
from the side and bottom by using the high-speed cam-
era under the same conditions as those shown in Fig. 16.
After observing the paste motion on the acrylic plate, the
actual polishing effect was confirmed on brass. The feed
speed in this experiment was set to be the same in the
feed direction (Y -axis) and additional directions (X- and
Z-axes) as fx = fy = fz = 10 mm/min.

4.4.2. Experimental Results of the Effect of the Z-Axis
Vertical Motion

Figure 20 shows bottom view photographs with respect
to displacement in the horizontal direction. Images from
the side were omitted because they did not exhibit any
change. In addition, as shown in Figs. 21(a) and (b),
photographs were taken from the bottom and side sur-
faces, respectively, when displaced in the vertical direc-
tion. As shown in Fig. 20, in the case of the horizontal
direction, even for a displacement in the Y -direction, the
paste accumulation did not move, and there was no im-
provement; i.e., its state of contact with the side surface
did not change. The volume of the gap resulting from the
amount of displacement (approximately 12 mm × 3 mm

in this condition) was smaller than the volume of the
paste reservoir (approximately 16 mm × 3 mm accord-
ing to the photograph); therefore, this problem was not
solved completely. Some of the real products for groove-
shaped polishing have microchannels arranged in paral-
lel; therefore, increasing the amount of displacement in
the horizontal direction and the application of the hor-
izontal path to eliminate the paste pool were difficult.
In contrast, almost no restrictions were observed on the
range of ascent in the case of the vertical direction irre-
spective of the shape of irregularities. Therefore, by rais-
ing the polishing tool in the Z-direction by Gt = 1, 2, 3,
and 5 mm, as shown in Fig. 21(b), the accumulation of
the paste was eliminated. All paste accumulation can be
recovered with a gap of Gt ≥ 2.0 mm at the same level
as the step. At Gt = 2.0 mm, a clearance of approxi-
mately 25 mm × 3 mm was generated under the polish-
ing tool; hence, a stable rotational motion, including ad-
ditional paste, was possible.

The paste puddle was temporarily eliminated by rais-
ing the polishing tool; however, it returned to the origi-
nal state when the tool was lowered again to the original
height Gt = 0.3 mm. However, the polishing effect can
be expected to improve because the paste again came into
contact with the side and bottom surfaces. The polishing
time can be decreased because of the smaller amount of
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displacement in the Z-direction. Hence, raising the tip of
the polishing tool to the same height as that of the step
was sometimes necessary in the Z-direction (e.g., step cy-
cle feed of drilling to eliminate the pool). This move was
considered to be effective.

Next, a brass specimen cut into a step shape was pol-
ished using the method shown in Fig. 19(b) to confirm
the actual polishing effect on brass. The step height was
set to h = 0.3 and 1.0 mm, and vertical movement feed
was made at 3.0-mm intervals in the Y -direction. Fig. 22
shows the surface roughness Ra and Rz before and after
polishing, respectively. Fig. 23 shows polishing amount
M [mg]. Figs. 22 and 23 show that, in the experiment
on the acrylic plate (Section 4.3), the addition of an “up-
down motion feed” rather than a “simple straight feed”
raised the tool tip by 1◦ in the Z-direction from time to
time to recover the paste, resulting in improvement in the
surface roughness and increase in the polishing amount.
Fig. 23 shows that the change in the polishing amount of
h = 0.3 mm was small because the step height was smaller
than the diameter of the polishing tool. Consequently, the
shape of the polishing paste was not substantially influ-
enced by the workpiece shape.

0.3 mm

1.0 mm

h = 1.0 mm

Gt

X Y

Z

fy

fpfz

Fig. 24. Experimental condition.

4.5. Polishing and Theoretical Expression with
Oscillation Motion

4.5.1. Experiment Outline for Adding Vertical
Oscillation Motion Perpendicular to Feed
Motion

Section 4.4 discussed that any motion other than a
straight-line motion was effective for polishing with the
addition of a vertical motion perpendicular to the tool
feed direction. However, in the vertical motion, polish-
ing took time, and its efficiency worsened because it did
not advance in the feeding direction until after returning
to the original tool tip height. Therefore, we examined
polishing in the vertical path by using the sine wave to
simultaneously perform the upper and lower oscillations
and the feeding motion. However, for the ease of pro-
gramming, experiments were conducted using a triangle
wave approximation. In experiments using actual ma-
chine tools, the triangle wave approximation was imple-
mented through a linear interpolation motion at a constant
angle of course [deg]. As shown by the dotted line in
Fig. 24 and considering the ease of setting at the site, the
return path was shifted by half a cycle. At this time, the
triangular wave is represented by the following equation:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
− h′

tanθ
< x ≤− h′

2 tanθ

)

f (x) = − tanθ ×
(

x+
h′

2

)
+G,

(
− h′

2 tanθ
< x ≤ h′

2 tanθ

)

f (x) = − tanθ × x+G,(
h′

2 tanθ
< x ≤ h′

tanθ

)

f (x) = − tanθ ×
(

x− h′

2

)
+G.

. (9)

Here, h′ is the height of the vertical movement of the mag-
netic tool and G is the distance from the bottom surface
when the magnetic tool is at its lowest position. The work-
piece was shaped as a step with height h = 1.0 mm. The
displacement width of the polishing tool was 1.0 mm, and
angle θ of the triangle wave approximation was based on
a polishing time of 0.8 min/mm per unit polishing dis-
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Fig. 25. Amount of polishing before considering overlap.

tance, which obtained a sufficient polishing effect through
plane polishing (i.e., 75.5◦, which can reciprocate after
every 24 min as a reference, θ = 15◦, 30◦, 45◦, 60◦, 70◦,
and 75.5◦). The feed speed was set to fp = 10 mm/min
( fp = ( fy

2 + fz
2)1/2) in the θ -direction to be the same at

all angles θ .
The theoretical polishing amount M [mg] for each an-

gle θ under this experimental condition was obtained by
using the Preston equation, as shown in Eq. (2). Con-
sidering the workpiece shape shown in Fig. 14, the paste
collided with the workpiece side again before spreading
in the radial direction, because it was separated from the
workpiece side and was influenced more by the rotational
frequency than by the centrifugal force. The paste was
thought to rotate with the shape of region II (a circle of
radius R = 2.3 mm), and the polishing radius in Fig. 6(a)
is R = 2.3 mm. The graph in Fig. 25 was obtained by
calculating the theoretical polishing amount of the step
by using the same procedure as that used for obtaining
the theoretical polishing amount of a plane with the in-
tegration range of dx in Eq. (2) being 0 ≤ x ≤ 2.3 mm.
As the Preston coefficient must be determined experimen-
tally, the experimental value obtained at the time of planar
polishing was used. The polishing force was measured us-
ing a dynamometer. In addition, the paste at the time of
polishing was observed through the acrylic plate from the
back side, and the contact area was calculated. The rel-
ative polishing rate was assumed to be the speed of the
rotation of the tool around the contact part. Preston con-
stants were determined experimentally by measuring the
mass change in the workpiece before and after process-
ing. Fig. 25 shows that the polishing amount increased
with a decrease in angle θ . However, as shown in Fig. 24,
the periodic interval of the vertical movement decreased
with an increase in angle θ of the path. In other words,
the interval between ascending and descending decreased
and the polishing ranges overlapped such that the same
place was polished multiple times. Fig. 26 also shows
that pressing force (load) Fz [N] for each gap Gt [mm] de-
creased rapidly at Gt ≥ 0.6 mm and approached almost
zero. As the pressing force significantly affected the pol-
ishing amount, the polishing amount for each gap also
tended to be small. Regardless of the angle, the polish-
ing time was short for large pressing force Fz (= large
amount of grinding, Gt = 0.3–0.5 mm), and for a small
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Ft (= small amount of grinding, Gt = 0.6–1.3 mm). The
same degree of the polishing effect was obtained under
every condition. However, when angle θ was large, a
sufficient polishing effect could be obtained by the over-
lapping of polishing because the overlapping ratio of the
paths was large. In contrast, when angle θ was small, the
overlapping ratio of the routes was also small; hence, the
polishing effect was considered to be small. The graph
showing the amount of theoretical polishing also consid-
ered that the polishing amount increased with an increase
in the angle. Therefore, the theoretical polishing amount
for the sinusoidal polishing path was obtained by consid-
ering the overlapping of polishing paths.

The overlap of the vertical and polishing paths greatly
affected the polishing amount. Accordingly, Eq. (2) can
be rewritten as

Mθ =
h

10Yb
· Ce

Ct
·4ky

∫ R

0

∫ T

0
Pv dtdx, . . . . (10)

where Yb [mm] is the distance traveled in the feed direc-
tion (Y -axis direction) per half cycle, Ce [mm2] is the
overlapping area of the half cycle, and Ct [mm2] is the
polishing area of the half cycle. The value achieved by
obtaining theoretical polishing amount Mθ [mg] for each
angle θ by using Eq. (10) is shown by the solid line in
Fig. 27.

4.5.2. Experimental Results of Oscillation-Based
Magnetic Polishing

Figure 28 shows the experimental result of the step sur-
face, as well as the polishing amount, with 1-mm height
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after polishing. The polished and unpolished portions can
both be observed in the figure. The polishing tool diam-
eter was Rp = 2 mm, and the gap between the workpiece
side and the tool was Gs = 0.3 mm, with a polishing width
of 4.6 mm. The right side of the dotted line in Fig. 28
shows the unpolished part, which is outside the polish-
ing range. However, the part within the polishing range
was not polished even at θ = 15◦ and 30◦ because the
angles were small. The portion where the polishing pres-
sure decreased was considered to be the unpolished por-
tion because the interval of the unpolished portion was
coincidental with the period of the sinusoidal wave. The
boundary between the polished and unpolished portions is
clearly separated with an increase in angle θ . The polish-
ing amount in Fig. 27 depicts that the larger the angle θ ,
the higher is the polishing effect. Fig. 27 also shows that
the path duplication was considered effective in predicting
the amount of polishing by the sinusoidal path because the
trend of the experimental value coincided with that of the
theoretical value. Fig. 29 depicts the measurement result
of the surface roughness Ra. Again, as the side polish-
ing was not achieved, the roughness of the mirror-finished

part of the bottom surface was measured. The results
showed that the surface roughness along the “sinusoidal-
wave path” was more improved than that along a “straight
line” at approximately θ ≥ 60◦; therefore, this value was
effective in improving the polishing effect. In addition,
θ = 60◦ was the angle of an appropriate triangle wave ap-
proximation because a longer polishing distance could be
considered. In side grinding by using a ball-end mill-type
grinding stone with a small diameter, the finished surface
roughness was generally improved by the addition of an
appropriate oscillation motion to the feed motion. Mag-
netic polishing seemed to have been affected by the elimi-
nation of the paste pool at the corner portion of the groove.
It was also effective in improving the roughness of the fin-
ished surface of the bottom or corner portions.

5. Conclusion

In this study, the magnetic-polishing method was ap-
plied by using a ball-end mill-type tool with a small di-
ameter to investigate the mirror-finish processing method
for the microchannel groove-step and stepped shapes of
a milling machine with a corner feature. The following
conclusions were obtained from this study.

(1) The magnetic-polishing paste accumulated in the
corner portion with respect to the uneven shape;
hence, a sufficient polishing effect could not be ob-
tained under the same polishing passage and condi-
tion as those of the flat surface. For the groove shape,
the interior of the groove was not polished irrespec-
tive of the number of revolutions. In contrast, for
the step shape, the polishing effect was slightly im-
proved when the revolution number was reduced.

(2) The results, including magnetic polishing of the step
shape made of acrylic and the observation of the
magnetic-paste motion, showed that for an excessive
amount of paste with respect to the work shape, the
paste accumulates in the corner portion of the step,
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and the following paste inhibits rotation. Further-
more, the paste rotation beneath the tool stopped in-
termittently because of the inhibiting paste.

(3) When the relationship between the step height h and
diameter Rp of the polishing tool was represented as
ε = h/Rp, the paste accumulation was observed for
approximately ε ≥ 0.45. This accumulation can be
eliminated by the magnetic force of the tool by verti-
cally applying an appropriate vertical motion at reg-
ular tool feed intervals.

(4) In the magnetic polishing of a shape, including the
corner portion of the step, paste accumulation was
not generated with the application of an appropri-
ate oscillation motion perpendicular to the tool feed.
The finished surface roughness of the bottom and
corner portions could also be improved.
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