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Abstract A model propeller plays important roles in the
design of the marine vehicles. The cavitations, the erosion,
the pressure fluctuation, and the flow are measured by the
model propeller. These measurements help to create the
actual marine propeller. In this paper, geometry modeling
and tool path generation for a model propeller are proposed,
and the hub surface and lateral surface of the wing surfaces
are generated by the proposed method. Considering the
characteristics of the model propeller, efficient Cutter
Location (CL) data are proposed: (1) the finish machining
is completed with one setup posture. (2) A four-axis
machining algorithm is proposed that makes it possible to
the propeller with one setup and that minimizes machining
error. (3) To minimize the maximum machining load,
zigzag machining and an outside-to-inside tool path are
introduced. A tilting guide curve is proposed to determine
the tool axis vector. A smoothly changing tool axis vector is
obtained through this curve, and the calculation is simple
and fast. The results demonstrate that the proposed method
is useful for the manufacturing of model propellers.
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1 Introduction
1.1 Model ship and model propeller

A model ship carries out experimental analysis to improve
the propulsion and maneuvering performance of marine
vehicles (see Fig. 1a). Based on these types of analyses,
actual marine vehicles are designed and built. A model
propeller plays important roles in the design of the marine
vehicles. With the model propeller, the cavitations, the
erosion, the pressure fluctuations, and the flow are
measured. These measurements help to construct an actual
marine propeller.

Figure 1b shows cavitations on the rudder surfaces.
Cavitations on propeller blades and rudder surfaces can
cause erosion at the local part where the cavities collapse.
They can also lead to vibration and noise in the hull of the
ship. Therefore, it is necessary to develop reliable analysis
tools that can predict the formation of cavitations. From
these types of analyses, an optimal propeller shape can be
created. The designed shape of a propeller should be tested
before it is manufactured. In this case, a model propeller is
utilized to test and measure the performance of a propeller
in a scaled environment.

1.2 Manufacturing of a model propeller

A model propeller is generally made from cylindrical
aluminum alloy. Conventionally, it is manufactured by a
manual method: (a) drilling at the check points of wing
surfaces, (b) hand-finishing by grinding to those points.
This method is time-consuming to build a model propeller
accurately. Moreover, as this method depends simply on the
skill of the craftsmen, the results may be imprecise and out
of balance, which can cause the vibration and noise.
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Fig. 1 A model ship (a) and a model propeller (b)

Currently, to improve the quality of a model propeller, a
five-axis Numerical Controller (NC) machining is utilized.
The procedure of the five-axis NC machining of a model
propeller is given below.

(1) Set up the raw material as shown in Fig. 2a.

(2) Cut the upper side of the propeller via five-axis
machining (see Fig. 2b).

(3) Turn over the work piece.

(4) Cut the other side of the propeller via five-axis
machining (see Fig. 2c).

This method can cut clearly the narrow spaces as well as
the uncut volumes in three-axis machining or by drilling.
The machining quality and productivity is also superior to
conventional methods. This method, however, can reduce
the level of accuracy on account of setup errors that
occurred during the turning over of the part. When the work
piece is turned over manually, it is difficult to guarantee that
tolerance is maintained at or below 0.01 mm. Hence, it is
necessary to develop a method that does not require turning
over the part.
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(a)

5-axis machining of upper wings

(b)

5-axis machining of lower wings

(d)

Fig. 2 A five-axis machining of a model propeller: a setup, b machining
of upper wings, ¢ machining of lower wings, d the completed propeller

This paper proposes a method that cuts a model propeller
without the turnover. This means that the model propeller
must be machined with a single setup, which can remove
the error source caused by the turnover.

1.3 Literature survey

One of the earliest (1970) and still very useful introductions
to five-axis milling was given by Baughman [1] clearly
starting the applications [2]. This paper classifies the
possible conceptual designs and actual existing implemen-
tations based on the theoretically possible combinations of
the degrees of freedom. Some useful quantitative parame-
ters, such as the workspace utilization factor, machine tool
space efficiency, orientation space index, and orientation
angle index are defined. The advantages and disadvantages
of each concept are analyzed.

In the last decades, advances in machine tool and CAD/
CAM technologies have made it more convenient to
machine complex shapes. There have been many studies
of five-axis machining. One concerns tool path and NC
code generation, and another is in relation to interference
checks and removals [3]. In the tool path generation, a
surface base approach is used for rapid calculation at simple
shaped work part. Recently, the polyhedral model of a
sculptured surface is wildly researched [4-9]. And the
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researchers are concentrated on the regulation of the cutting
load of tool and the tool path for high speed machining [10].

For the detection and removal of interference, the
visibility cone, which played an important role in generating
the CL data of the multi-axis machining [7], is calculated in
each tool position. Then the optimized interference-free tool
vector is obtained from the vectors of feasible range. In
general approach, the determination of tool vector is time-
consuming [3—6]. And the requirements and constraints of
machining are different, at the work part and the used tool.
Thus, there were practical approaches of turbine blade,
impeller, tire, and propeller.

In the case of turbine blade, the projected visibility arc is
proposed to simplify the range of feasible tool vector [11].
Then the optimized heel angle of flat-end mill is calculated
for the machining condition. And the efficient method of
generating five-axis rough machining is suggested by using
the characteristic shape of centrifugal impeller [12]. And
GPU-based five-axis finish machining of impeller with a
ball-end cutter was introduced [22]. In the large marine
propeller, the face-milling cutter is used, and the tool vector
is optimized to reduce the scallop height of the adjacent
paths [13]. Generally, the wing supporter is used to endure
the machining pressure. In the small marine propeller, the
wing supporter is not used. Thus, it is required to consider
the machining pressure and to machine the narrow and deep
valley of adjacent wing by one setup. In the previous
research, the efficient tool path pattern considered the
machining pressure is introduced. And the interference-free
tool path of ball-end cutter is generated by check vectors of
adjacent wing [17]. Recently, the cylindrical cutter is used
to improve the machining quality. In this method, the
cylindrical cutter and the machined surface can keep line
contact. Thus, the scallop height is smaller than the ball-end
cutter [18].

Generally, generating the interference-free tool path
requires lots of time and efforts. At all tool positions, the
feasible tool vectors are calculated and smoothly connected
to minimize the dramatic change.

In this paper, a tilting guide curve is proposed to
determine a tool axis vector, as shown in section 4.2. At
the first tool path, a proper tilting guide curve is calculated,
and the offset distance is determined. Then, at the next tool
path, the tilting guide curve is determined by the offset
distance. And by connecting these two curves at each tool
position, the smoothly changing tool vectors are obtained.
Thus, by one determination of offset distance, the feasible
tool vectors and their smooth connection of all tool paths
can be calculated in simple way. But, in check vector
method [17], this calculation is required at all tool paths. By
this method, a small marine propeller is machined by four-
axis machining with a ball-end cutter at one setup
efficiently.

The special case of propeller, which is not reachable by a
tool to the inner hub area, as shown in section 3.1, is not
machined by proposed four-axis method, though the global
interference checking is possible. In that case, the
interference-free tool paths are calculated by the general
method of five-axis machining [19-22]. And the proposed
idea can be applied to by a manual operation. The tool
axis vector is dependent on the tilting guide curve at the
proposed method. Thus, by manually editing the tilting
guide curve, the interference-free tool path can be
acquired.

2 System overview
2.1 Procedure

The overall procedure for the geometric modeling and tool
path generation of a model propeller is given below:

(1) Set up the work piece (see Fig. 3a).

(2) Machine the 2D boundary of the model propeller via
contour milling.

(3) Cut the lower side of the model propeller roughly
using three-axis machining (see Fig. 3b).

(4) Turn over the work piece.

(5) Cut the other side of the model propeller roughly
using three-axis machining (see Fig. 3c).

(6) Using four-axis NC machining, precisely cut the model
propeller without a setup change (see Fig. 3d, e).

Steps (1) to (5) represent the processes of rough milling.
When rough milling, the machining allowance remains for
the finish cut. After the rough cut, the model propeller is cut
precisely during the finish machining process. Even if it is
necessary to turn over the part during rough machining,
this does not influence the ultimate accuracy of finish
cut. In the finish cut of small model propeller in step (6),
the determination of tool axis vector of deep valley of
wings is important. That requires lots of calculation in
the general five-axis machining method. But, that can be
calculated easily in four-axis machining. For the effi-
ciency, we divided the wing path to the lower and the
upper for four-axis machining and introduced the tilting
guide curve.

The proposed procedure of tool path generation for a
model propeller is presented as shown in Fig. 4.

(1) Create the surface model of a model propeller.

(2) Convert the surface model to a polyhedral model via
tessellation.

(3) Generate the tool path of the cutter center.

(4) Generate the tilting reference curve.
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(a)

Three-axis roughing of lower wings

(b)

Three-axis roughing of upper wings

(©)

Four-axis machining of the hub

(d)

Four-axis machining of the wings

(e

()

Fig. 3 The procedure for the machining of a model propeller: a setup,
b rough cut by three-axis machining, ¢ turnover and rough cut of the
other side, d the four-axis machining of the hub, e the four-axis
machining of the wing surfaces, f the completed model propeller

(5) Calculate the tilting angle of the cutter (the tool axis
vector).
(6) Generate the NC code by post-processing.

A geometric model of an actual propeller is generated
after an analysis and experimental efforts of hydromechanics.
Data for the wing of the propeller are represented by a
point list. These point data are only for the face of wings,
implying that the lateral surface of the wing should be created
properly.

To generate the tool path, the surface model should be
tessellated to a polyhedral model. First, the offset tool path

@ Springer

is calculated. This lies in the center of the ball-end mill.
Some points should be inserted into the path, and the
intersected loops should be removed to avoid interference.
This modification is done automatically. At this point, it is
necessary to calculate an interference-free tool axis vector.
To generate the tool axis vector, this paper proposes the
tilting guide curve. Using this curve, a proper tool axis
vector can be generated, and the tool axis vector changes
smoothly along the path.

2.2 Characteristics of the machining of a model propeller

Compared with conventional five-axis machining, there are
a number of characteristics to be considered when machining
a model propeller.

(1) In machining a propeller, a setup change during the
rough machining process does not affect the accuracy.
The setup change during the finishing, however,
causes serious errors in the final result because the
machining tolerance is very tight, i.e., 0.01 to
0.02 mm.

(2) There is no place except at the center of the hub to
fix the model propeller during the machining. It is
unstable, however, if the work piece is fixed at the
center of the hub. Hence, a proper tool path should
be generated to maintain the balance of the wings.
If the wing is machined in one direction of
rotation, balance of wings can be lost. This causes

Point data for the wing
surfaces
I
Build surfaces (wing surfaces, a
lateral surface, a hub surface)
I
Generate a polyhedral model
of the surfaces
|
Calculate the offset tool path
of the center of the cutter
I
Create the tool path with the
proper tool axis vector
I

Post processing

m
Fig. 4 The procedure of geometric modeling and the tool path
generation of a model propeller
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vibration of the propeller and reduces the total
power output.

(3) The outside of the wing is thinner than the inside. If
the wing is machined from the inside to the outside,
the wing is easily deformed by the machining load. If
the wing is machined from the outside, the amount of
deformation can be reduced.

Considering these characteristics, the proposed tool path
of a wing uses a zigzag pattern rather than a one-way
pattern. And to reduce the pulling of a wing by machining
pressure, it starts from the outside to the inside of the wing,
from biggest radius path to smaller one. The most important
feature of the proposed tool path is that it is not necessary
to change the setup.

3 Geometric modeling of a model propeller
3.1 Generation of the wing surface

The geometry of the wing of an actual marine propeller
is determined through different studies and experiments.
A model propeller is designed by miniaturizing the
actual propeller. The shape of wing surface, as shown
Fig. 5, is characterized by the skew angle and the rack
angle. These angles are related with the noise of propeller
and resistance of water. To design the total wings of
propeller, a wing surface is copied by rotation at the center
point of hub. If the skew angle and the number of wings
are bigger, the space of adjacent wings for machining of
hub is smaller.

The interference-free tool path cannot be created; in the
case of a four-axis, cutting tool cannot reach to the inner
wing and hub area; the space of adjacent wings is too small
to reach to the hub area by a four-axis tool or blocked by
bended special shape of wings.

3.1.1 Upper and lower surfaces of a wing

The geometric data of the wings are represented by the
point lists that lie on the concentric circles of the hub. Each

kew angle

o<

Rake angle

Fig. 5 The example of model propeller

point list is described by the radius of concentric circle (r),
the angle between the y-axis, and the line from the origin to
a point, the distance from the upper limit to the upper
surface, the thickness of the wing, and the distance from the
lower limit (usually z=0) to the lower surface, as shown in
Fig. 6. The Cartesian coordinate values are obtained by the
following equations.

x = rsin(6) (1)
y = rcos(6) (2)
zr=b+e (3)
Z=c (4)
where

r is the radius of the concentric circle of the point list.

f is the angle between the y-axis and the line from the
origin to a point.

b s the thickness of the wing at a point.

¢ is the height of a point on the lower wing.

z, s z value of a point on the upper wing.

z;, is z value of a point on the lower wing.

The numbers of points of the point list are not identical
because the points are sampled according to the angle. To
generate a Bezier surface of order (4, 4), the point list is
adjusted to have the same number of points as other point
lists, and the points are spaced evenly. Using these point
lists, a Bezier composite surface of order (4, 4) can be
created easily. There are many studies on this topic [14].
Figure 7 shows a surface model of the upper and lower
surfaces of a wing.

Zf L ]
bo
zbil

Fig. 6 Geometric data of a wing
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Fig. 7 A wing surface of a model propeller

3.1.2 A lateral surface of a wing

It is necessary to create a lateral surface to connect the
upper and the lower surfaces smoothly. This surface
should be generated by the system automatically rather
than by the designer of a propeller. Using two points of
the upper and lower wing surfaces (F, B), the tangent
vectors at the points (V5 V) and the end point of a wing
(E), a sectional curve (CV..) can be created, as shown in
Fig. 8. These sectional curves can be created along the
boundary curve (CVy,,q). Using these sectional curves and
the boundary curves of the upper and lower surfaces, a
lateral surface is generated.

As the tangent vectors of the upper and lower surfaces
are used to generate the lateral surface, continuity (G') is
guaranteed only at the point where the sectional curves are
placed. G' continuity is not guaranteed at the other
boundary points. When the tool path is generated by
offsetting method, the gaps of wing surfaces and lateral
surface are enlarged, especially at the end part of the wing.

"“
Lateral
surface

Fig. 8 Creation of the lateral surfaces
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This drawback must be considered when the tool path is
generated.

3.1.3 A hub surface

A hub surface can be created using rotating the cross-
sectional curve that is represented as a list of the height (H;)
and its radius (R;), as shown in Fig. 9. By rotating the cross-
sectional curve, a hub surface can be created easily.

4 Tool path generation
4.1 Tool path of the cutter center

Surfaces representing the model propeller should be
tessellated to create a polyhedral model. In this paper, the
polyhedral model consists of triangles that have three
vertices and normal vectors. As surfaces used in this paper
are smooth, the sampling intervals (Au, Av) are easily
calculated, which satisfy the given tolerance. All triangle
points on the aforementioned surfaces can be obtained
using the (Au, Av). A polyhedral model is constructed by
the sampled points of wing surfaces, hub surface, and
lateral surfaces.

As a ball-end mill is used to cut the model propeller,
these triangles should be offset by the radius of the cutter.
The tool path of the cutter center can be calculated by
intersecting the offset polyhedral model and a plane or a
cylinder. To avoid interference with the wings and the
cutter, a proper tool axis vector should be calculated.

4.1.1 Tool path generation to cut a wing surface

The tool path to cut the wing of a model propeller is
generated by calculating the intersection curve between the

Fig. 9 A hub surface
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offset polyhedral model and a cylinder, as shown in Fig. 10.
The cylinder and the hub surface are concentric. When
calculating the intersection, the intersection point and the
normal vector at the point are saved. If the normal vectors
of each vertex of a triangle change suddenly, the cutter
(ball-end mill) may over-cut its own triangle. In Fig. 11, the
offset triangle is more expended than the original one.
Thus, it is necessary to insert points between the end points
of pl and p2.

There are three polyhedral models that represent a wing:
the upper surface, the lower surface, and the lateral surface.
If calculating the intersection curves, there are four curves:
an intersection curve on the upper surface, an intersection
curve on the lower surface, and two intersection curves on
the lateral surface. These four curves must be connected to
one curve. At this point, two types of problems can occur.
The first of these involves intersection curves that are
overlapped, and the second involves intersection curves that
are apart from each other.

If overlapping occurs, it is necessary to calculate an
intersection and join the two curves at that point, as shown
in Fig. 12a. To remove overlapped points, intersection
points must be calculated between the normal vector line
and curves from the lateral surface and wing surface. If
there are two intersection points (this means “overlapping”),
the outer point (mark o) of two points should be selected
as a point of tool path. If the curves are apart from each
other, additional points must be inserted using the cutter
radius and the normal vectors of the end point, as shown
in Fig. 12b.

4.1.2 Tool path generation to cut a hub surface

As the hub surface is created by the surface of the
revolution, the section curve at the height becomes a circle.
A good tool path is created when cutting the hub with
circular arcs. The first step when calculating the tool path
involves generating the intersection curve between the
offset hub surface and a plane parallel to the XY-plane.
This intersection curve is a circle that should be bounded by

r'y i
z Cylinder X Offset polyhedral

model

Fig. 10 Tool path generation by calculation of the intersection curve
between a cylinder and the offset polyhedral model

259
D1 Offset triangle
n
D1
1z
Dz

Fig. 11 Tool path creation of the offset triangle

the wing surfaces. By calculating the intersection points
between the circle and a polyhedral model of wing surfaces,
the circle from the offset hub surface becomes a circular
arc. Fig. 13 shows a side view of a tool path that can be
used to cut the hub.

4.2 Determination of a tool axis vector
4.2.1 A tool axis vector

In five-axis machining, the tool posture is determined in the
following procedure [7]:

(1) Visibility computation: To generate the tool axis
vector, an access volume should be calculated. The
access volume is a space in which the tool can
approach a point of the tool path without interference.
The access volume is cone-shaped in the case of
five-axis machining. In the case of four-axis machining,
the access volume is a triangle, that is, a planar
space [5, 7].

(2) Definition of the tool posture: The tool axis vector is
determined by selecting an axis vector in the cone (the

Offset lateral

surfaces \

Offset wing
surfaces

\ a

Fig. 12 Connection of the tool path
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Tool path (circular arc)
Machining area

\
Offset wing surface

Fig. 13 Tool path of a hub surface

access volume), as shown in Fig. 14a. Then, the
vectors of adjacent position are connected smoothly.
Considering the shape of wing, the propeller can be
machined by five-axis or four-axis machine. In five-
axis machining, various postures are possible, but the
calculation of tool axis vectors is time-consuming and
smooth change of the vectors is difficult [15, 16]. With
the four-axis machining, these works can be finished
with little effort.

Access volume

Cutter
center point

a
O /s
! AN
| IN
\ \
\
\
\ \
\ \
O \
\ \
Lower \\ \\
surface ~
\\ 1
24 —o -
X

Fig. 14 The tool axis vector of a propeller. a An access volume of XY
view. b A tool axis vector of ZX view
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In the approach of four-axis machining, the path of a
wing is divided to the upper and the lower surface tool path,
as shown in Fig. 14b. The calculation of tool axis is
simplified from the 3D space to the planer space. And this
paper introduced a tilting guide curve to simplify more the
creation of tool axis vector.

4.2.2 Generation of a tilting guide curve

A tilting guide curve is an intermediate curve of two
intersecting curves of wing surfaces with a plane parallel to
the XY-plane. Figure 15 shows the technique used to generate
a tilting guide curve. The intersection curves between the
offset polyhedral model of a wing and a plane should be
calculated. By calculating intersection points between this
intersection curve and a concentric circle, points A and B are
obtained. Point C is an intermediate point between A and B.
If the radius of the concentric circle changes from the radius
of the hub to the end of the wing, a tilting guide curve can be
generated at the height. The tilting guide curve should be
generated at any height. For efficiency of the system, tilting
guide curves are generated at sampled heights. In this paper,
only 15 sampled heights are used to generate the tilting
guide curves. At an intermediate height, the interpolated
tilting guide curve can be utilized.

4.2.3 Determination of the offset distance

Using the tool path and the tilting guide curve presented at
the previous stage, the tool axis vector can be determined.
As shown in Fig. 16, P is a point on the tool path, and V; is
a tool axis vector. The first tool axis vector is a vector from
point P to point Q; on the tilting guide curve. With a tool
axis vector, Vj, the interference check is processed with the
tool holder and the work piece. If interference has occurred
with the tool axis vector V;, Viy; is then considered as the
next tool axis vector. This procedure is repeated until there
is no interference. Then, the offset distance, the radius gap
of a tool path and the searched tilting guide curve, is
determined. At the first tool path, the offset distance must
be calculated. But at the next tool path, a tilting guide curve
is determined by using the offset distance easily. The check
radius is the sum of radius of the tool path and the offset
distance. Then, the tilting guide curve, which is the radius

Fig. 15 A tilting guide curve at Tilting guide curve

a height
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Vs

Vs
Tilting guide curve

) . Offset distance

P (Cutter
center point)

Fig. 16 Determination of a tool axis vector using the tilting guide curve

closest to the check radius, is selected. The space of
adjacent wings at the next tool paths is wider than the first
one. Thus, the recalculation of offset distance is not
necessary. And by just connecting from the tool path to
the tilt guide curve at each tool position, the smoothly
changing interference-free tool vector is obtained.

The determination of a tilting vector in this manner leads
to good results, such as surface finishing and the smooth
motion of the machine tool, because the tool axis vector
changes smoothly along the tool path. The index i is
increased from the inside to the outside of a model
propeller. If the index 7 is decreased, the interference check
is processed from the outside to the inside with acceptable
results. The tool position vector and tool axis vector are
obtained in this manner. With these data, the four-axis CL
data can be generated.

4.3 Post-processing for generation of NC code

To manufacture the model propeller, a conventional five-
axis NC machine is utilized, which is attached to a tilting
and rotating table (see Fig. 17a) on a three-axis NC
machine. Although the five-axis machine is used, the
four-axis machining method is utilized, as described in this
paper. Four-axis machining has an advantage in that it can
cut the model propeller without changing the setup.

The kinematic structure is shown in Fig. 17b. Using the
position data (P,,P,,P.) and the tool axis vector (4,,4,,4.),
the absolute coordinate values to send to the NC machine
are generated. The inverse kinematics can be calculated
using the equations given below. (x, y, z) are coordinate
values for the Cartesian coordinate system, and (a, c¢)
represent angles of the rotational axes.

™
c=5- arctan (4,, A, ) (5)

a= g — arctan(Az, A2 +A§> (6)

Fig. 17 A five-axis NC machine

1 0 0 0
01 0 O
(x7y5271)*(PX5Py7PZal) 0 0 1 0
0 0 H 1
cos(c) sin(¢c) 0 O 1 0 0 0
—sin(c) cos(c) 0 0 0 cos(a) sin(a) O
0 0 1 0 0 —sin(a) cos(a) 0
0 0 0 1 0 0 0 1
1 0 0 O
01 0 O
00 1 O
0 0 —-H 1
(7)

5 Implementation and the results

Figure 18 shows the CL data that are used to machine a
model propeller. There are uncut volumes because the
rough cutting is done by three-axis machining. These uncut
volumes must be removed before the finish machining, as
shown Fig. 18a. CL data for the finish machining of the
wing surface are shown in Fig. 18b, c. CL data for the
machining of the hub surface are shown in Fig. 18d.

The CL data for one wing surface are copied to
formulate the CL data that are used to cut the other wing
surfaces and the other parts of the hub surface. None of the
CL data requires a setup change. Figure 19 shows an actual
model propeller machined by the proposed method.

When the model is being tessellated, in this paper, the
tolerance of polyhedral model is set to 0.005 mm. So, the tool
path error should be less than it. But, there are machining
errors caused by mechanical problems such as a tool
chattering and accuracy of machine tool. With a conventional
five-axis machining, the cutting accuracy was 0.08~0.15 mm.
With the proposed method, however, the accuracy is improved
to 0.02~0.04 mm because the proposed method cuts the
model propeller without a setup change.
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Fig. 18 Four-axis CL data to
cut a model propeller: a rough
machining of an uncut volume,
b finish machining of the upper
wing surface, ¢ finish machining
of the lower wing surface,

d finish machining of the

hub surface
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Fig. 19 A machined model propeller
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6 Conclusions

In this paper, geometry modeling and tool path generation
of a small model propeller are proposed. The geometry
modeling of a model propeller can be created by the
designed point data. A hub surface and a lateral surface of
wing surfaces are generated by the proposed method. These
surfaces are tessellated to create a polyhedral model that is
utilized to calculate the CL data.

In the real-sized large propeller, the machining time is an
important factor. So, the machining method is different. It is
not necessary to generate the whole NC data at one time,
and the flat-end mill is preferred. But, the main concern of
the small propeller is to generate the whole finish
machining data for a single setup. Considering the
characteristics of the small model propeller, this paper
proposed an efficient CL data: (1) finish machining is
completed with one setup posture. (2) A four-axis machining
algorithm is proposed, which makes it possible to machine the
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propeller with one setup and minimizes the number of
machining errors. (3) To minimize the maximum machining
load, zigzag machining and an outside-to-inside tool path are
introduced. A tilting guide curve is proposed to determine the
tool axis vector. Using this curve, a smoothly changing tool
axis vector is obtained with a fast and simple calculation. The
results demonstrate that the proposed method is useful for the
manufacturing of a model propeller.

References

1. Bohez ELJ (2002) Five-axis milling machine tool kinematic chain
design and analysis. Int J] Mach Tools Manuf 42:505-520

2. Baughman JA (1970) Multi-axis machining with APT. In: Leslie
WHP (ed) Numerical control user's handbook. McGraw-Hill,
London, pp 271-298

3. Li SX, Jerard RB (1994) Five-axis machining of sculptured
surfaces with a flat-end cutter. Comput Aided Des 26:798-803

4. Choi BK, Park JW, Jun CS (1993) Cutter-location data optimiza-
tion in five-axis surface machining. Comput Aided Des 25:377—
380

5. Elber G, Cohen E (1999) A unified approach to verification in five-
axis freeform milling environments. Comput Aided Des 31:795-800

6. Rao A, Sarma R (2000) On local gouging in five-axis sculptured
surface machining using flat-end tools. Comput Aided Des 32:416—
420

7. Balasurimaniam M, Laxmiprasad P, Sarma S, Shaikh Z (2000)
Generating five-axis NC roughing paths directly from a tessellated
representation. Comput Aided Des 32:261-267

8. Le Z, Chen W (2005) The analysis of correlative error in principal
axis method for five-axis machining of sculptured surfaces. Int J
Mach Tools Manuf 45:1031-1036

9. Hosseinkhani Y, Akbari J, Vafaeesefat A (2007) Penetration-
elimination method for five-axis cnc machining of sculptured
surfaces. Int J Mach Tools Manuf 47:1625-1635

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Lavernhe S, Tournier C, Lartigue C (2008) Optimization of 5-axis

high-speed machining using a surface based approach. Comput
Aided Des 40:1015-1023

Piao C-D, Lee C-S, Cho K-Z, Park G-R (2004) Automatic NC-
data generation method for five-axis cutting of turbine blades by
finding safe heel-angles and adaptive path-intervals. J] Mech Sci
Technol 18(5):753-761

Young H-T, Chuang L-C, Gerschwiler K, Kamps S (2004) A five-
axis rough machining approach for a centrifugal impeller. Int J
Adv Manuf Technol 23(3-4):233-239

Lo C-C (1999) Efficient cutter-path planning for five-axis surface
machining with a flat-end cutter. Comput Aided Des 31:557-566
Piegl LA, Tiller W (1996) The NURBS Book. Springer-Verlag,
New York

Agson Gani E, Kruth JP, Vanherck P, Lauwers B (1997) A
geometrical model of the cut in five-axis milling accounting for
the influence of tool orientation. Int J Adv Manuf Technol 13
(10):677-684

Huiwen Li O, Tutunea-Fatan R, Feng H-Y (2007) An improved
tool path discretization method for five-axis sculptured surface
machining. Int J] Adv Manuf Technol 33(9-10):994-1000

Youn JW, Jun Y, Park S (2003) Interference-free tool path
generation in five-axis machining of a marine propeller. Int J
Prod Res 41(18):4383-4402

Cao L, Liu J (2006) An integrated surface modeling and
machining approach for a marine propeller. Int J Adv Manuf
Technol 35(11-12):1053-1064

Morishige K, Takeuchi Y, Kase K (1999) Tool path generation
using C-space for 5-axis control machining. J Manuf Sci E-T
ASME 121(1):144-149

Balasubramaniam M, Sarma SE, Marciniak K (2003) Collision-
free finishing tool paths from visibility data. Comput Aided Des
35(4):359-374

Jun CS, Cha K, Lee YS (2003) Optimizing tool orientations for 5-
axis machining by configuration-space search method. Comput
Aided Des 35(6):549-566

Bi QZ, Wang YH (2009) Ding H, A GPU-based algorithm for
generating collision-free and orientation-smooth five-axis finishing
tool paths of a ball-end cutter. Int J Prod Res 99999(1):1-20

@ Springer



	Geometric modeling and tool path generation of model propellers with a single setup change
	Abstract
	Introduction
	Model ship and model propeller
	Manufacturing of a model propeller
	Literature survey

	System overview
	Procedure
	Characteristics of the machining of a model propeller

	Geometric modeling of a model propeller
	Generation of the wing surface
	Upper and lower surfaces of a wing
	A lateral surface of a wing
	A hub surface


	Tool path generation
	Tool path of the cutter center
	Tool path generation to cut a wing surface
	Tool path generation to cut a hub surface

	Determination of a tool axis vector
	A tool axis vector
	Generation of a tilting guide curve
	Determination of the offset distance

	Post-processing for generation of NC code

	Implementation and the results
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


