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Abstract The additive/subtractive rapid pattern manufactur-
ing (RPM) process sequentially deposits thick material slabs
and then machines them into desired geometries in a layer-
by-layer manner. Although most rapid manufacturing sys-
tems mainly intend to increase flexibility in manufacturing
rather than to reduce processing speed, it is still practical to
choose the optimized sets of cutters and machining parameters
specifically for each layer to improve both the machining
quality and efficiency. This paper presents an algorithm to
automatically select finishing cutter geometry, diameter, and
calculate machining parameters for the RPM process. Inputs
to this algorithm are StereoLithography file from a computer-
aided design model and a cutter library. Finishing cutter
selection is based on geometry accessibility and machining
process efficiency analysis. The algorithm has been im-
plemented in RPM automatic process planning software and
the experimental result on a sample part is presented to show
the efficacy of this algorithm.

Keywords Rapid manufacturing . Accessibility . Cutter
selection

1 Introduction

An additive/subtractive rapid pattern manufacturing (RPM)
process was proposed by authors of this paper. The RPM
process and its cutter selection problem are introduced first.
Then, some previous cutter selection studies are reviewed.

1.1 Rapid pattern manufacturing process

An RPM process creates a 3-D pattern by repeatedly stack-
ing a thick material slab, cutting it to a certain layer thick-
ness, and then machining the slab layer into desired geome-
try [1]. The RPM system uses three-axis single-sided milling
operations with the assumption that the process is mainly
suited for the creation of two-part patterns for molding and
sand casting industry. The basic steps of this process are
illustrated in Fig. 1.

Essentially, the RPM system is a branch of rapid manu-
facturing processes applied in pattern manufacturing, where
one of the main advantages lies in automatic process plan-
ning [2]. The automated machining process flow in the RPM
system is illustrated in Fig. 2. In each building cycle, a new
material slab is deposited on the base or on the previously
finished layer. Then the material slab is milled to the thick-
ness calculated by a material deposition layer thickness
algorithm [1]. A roughing operation removes most of the
surplus material to quickly create the gross part geometry for
each layer. Next, a finishing operation is used to more accu-
rately machine surfaces and should ensure high-quality sur-
faces and dimensions. Optional semi-roughing operations
may be applied between the roughing operation and finish-
ing operation in order to further reduce the total machining
time, since patterns usually have large dimensions.

Three-axis vertical computer numerical control (CNC)
milling is the machining process that generates part geome-
try in RPM process. Raw materials used by RPM process are
medium density fiberboard (MDF), wood, high-density
foam, polyurethane, etc. As the first operation in RPM pro-
cess, a face milling operation is used to cut the material slab
to precalculated material deposition layer thickness. Among
all machining operations involved in RPM process, face
milling is the least dependent on part geometries.

Cutter diameter is a highly geometry related variable in
milling operation. In RPM process, using cutters specific for
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the geometry of each layer ensures good machining quality
and saves machining time. Objectives of cutter selection are
therefore to decide:

1. Roughing cutter diameter and Stepdown.
2. Semi-roughing operations.
3. Finishing cutter geometry, diameter and Stepdown.

This paper addresses the first part of cutter selection algo-
rithm for RPMprocess, and it only discusses the finishing cutter
geometry, diameter, and Stepdown selection.

Finishing operation uses surface finish contour cutter path.
In surface finish contour milling, the cutter moves along con-
tours or “waterlines” on part surfaces. As shown in Fig. 3, part
surfaces are “simulated” with a group of contours. The
finishing cutter follows these contours (cutter path) to “scan”
all over along part surfaces until they are completely machined
out. Stepdown is a parameter describing the distance along z
direction between two consecutive contours or “waterlines”.

1.2 Literature review

As a highly skill-demanding task, cutter selection has been a
major issue that hinders machining process planning from
being automated. It is not easy to select cutters which are not
only functionally correct but also optimum [3]. The develop-
ment of software system for automatic cutter selection is still
in its infancy [4]. Some early researches focused on finding
the single best milling cutter for a particular feature [5, 6].

A geometric algorithm for finding the largest milling
cutter for 2-D milling operations was presented by Yao
et al. [7]. A feasible cutter definition based on cutter's ability
to cover the target region was proposed. Even though the
application of a single cutter selection was limited, it could
be the first step for multiple cutter selection.

Bala et al. presented an automatic cutter selection and
optimal cutter path generation method for prismatic parts
[8]. Prismatic parts in their research were parts which were

composed by prismatic features, such as slots, steps, projec-
tions, etc. Algorithms for selecting appropriate roughing and
finishing cutters and generating the cutter path and NC code
for machining a pocket were presented in their research.
However, the single cutter for both roughing and finishing
limited its application.

Chen et al. studied the optimal cutter selection and machin-
ing plane determination problem for die cavity roughing op-
eration [9]. Both integer programming and dynamic program-
ming were applied to search for the optimized cutter set and
machining plane set to minimize the total machining time.

Other researchers addressed the problem of selectingmultiple
or a set of cutters for 2-D or 2½-D pocket machining. A 2½-D
structure was composed of several 2-D planes, so they could be
considered as the same type of problem. Arya et al. proposed an
approximation algorithm to select multiple cutters from a set of
cutters for milling a certain plane based on the minimum cost
[10]. The running time and approximation ratio of this algorithm
depended on the “simple cover complexity” of the milling
region. A novel concept, Voronoi Mountain, was presented by
Veeramani and Gau to calculate the material volume that could
be removed by a specific cutter size [11, 12]. With the help of
Voronoi Mountain, a dynamic programming model for selecting
an optimal set of cutter sizes for 2½-D pocket machining on the
basis of processing time was studied. Nadjakova and Mcmains
also studied the problem of finding an optimal set of cutter
for 2-D pocket machining on the basis of approximation ratio
and machinable area [13]. Yao et al. expanded the cutter selec-
tion problem from the specific 2½-D feature to multiple parts
milling field [14].

Wang et al. presented a computer-aided cutter selection
system for 3-D die/mold-cavity NC machining using both a
heuristic and analytical approach [15]. This approach select-
ed cutter types, cutter sizes, and key parameters for dies and
molds cavity machining.

D'Souza proposed a method to solve the cutter sequence
selection for 2½-D pocket machining on setup level [16].
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This method optimized the cutter path generation for all
features in one setup, which might nest within each others
from perspectives of: (a) feature level optimization, (b) com-
posite cutter sequence graph optimization, (c) constrained
graph optimization, and (d) subgraph optimization. A cost
model based on the actual cutter path generation, including
cutter path time, air path time, cutter change time, and cutter
life time, was developed to evaluate solutions on cutter
sequence selection. The complexity of the cutter sequence
selection was reduced in their research by identifying the fact
that “the accessible area of a larger cutter is a strict subset of
the accessible area of a smaller cutter”.

With feature-based models, precise geometry accessibili-
ty can be calculated and used for evaluating and selecting
cutter sets. Lim et al. [17] developed an exact cutter sizing
algorithm for feature accessibility. Cutter access distribution
and relative delta-volume clearance data were created from
cutter access algorithm, and adopted to select the optimum
cutter automatically. The objective for cutter selection and
cutter sizing in this algorithm was to study the geometric
constraints imposed on cutter selection. The input to this
algorithm was feature-based computer-aided design (CAD)
models. The result from this algorithm was able to ensure
good surface accessibility.

With the development of rapid prototyping and manufac-
turing, more and more attention is paid to cutter size selec-
tion for sculpture surface or free-form surface milling. Lee
et al. [18] proposed a cut distribution and cutter selection
method for sculpture surface cavity machining. A sculpture
surface usually consists of free-form surface patches which
were difficult and expensive to machine. Sculpture surface in
this paper was defined by non-uniform rational B-spline
surfaces which provided flexibility and freedom for surface
description. Curvature evaluation was employed to select the
finishing cutter. Roughing cutter size was based on cutters
chosen for hunt planes in surface information evaluation and
semi-roughing was based on geometric constraints and
thickness of shoulders left on the surfaces. Cutter selection

was optimized by the objective of high material remove rate
(MRR). The difficulty in implementation of this system
came from the determination of its system parameters.

Yang et al. [19] presented an interference detection and
optimal cutter selection solution for three-axis NC machining
of free-form surfaces. Three kinds of interference: protrusion
interference, overlapping interference, and boundary collision
interference were defined and relative solutions were pro-
posed. The optimal cutter selection algorithm was based on
the goal of minimum machining time. Objective surfaces in
this paper were parametric surfaces. This method required
high computational power when very fine grid resolution
was used in these algorithms. Lin and Gian [20] proposed a
multiple cutter approach to rough milling of sculpture surfaces
depicted by ordered data points. In the beginning, cubic non-
uniform B-spline surfaces were formed from the ordered data
points and sliced with constant z height to acquire the bound-
ary and island loops in each layer. Then cutter sizes for linear
pocketing, contour roughing, semi-roughing, and new-island
processing operations were selected for good machining effi-
ciency and cutter breakage prevention. Sun et al. [21]
presented an algorithm for decomposing machining opera-
tions for free-form surface features in order to minimize
machining time. Based on the decomposition of roughing
and finishing, algorithms for roughing cutter and finishing
cutter selection were also studied.

Many related researches in optimized cutter selection are
based on MRR optimization [18, 19, 22]. MRR is mainly
concerned with the machining efficiency. With the develop-
ment of CAD/computer-aided manufacturing (CAM) tech-
nology, feature-based models have been widely adopted.
Many feature-based algorithms have been developed since
then [23, 24, 25]. By employing both the surface accessibil-
ity and MRR, feature-based algorithms lead to better preci-
sion in machining.

Determination on machining parameters was also studied
by many research groups, for example in [26], [27], and [28].
Rad and Bidhendi [29] studied the optimum machining
parameters determination problem for milling operations.
Both single-cutter and multicutter operations were discussed
in this research. A cutting force model based on two inde-
pendent variables, 2-D chip-load and feed rate, were studied
by Bae et al. [30]. An automatic feed rate adjustment method
was proposed for optimal feed rate determination.

In summary, literatures reviewed above do not provide a
systematic method for cutter geometry, cutter diameter, and
machining parameters selection to support fully automatic
machining process planning; moreover, none of them is
based on layer-based machining. Therefore, this paper pre-
sents an algorithm to automatically select cutter geometry,
cutter diameter, and Stepdown parameter for layers with
different geometries in RPM process. The objective of this
algorithm is to create the geometry of each layer maximally,

ContoursStepdown

Fig. 3 Finish contour cutter path
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and with better machining efficiency than that of existing
fixed cutter set strategy.

2 Algorithm input data

There are two types of input data for the finishing cutter
selection algorithm: geometry model and tool library. They
are discussed in detail in this section.

2.1 Geometry model

Geometry input to this finishing cutter selection algorithm is
StereoLithography (STL) file of a CAD model. STL model
has become the de facto standard in rapid prototyping and
manufacturing industry. It uses tessellated triangular facets to
approximate part surfaces. Finishing cutter layer thicknesses
are calculated based on STL model in this finishing cutter
selection algorithm. Figure 4a illustrates an example of STL
model.

In order to obtain part geometry at each z axis position, an
STL model is sliced along the z axis to generate a set of 2-D
polygonal cross-sections. These 2-D polygonal cross-sections
are similar to contours or “waterlines” in finish contour cutter
paths. Sliced STLmodel is used to calculate accessibility ratio
(AR) of cutters in this algorithm. A sliced STLmodel is shown
in Fig. 4b.

2.2 Cutter library

The machining process in RPM process is three-axis vertical
CNC milling; therefore, cutters discussed here are milling
cutters. The cutter library stores information of four cutter
properties, which are cutter geometry (flat-end or sphere-
end), cutter diameter (size), cutter speed, and Stepdown–feed
relation.

Machining process efficiency is highly related to the
cutter diameter. Cutters with larger diameter usually have
high MRR. However, large diameter restricts the cutter's
accessibility to small geometric features. In order to achieve
optimal machining efficiency and geometric accessibility, a
cutter library with a full range of cutter diameters is neces-
sary, so that different cutters can be applied to different part
geometries.

Flat and sphere ends are the most frequently used cutter
geometries. Flat-end cutters have a planar end, which creates
flat plane and large slope angle features with high efficiency.
Sphere-end cutters are good at creating smooth curved sur-
faces with its half-sphere head. In the cutter library, there are
always a flat-end cutter and a sphere-end cutter of the same
diameter for selection.

Cutter speed, Stepdown, and feed rate are important param-
eters in machining process; and they are dependent on each
other. In order to simplify the decision process of selecting these
three parameters, cutter speeds are fixed in the first, based on
cutter properties and machine characteristics.

Besides workpiece material property and cutter speed, the
Stepdown and feed rate work together to affect the cutter
load in machining. Each cutter has a safe cutting load. In
machining operations, the feed rate has to reduce when
Stepdown increases, and vice versa, in order to avoid
overloading the cutter. In cutter library, a simple linear rela-
tion is used for Stepdown and feed rate calculation. As
shown in Fig. 5, the Stepdown–feed linear relation is de-
scribed with two end points [Max Stepdown, Min Feed] and
[Min Stepdown Max Feed]. When either Stepdown or feed
rate is known, the other one can be calculated according to
this linear relation. For a specific cutter–material combina-
tion, two end points of the Stepdown–feed relation are stored
in the cutter library. By the way, calculating the Stepdown–
feed relation for each specific cutter–material combination is
not the purpose of this paper and is not discussed here.

STL model Sliced STL model

x

y

z

a bFig. 4 Examples of a STL
model and b sliced STL model
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Effects of Stepdown and feed rate on machining process
efficiency are different in this model. As shown in Fig. 5, the
ratio of feed rate increase is smaller than the ratio of Stepdown
decrease because the feed rate increase is restricted by not only
the cutter load, but also the dynamic characteristics of CNC
machine motion system. Therefore, Stepdown is the primary
parameter and has major effect on machining process efficien-
cy, in this Stepdown–feed relation.

The length is another important property of milling cut-
ters, because cutter length that is not long enough may cause
collision between machine spindle and workpiece. In RPM
system, machining zones are within the range of material
deposition layer thickness, which is short relative to cutter
length. Therefore, all cutters are assumed to have lengths
larger than material deposition layer thickness; and cutter
lengths are not included in the cutter library for machining
process decision.

3 Finishing cutter selection algorithm

Finishing cutter selection algorithm framework is introduced
first. Then, key technologies used in this algorithm (finishing
cutter layer thickness, Stepdown calculation, AR calculation,
and finishing cutter selection) are studied. The algorithm
efficiency is also discussed in this section.

3.1 Finishing cutter selection algorithm framework

The finishing cutter selection algorithm flow chart is shown
in Fig. 6. There are two major steps in this algorithm. In the
beginning, finishing cutter layer thicknesses are decided
according to the input STL model, and the calculated layer
thickness data is stored in a finishing cutter layer thickness
database H. Then finishing cutter geometry, cutter diameter,
Stepdown, and feed rate for each finishing cutter layer are
selected or calculated according to angle α of each finishing
cutter layer. Sequence of the finishing cutter selection is from
top layer to bottom layer because, for some layers, finishing

cutter decision depends on the finishing cutter selection
result of the layer above it.

3.2 Finishing cutter layer thickness

Finishing cutter layer thickness here is defined to be the
effective range along z axis of a specific finishing cutter.
Angle α (surface slope angle) is identified as a key parameter
for calculating finishing cutter layer thickness and
Stepdown. And it is defined as the angle between a triangle
facet and the horizontal plane.

In each triangle facet of the STL model, there is a normal

vector N
*

which is composed by N
*
x , N

*
y , and N

*
z in 3-D

coordinate system (Fig. 7a). From normal vector compo-

nents N
*
x , N

*
y , and N

*
z , the angle between normal vector

and horizontal plane is β ¼ arctg Nz=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nx2 þ Ny2
p

� �

. Re-

lation between α and β is α=90°−β; therefore, the surface
slope angle of the triangle facet is:

a ¼ 90�−arctg Nz=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nx2 þ Ny2
p

� �

ð1Þ

By evaluating all triangles in a STL model, and selecting
the smallest angle α at each z position, a smallest angle α
distribution along z axis is obtained (see Fig. 7b). A contin-
uous z position range which has the same smallest angle α is
a finishing cutter layer; and this smallest angle α is the angle
α of this finishing cutter layer.

In finishing cutter layer thickness calculation, tessellated
facets with extremely tiny areas are neglected because tiny
triangle facets are usually flaws of STL model, and triangle
facets with tiny areas have little effect on geometry realiza-
tion and cutter selection.

Output of finishing layer thickness calculation is a database
H with structure illustrated in (2), where h1, h2… hn are
bottom and top z heights of finishing cutter layers; and α1,
α2 … αn are angle α of each layer.

0; h1½ � a1
h1; h2½ � a2
h2; h3½ � a3
…
hn−1; hn½ � an

ð2Þ

3.3 Stepdown calculation

Finishing cutters could be flat-end cutters or sphere-end
cutters. As shown in Fig. 8, when machining along a surface
with angle α to the horizontal x–y plane and with an allow-
able cusp height L, maximum Stepdown SD for both flat-end
cutter and sphere-end cutter are calculated with formulas (3)
and (4). Cusp height L is the theoretical surface finish

Max 
Feed

Max 
Stepdown

Min 
Feed

Min 
Stepdown

Fig. 5 Stepdown–feed linear relation
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produced by successive cutter paths made by a cutter.

SD f ¼ L

cosα
ð3Þ

SDs ¼ 2sinα
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2RL−L2
p

ð4Þ
In these two situations, Xf and Xs are cutter center distance

between two continuous tool paths, and can be calculated
with formulas (5) and (6).

X f ¼ L

sin αð Þ ¼ SD f ctg αð Þ ð5Þ

X s ¼ 2cos αð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2RL−L2
p

¼ SDsctg αð Þ ð6Þ
When L is fixed, Xf and Xs increase with the decreasing of

angle α. However, Xf and Xs cannot increase infinitely. When
they are larger than 2R (cutter diameter), a gap appears
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and finishing cutter layers (b)

Tool 
Library

Is αi =90°
No

No
Cutter geometry = Flat,

Cutter diameter 
calculation,

Stepdown =Max 
Stepdown

Yes

Go to next layer i=i - 1

Look up database

Finishing cutter layer 
calculation; Obtain

finishing cutter layer 
thickness database H

Set i = n

Yes

STL geometry 
model

END
Is Hi the last 

finishing cutter 
layer (i=0) ?

No

Cutter geometry
calculation,

Cutter diameter 
calculation,

Stepdown calculation

No

YesYes Is cutter for Hi+1 sphere
end ?

Cutter geometry = Flat,
Cutter diameter 

calculation,
Stepdown = Min 

Stepdown

Is αi =0°
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between these two continuous tool paths. This gap is not
allowed to happen. Therefore, Stepdown formulas are re-
written as:

SD f ¼ L

cosα
when L < 2Rsin αð Þð Þ

¼ 2R

ctg αð Þ when L > 2Rsin αð Þð Þ
ð7Þ

SDs ¼ 2sinα
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2RL−L2
p

when R > cos αð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2RL−L2
p

� �

¼ 2R

ctg αð Þ when R < cos αð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2RL−L2
p

� �

ð8Þ

3.4 Accessibility ratio calculation

AR is the percentage of a part surface that can be accessed by
a specific cutter. It is an important index of machining
quality; the finishing cutter diameter is selected per AR. In
this work, AR is calculated by the polygonal geometry of a
sliced STL model as follows.

AR ¼ Length of accessible line segments

Total length of line segments in the model
� 100%

ð9Þ
In formula (9), the total length of line segments in a slice

of the sliced STLmodel or a layer of the model is represented
by Lall. In order to determine the length of accessible line
segments, those inaccessible segments need to be detected
and subtracted from Lall. The inaccessible segments come
from three situations, including undercuts, intersecting line

segments, and concave corners. They are presented as
follows.

3.4.1 Undercuts

The first step is to evaluate the undercut accessibility. As
illustrated in Fig. 9, an undercut situation is that a slice is
totally covered by the union of slices above it. In this exam-
ple, line segments of the undercut slice cannot be reached by
cutters, because RPM system uses a three-axis vertical mill-
ing process. Whatever size the cutter is of, undercut line
segments cannot be accessed; therefore, these undercut ge-
ometries are not included in AR calculation.

3.4.2 Intersecting line segments

Finishing cutter paths are obtained by offsetting part geom-
etry perimeters (sliced STL model) at each z axis position by
the finishing cutter radius. After offsetting, some line seg-
ments may intersect with one another, which implies that the
distance between these features are small, and a cutter with
this radius will result in an overcut in these areas. Therefore,
these intersected line segments are inaccessible by cutters
with the given radius. Length of these inaccessible line
segments due to intersecting are represented by Lins.

Figure 10 shows the self-intersection and intersection
between line segments on finishing cutter path. These line
segments which cause intersection are inaccessible line seg-
ments. Part geometry contours after filtering inaccessible
line segments are also shown in Fig. 10 (right side).

3.4.3 Concave corners

As shown in Fig. 11, concave corners are partially or totally
inaccessible. In this step, accessibility of line segments after
(1) undercut evaluation and (2) intersecting line segment
calculation are assessed by evaluating corner angles. If a
corner angle is equal to or greater than 180° (convex corner),
this corner is fully accessible by cutters with any diameter.
However if the angle of corner is smaller than 180°, some

Under Cut

Union of 
Upper slices

Current Slice

Fig. 9 An undercut example

a b

Fig. 8 Flat-end cutter and sphere-end cutter cusp heights and
Stepdowns; a flat-end cutter cusp height, b sphere-end cutter cusp
height
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sections of this corner are inaccessible. The length of inac-
cessible corner side line segments depends on the cutter
diameter and corner angle. Lcor is inaccessible corner side
line segment length calculated in this step. Figure 11 (right
side) illustrates accessible line segments after filtering inac-
cessible corner side sections in a particular slice.

According to formula (9), AR of a specific cutter to the
part geometry is calculated as:

AR ¼ Lall−Lins−Lcor
Lall

� 100% ð10Þ

Inaccessibility due to intersection is more important than
the inaccessibility around concave corners in finishing cutter
selection because inaccessibility due to intersection can be
eliminated or reduced by selecting small cutters; on the
contrary, inaccessibility around concave corners is inevita-
ble. Therefore, a weight value W is applied to balance the
importance of these two types of inaccessible line segments.
Then, the AR formula becomes:

AR ¼ Lall−Lins �W−Lcor
Lall

� 100% ð11Þ

Sliced STL model uses line segments to approximate
curves. This approximation imparts small errors on AR
calculation. One method to reduce this error is to accommo-
date a certain degree of allowable deviation. A threshold AR
can be decided by experience.

3.5 Finishing cutter selection

The cutter selection for each finishing cutter layer is divided
into three situations, each of which is associated with a
different angle α.

3.5.1 Layers with α=90°

When angle α is 90°, finishing cutter machines the objective
geometry with its shank. In this condition, flat-end cutters
have better performance than sphere-end cutters, because
flat-end cutters have uniform cylindrical surface from top
to bottom, while sphere-end cutters have voids on the tip
section.

Cutter diameter is decided with AR calculation. One
characteristic of sand casting patterns is that the smallest
cutter diameter is always required at the slice with z=hi−1

for the finishing cutter layer [hi−1, hi]. Therefore, in the
beginning of finishing cutter size selection for layer [hi−1,
hi], a sliced file at z=hi−1 is obtained. Then, the allowable
largest cutter diameter is determined according to AR calcu-
lated from the slice geometry at z=hi−1.

The Max Stepdown of selected cutter is employed for
Stepdown and feed rate calculation for optimal machining
efficiency of this finishing cutter layer.

3.5.2 Layers with α=0°

A feature with 0° angle α is a plane. If the finishing cutter
layer above it is machined with a sphere-end cutter, there will
be material left by the sphere-end mill along plane edges.
And a cleaning operation with a flat-end cutter is needed.
Otherwise, no finishing operation is needed for 0° angle α
planes.

The cutter diameter for flat plane edge cleaning is decided
by AR calculation from the slice file obtained at the plane z
height. Flat plane feature is located at a specific z axis height;
therefore, there is no Stepdown for this operation. However,
a Stepdown value is still needed for feed rate calculation.
Because it is only a cleaning operation, which has minimum
material to remove, min Stepdown of the selected cutter is
adopted to maximize the feed rate, so that good machining
efficiency is ensured.

Lall-Lins: Part contour length besides intersection

Intersection

Self - Intersection

Lall: Part contour length

Part contour 
Line Segments

Offseted Line 
Segments by 

tool radius

Fig. 10 Intersecting line
segments evaluation
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3.5.3 Layers with 0°<α<90°

In this condition, cutter geometry calculation needs to have
cutter diameter as an input. Therefore, the cutter diameter
decision with AR calculation is performed first. The same
cutter diameter calculation procedure used in the angle
α=90° situation is employed.

When allowable cusp height L, angle α, and cutter diam-
eter 2R are known, both SDf and SDs are calculated with
formulas (7) and (8). Considering from the perspective of
process efficiency, if SDf>SDs, a flat-end cutter is adopted;
otherwise a sphere-end cutter is employed. When SDf is
equal to SDs, a flat-end cutter is preferred. When cutter
geometry is decided, the Stepdown is obtained at the same
time. Then feed rate is calculated from the cutter Stepdown–
feed relation.

3.6 Algorithm efficiency discussion

As stated in the beginning, good geometry realization (ma-
chining quality) is the primary goal when designing this
algorithm; optimal algorithm efficiency is secondary. Some
algorithm efficiency considerations have been discussed lo-
cally in previous sections. In this section, the overall algo-
rithm efficiency is discussed.

Before applying this algorithm, a fixed cutter set strategy
was employed in the RPM process. A sphere-end cutter with
0.25 in. diameter was used for finishing operation of every
layer. This means that cavity features with smaller than 0.25 in.
dimension in any direction cannot be fully created. In the
meantime, both Stepdown and feed rate are fixed. In order to
compromise different part geometries, a small Stepdown value
(0.02 in.) had to be employed. Small Stepdown ensures small
cusp heights when machining most of part geometries; how-
ever, it significantly hurts the process efficiency.

According to finishing cutter selection algorithm output,
sphere-end cutters are selected in most times when angle α is
between 0° and 90°, because they usually have better machin-
ing efficiency performance than flat-end cutters. Assuming

the same 0.25 in. diameter sphere-end cutter is selected,
finishing cutter selection algorithm output shows that the
calculated Stepdown (with 0.002 in. cusp height) is smaller
than 0.02 in. when angle α is smaller than 19°; it is between
0.02 and 0.06 in. when angle α is between 19° and 88°. When
angle α is larger than 88°, the Stepdown is even much larger
than 0.06 in. As discussed before, Stepdown has major impact
on machining process efficiency in RPM process. Assuming
angle α of objective geometries are evenly distributed be-
tween 0° and 90°, and 0.25 in. diameter sphere-end cutter is
selected, more than 7/9 features will be machined with
Stepdown larger than 0.02 in.. Therefore, process time by
using finishing cutters selection algorithm is significantly
shorter than that of using fixed cutter set strategy.

On the other hand, 0.25 in cutter diameter is relatively
small for features in large sand casting patterns. However,
the fixed cutter set strategy has to use a small cutter so that
most of geometries can be successfully created. Finishing
cutter selection algorithm selects cutters according to part
geometries, which need larger than 0.25 in diameter cutters
in most times. Large diameter cutters use large Stepdown

Fig. 12 Additive/subtractive rapid pattern manufacturing machine at
the Rapid Manufacturing and Prototyping Lab at Iowa State University

Lcor: Inaccessible line segments length around concave corners 

Inaccessible 
corner sections  

Fig. 11 Concave corner
accessibility assessment
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when the cusp height keeps the same. Therefore, this cutter
diameter improvement from finishing cutter selection algo-
rithm also significantly increases process efficiency. In sum-
mary, compared with the original fixed cutter set strategy,
finishing cutter selection algorithm has significant improve-
ment on finishing process efficiency.

4 Implementation

A RPM system has been developed and tested in the Rapid
Manufacturing and Prototyping Laboratory at Iowa State
University (Fig. 12). The system is comprised of four major
functional elements including: (1) two elevator platforms
serving as feed and build chambers with 1.2 m3 (1,440 kg)
capacities; (2) a material handling system to clamp, position,
and compress up to 1.2 m2 sheets of material; (3) a glue
application system; and (4) one off-the-shelf component: a
three-axis CNC router. A total of seven controllable axes are
utilized in the completely automated processing of patterns.
The gluing system utilizes a four-channel peristaltic pump
which directs cyanoacrylate adhesive through a manifold
applicator head. The servo-driven build table with four ball
screw drives can position the pattern for cutting operations
and apply up to 17,000 N of force during the 30-s gluing

compression cycle. The finishing cutter selection algorithm
has been implemented in software as a C-hook in the
MasterCAM CAD/CAM environment. NC code for each
layer and the requisite slab sequencing and facing to layer
height data is output from MasterCAM and then processed
using customized control system software to drive the ma-
chine elements.

The finishing cutter geometry, diameter, and Stepdown
selection algorithm presented in this paper has been
implemented in the RPM system; sample parts have been
machined. In this section, results of a sample pattern ma-
chined with both the proposed algorithm and original fixed
cutter set strategy are compared in aspects of machining
quality and machining process time. By referring to “Pattern
maker's manual” [31], cusp height L=0.002 in. is used in this
pattern-making practice.

Sample pattern used in this study is shown in Fig. 13. This
pattern has 9 in. length, 7 in. width, and 2 in. height. Outside
walls of this pattern are vertical to horizontal plane, and
inside surfaces have 2° or 3° drafts. There is also a small
cavity on top, which requires small cutters to machine it out.
MDF with dimensions of 10×8 in. and 0.75 in. thickness are
the raw material for creating this sand casting pattern.

Finishing cutters in cutter library are listed in Table 1.
There are eight finishing cutters in total: four flat-end cutters
and four sphere-end cutters with diameter range from 1/8 to
1 in. The RPM machine spindle can rotate at up to
25,000 rpm. Cutter speeds and Stepdown–feed relations are
selected according to cutter manufacturer's recommendation.
When deciding cutter feed rates, machine structural rigidity
and servo drive characteristics are also considered, besides
considering cutter physical strengths. All cutters are made
with high-speed steel material, which is good for machining
wood fiber materials.

Finishing cutter layer thickness output and cutter selection
results are listed in Table 2. Six layers in total are detected by
finishing cutter selection algorithm (first column in Table 2).
The finishing cutter selection process starts from the top
layer as follows.

Table 1 Finishing cutters in the
cutter library Cutter diameter

(inch)
Cutter geometry Cutter speed

(round/minute)
Stepdown–feed
for MDF (inch, inch/min)

1 Flat 8,000 (0.75, 125) (0.01, 250)

Sphere 8,000 (0.75, 125) (0.01, 250)

1/2 Flat 10,000 (0.50, 100) (0.01, 200)

Sphere 10,000 (0.50, 100) (0.01, 200)

1/4 Flat 15,000 (0.25, 75) (0.005, 150)

Sphere 15,000 (0.25, 75) (0.005, 150)

1/8 Flat 20,000 (0.20, 50) (0.005, 100)

Sphere 20,000 (0.20, 50) (0.005, 100)

2° Draft 
3° Draft 

Vertical Walls 

2 inches 
height 

9 inches length 

    7 
inches 
width 

Fig. 13 Sample pattern design
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To begin, the algorithm detects a flat plane feature on the
pattern top. Because the deposited layer itself has a flat plane
top, no finishing operation is needed for this layer.

For finishing cutter layer with z axis height range from 1.70
to 2.0 in., it has outside vertical walls with 90° angle α, inside
walls with 87° angle α, and the small cavity feature with 88°
angle α. Among these three angles, 87° is the smallest one.
Therefore, the angle α for this layer is 87°. By AR calculation,
the 0.125 in. cutter diameter is selected for finishing operation
of this layer. And by comparing SDf and SDs of cutters with
0.125 in. diameter for surface with 87° angle α, sphere-end
cutter geometry is picked. Accordingly, SDs is 0.044 in. for
this cutter; and feed rate is 90 in./min per calculation.

The next finishing cutter layer is a flat plane feature which
has z axis height at 1.70 in. Finishing cutter layer above it
employed a sphere-end cutter; therefore, a single-pass
finishing operation with a flat-end cutter is needed to clean
edges. The AR calculation indicates that 0.125 in. cutter
diameter is needed. No Stepdown is needed because there
is only one z axis height. And the fastest feed rate
(100 in./min) for this cutter is adopted.

Finishing cutter layer with z axis height range from 0.75 to
1.70 in. has 87° angle α. The sphere-end cutter with 0.25 in.
diameter is selected according to AR calculation and SD
comparison. Stepdown is 0.063 in. according to calculation
and feed rate is 132 in./min.

In the next layer, the flat plane at 0.75 z axis height needs
an edge cleaning operation too. Flat-end cutter with 0.25 in.

diameter is selected. No Stepdown is needed and the feed
rate is 150 in./min.

The bottom layer has z axis position range from 0 to
0.75 in. It only has four vertical wall features with 90° angle
α. Because this finishing cutter layer has only outside bound-
aries, it always has 100 % AR for cutter with any diameter.
Therefore, a flat-end cutter with largest diameter (1 in.) in the
cutter library is selected. The largest Stepdown for this cutter
(0.75 in.) is selected directly; the feed rate is 125 in./min. In
this way, the outside wall finishing of this layer can be
achieved in a single pass cutting with 1 in. diameter flat-
end cutter.

This pattern was machined with both the fixed cutter set
strategy and finishing cutter selection algorithm strategy.
The traditional fixed cutter set strategy machined every layer
with a 0.25 in. (diameter) sphere-end cutter for finishing;
Stepdown and feed rate for this cutter are fixed at 0.02 in. and
125 in./min separately.

As shown in Fig. 14a, general machining quality of the
fixed cutter set strategy is acceptable. However, the fixed
cutter set strategy may miss some small features sometimes.
In this case, the small slot feature on the top layer could not
be machined out with the 0.25 in. diameter cutter (Fig. 14a),
while the finishing cutter selection algorithm strategy
presented in this paper successfully captured and machined
this feature (Fig. 14b). The fixed cutter set strategy also used
fixed Stepdown when machining each layer; therefore, the
machining quality varies with part geometry. On the other

Slot is missing Slot is machined

a b

Fig. 14 Machined sample
patterns. a Pattern machined with
fixed cutter set strategy, b pattern
machined with finishing cutter
selection algorithm strategy

Table 2 Finishing cutter selec-
tion algorithm output for the
sample pattern

Finishing cutter
layers

Cutter geometry Cutter diameter
(inch)

Stepdown (inch) Feed rate
(inch/min)

[2.00, 2.00] 0° N/A N/A N/A N/A

[1.70, 2.00] 87° Sphere 0.125 0.044 90

[1.70, 1.70] 0° Flat 0.125 N/A 100

[0.75, 1.70] 87° Sphere 0.25 0. 063 132

[0.75, 0.75] 0° Flat 0.25 N/A 150

[0.00, 0.75] 90° Flat 1 0.75 125
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hand, the finishing cutter selection algorithm strategy dy-
namically adjusted Stepdown according to part geometry;
therefore, it ensures good machining quality.

Time consumed by the fixed cutter set strategy is much
longer than that of finishing cutter selection algorithm strat-
egy in this case: the finishing operation takes 59 min by
using fixed cutter set strategy; and it only needs 20.4 min
by employing the finishing cutter selection algorithm strate-
gy. Time saving of this finishing cutter selection algorithm is
significant when compared with fixed cutter set strategy.

5 Conclusion

Cutter geometry, cutter diameter, and machining parameters
have significant impact on quality and efficiency in machin-
ing processes. This paper presented a finishing cutter selec-
tion algorithm for the RPM process, as the first part of cutter
selection and optimization. Finishing cutter selection algo-
rithm is able to improve machining quality and reduce ma-
chining time for RPM process. Even though high processing
speed is not necessary for rapid prototyping and manufactur-
ing techniques, slow fabrication speed inhibits the creation
of large parts, such as sand casting patterns, with existing
rapid prototyping and manufacturing methods. Therefore,
the machining efficiency improvement for RPM process is
meaningful.

The method presented in this paper effectively address the
problem by analyzing three key aspects: finishing cutter ge-
ometry, cutter diameter, and Stepdown parameter. Finishing
cutter layers are calculated from STL model first. Then
finishing cutter geometry, diameter, and Stepdown are select-
ed according to different angle α in each finishing cutter layer.

The algorithm has been implemented and tested. A sample
pattern is machined with both fixed cutter set strategy and
finishing cutter selection algorithm strategy. Experimental
results show the proposed algorithm has significantly better
performance with respect to both machining quality and effi-
ciency over the existing fixed cutter set strategy. This finishing
cutter selection algorithm is the first part of the whole cutter
selection algorithm for RPM process. In the next part, the
roughing cutter selection and semi-roughing cutter selection
are going to be addressed with the purpose of both machining
quality fulfillment and machining time saving.
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