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Abstract. This study describes a software system that determines the minimum
combination of workpiece postures necessary for cutting a machine part. In a
previous study, the authors developed a system for detecting difficult-to-machine
shapes by repeating cutting simulations while changing the posture of the workpiece
model. The newly developed technology extends this method to automatically
determine the necessary workpiece postures by appropriately incorporating the
simulation results. Six workpiece postures are commonly considered when machining
mechanical parts. Geometric cutting simulations were performed for each posture,
and for each polygon in the part model, thereby recording the possible workpiece
postures for machining. Finally, the combinations of workpiece postures that allowed
all polygons to be machined were examined, outputting the smallest combination as
the calculation result. Computational experiments were conducted on several part
models, confirming that appropriate workpiece posture combinations can be
obtained.

Keywords: Manufacturability evaluation, geometric cutting simulation, computer-
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1 INTRODUCTION

The increasing performance of Internet technology and the computerization of manufacturing
processes have brought about various changes in the manufacturing industry. In a new business
model that has been gaining popularity for the manufacturing of small quantities of mechanical parts,
the machining of parts is ordered online and delivered quickly (e.g., MISUMI's Meviy System [15]).
After a computer-aided design (CAD) model of the part is uploaded according to a specified
procedure, an estimate of the time and price required for machining is displayed, and if it meets the
requirements, the order is placed immediately. The parts are processed in the factory and sent by a
courier service to the specified location for delivery at the specified date and time (Fig. 1). However,
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for such a business to be viable, the cost of machining the part must be estimated as quickly and
accurately as possible based on a given CAD model.

Internet environment

| Part Manufacturer |

Request Cost Order . '
with CAD and with Delivery in
model time CAD 1 to 6 days

estimation mode/

| Client Company |

Figure 1: Online mechanical part manufacturing business.

In this type of part manufacturing, the available machining methods are usually limited to cutting,
and the tools and workpiece mounting used for machining are also limited to standard methods,
which are used to determine the machinability of the uploaded CAD model. The number of mounting
changes in the workpiece, type of tooling used, and necessary machining time should also be
determined in the shortest possible time to accurately estimate the costs. The ultimate goal of this
research is to automate machining cost estimation, and changing the mounting of workpieces is a
manual process that has a significant impact on machining costs. In this study, a new method was
developed to automatically determine the workpiece mounting required to machine a part.

Our laboratory has already developed machinability evaluation software that determines
whether a given CAD model is machinable using prepared cutting tools [9,10]. The software
repeatedly simulates the cutting operations using these tools. If any detected shape cannot be
removed by the cutters, the system determines that part as difficult to machine; otherwise, the part
is recognized as machinable. In the small-lot production of mechanical parts, parts are usually
machined from rectangular materials. Therefore, it is standard practice to place any of the six faces
of a rectangular object or the flat faces obtained through machining in contact with the table, thereby
fixing them and repeating the machining operations. The software we developed performs machining
simulations while changing the six workpiece postures according to this standard mounting method.
Using this software, difficult-to-machine shapes can be readily detected and visualized.

This software was extended to record the mounting position of each point on the surface of the
part during machining simulations. For machinability evaluation, machining simulations were first
performed with six standard mounting postures. After processing, the recording of the mounting
postures at each point on the part surface was examined to determine the combination of mounting
postures required to machine all the points on the surface of the part. Subsequently, the smallest
combination of workpiece postures that can fully machine all points was determined and output as
the result. The software was implemented and used to perform computational experiments on 20
parts to verify the effectiveness of the proposed method. The additional processing time required
for posture determination was negligible.

In the next section, the authors briefly describe the previous studies in this field. Section 3
describes the machinability evaluation software based on the proposed cutting simulation technique.
Section 4 describes the proposed method for determining the required combination of mounting
postures based on the recorded cutting simulation data. Section 5 describes the results of the
computational experiments and Section 6 presents the conclusions and future research targets.

2 PRIOR STUDIES

Determining the posture of a workpiece during machining has been a subject of research in process
planning automation [1]. Conventional research usually employs the following methodologies. The
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basic idea is to extract characteristic partial shapes referred to as form features, such as holes,
grooves, and pockets, in a part-shape model, thereby determining the spindle direction of the tool
that can machine these shapes based on the geometric constraints of each form feature, finally
deriving the workpiece posture based on the tool direction. Therefore, in previous studies, the main
focus of research was on form feature extraction techniques and the determination of machinable
tool directions from the extracted form features.

Numerous studies have been conducted on form feature extraction [20]. There are two major
categories in this field: methods that detect form features as a set of faces or as volumetric objects.
The former extracts features based on the connections between the faces of the part shape model
[3,5,11,21]. As the spindle direction of the tool during machining is often determined from the
geometric properties of the faces, this method has the advantage of facilitating the determination of
the machining method after extraction. However, the same shape often has different types of
surfaces and connections (e.g., whether the sides of a hole are represented by a single cylindrical
surface or a group of long and narrow triangles), and it is difficult to detect form features when
multiple form features are mutually connected (e.g., when a pocket shape has additional pockets at
the bottom).

Another promising method for form feature extraction considers volumetric elements
[18,13,17,19]. By considering the rectangular object that tightly contains the part shape as the
initial material shape and performing a set operation to subtract the part shape from this rectangular
object, the solid shape that should be removed by cutting (removal volume) can be obtained. By
further dividing this solid model into basic volumes that can be machined by unit cutting operations
such as drilling, slot milling, and pocket milling, key operations for process planning, such as
essential machining operations and tool spindle direction in machining, can be automatically
determined. For these reasons, the use of volumetric form features has increased in recent years in
process planning research.

Figure 2: Pocket features with an unmachinable horizontal protrusion

Conventional systems based on form-feature extraction cannot correctly perform process-planning
tasks when they find a shape in a part model that cannot be machined. For example, the pocket
shape shown in Fig. 2 exhibits a horizontal protrusion on the side face. The lower part of this
protrusion cannot be produced by cutting. Conventional methods cannot recognize this pocket shape
with side protrusion and stop processing at this point, or they recognize the pocket shape and
protrusion as separate features and erroneously think that the lower part of the protrusion can be
machined from the side. In contrast, the proposed cutting-simulation-based method can correctly
detect the lower part as a difficult-to-machine shape (concave corners consisting of mutually
orthogonal faces are also difficult to machine for this pocket), thereby determining that the other
shapes can be machined from the Z-axis plus direction. Therefore, the detection of difficult-to-
machine shapes and workpiece posture determination can be performed simultaneously using the
proposed method.

The problem of determining the mounting posture of a workpiece in three-axis machining is
geometrically identical to that of determining the spindle direction of a tool in five-axis machining.
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Most tool-direction-determination methods for the five-axis machining are specialized for impellers,
molds with curved surfaces, and airplane parts, and do not target the machining of ordinary
mechanical parts [2,4,12,14,16]. For example, in the five-axis machining, ball-end cutters are
commonly used for machining curved surfaces, whereas flat- or radius-end cutters are often used in
three-axis machining for the accurate and efficient production of horizontal and/or vertical surfaces
of the mechanical part. In five-axis machining, the tool spindle direction can be freely changed;
therefore, determining the optimal direction is important while considering geometric and
mechanical constraints. In this research, the objective was to obtain the minimum combination of
the required workpiece postures from six possible postures to reduce the manufacturing cost of the
part. Thus, the objectives of this research are different from those of conventional five-axis
machining, and solving this problem using the research results for five-axis machining is difficult.

3  MACHINABILITY EVALUATION USING CUTTING SIMULATIONS

The proposed method uses previously developed software to detect difficult-to-machine shapes [9,
10]. This software assumes that the three-axis cutting operation is used as the machining method,
and the cutting tools are limited to predefined ball-, flat- and radius-end cutters. Information on the
available cutters (cutting edge type, cutter shape, shank, and holder) is provided beforehand. The
polyhedral model of the machine part is provided as input data. STL model was assumed in the
current implementation, but any data format can be used as long as it is in the B-reps format, which
allows polyhedralization. An axis-aligned bounding box (AABB) that encompasses the part shape is
considered as the initial workpiece shape, and a local coordinate frame consisting of coordinate axes
parallel to each edge of this rectangular object is fixed to the part.

Assuming that the cutting operation is performed by mounting a workpiece in such a way that
any one of the +X, -X, +Y, -Y, +Z, or -Z axes of the model coordinate frame points upward, the
machining simulation is repeatedly performed for each workpiece posture while changing the
prepared tools. After the cutting simulations, the remaining shapes to be machined are examined,
and the surfaces of the machine parts corresponding to these remaining shapes are painted in
different colors to visualize the difficult-to-machine shapes. The processing flow of the algorithm is
provided below (Fig. 3).

Stepl
Subdivision of

| Step2 Transform model posture for +Z, +X, -X, +Y, -Y, and -Z directions. II Step3

polygons of input
model. All polygons
are marked
unmachined.

Step2.1 As the initial
workpiece model, an
axis-aligned
bounding box
containing the part

Step2.2 The available
cutting tools are
selected one by one.
For each cutter, the
cutting simulation is

Step2.3 Compare
milling result with
part CAD model to
check machined

polygons.

Visualize remaining
unmachined

polygons.

executed.

i

Figure 3: Simulation-based difficult-to-machine shape detection method.

model is generated.

Compare two
models

Step 1: Polygons covering the part surface are subdivided such that sufficiently fine polygons of
approximately the same size cover the surface of the part. All polygons are then marked as
unmachined.

Computer-Aided Design & Applications, 22(1), 2025, 107-118
© 2025 U-turn Press LLC, http://www.cad-journal.net



http://www.cad-journal.net/

111

Step 2: The posture of the part model is transformed in such an order that either one of the +Z, +X,
—X, +Y, -Y, and —Z axis directions in the local coordinate frame of the model points upward.
Subsequently, the following steps are executed for each model posture:

Step 2.1: An AABB that contains the part model is generated. This box is considered the initial shape
of the workpiece.

Step 2.2: The available cutting tools are selected individually, whereby for each cutter, the following
operations are performed:

® The Minkowski sum of the part model and inverted shape of the selected cutter are computed.
A zigzag-type cutter path is generated to machine the entire model based on the Minkowski
sum shape.

® The geometric cutting simulation is performed using the obtained cutter path and tool shape
data, modifying the shape model of the workpiece during the simulation.

Step 2.3: Following the simulations, the workpiece shape thus obtained is compared with that of the
part model. If each polygon of the part model is machined accurately, the polygon mark is changed
from unmachined to machined.

Step 3: The polygons with the remaining unmachined marks are painted green to highlight difficult-
to-machine shapes on the model surface.

This software refers only to the shape of the part and does not consider the workpiece shape when
generating tool paths. In actual machining, in certain cases the interference between the tool holder
and the workpiece can complicate the machining; however, this software does not consider such
cases, as explained in the concluding section.

The software determines difficult-to-machine shapes based on the polygon. Therefore,
partitioning of the part surface in Step 1 is performed so that the polygons after the subdivision
process are sufficiently fine and their sizes are almost the same. Each polygon of the input model is
examined, and when the length of the longest edge of the polygon is greater than the predetermined
length /, the polygon is subdivided such that all edges of the polygon become shorter than /.

A
|
N T Y
(x% iD:epf;hvlmu‘es‘ 4
SEray peren
T I

Figure 4: Calculation of the uppermost surface of the Minkowski sum shape of an inverted tool and
part model using the depth buffer.

The tool path generation and cutting simulation in Step 2.2 utilizes the GPU's depth buffer
functionality. The tool path for three-axis numerical control (NC) machining can be generated on the
uppermost surface of the Minkowski sum shape of an inverted tool and a part model. Such a surface
can be computed using the GPU's depth buffer function by considering the swept volume of the
inverted tool moving along the part’s surface (Fig. 4(a)), thereby generating a hidden-surface
eliminated image of it looking down from above (Fig. 4(b)) [6]. Using the depth values obtained
during image generation, the uppermost surface can be calculated. In actual NC machining, holes
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and chamfers are machined using drills and specialized tools. Flat-end cutters are only used for
machining surfaces parallel or perpendicular to the direction of the spindle axis of the tool. Our
system detects these characteristic features in advance and then machines them using a different
approach. For details on these techniques, refer to our previous study [10].

Depth values

(a) (b)

Figure 5: Calculation of the bottom surface of swept volume of a tool using depth buffer to realize
geometric cutting simulation.

The geometric simulation results of NC machining can be obtained by considering the swept volume
of the tool moving along the path and subtracting it from the three-dimensional (3D) model of the
workpiece. Let us consider a projection of the workpiece geometry onto the XY plane and place a
high-resolution Cartesian grid on the XY plane to encompass the projection. Considering the
intersection of the workpiece shape with a half-line extending in the Z-axis direction from each grid
point, the workpiece shape can be represented as a set of vertical line segments (Fig. 5(a)). Such a
3D model is known as a dexel model. In dexel modeling, the resulting shape of the three-axis NC
machining can be computed by measuring the height of the bottom surface of the tool’s swept
volume for each grid point. This value can be obtained by generating a hidden-surface eliminated
image of the tool's swept volume [7]. As shown in Fig. 5(b), the image is generated by looking up
at the swept volume. Using these techniques, toolpath generation and machining simulations can
be performed at high processing speeds.

After simulating the cutting using all the available tools, Step 2.3 checks whether each polygon
has been machined. If the material remaining on the polygon is sufficiently thin, it is judged to have
been successfully machined, and the polygon's unmachined mark is changed to machined. Because
the polygons are very small, the amount of remaining material is measured at the center of gravity
of each polygon, such that if it is smaller than a specified amount s (0.02 mm in our current
implementation), the polygon is judged to have been machined. The specific method is illustrated in
Fig. 6. Point p is generated at a position displaced from the polygon's center of gravity g by sin the
normal direction. The position of p is compared with the workpiece model dexels which represent
the machining results. The coordinates of p are projected onto the XY plane, and the grid point
closest to the projection of pis determined (Fig. 6(a)). Then, pis compared with the dexels extending
from this point to determine whether the polygon has been machined. In Fig. 6(b), p is inside the
dexel; thus, the polygon remains unmachined. In contrast, in Fig. 6(c), p is outside the dexel, and
the polygon is judged to have been machined.
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(a) (b) (c)

Figure 6: Detection method for machined polygons.

4  SELECTION OF NECESSARY WORKPIECE POSTURES

4.1 Recording of Machined/Unmachined Data

In this study, a simple dexel model was used to record the results of the geometric cutting simulation.
Because dexel models represent 3D shapes as a group of line segments along the Z-axis, they cannot
freely change their orientation. A dexel model representing the box-like workpiece shape is thus
recreated whenever the model posture changes in the +Z, +X, =X, +Y, =Y, and —Z axis directions.
After the cutting simulation, the part and machined workpiece models are compared to determine
whether each polygon of the part model has been processed. Once the material is removed from the
polygon, the unmachined mark of the polygon is changed to machined, and the cutting result is
recorded for each polygon of the model.

Figure 7 illustrates this process. In preparation, all the surface polygons of the part model are
marked unmachined (green color in the figure). In the initial machining, the model is oriented such
that the +Z-axis points upward. A box-like workpiece shape is defined as the dexel model, and the
cutter path computation and cutting simulations are performed. The machining result for each
polygon is verified by comparing the part model with the machined workpiece model obtained by
the simulation. The unmachined mark is changed to machined (gray) when material removal for the
polygon is complete. The model is then set such that the +X-axis points upward. A box-like
workpiece model is redefined for the new orientation, and the same process is repeated.

Unmachined polygons Machined polygons
/ Initial workpiece

|

Z :|::>

Initial workpiece

==
Rotate

After cutting simulation

Part model

After cutting simulation

(a) Workpiece posture in +Z direction (b) Workpiece posture in +X direction

Figure 7: Machinable polygon detection process.
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In this method, the workpiece model is recreated each time; therefore, previous machining results
are not reflected in the workpiece model. However, each polygon of the part has a record of the
machined or unmachined status; therefore, the polygons that remain unmachined until the end of
the process correspond to difficult-to-machine shapes. A technique was developed to convert the
dexel model into a polyhedron [8]. Using this technique, the orientation of a dexel model can be
changed by converting the dexel model into a polyhedron and converting it back into a dexel model
after changing its orientation. This technology enables the detection of difficult-to-machine shapes
by considering the workpiece model in a work-in-progress state. It also enables machining
simulations that consider collisions between tool holders and workpieces; however, this is not yet
practical because of processing time issues.

4.2 Extension of Recording of Polygons

In the above software, the cutting simulations are repeated while changing the posture of the
workpiece in six different directions. However, for many parts, machining can be completed with
fewer postural changes. This is illustrated in Fig. 8 for a two-dimensional machining example. In this
case, up to four posture changes are possible, with each of the +Z, +X, -X, and -Z axis pointing
upward; however, in reality, machining can be completed with only two workpiece postures as
illustrated in Fig. 8(b). In real machining, changing the workpiece posture is a time-consuming
process that requires detaching and remounting the workpiece and subsequent adjustment of the
origin. As these tasks are performed manually, they are prone to human error. Therefore, with fewer
number of posture changes, faster, cheaper, and safer machining can be achieved.

After cutting

simulation
— 1 ]
Rotate Rotate m Rotate
+Z +X -X +Z -X
(a) (b)

Figure 8: Machinable polygon detection with fewer posture changes.

The authors developed a technique to determine the minimum number of workpiece postures by
extending our previous software to detect difficult-to-machine shapes. In conventional software, a
cutting simulation is performed for each workpiece posture, whereby each surface polygon of the
part model is checked and recorded to determine whether machining of the polygon is complete. In
our new software, the recording method was modified to include workpiece posture information for
each polygon that was determined to be machinable at a certain workpiece posture. In Fig. 9, a
cutting simulation is performed for each workpiece posture in the +Z, +X, -X, and -Z axis directions,
and the polygons for which machining is completed are recorded along with the workpiece posture
information at that time. In this case, machining can be completed with only two workpiece postures,
since the record of the workpiece posture for each polygon indicates that all polygons can be
machined if the workpiece is fixed in the +Z-axis or -Z-axis direction (red text in Fig. 9). Fig. 10
confirms that machining of the part can be completed with the two workpiece postures.
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Figure 9: Recording of workpiece posture information for each machinable polygon.

Figure 10: Detection results for minimum workpiece posture changes.

The following is a detailed description of the proposed implementation method. In conventional
software, only machined or unmachined status is recorded for each small polygon. The new
implementation expands this recording area to record machined (= 1) or unmachined (= 0) status
for each of the +Z, +X, -X, +Y, -Y, and -Z workpiece postures for each polygon. In the initialization
of Step 1, an unmachined mark (0) is recorded for the six postures of all polygons. In Step 2.3, the
machined or unmachined status of each polygon is checked, and if it is machined, the area
corresponding to the workpiece posture of that polygon is set to 1 (machined). The process in Step
3 is also modified to accommodate the new recording method. For each polygon, the six recording
areas corresponding to the workpiece postures are checked, and if one area is found to have been
set to 1, the polygon is determined to be machinable. If a polygon has 0 in all recording areas, it is
judged to be unmachinable, that is, a difficult-to-machine polygon.

Finally, based on the data recorded in the polygons, the following algorithm is used to determine
the required combination of workpiece postures.

Step 1: Examine all small polygons and extract the polygons with zeros recorded in all six
recording areas. These polygons are excluded from further processing because they are difficult to
machine in any workpiece posture.

Step 2: For each combination of the six workpiece postures (one-posture combination: 6; two-
posture combination: 15; three-posture combination: 20; four-posture combination: 15; five-
posture combination: 6), operations are performed as follows:

® For all polygons, the recording area corresponding to a given posture combination is
examined. If 1 is recorded for any of the recording areas, the polygon can be processed for
the given posture combination. If all polygons are detected as machinable, the workpiece
posture combination is recorded as the required workpiece posture.
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Step 3: The smallest combination of recorded workpiece postures is output as a solution.

Because there are only 62 (= 6 + 15 + 20 + 15 + 6) possible combinations when all combinations
are examined, a small increase in processing time is required compared with the conventional
method. The method proposed in this study is considered effective because there are at most six
possible workpiece postures. As the number of possible workpiece postures increases, the number
of posture combinations increases exponentially, making it difficult to use.

Figure 11: Machining simulation result with six workpiece postures (+2, +X, -X, +Y, -Y, -Z) (a) and
another result obtained with the minimum workpiece postures (+Z, +Y, -Y, -Z) calculated by our
system (b).

5 COMPUTATIONAL EXPERIMENTS

The algorithm just described was implemented using Visual Studio 2017 to detect difficult-to-
machine shapes for 20-part models provided by a company, calculating the minimum combination
of workpiece postures required. The increase in computation time due to additional processing was
negligible (tens of milliseconds). Cutting simulations were then performed only for the workpiece
posture combinations thus obtained. The simulation results were then compared with those obtained
using the conventional method that performs cutting simulations for all six postures. The results
were in perfect agreement for all 20 cases, thereby validating the effectiveness of the proposed
method. Fig. 11 shows an example of cutting simulation results. Fig. 11(a) shows the results
obtained by cutting simulation for six postures (+Z, +X, -X, +Y, -Y, -Z axis directions), and (b)
shows the results which were obtained by performing cutting simulations for the limited postures
(+Z, +Y, -Y, -Z axis directions) calculated by the proposed software. The results are consistent in
both cases.

6 CONCLUSIONS AND FUTURE WORKS

This study describes a software system that determines the minimum combination of necessary
workpiece postures for cutting a machine part by extending the previous software to detect difficult-
to-machine shapes. Our previous system detected difficult-to-machine shapes by repeating cutting
simulations while changing the posture of the workpiece model. The newly developed technology
extends this technique to automatically determine the necessary workpiece postures by
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appropriately using the simulation results. During preparation, the surface of the part model is
converted into a set of fine polygons. Considering six different workpiece postures when cutting a
mechanical part is rather common. Geometric cutting simulations were performed for each posture,
to record the possible workpiece postures for machining each polygon in the part model. Finally, the
combinations of workpiece postures that allowed machining of all polygons were examined, whereby
the smallest combination was output as the calculation result. Computational experiments were
conducted on several part models confirming that appropriate combinations of workpiece postures
can be obtained. The time required for this newly added processing was negligible.

Finally, possible future enhancements of this method are presented.

(1) In the proposed system, the required workpiece postures were selected from six predefined
postures. This method should be extended to automatically determine candidate postures based
on the part geometry without expecting predefined postures. This problem is similar to
determining the necessary cutter directions in 3+2 axis machining, requiring the development
of a method that considers the aforementioned differences between five- and three-axis
machining for mechanical part manufacturing.

(2) The number of tools used in machining also has a significant impact on the machining cost. The
current software performs machining simulations using all available tools, with some not
contributing to workpiece removal. Thus, software that determines the necessary tool set should
be developed.

Our software does not consider the influence of the workpiece shape in the cutting simulation.

To improve the accuracy of detecting difficult-to-machine shapes and determine the necessary
workpiece postures, an algorithm that preferably considers the workpiece shape in the solution
should be implemented. This method would make calculation much more difficult because the
workpiece shape changes depending on the order of tools used and workpiece posture changes. The
authors believe that introducing a technology that prioritizes a more promising order of posture
change and tool selection is necessary.
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