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Abstract

This thesis presents a new method for ComputerdRtecess Planning (CAPP) for a
subtractive Rapid Prototyping (RP) process. ThHCERP” process uses a 4-axis CNC
machining center to create parts with flat endsnillhe objective is to determine the
optimal system parameters for the RP process ettinag enable parts to be created in a
shorter amount of time. Two main contributions eékis possible. First, a method of
generating different machining orientation setsdégmmthe part to be created with the same
level of safety and quality available with the @mntrsystem. Second, machining time is
related to tool selection. These two contributiarss combined into a single objective
function. A Genetic Algorithm technique is implemted to determine the best machining
tool sizes and machining orientations. The reslitav that a Genetic Algorithm can be

applied to a RP process plan to reduce the totalggising time.



1 Introduction

1.1 Computer Aided Process Planning (CAPP)

Computer aided process planning (CAPP) is an isangly important part of the interface
between the design and manufacturing engineeriogegses. A CAPP system provides an
important digital link between a CAD model and mi@aturing instructions. The CAPP
system is developed while the manufacturing metladoeing determined, and is used and
revised throughout the life of the production sgsteCAPP includes the hardware systems
involved in the process, the personnel operatirggehhardware systems, and data stored
about current and past production. Some CAPP sgséentomate the manufacturing process
by making real-time decisions based on the modeihef part, sensors in the assembly
hardware, or other sources. Together, the CAPfRmsys components will determine how to

efficiently manufacture the product [Bose 1999].

Previously, this process planning was performedabsanufacturing engineer, based on
engineering knowledge and work experience. Workahegn CAPP systems in the mid
1970s when high volume manufacturing industriesighd some of the first advances in the
technology. Assembly manufacturing also used CAay®ems to improve part flow, reduce
assembly errors, and increase the general effigiehoperations. The development of CAD
and Computer Aided Manufacturing (CAM) systems lglduCAPP into the machining

industry. However a standard CAPP system for CAMCapplications has not emerged,
mainly due to differences in CAD/CAM computer laages and specifically, the CAD 3D

model format. NC programming has not changed ndwgimg this time, and most of the



work in CAPP for CAD/CAM has been in feature recitign, albeit with limited success

[Cay and Chassapis 1997].

Early CAPP systems improved the manufacturing iefficy for new parts that had slight
variations in their design from previous or simitarrrent models. “Group Technology”

theory utilizes the fact that parts with similarsgms will have similar process plans.
Therefore these simple “Variant” methods only cdasithe variations in the parts and then
modify manufacturing instructions based on thesgatians [Chu, et al. 2000]. It is

important to note that these CAPP systems areettdatised on previous manufacturing
methods for the product, and worked from a fixeda$eprocess plans. This CAPP system
selects one detailed input instruction set, anghudstone simple, similar instruction set for

the manufacturing hardware.

In contrast, “Generative” type CAPP systems creastomized process plans for each new
part based on the manufacturing hardware, prodetzild, and other information sources.
The generative process plan contains function bkssathat change for every part based on
the CAPP system’s information sources [Cay and €dm@s 1997]. The system inserts
values into its guiding functions to generate thecpss plan. This functional process plan
incorporates the machine hardware and softwareriaMaCAPP systems also incorporate
machine details, but only at the time that the CAlygtem itself is created. This means that
generative CAPP systems are able to adapt and frggon to changing manufacturing

needs, making them more flexible.



One manufacturing area where CAPP has not beemsixédy researched is Rapid
Prototyping (RP). Most RP technologies operataléyositing 2 2 D “layers” of material
derived from the cross-sections of the part. Howetieese systems have two strict criteria:
1) they must be able to make various arbitrary geaes using the same system hardware
and 2) parts must be created with little input fréme user before or during the process.
These challenges, along with low production questi{foften not more than one part is
created) have not made it economically feasibldeteelop specialized RP CAPP systems.
One study even mentions that “layered manufactualigyvs a direct and simple interface
with CAD to CAM which almost completely eliminatébe need for process planning”

[Kochan, et al. 1999].

1.2 Motivation

Some RP processes use completely subtractive nwnrifeg methods (Subtractive Rapid
Prototyping, or SRP) for creating the part, ratttean the traditional layer based additive
methods. Unlike the exceedingly simplistic apploacthe additive layer based process, an
SRP system could significantly benefit from compu&led process planning. A process
plan that can improve the speed of material remeshlout changing the quality of the final
part can make SRP processes more viable in the &ketn The final part created by these
SRP systems not only conveys ttoem of the design, but enables testing of the part’s
function. Some systems are even capable of making partsnteat the same quality
requirements of a production part. This fact watisahe need for a more efficient system,

since SRP could one day be an enabler of Mass Riusttion [Pine 1993] rather than



simply a rapid prototyping process. Companies bdlable to evaluate designs faster and
make it to market or redesign the part sooner sinedl be easier and cheaper to test the
functional performance and find any flaws earlyor Fhe fully subtractive and hybrid SRP
systems currently on the market, CAPP would expand their current capabilities.
However, these benefits can only be realized if pneviously mentioned “lights-out”
requirement is met and the SRP systems do notdogecapability in creating a variety of

geometries.

Unlike other RP systems that use CNC machiningfdy a part of the process, CNC-RP is a
fully subtractive process that uses a 3-axis \artigilling machine with a4 axis indexer

[Frank, et al. 2004]. In CNC-RP a layer basedkpting toolpath routine machines all of the
stock material surrounding the part geometry, bavés a structure of “sacrificial supports”
used to fixture the part (keeping the part attadbe@mainder of the stock). This machining
process is repeated for several orientations, mpse by sequentially machining and then
rotating the stock material around the axis oftiota(4" axis on the milling machine). A

“Visibility” (VISI) program has been developed whiceturns the minimum set of machining
orientations to completely machine every featurgh@npart. The current process is broken

into two major steps designated as rough and fimabhining.

The most significant cost in CNC-RP is machinimgej which highlights the need for a well
developed CAPP system. A reduction in processing will make CNC-RP a more viable
RP technology. The two main components of a CABP GNC-RP are 1) selecting

machining orientations, and 2) selecting tool sizekchining tool accessibility refers to the



ability of a machining tool to access a geometeattdire from a particular orientation. In
CNC-RP, the % axis indexer enables access to many features ing a# required setup
orientations about the axis of rotation. Howevemnalysis is done to optimize the sequence
of machining orientations based on the part geometin other words, the current
machinability analysis only requires that all feagiare created after all setups are complete,

but it does not necessarily do so in an efficieahner for every part.

To perform analysis on the part geometry, the nmacbiorientation and machining tool size
need to be known. However, the roughing tool sszeurrently based on an empirically
developed linear relationship to stock diameteg;lt#rger the stock diameter — the larger the
required tool. The finishing tool is chosen byes#ihg the tool in the carousel with the
smallest diameter in a length greater than or efqutde diameter of the stock. Furthermore,
there is no relationship between the size of theghog tool and the size of the finishing
tool. It should be apparent that the current CNCiR&cess has an arbitrary method of
choosing tool diameters, and satisfies only minimanteria for selecting machining

orientations.

1.3 Objective

The primary objective of this thesis is to deveto@omputer Aided Process Planning system
for a subtractive rapid prototyping process, nanialy CNC-RP process. The first sub-
objective is to create a process planning algorithat will determine a set of machining

orientations and machining tool sizes that mininttze total machining time. The process



planning algorithm will need to integrate three anagoncepts necessary for CNC-RP to be
both effective and efficient in creating parts, bigo satisfy the overarching goals of an RP
system; to be completely automated, and run inight4-out” manner with no human

intervention.

First, the process planning algorithm will integraxisting visibility algorithms that have

been previously used to establish necessary arigiesiachining. The process planning
algorithm will also enforce a heuristic approachtachining orientations that was intended
to avoid thin webs of stock material that can cacegastrophic failure during the machining
process. Then the algorithm will analyze the geloynef the part to determine accessible
volumes of material for each orientation, for botlughing and finishing tools, and relate

these accessible volumes to total machining time.

The second sub-objective is to develop a mathealatiodel representing the setups, tools
and machining parameters such that an objectivetibmfor a Genetic Algorithm process
can be established. This Genetic Algorithm proggsstended to introduce new candidate
machining orientations, beyond the naive approdde previous visibility algorithm. It
will populate multiple solutions and then evaluditem based on a minimum machining time

criteria.

This thesis will present a new approach to progémsning for subtractive prototyping and
will lay the groundwork for future efforts in optiming such a process. It is the first

significant effort at not only making CNC-RP fedsiland safe, but also make it a viable RP



technology with comparable processing times. Aamapntribution of the work is the

integration of numerous concepts, some developedMC-RP, and others developed for
traditional machining process planning, along witimovative concepts that have only
recently emerged from advanced rapid prototypirchrielogies. The remainder of this
thesis will be presented as follows: Chapter Twib present an overview of existing work
in Rapid Prototyping, Machining and Computer Aid&dcess Planning. Chapter Three will
provide a general overview of the solution methodgl Next, Chapter Four will present the
technical details and development of the processnphg algorithm while Chapter Five will

present the Genetic Algorithm approach and impldatem of the thesis, along with results.

Lastly Chapter five will present conclusions ancdormendations for future research.



2 Literature Review

2.1 CNC-RP Overview

One method of determining tool accessibility angureed size is to implement a very simple
CAPP that will meet all the requirements of an §RRétess. CNC-RP is a method that uses
a simple and robust method to create fully dens®lparts [Frank, et al. 2004]. The system
uses a 3 axis vertical machining center witH"axis indexer that holds round stock material
in its chuck jaws. A sacrificial support systenths fixturing method used during machining
[Boonsuk 2005]. A two stage roughing and finishgtategy is used where every machining
setup uses simple pocket machining toolpaths tmvenmaterial in a layer-based fashion.
The indexer is used to rotate the part to the mexthining setup. The angular positions
necessary to machine the part are determined witkilaility (VISI) algorithm that analyzes
cross sectional slice date derived from a polygddAD model (STL file). The VISI
algorithm maps the visibility of each polygonal semt on every slice of the model. This
results in the formulation of a Minimum Set Coveolglem, where a minimum set of indexer

angular positions is needed in order to accesy ewgface on the part [Frank, et al. 2006].

The CNC-RP system is a very robust and safe sy#tatns capable of creating functional
parts. The hardware required for CNC-RP is noppebary to the system since any 3-axis
CNC machine with a®axis indexer could be used as a CNC-RP machités éhables the

system to create RP parts with high precision, elaively low cost. The fixed costs are
determined by the system hardware, while the vhriabsts include stock material and

machining time. The machining time can be considgr long for complex geometries



because of the simple layer-based toolpath planmmgmuch of the stock material is waste

since CNC-RP uses standard round stock for allgeoietries.

2.2 Hybrid RP Systems for Metals

Some hybrid methods reduce the amount of mateastevand machining time, by creating
an oversized part using an additive method. Somamples of this include Laser Engineered
Net Shaping (LENS), Direct Laser Deposition (DLD9l&tive Laser Sintering (SLS), and
Direct Metal Laser Sintering (DMLS) [Liou, et al0@7]. These Hybrid RP systems can
provide good accuracy with their use of CNC magigniand depending on their additive
method can provide full density. Hybrid RP systesns especially useful when material
waste must be kept to a minimum, for example, wégrensive materials are used or when
constructing large-scale structures. One disadgants that Hybrid RP system must use
high quality metal powders, proprietary equipmanit] energy consuming high power lasers.
Equipment costs make it difficult to implement thes/stems in small and medium sized

companies.

While Hybrid RP systems have found a niche in @ertadustries, widespread use as Rapid
Manufacturing (RM) tools is limited not only by tltests mentioned above, but also by the
constraints imposed by their methods. To creallg flense parts, high power lasers are
required to melt the metal powders. Sintering (SD®ILS), and powder feed (DLD,

LENS), must be tightly controlled to ensure an aataisize and shape of the pre-machined

(oversized) part [Liou, et al. 2007]. There igadeoff between the accuracy of the additive
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method, and the speed and method of machining. ifidieasing accuracy of the additive
method does not relate to an equivalent savinghenmachining process. The additive
processes cannot and do not create net-shape Ipamtse machining processes are required.
Therefore unique toolpath planning must be doneémh pre-machined part. At some point
the improvements in the accuracy of the additivehioe create no savings in machining
time. For a given final part accuracy there isratlthat will be reached for improvements in

total manufacturing time.

2.3 Hybrid Methods

Though hybrid RP systems have some limitations iasudsed above, researchers have
developed feature recognition, feature decompasitmtomated process planning, and tool
accessible area relationship graphs to attempdoce these limitations. D’Souza develops
a machining cost function based on a pre-determse¢df data for a feasible set of tools for
a 2%-D part [D’'Souza 2006]. Using tool costs, migiciy costs, accessible volume, and air
cutting time, the optimal set of 2%-D shapes ameeggted. Four methods of evaluating
optimal tool sequencing that adheres to these nt& are considered. This method is
unique in that it uses actual toolpath lengthsaicudate machining time, and uses tool data
to establish toolpath planning. Each tool's marigrarea defines machining regions which
are then sequenced. The complexity of the prolderaduced by recognizing that: “a larger

tool is a strict subset of the accessible areasmhaller tool” [D’Souza 2006].
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Pinilla develops a set of graphing techniques éature recognition [Pinilla, et al. 1998]. An
automation and Process Planning algorithm was dpedl for the process called Shape
Deposition Manufacturing (SDM). The system ideasif“Single-Step” geometries (those
geometries that are created in one step in the pRIMdess). These decomposed geometries
are then compiled into an “Adjacency” graph (basedSingle-Step geometry adjacency).
From this graph, a “Precedence” graph is built é¢guence the SDM process, with the
optimal graph being the one with the shortest manbitime. A downfall of the system is
inherent in the SDM process: “The more steps, theerthe building time is consumed in the
conditioning procedures” [Pinilla, et al. 1998].vdn if this method could be applied to

DMLS, the number of process steps will be a diticonstraint to overcome.

Liou et al provides a new process planning appraasihg DLD [Liou, et al. 2007]. 3D
polyhedron skeleton analysis is used to create-pguts”. These sub-parts are created one at
a time, each being built up and then machined bdfog next sub-part is added. This system
avoids support structures by turning to differemtemtations based on each sub-part
geometry. Sub-part creation is sequenced by usingnain constraints. One is that tHé 2
sub-part be built on top of the'land the % on the 2%. The second is based on tool
accessibility which limits the types of geometrigst can be created. Together these

processes make up the Laser Aided ManufacturingeBso(LAMP).

Hur attempts to improve upon the SDM process uaibegaxis CNC machine to create layers
based on part geometry at undercuts [Hur, et &2R0'he system does not use STL files,

instead it uses STEP geometry. In this procebg;K't layers of part material are added on
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top of previously created geometry. This elimisatee use of elaborate additive processes,
by only requiring equally sized layers, and adhesovbond these layers together. However,
the complexity of five-axis machining requires wedlveloped algorithms. For each layer,
the part geometry is divided into pieces calledptation feature segments” (DFS). Each
DFS is machined from each of the four edges of ldyer, and then any features
perpendicular to the tool are machined. Finally amique or special features called
“machining feature segments” (MFS) are identifiedl anachined in the final step. This
process has potential to be a very fast RP techgplwowever, the shear strength between
layers is a concern if it to be used as a rapidufsaturing system that creates functional

parts.

2.4 Accessibility Analysis

As in the processes discussed thus far, any stibgrototyping process needs to rotate its
fixture to a particular number of setup orientasiorin the LAMP process a “machinability
check” is performed [Liou, et al. 2007]. As morébsarts are created, there is an increasing
potential for a tool collision. In the system ddsed by Hur, little is mentioned of collision
detection. A five-axis machining center createshnyndegrees of freedom which make
collision avoidance difficult. In the LAMP proceske 3D polyhedron skeleton model
determines build orientations. Since it only relen the skeleton algorithm to correctly
identify overhanging features and other inaccessifdatures, the system may miss

opportunities to machine more features. Anoth&ckHor tool accessibility could improve
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this system’s capabilities by rotating the partato orientation that can access a particular

feature.

Tool accessibility is analyzed on sculptured swfawre directly by Lee (et al. 1992). The
surfaces considered, highlight the need for tookasibility and machinability analysis. B-
spline surfaces are broken down into polygon apgpratons by finding the intersection of
“cutting planes” and the part. With these polygtmesislands and pockets of the part can be
identified. Lee goes further to create a clasgifomn scheme to identify polygon segments as
islands or pocket boundaries, improving collisictegtion further. Using all cutting plane
polygons, the volume of a pocket can be determin8&sed on the choice of tool this

volume can be removed at different speeds.

Lim (et al. 2001) and Balasubramanium (et al. 20@dfermine machinable volume with
similar analysis techniques using “slice” files atexl from STL files. Lim refers to the
calculation as Tool Access Volume (TAV). For aaqnwvtool, the slice file polygons can be
offset so that the machinable area for a giveresten be determined. Then the machinable
volume for a given step-down is determined by tgkiime union of the slices in the step-
down and multiplying by the amount of the tool stepvn. Finally, the volumes for each
step down are added up, to give the machinablanwelior each orientation. Figures 1 and 2
from [Lin and Gian 1999] provide a good illustratiof the volume being removed and the

volume calculated using the TAV method.
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This information can be very useful; however, thevpus research has not addressed which
orientations the part needs to be machined fronank=develops a “Visibility” algorithm to
identify these orientations [Frank 2003]. With STElice files, the minimum necessary
machining orientations for a given part geometrg aetermined. This information,
combined with the volume of material to be remowadh be very useful in determining

machining time for a subtractive Rapid Prototypomgcess.

2.5 Tool and Machining Orientation Sequencing

Lin’s calculation is similar to the TAV method; hewer, the goal of his research was to
machine thick layers using multiple tools. Lin'setnod analyzes each layer (material
between STL slices) and using multiple tools widtréasing diameter, machines each layer.
Each layer thickness is determined by the largesist cut depth. For one layer the tool uses
three different toolpath types. The first is anélar pocketing” routine moving the tool

linearly across the layer, machining all the adtéssvolume. The second contouring

toolpath removes the material by following the petckoundary and island contours. The
last toolpath removes the steps created by patesaod two by machining around the

contours from the bottom of the layer to the topthe layer. The next tool machines the
material left by the first tool using the same ¢hteolpath types. However, the smaller tool’s
cut depth is smaller than the previous tool, thenefit must repeat the 3 toolpaths until the
bottom of the layer is reached. The method isumidput has redundant machining and the

sizes of tools are not discussed well. One cotgdeaathat the algorithm can be applied to
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any set of tools; however, there is likely an optmset of tools to use with this technique

[Lin and Gian 1999].

Lee introduces a method to determine an optimab&ébols for any arbitrary geometry.
First, tools are chosen by a simple classificaticdmeme illustrated in [Lee, et al. 1992]. This
scheme decides whether roughing and finishing ®iaks are to be used, and whether the
tool is a ball or flat end mill. A relationship developed to relate the areas of two adjacent
layers, their depths, and the radii of the cuttiogls. Based on this relationship, the two
layers are treated separately or merged into oyer lasing the smaller of the two tools
analyzed. This is continued until the bottom & fhature is reached. This method met the
requirement to avoid gouging while still findingetrminimum Material Removal Rate
(MRR). However, unlike Lin’s approach, these awmshdo not use a sequence of tools,
beginning with the largest tool. Yet they identdg important relationship between safety,

by checking for gouging and minimum material remoate (MRR)

Quinsat and Sabourin (2003) acknowledge the udéRIR to reduce total machining time,

but claim that “no methodology is presented to deoa machining direction for the whole
surface”. “Directional Beams” are introduced, whate the orientations by which a point on
the surface can be machined. A fitness functiogiven for the independent variables:
surface points, and tool parameters. The intamedif all points (and their Directional

Beams) will return the possible set of machiningmations. If this set exists, an algorithm
iterates to find the highest machining rate at epomt on the surface. With the tool

parameters as one of the independent parametermydhselection is automated with the use
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of this algorithm. Case studies showed good caticel between testing and algorithm

results. The only drawback is that this methoesdricted to surface/contouring machining.

To find an optimal tool set for a volume removingecation, Balasubramanium uses a
network flow problem heuristic method. The netwarlodel generates an optimal tool
sequence if it is “accessible by a tool at alledincreases monotonically down” the discrete,
ordered set of tools. This optimal solution isrfdwsing Dijkstra’s algorithm [Leiserson et
al. 1995]. Lim (et al. 2001) defines a measura adol’s effectiveness to remove a volume
of material called Relative Delta-Volume ClearaiRate (RDVC) (min). This measure
assumes that a “finishing” tool is able to machatleof the material in a certain pocket
feature. From testing a logical note is made: ttad diameter increases beyond the most
effective” roughing tool, “the RDVC rate also inases”. In other words, the more residual
material is left by the roughing tool, the longewill take for the finishing tool to machine

that material (assuming a fixed finishing tool MRR)

Some work has introduced methods for improving ghecess plans and efficiency of RP
systems; however the research intent was ofterasxd purely on reducing the production
time. Research has improved the ability of macigriools to access geometric features.
Other research has considered the most appropriatgation in which to build the part. The
process plans resulting from these methods have tbeeeloped because the part could not
be manufactured with current RP technologies, arcc@nly be made with structurally

weaker materials. Few of these technologies hdteampted to improve the speed of
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manufacture using CAPP methods. With the interRBfsystems in mind (low production

or single part creation) it makes sense that litleearch has addressed this area.

2.6 Summary

If more a more robust CAPP can be added to CNCHiretare many opportunities for
improvement. There is a lack of robust choicegool size and machining orientation
sequence. A simple linear relationship to stoekditer determines roughing tool diameters.
Finishing tool size is not related to roughing tee or part geometry. Only the VISI results
and a simple 3 angle heuristic method of roughirggleeing used to determine machining
orientations. Lim’s TAV calculation is only perfoed on a 2.5D part and with one small
finishing tool. No other orientations are analyzetin and Balasubramanium use a 3D
version of the TAV calculation. However Lim clearefines the Relative Volume Delta
Clearance (RDVC) which determines the effect of lbbmimg two tools to machine a part
[Lim et al. 2001]. Once a relationship between twols is found, this relationship can be
extended to more tools. Unfortunately these examphly analyzed a particular orientation.
What if there are more orientations on the parnggtoy to machine? It seems reasonable to
extend this method for use in a system like CNCvRIP the 4" axis indexer rotating to
these different orientations. The VISI algorithRrgnk, et al. 2004] is capable of finding
these orientations. Quinsat approached a mukbntation like this in a similar way;
however, it was not intended for pocket machiningppses. This thesis will address the

limitations of the previous work, while includingpree methods in a new, integrated
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approach to computer aided process planning fotrattive rapid prototyping. The

following chapter provides an overview of the gehaplution approach.
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3 Overview of Solution Methodology

Previous work has shown that rapid machining caarbgloyed as a viable rapid prototyping
process; however, there is much room to improve aptimize the process planning
methods. This thesis provides a method for satigfynultiple criteria necessary to make
rapid machining not only functional, but more ceffective. The research involves two
major areas; computer aided process planning anét@eAlgorithm. This chapter provides

an introduction to the problem and then presenwvanview of the solution approach.

3.1 Background

Subtractive Rapid Prototyping (SRP) is a proceas itiachines a complex 3D model using
only CNC machining. SRP is present in differentnfe in various RP processes. This
research focuses on CNC-RP which uses a 3-axis @Mchining center and d"4axis

indexer. The indexer is used to rotate the padifferent orientations. For each orientation,
the process machines all visible surfaces in arlbgeed fashion. The motivation is to avoid
complex feature-based methods by simply requiringt tALL surfaces of the part are
machined after ALL machining orientations are casbgl As such, the pagtnerges from

stock material throughout the process.
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Figure 3-1: Subtractive Rapid Prototyping, (a) Step of the Process [Frank, et al. 2006]
(b) Finished part created with SRP

This process involves both roughing and finishiteps that have several requirements, some
of which are unique to rapid machining. First, tbaghing toolpaths are intended to remove
as much excess stock as possible from a varietyieftations. As with either roughing or

finishing toolpaths, the steps of the process mastplete without failure, must machine to
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some required depth, and must occur automaticdllyere is no human process planner, so
this must all be done using computer algorithmgguié 3.2 illustrates an end view of a part

(viewing along the axis of rotation), showing salanachining orientationsd_.,) and the

machining depths for the first orientationZ{'min” and “Z, max”).

G

&,
Z

......................«/..

Y

Figure 3-2: Current machining orientations, max andmin depths shown for first orientation

The current process planning method for rapid nmacbiis overly simple in order to avoid
failure: machine each orientation from the edge¢hef stock material to the furthest visible
surfaces. In addition, the orientations are chomesh that they only need to satisfy one
criteria: everything on the part is created afteicmning from all orientations. The lack of
additional process criteria leads to several ingfficies. For some part geometries, there
may be multiple sets of machining orientations, aadh of these sets could potentially be
smaller or larger than the next. It is highly kely that each orientation set can be machined

in the same amount of time. Furthermore, for ezdhese orientation sets, there are a wide
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variety of tool choices that could be made, whicluld have a significant affect on the

process efficiency.

This thesis attempts to improve the process planfon subtractive RP with two major
advancements. One, it proposes a more advanceditlay for process planning, taking into
account how much is machinable for different séter@ntations, what tools are used, and
avoiding thin webs. This solution is a systemaipproach to satisfying multiple criteria,
within the existing requirements of the rapid maahg process, that is, it must be a
completely automated, lights-out process that reguittle or not human intervention. Next,
this thesis formalizes a solution by using a Genglgorithm method to find a suitable set of
machining orientations and tool sizes. The renaid the chapter presents the two major

areas of research, and highlights basic compomémach proposed approach.

3.2 An improved process planning algorithm

An improved process planning algorithm for CNC-RIiR reduce the time and cost of safely
creating a part. The proposed method will atteropintegrate the existing functions and
criteria for CNC-RP which specifies that the parisnbe completely created, the process
cannot fail, and the process must be automaticesdlcriteria must be met while adding
more effective decision making algorithms that tak# account machining time. The
proposed method will involve 1) adapting the Vikiki(VISI) program to meet the Thin

Web Avoidance constraint and 2) calculations teeeine accessible volumes of material



23

for each orientation, for both roughing and finrghitools. Each component will be

summarized below, and then a full development bélprovided in Chapter 4.

3.2.1 Adapting Visibility for Thin Web Avoidance

One of the most significant constraints in the CRE-process is the removal of material
during the first machining steps. The first maatgnsteps must remove the bulk of the stock
material, which obviously can be accomplished vaithariety of approaches. The first and
most logical would be to machine from a set of tadentations that are 18Capart.
However, if this choice is made, a “thin web” isngeated during the second of the two
orientations that are 18@part. When pocket machining from the stock mdiuthe center
of the stock material, the last layer being maathibecomes a thin web of material. When
machining the thin web, the tool is likely to brdakwrapping the thin layer of metal around

the tool.

Thin Web

Figure 3-3: Machining simulation at 180 after 0° was machined
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The current heuristic method to avoid creatingia tieb is to machine from°0135, and
225 which is used to safely remove the bulk of thelstmaterial. The Thin Web Avoidance
constraint has been implemented in the current ®¥Qsrocess and has proven to be a safe
and reliable way to begin machining the part outhef round stock material. For a CAPP,

this criteria is helpful in establishing limits Wit which other improvements can be made.

Without any user interaction, the Visibility progna(VISI) used in CNC-RP outputs the
minimum set of indexer angles that are necessargrpletely machine the part. This is the
minimum set of machining orientations. During fitecess at least these orientations must

be used in order to completely machine the part.

The three arrows in Figure 3-4 (a) show the VISutewithout any user input. The dotted
lines signify the min and max visible depths foe #) orientation. Notice that there are only

three machining orientations output by VISI forstiparticular geometry. These three

orientations are the only three necessary to caelglenachine this part.
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Figure 3-4: (a) Minimum set of orientations (b) Sebf VISI results given an initial angle

The three arrows in Figure 3-4(b) designate a \d&8lution given an initial orientation

ofé4

.- Given a user input “initial” angle, VISI will dermine which surfaces can be
machined from that orientation (the surfaces betwibe dotted lines of Figure 3-4(b)). The
other orientations that are needed to fully machiv@epart are then calculated. By providing
an initial angle to VISI, a different set of madihig orientations can be generated. With this
feature of the VISI program, an improved processping algorithm can analyze different

sets of machining orientations, and determine wlsieh can be machined in the shortest

amount of time.



26

3.2.2 Tool Accessibility, Selection and Machining T ime calculations

Tool Access Volume (TAV)

The TAV method was originally developed to detemninol selection and tool sequencing
[Lim et. al., 2000]. The TAV method can be geneed to multiple aspects of CNC-RP.
Since CNC-RP uses a 3-axis machining center withl axis indexer, the TAV method can
be modified to represent an accessible volume fgivan orientation of the machine’s
indexer. In addition, the method can be extende@NC-RP by treating the cylindrical
stock material as pocket geometry. Since the stoaterial must be removed in a similar
manner to pocket machining (layer-by-layer) the TAMthod can be applied. Finally, the
method uses 2 %2 D geometry to analyze what wasreeféo as “Residual Volume”. The
larger the machining tool that was used, the latgerResidual Volume it left behind for
subsequent tools to finish machining. This concalfiwed the authors to establish a
connection between the geometry of the part andmimal set of tool choices and tool
sequencing. Again, this is useful for an improyedcess plan for CNC-RP because the

Residual Volume is directly related to tool sizel amachining orientation.

Relative Delta Volume Clearance

Once the machinable volume is determined, the teneired to machine that volume must
be calculated. The time can be determined by gigithe machinable volume by the tool's
Material Removal Rate (MRR). This thesis uses tledafe Delta Volume Clearance
(RDVC) calculation by Lim (et. al 2001). This calation establishes the relationship

between two tools’ machinable volumes; which candbtermined by the aforementioned
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TAV method. For the CNC-RP process, two toolswaed, a roughing and finishing tool.
The RDVC calculation will determine how much tinté¢akes the roughing tool to machine
the total volume that it can access, and add to ttletime it takes the finishing tool to
machine the Residual Volume left by the roughingl.tdherefore the volume of material
removed by the roughing tool affects how much maltes left for the finishing tool to

remove.

For the CNC-RP process, the tools are chosen lmasédear relationships to stock size, and
on whether they are long enough to reach the maxirdapth specified by the visibility

program. The absence of tool selection criterr@alliy affects the total machining time.
Each tool in the carousel will have an optimum iogttspeed at which it can perform;
therefore, the tool with the fastest cutting spaedilable for a particular geometry should
result in the shortest total machining time. Tbalgf these additional decision rules will be

to include the effects of tool size and speed ertdbal machining time.

3.3 Genetic Algorithm Methodology

Vanderplaats (2001) definelesign optimization to be “the actual process of defining the
system”. In section 3.2, methods were describetl ibfp define the design objective and
design variables, however, the method of definihg system requires design Genetic
Algorithm. This is necessary because a uniquegs®plan must be generated for every part
created with the CNC-RP process. New process pharst be generated because the CNC-

RP process often manufactures a part geometry onbe. Therefore, applying design
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optimization to the manufacture of a part in CNC-RIR define the system by determining

the values to use with the improved process plan.

One of the design variables discussed was thediirsihgle” 8

Init ?

that when provided to the

visibility program (VISI), outputs a complete séthoachining orientations totaling up ta™

orientations including,;, .

G = VIS = {6

Init Init ?

6.6} (3.1)

The second design variable is the tool diametdre Tool Access Volume (TAV) method,

can determine the amount of volume removed fott afs®ughing and finishing tools.

The Relative Delta Volume Clearance (RDVC) caldatatcan then be used to determine

how long it takes to machine the part at an ori@mnaThe TAV value for the roughing tool

(Vi) and finishing toofV.) are each divided by their Material Removal RatefRR)

resulting in a value for the total machining time.

RDVC=—Ye_+ Ve
MRR. MRR,

(3.2)

The solution approach will use both the RDVC catoh and the VISI program to find the

optimum set of machining orientations and tool dgens. This optimum solution is the set



29

of machining orientations and tool diameters tha enachine the part geometry in the

shortest amount of time.

3.4 Summary

This chapter presented on overview of the thesiBvatoon and a general description of the
solution methodology. It was suggested that tlp@sed new methods will improve process
planning by adding additional criteria that will keathe rapid machining process more cost
effective by reducing machining time. Then, it wagygested that a Genetic Algorithm
problem could be solved to determine the best mauiiorientations and tool sizes. The
following chapters present these two major contidms in more detail and then results from

an implementation are presented.
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4  Solution Approach

This chapter presents methods for improving théopmance of a subtractive rapid
prototyping process through new process planniggrahms and approaches to optimizing
setups to reduce machining time. This includesygroved process planning methodology,
which can take into the account the constraintsliamithtions of the current RP approach,
but also provide better analysis of the parameétexalved in each setup. New metrics are
proposed that will evaluate process plans and geowiore effective solutions. These new
measures can then be used as input to a Geneticithlg approach that will search for the

best setup and process plans for an arbitrary part.

4.1 An improved process planning algorithm

An improved process planning algorithm will takdl advantage of the many capabilities of
the current CNC-RP process. In the first sectioime solution approach, the current
Visibility (VISI) analysis is discussed and a medtito enforce the Thin Web constraint is
proposed. Next, calculations for determining @odessibility and machining time are
performed for each set of machining orientationsdiablish criterion for roughing tool

selection.
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4.1.1 Adapting Visibility Analysis for Thin Web Avo idance

Current Vishility (VIS) Analysis

Visibility analysis is performed in order to detenm the necessary finish machining
orientation set that will machine everything trsavisible about an Axis of Rotation. The
following example part demonstrates how the VISigpam determines which machining

orientations are necessary in order to completelghime the part.

OO
Axis of Rotation 450

261° S

(a) (b)

Figure 4-1: Sample part illustrating visibility analysis (a) Isometric view of example part with axi®f
rotation (b) Right side view showing Finishing Angés output by VISI

For the example part shown in Figure 4-1, theesur¥isibility program determines that
there are three machining orientations. The éirst second orientations at@nd 48

(machining the blind features shown in Figure 4ahy the third orientation at 261
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(machining the notch on the bottom of the part ta@dsemi-circle on the left side of the

part).

The primary objective of the VISI algorithm is tetdrmine what orientations are required in
order to completely machine the part surfaces [Eranal. 2006]. Due to this objective, the
CNC-RP Process is able to ensure that everythithepart has been created. This concern
is foremost in a system that does not rely on humjaut for determining how the part will

be created. Due to this objective, the VISI analisvery useful in determining where the
part must be machined from during the last stageseating the part — the finish machining
steps. However, as the part begins to be credtedpugh machining of the part may benefit
from a different set of machining orientations ttatnot coincide with the orientations

output by VISI.

The problem with Thin Webs

A critical constraint in rough machining is thaetbreation of thin webs of material must be
avoided. During the first few machining steps, lkk of the stock material (the piece of
round stock that the part is being created frons)rat yet been machined. The first and
most logical choice of machining orientations wolbilto machine from two sides of the part
geometry (0 and 186) and from each orientation, machine the stock riztdown to the

axis of rotation. Machining from just one sidetloé¢ part could leave a significant amount of
material on the opposite side of the part. Howewerchining from 180from a previous

operation is where the Thin Web problem arises Ksgare 4-2).
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Thin Web

\\

Figure 4-2: Machining operations generating a ThirlWeb [Frank, 2003]

After the first orientation is machined, the secomn@ntation is machined from the opposite
side of the part. As the tip of the end mill aggres the center of the stockhin web of
material begins to appear that is as wide as ek stiameter. As the end mill machines this
last layer of material, the layer is thin enoudjattthe machining tool does not produce metal
chips. When machining the thin web, the tool igljkto break by wrapping the thin layer of
metal around the tool. Therefore, machining the wWeb needs to be avoided so that the

CNC-RP process can safely perform rough machining.

Current Thin Web Avoidance Methods

To avoid thin webs during the removal of the bullkh@ stock material, three roughing
angles are currently employed. Previous researslsimawn that using a three roughing angle

approach is an effective heuristic method [Fran®3}0 It is assumed that rough machining
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must be completed for each finishing orientatiothsd the finishing operations only need to
machine away the material that the roughing toalecoot machine. If the finishing angles
output by VISI do not include a set of three angihed meet the thin web constraint, then

roughing orientations must be added until the gandtis satisfied.

OO

Lo

261°
/2 - \ 13E°

Figure 4-3: Example part illustrating extra anglesto avoid thin webs

As an example, Figure 4-3 shows a part with a sahgles from VISI that included’ 045,
and 262. These angles do not satisfy the thin web coimsttherefore it is necessary to add
two more roughing orientations, in this case,13# and 225. For this example part, the
machining orientation at 28ill be able to machine the surfaces machinechbyl85 and
225. Therefore, the current method to avoid thin websld include redundant machining
because the 26 brientation would machine the notch on the botpart again, after the

225’ and 135 orientations. Furthermore, some of the surfacashined by the 45

orientation would be machinable by the 18&entation.
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In the improved method of this Thesis, the origimaliristic heuristic method of using 0
135, and 228 was adjusted to allow two of the three anglesatd 20 to 15¢ apart from the
third angle. For example, in Figure 4-4 the gghgded regions illustrate ranges of
orientations about 18%nd 228. Given a theta value of 0any two angles that individually

fall within the shaded regions would meet the TWab Avoidance criteria.

T

Fiaure 4-4: lllustration of adiusted thin web avoidance metho

Next, the finishing machining orientation set imeMned to determine if there are three
angles that satisfy the adjusted three angle hHeuristhree angles are found that satisfy the
constraint, these angles are used for the firsethough machining operations. This addition
to the three angles heuristic has been testednaplémented in the current CNC-RP system.
Using this improved approach, the search for raugjlorientations within finishing

orientations often results in a smaller set of nranly orientations. Of course, the likelihood
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of finding three roughing orientations in the fimisg orientations set is highly dependent on

the geometry of the part.

A New Method to Avoid Thin Webs

Since the thin web constraint must be satisfiedthacturrent VISI analysis outputs only one
set of machining orientations, a new method is ezl to avoid thin webs. In this new
approach, the VISI program is given an input patamghat will be called the “initial angle”.
The intent of this new approach is to generate mmehining orientation sets that obey the

Thin Web Avoidance constraint and completely maghire part.

In the previous example shown in Figure 4-4, th8IVfesults that three machining angles
should be used af 45, and 26%; however, if an initial angle at 27 provided to VISI
for the same part (Figure 4-4), the following otation set results: {) 130, 270}. Figure

4-5 illustrates the three setup orientations folypgroviding an initial angle of 270

@) (b) (©

Figure 4-5: Example part at three machining orientaions (a) @, (b) 130, and (c) 278
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The original solution is derived from a greedy aithon inside the visibility program. As
such, the greedy approach is to select the firgtedior setups as the angle that can machine
or “covers” the most surfaces on the part. Eaddssguent angle is the next angle that
satisfies the most surfaces, assuming each cosgaréited is removed from the search
sequentially. The hypothesis of this thesis i$ thicing a more exhaustive search through
initial angle may result in a better set of angéeg] preferably, one that also satisfies the thin
web constraint. With the example above, this nppr@ach reduce the rough machining
orientation set from four machining orientationsvicdo three. In this example, previous
knowledge about the part was needed to determita¢ iwitial angle to provide to VISI (it
was known that 270was a finishing angle). Yet, the same resulta@da obtained by
iterating through multiple initial angle values ahén determine which set of machining
angles meets the Thin Web Avoidance constrainthelfe is more than one set of machining
orientations that meets the Thin Web Avoidance tang, the set of orientations that has

the fewest number of machining orientations wowddibed.

The new method of providing initial angles to ViSkan improvement since it expands the
set of possible machining orientation solutionsyéfiore, it avoids the risk of finding locally
optimum solutions. This is particularly importdat a rapid prototyping process since it
must be assumed that the part geometries couldwidely. In more traditional
manufacturing process planning, there are assungptiade about the class of part
geometries that will be encountered. For exampbghined parts will have been generally
designed for machining; hence, perhaps the systirassume that orthogonal setups might

work. This assumption is based on the fact thathimed parts are primarily designed for
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prismatic setups in vices, and other simple fixdureOf course, in a Rapid Prototyping
process, the designer often submits more elabarmt@rganic part geometries for testing.
Hence, any assumptions about part geometry indpesof reducing the search space may

in fact lead to a non-optimal solution.

To illustrate other part geometries, Figure 4-Gsudatted arrows to signify an alternative set
of machining orientations by giving VISI an initiahgle. The solid arrows are the result

found using the existing VISI method that doesus# an input initial angle.

OO
: 0°
il l: 56°
4
28E° ]
.’oA 900
—
o'.v v‘.
yATYSR] 24¢° /7 T N e
220 : ‘130 22¢ 18(° 132
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Figure 4-6: Setup orientations with and without providing an initial angle to VISI

The parts shown in Figure 4-6 do not show a redndti machining setups as was seen in
Figure 4-3. However, an improved process plarCldC-RP is not defined as a reduced set
of machining orientations. An improved processiptaone that has the minimum total

machining time, which is discussed in section 4.1.2
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4.1.2 Tool Accessibility, Selection and Machining T  ime calculations

Tool accessibility, selection and machining time anportant components in a CNC based
Computer Aided Process Planning (CAPP) system.| Salection depends on both tool
accessibility and machining time. A tool that cahaccess much of the volume of material
to be removed may not be a good tool choice. Likeya tool that takes a long time to
machine the part may not be the best tool to Us@rder to avoid poor tool choices in the
CNC-RP process plan, the Tool Access Volumes (TA¥éjhod will be used to determine
tool accessibility and then the Relative Delta \fouClearance (RDVC) method will be

discussed to determine machining time.

Tool Access Volumes (TAV)

The Tool Access Volumes (TAV) calculation will berformed for each potential setup
orientation. The TAV calculation is used to firtaccessible volume for a given geometry,
machining orientation, end mill diameter, and enlll step-down value. Figure 4-7
illustrates the TAV steps to determine the machmablume for an example pocket
geometry. Further details of the original TAV ma@scan be found in [Lim, 2001], while a

modified TAV approach will be used in this thesis.
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Pocket profile B cutter
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A

o,
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Figure 3. TAV procedure—(1) Offset profiles (broken lines) of the islands and pocket by
tool diameter. (2) Intersecting island profiles are united. (3) Offset united islands and
pocket profile by tool radius. (4) Unite offset united profiles with sheet plane—the result
is the exact boundary path accessible by the tool. (5) Ofsetting this tool path by its radius
and sweeping it by the feature’s range generates the TAV,

Figure 4-7: Tool Access Volume (TAV) method [Lim 201]

In the TAV method, the profile of the pocket geomeés offset based on the diameter of the
tool that will be used to machine the pocket. vidbsly, the larger the tool, the less access
it will have to the part geometry. For complex getry all aspects of the TAV method

would be required; however, the CNC-RP method adager based toolpath strategy,
therefore the TAV method can be simplified. In ttiesis the intent is to focus on just the
“scallop” left in the interior corners of two ins&cting polygon segments for each machining
layer. This satisfies the major goal in this apgtg which is to determine how much
material remains after the roughing operations;esthis dictates how much material remains

for the finishing tool.
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Figure 4-8: Analyzing Polygon segments to find Sdab Area

To determine the scallop area left by the tooluFeg4-8 illustrates on a sample pocket
geometry, how the calculations are performed. tlorsegmentsSL and S2on the polygon

chains, the interior angle between the two segnearide calculated.

SL=[ (R =R, (P, = P,) |, S2=[ Py =P, ), Py — P,)] (4.1)

6 i = (tan‘l(%j - taﬁl(s%zxn 4.2)

SlandS2represent the vectors between poiRtsP, and B,. The interior angled,

nterior IS

then calculated by finding the difference betwdendirection component of each segment’s
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vector. If the interior angles are less than°t8@n the scallop area is calculated based on

the interior angle value and the tool diameter d) which is given by:

Ao =| 22 2 2) —‘((—”"Z j (D/z)zj (4.3)

tan( Interi%)

The resulting scallop areas are then summed tagtenihe total area that is not machinable
by for that polygonal chain. Therefore, the TookAssible AreaTAA) can be found by

subtracting the part’s area from the stock areaaalulihg the scallop area:

TAA = ASock - A3art + ASx:allop (44)

The TAV method was originally applied to a 2 Y2p@xt geometry. Fortunately, CNC-RP
uses a layer based machining approach, with thes thickness determined by the end mill
step-down value, which makes the accessible volUiA¥) straightforward. Figure 4-9
illustrates the TAV method for a 3D free-form pocgeometry using a layer based

machining operation.
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@ 1 _ Machining layer
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! Depth of
cut
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Workpiece

Figure 4-9: Applying TAV to layer based machining Lin & Gian, 1999]

The tool is set to a fixed step-down value (“Deptlcut” as seen in Figure 4-9) based on tool

diameter. The TAA can be multiplied by the stepvdoalue(SD) for each tool, to

generate the Tool Access Volume (TAV) for each nvanly layer. Each machining layer’'s
TAV can then be added together to determine the T@x\any geometry at any setup
orientation. To determine the total volume of mate¢hat can be removed from an

orientation, the volumes of each layer startingrfbie first layerL, to the last layel, can

be added together:

TAV = i(TAADSD) (4.5)

L

One caveat to equation 4.5 is that not every volisnaecessible by the machining tool. To
illustrate this, Figure 4-10 shows an example ffat contains an overhanging feature that
does not allow tool access from the positive Zdiom to the specified “inaccessible

volume”.
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Figure 4-10: (a) Isometric view of part, tool, andnaccessible feature
(b) View of inaccessible volume from the right sidef the part

The first step to identify inaccessible volumegltkese, the STL file of the part is sliced

uniformly at a depth equivalent to the step-downefach tool (Figure 4-11).

/ Slicei
<+— Slicei +1
Slicei+2
N
\
+Z
Slicen
/

Figure 4-11: Example part viewed from right side sbwing slicing
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A Boolean union of slices from the top of the g&ticei) to the maximum depth (Slic9 is
calculated, whereby all cross sections of the @atsuccessively replaced by a Boolean
union of the slice and the slice above it(positivéirection). The resulting polygon from
the union operation will be the polygon used toleati® the Tool Access Volume (TAV) at

the slice positiom +1:

SiceTAV,,, = Sice [0 Sice,, (4.6)

The Tool Access Area (TAA) calculations shown imiaipn 4.3 and equation 4.4 will only

be performed on the new polygon data. The Boaleson operation will not allow for

inaccessible volumes caused by overhanging featordes represented in the polygon data

used in the TAV analysis.

Relative Delta Volume Clearance (RDVC)

The accessible volume of each machining tool pesigseful information for determining
the total machining time using the RDVC methodnjlL.L2001] RDVC was developed for
determining optimal tool selection and sequencorgafmulti-tool machining operation. The
method not only relates the accessible volume (T#\g tool’'s Material Removal Rate

(MRR), but also relates each tool used in a setaghining operations to each other.

For the CNC-RP method, this TAV calculation of etipa4.5is equal to the volume that the

rougher tool can remove and will be designaté®ds. It is assumed that the finishing tool

used in the CNC-RP process can machine 100% oéthaining volume after rough
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machining has been completed. Under this assumfitesfinishing volume,

designatetlv." , is found by simply multiplying the scallop areaation 4.3) by the

finishing tool’s step down valy&D; ) .

Ve = Agy, OSD; (4.7)

The two volumesd/; ,V, will be used to illustrate how the total machintnge is affected by

the size of the finishing and roughing tools. gsanfixed database of tools, the diameters
and step-down values for different tools can beewetd. From this information, volumes
removed by the finishing and roughing tools arewalted using equation 4.5 and 4.7. With
these two volumes and the Material Removal Ratd®RMstored for each tool, the RDVC
value can be calculated:

Ve . Va
MRR. MRR,

RDVC = (4.8)

Given a fixed size of finishing tool, the RDVC vakuwill follow the trend shown in Figure

4-12 for different roughing tool diameter values.
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Figure 4-12: RDVC vs. Tool Diameter [graph based ohim et. al., 2000].

The work by Lim et al, uses a similar graph as-it4o demonstrate how the RDVC values
change with varying tool diameters. The “Delta-Mak Clearance Distribution” was used

to determine the most effective set of tools to Immae a part in the least amount of time. The
minimum shown in Figure 4-12 represents the satuftw shortest total machining time

given a fixed set of tool information. To apply tR®VC method to CNC-RP, the tool
diameter at the minimum RDVC value (about 5 minateshown) would determine the

optimum roughing tool diameter (a 0.375” tool woblel chosen).



48

The RDVC method however, was only applied to aR fart in previous research;
however, CNC-RP uses multiple orientations of 3Drgetry. The calculation for a 3D
volume at an orientation was discussed in the TAdthwod, but then the total machining time
for a part will be determined by the summation 8\RC times for each orientation in a
CNC-RP process. The summation of RDVC times fehemaachining orientation highlights
the advantages of producing more solutions sefgdyiding the visibility program an initial
angle (proposed in 4.1.1). For example, if thel\@®gram is given an initial angle, it might
output a set of machining orientations that codrachined in a shorter amount of time
than it could machine a set without an initial &gFurthermore, a part could be machined
in a shorter amount of time by machining at fouchaing orientations rather than just

three:

RDVC(>'[8

init?

6,.6,.6.]) < ROVC(}[6,.6:.6;]) (4.9)

On the left is the VISI solution given an initialgled,,,. On the right is an example of a

possible solution using the current VISI solutiajch only considers the minimum set of
machining orientations. This difference in RDVQilbbe the result of multiple factors; one
being the size of tools used for each orientatiéor larger roughing tool diameters, the
roughing process will finish sooner, yet there Wil more volume left that must be machined

by the finishing tool.
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Large Diameter Small Diameter Tool's
Tool's Scalloj Aree Scallog Ares

Figure 4-13: Different Scallop areas left by diffeent sized tools

For the CNC-RP method, both the roughing and finggtools are chosen based on stock
diameter. The roughing tool diameter is calculas@ percentage of the stock diameter and
the finishing tool is chosen as the shortest tomhfthe library that at least reaches the
maximum cut depth for a given orientation. Thereféarger stock diameters force a larger
roughing tool diameter choice and a longer finighiool and their corresponding machining
parameters. For a larger diameter roughing tbelMaterial Removal Rate (MRR) may
increase due to it removing a larger volume of matéor each machining pass, while a
longer finishing tool will require a slower feedeawhich will decrease MRR. In the

existing CNC-RP process, the MRR values are nat irsdetermining tool. The use of
RDVC and TAV improves process planning in the mdtbbthis thesis, since factors such as
material removal rate, and therefore machininggrerdnce can be considered. By using the
summation of RDVC values, the optimum set of systanmbles (the set that machines the

part in the shortest amount of time) is not baseglust one variable. Tool selection and
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machining orientations can be simultaneously vanearder to determine a set of values to

use to machine the part in the shortest amountnef. t

4.2 Genetic Algorithm

Section 4.1 presented a method for calculatind tgehining time for the CNC-RP process.
This method incorporated two major components:oly machining orientations can be
determined that can safely machine the part gegraett 2) how the machining time per
orientation can be determined given the paramefdise tool and the volume of material
that it can remove. The minimum total machinimgdiestablishes an optimum solution for
the CNC-RP process. To determine the minimum tatthining time a Genetic Algorithm
technique is applied, resulting in the optimum ckadf tool size and machining orientation

set.

The improvements to the visibility program (VISIgre shown to generate not only the
necessary machining orientations (that would coteplenachine the part), but also how to
generate more machining orientation sets by progidn input “initial angle”. Due to the
hardware setup for the CNC-RP process, up to 3&€relint initial angles could be provided
to the VISI software program to create 360 unicets sf machining orientations. Each

orientation set would include the initial andglg, and up tan other orientations:

G = VIS = {6,.:.6...6,} (4.10)

Init
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The TAV method determines the machinable volumefgiven tool size at a given
orientation of the part geometry. The Relativet®&olume Clearance (RDVC) was shown
to relate the roughing and finishing tools’ TAV ali@dterial Removal Rates (MRR). The
resulting equation determined the total machiningtfor a particular machining orientation

given MRR and TAV information for each tool.

To apply the machining times calculated with RD\6Gtie CNC-RP process, the summation
of machining times must be taken for all machinonigntations output by the VISI program
for a given initial angle input.

Total Machining Time = Z(RDVC(H

Init?

6...6,)) (4.11)

Therefore, there afg possible solutions given the number of tolsand the 360 different

g . values:

Init

N =T, *360 (4.12)

An example of a possible graph of the design prabgeshown in Figure 4-14. For different
machining orientations, there are different optinmamaghing tool diameters (represented by

the minimum RDVC times).
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Example RDVC Values vs. Tool Diameter and Machining Orientation

ROWC Yalues (min.)

o7s O Machining Orientation (deq.)

Tool Diameter (in)

Figure 4-14: Example graph highlighting multiple local minima

To address the computational expense of findingrtimmum total machining time for
every possible machining orientation set for eaelghing tool size, a Genetic Algorithm is
used. To find an optimal solution using a GenAtgorithm, the objective of the design
problem must first be defined. Therefore, the RDMction must be minimized for the

summation of machining orientations.

Next, the design variables are chosen for the dgsigblem. The technique of providing an
initial angle to the VISI program (4.1.1) has bekstussed thus far as a means of generating
more machining orientation sets. With the appiwabof a Genetic Algorithm, the benefit of
generating more machining orientation can be redliZBy giving the Genetic Algorithm

these initial angles as a design variable, itsh&tstic search technique can explore many

different sets of orientations. The initial andksign variableX,; can have 360 discrete
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values. In Genetic Algorithm terminology, thisasdtshes O as the lower bound and 360 as

the upper bound for th&, variable.

The second design variabl, is the diameter of the roughing tool. The diamefeghe

finishing tool will not be used as a design vamalilowever, it is still an important part of the
search for an optimal solution. The finishing tee and its other parameters will simply be
set to fixed values for all calculations. Tablé:4Fool Parameters for th¥, design

variable shows the tool parameters that were wségbkt the Genetic Algorithm method. The

finishing tool is listed along with eight choicelroughing tools.

Table 4-1: Tool Parameters for the X, design variable

Diameter (in) Step-Down (in) Feed Rate (in/min)

Tool “D” “SD” “FR”

Finishing 0.1875 0.003 150

0 0.25 0.02 120

1 0.25 0.02 110

2 0.375 0.03 110

3 0.375 0.03 100
4 0.5 0.04 70
5 0.5 0.04 55
6 0.75 0.06 30
7 0.75 0.06 25

Now that each design variable is determined, theablve function can be formulated. Since
the goal of the Genetic Algorithm is to determin@miaimum machining time, the RDVC
function (equation 4.8) is derived in terms of tive design variables: the initial angle

X,and the roughing tool diamet&r, .
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X, = VIS = 6[n]
f (X, X,)= n( TAV (6]i].D;) . TAV (8]i].X,) (4.13)

min\ 2| (5,)(0,)(FR) (0., )(%.)(FR..)

In equation 4.13 the Fitness functidr( Xi, XZ) is in terms of the initial machining

orientationX; that is sent to the VISI program and the diametén® roughing tookX, .

Before the fitness function can be evaluated, Tiep-8own ‘SD” and Feed-RateFR” are

unique to each tool, and subscriptand X, represent the finishing and roughing tools,

respectively. The notation “TAV()” in equationl®.denotes a function which calculates the
Tool Access Volume which depends on the machinmentation and tool diameter. Upon
further inspection of the Fitness function, thadis value is in units of time (minutes due to

the Feed-Rate values used).

To test the Genetic Algorithm problem formulatitime Fitness function is evaluated using
common Genetic Algorithm methodologies. First, algorithm is initialized by randomly
generating values for each design variable, repteggthe initial Population. This
Population is then evaluated using the Fitnesstimmcand a Tournament Selection process
determines the fittest two individuals from the plgpion. These two members undergo a
Crossover and Mutation routine, manipulating thgenes” to create an offspring. This
offspring represents a new solution and is stavezt@ate the second Population. The child

solution can then be evaluated by testing it inRiteess function. The process then repeats
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until the fittest solution is found. In this apgdtion, the fittest roughing tool size, and set of

machining orientations determine the optimal solutt the minimum total machining time.

4.3 Implementation

The previous section discussed how a Process Rtaafgorithm for CNC-RP can benefit
from using a Genetic Algorithm. The design varsblivere determined to be the initial angle
input to VISI (X,) and the roughing tool diameteX(). A Fitness function for the Genetic
Algorithm was also formulated, with the fitteststbn representing the set of machining

orientations and the roughing tool diameter thatidonachine the part in the shortest

amount of time.

The standard Genetic Algorithm method discussesation 4.2 was used to test the Genetic
Algorithm problem setup. To handle the data tyjpe®ach design variable, a real-valued
encoding scheme was used. To limit the possiblgisns to common tool sizes a type of
“pointer” system was used. [Ghasemi, et al. 199f¢ actual values for th¥, variable

were assigned integer values that “pointed” toatteal diameter value for the machining
tool. At the same time that the diameter value b&irg retrieved, other tool information
could be collected that was required by the Fitfiesstion. The machining orientations for
the X, variable were stored as integer values as welt.tdsing purposes, the increment

value of each initial angle was increased frdhtol15 using the same pointer technique

used to encode the roughing tool diameters.
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Sample code was used from anpur Genetic Algorithms Laboratory. [Deb, 2001] The
sample code was modified for this application awbded in C++. The algorithm was then
tested on optimization test problems using twoglesariables. Problems like the Six-hump
camel back function that have multiple local minimere tested, and the global minima
were found with speed and accuracy. The variakéeg through the Simulated Binary
Crossover routine developed by [Deb, et al. 1999%0, a Polynomial Mutation method was
used to handle the real valued variables [Debl, 4985]. These Crossover and Mutation

routines use two valueg. for Crossover, ang,, for Mutation. 7. effectively controls

Crossover in such a way that for larger valueggtisea higher probability that the child

solution will be closer to the value of the parenyg, provides a similar functionality, except

since it is applied to Mutation, it has more a mloal affect on the child solution.

I mplementation Results:

The necessary functions for the Tool Access Volame¢hod, and the VISI program were
built into a single Microsoft Visual Studio 2005eexitable project. Testing was performed
using a 32-bit PC running Windows XP on an InteitRen D 3.0 GHz CPU with 3.5 Gb of

RAM.
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Figure 4-15: Test parts

Table 4-2: Test Parts Dimensions*

Test Part |Length (in) Width (in)  Height (in)
(a) 5.5 2.75 2.5
(b) 5.5 3 3.5
(c) 5 3.5 15

*All parts fit inside a 4” diameter stock

(b)

57
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The following variables were used to generate tlmrsary of results shown in Table 4-3.

* Number of discreteX, values (angle value in degrees): 24
* Number of X, values (roughing tool diameters): 8

* Tournament Size: 10

e Maximum number of generations: 20
* Population Size: 30

» Crossover Probability: 0.95

e Mutation Probability: 0.5

* 1.: 2 (crossover control coefficient)

* 17.,: 100 (mutation control coefficient)

Table 4-3: GA Results for 3 test parts showing Fitess and Design Variable values
Genetic Algorithm Results

Gen.0 [ Gen.1 [ Gen.2 | Gen.3 | Gen. 4

Fitness (min.) 72.36 65.42 63.94

Test Part (a) X1 (deg.) 135 135 135

X2 (in.) 0.5 0.375 0.375

Fitness (min.) 47.42 41.39 41.38
Test Part (b) X1 (deg.) 225 135 135
X2 (in.) 0.5 0.5 0.5

Fitness (min.) 78.27 76.96 67.6 67.35| 67.25
Test Part (c) X1 (deg.) 30 135 180 180 180
X2 (in.) 0.5 0.5 0.5 0.5 0.5

The Genetic Algorithm results show steady convergeaward the minimum total
machining time. With each generation having a jetpan of 30 members, Part (c) took the
most number of iterations before it converged inegation four (starting with index 0).
Each test part had at least one change in a deargable choice after the first generation’s
calculations. Only Part (c) changed its choicdeadign variable X1 (the initial angle

provided to VISI) after the first generation.



Table 4-4: Results for CNC-RP with 3 test parts

Test Part (a)
Current CNC- Proposed
RP Approach Approach
0
45 0
Machining Orientations (deg.) 135 135
225 261
261
Roughing Tool Size (in.) 0.75* 0.375
Total Machining Time (min.) 122.542 63.94

Test Part (b)
Current CNC- Proposed
RP Approach Approach
0 0
- . : 90 135
Machining Orientations (deg.) 180 180
225 285
Roughing Tool Size (in.) 0.75* 0.5
Total Machining Time (min.) 53.44 46.97

Test Part (c)
Current CNC- Proposed
RP Approach Approach
0 0
- . . 135 45
Machining Orientations (deg.) 180 180
225 315
Roughing Tool Size (in.) 0.75* 0.5
Total Machining Time (min.) 79.41 67.25

*CNC-RP uses a 0.75” tool for every part due tktdiameter

Table 4-4 shows three different test parts andchbées that are important for the CNC-RP
process. The resulting orientations from both CREEZand the method of this thesis are
illustrated in Figure 4-16: Orientations for PropdsApproach are dotted and values are

given. Compare to current CNC-RP orientations.
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Figure 4-16: Orientations for Proposed Approach aredotted and values are given. Compare to
current CNC-RP orientations.

Part (a) shows that using the new approach disdusgais thesis will provide a total
machining time that is 52% of the current machirtinge. This results from a smaller tool
being used, and fewer machining orientations. @and part (c) had less significant total

time savings at 13% and 15% respectively. Theltseshow that the design problem was
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properly formulated because the Genetic Algorithathad returned a reduced total
machining time. In addition to reducing the tatachining time, a method for choosing tool
sizes, and machining orientations is providedcHapter five, a discussion is provided to
explain why it is important to determine the toi@es and machining orientations at the same

time.
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5 Discussion, Future Work, and Conclusions

5.1 Discussion

The parts used in the Genetic Algorithm implemeotabf chapter four were designed to
specifically test the problem setup. MinimizingetiiRelative Delta Volume Clearance
(RDVC) equation was established in Chapter fouth&sobjective that should result in a
minimum total machining time for the CNC-RP proce3he RDVC equation (Equation 4-
13) was derived in terms of the two design varigahised in the Genetic Algorithm used for

the Genetic Algorithm implementation.

Specifically, the geometriproperties of the parts were intentionally designed into tinee
test parts (Figure 4-15). The first geometric ey was “flatness” as illustrated in Figure
4-15 (c), which has a width that is more than twiseheight (see Table 4-2). This flatness

property was used to test th€, design variable — the roughing tool's diameter.thNjasic

machining experience, a human could examine ali&rtthe one in Figure 4-15 (c) and
make an intelligent roughing tool choice basedhenfact that a very large tool could quickly
machine the round stock to the wide face on theofajpe part. Without many features on
the part to machine in and around, a large diammeteghing tool could perform what is often
termed as a “hogging” operation. For the partssghim Figure 4-15 (a) and Figure 4-15 (b)
a large diameter tool would not be able to macinnamy of the smaller features that those
two parts have. If a large diameter tool was uaddrge amount of volume would be left for

the finisher tool to machine.
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The second geometric property designed into thé pests is “orientation specific
accessibility”. This property can be seen wheezdlare features that a tool can only access

if it is nearly normal to that feature. This ideallustrated on a right side view of Figure 4-

15 (b):

/7 -
1

Figure 5-1: Features affecting tool accessibility

Figure 5-1 shows five different features on the paat the Visibility (VISI) program would
determine have fewer number of orientations fromctwhhey can be machined. These

features not only affect “how visible” a part isitlthey also affect tool choice (Figure 5-2).

Figure 5-2: Machinability based on machining orienation
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Previous research has been directed to situatibmgHat seen in Figure 5-2: Machinability
based on machining orientation, in order to deteenthe part’'s “Machinability” [Li and

Frank, 2006]. By including the tool size (desigarigble X,in the Genetic Algorithm
formulation) and different machining orientationdegign variablé;) the best solution

(shortest machining time) is driven by machiningotation and machining tool size. The
results summarized in Table 4-3 show why the coatlon of tool size and orientation
results in a shorter total machining time. In EaBl3 (a) the largest change in machining
time vs. the current CNC-RP method is shown. Gibhenorientations, there are three angles
that are the same between the two approaches; keowbe number has decreased by two.
The reduction in total machining orientations mighplain the reduction in total time.
However, the material removal rate (MRR) of the78.3tool is 1.2375 in”~3/min and for the
0.75” tool it is 1.35in*3/min; these two variablesem to conflict. It is interesting that the
number of machining orientations can be reducedewthie MRR of the roughing tool is
lowered, and the total machining time can be sigaritly shorter. It appears that is it is not
just the machining tool size or set of machiningemations alone that determines the
optimal set of machining parameters for the CompAided Process Plan (CAPP) for the
CNC-RP process. The other two parts show lessfisigmt savings in total machining time,
however, the values for the tool size and machimingntations are not very different from

the CNC-RP set.

The ambiguity of results of changing just one Jalgas what originally drove this research
to the use of a Genetic Algorithm. As tool sizampes, the set of machining orientations

may take longer to machine, and vice versa. Ifpitodblem was to be solved for the test part,
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there would be 96 possible solutions to be evatuat&Vhile this is not a significant
computation expense, the point of the researchtevaBow that the problem setup was done
correctly so that further complexity could be addedhe design problem. This thesis is not
suggesting that this Genetic Algorithm method wéherate the result in the shortest amount
of time. More appropriate methods may exist thatknbetter for this application, but the
results show that the problem was formulated pigpsnce it finds better results then the
old CNC-RP method for each test part. Furthermdine, results show that the total
machining time is not affected by just the toolesa machining orientation set alone, it is

affected by both variables.

As seen in Table 4-4, the genetic algorithm slorelguced the total machining time over at
most 5 generations. Furthermore, each designhblar@onverged differently for each test
part. For only the first part, the choice of théial angle provided to VISI stayed the same

for all generations (design variabl€;). For the other two parts, the initial angle ceoi

changed multiple times after each generation bedoreverging on the best solution. For

design variableX,, the tool diameter, it resulted in different vauer different generations

also, and only test part (b) did not have a changeol size. Test part (c) does not show a
change in the size of the tool diameter in Tabke however, there were two feed-rates for
this size of tool. From generation two to generathree, neither the set of machining angles
nor the tool size seems to change, but lookinghéuraat the results, it was found that the

second tool with a faster feed-rate was chosesultreg in the smaller Fitness value.
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5.2 Future Work

There are many different opportunities to advamie research. Certainly, no attempt was
made here to show that the chosen Genetic Algoriduhnique was the best choice for this
design problem. However, the research establislyeeod problem formulation that provides
the basis for other parameters related to CNC-RPBet@dded. For example, the design
problem could allow dynamic tool choices for evernientation instead of one tool for each
set of orientations. The number of design varmldeuld easily be expanded to handle

multiple tools instead of just one which was useéind the roughing tool size.

One useful modification that falls outside of then®tic Algorithm problem is in the
determination of the Tool Access Volumes (TAV).r Bome features that are more complex
than those shown in the test parts, a more invokeddulation of the actual accessible
volume would be required. A measure of the acawdessible volume also requires
knowledge of the machinability of certain feature¥he addition of machinability to the
volume calculation would provide an even more aataurepresentation of the TAV for each

machining orientation .

The set of orientations are determined by rotatibgut the # axis due to the CNC-RP
setup. However, this is done after the part has lmentered about the X, Y, and Z axes.
Algorithms to determine a more optimal axis of timia could be added as another design

variable.
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Finally, the machining times determined by the RDY@lculation may not be not be
achieved when the part is machined. Due to maofitoolpath types used in commercial
CAM packages, there are many different reasons tivaytool will not operate at the full
feed-rate used in determining the RDVC value. d&btial feed-rates, accelerations, and
decelerations of the machining tool could be addegive a more accurate result of the total

machining time.

5.3 Conclusions

Minimum total machining time should be used asdhgctive in determining roughing tool
size and the set of machining orientations for &€4or CNC-RP because it results in an
optimum set of system variables. Applying the RD\Quation to each machining
orientation set returned from a given initial anggerelationship between total machining
time, rougher tool size and the necessary machinimggntations is established.
Implementing a Genetic Algorithm can determine tadues for each of these variables
which establishes the fundamental components f&@A®P method for CNC-RP that is
independent of part geometry. This thesis provalésst step toward making the CNC-RP
subtractive rapid prototyping process more costetife by reducing the overall processing

time to machine a part.
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