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ABSTRACT

A HEURISTIC ALGORITHM FOR DETERMING THE PART SETIN A

POWDER-BED ADDITIVE MANUFACTURING MACHINE

Sonja Dieder

February 20, 2014

The goal of this research is to develop a procethuréhe placement of a priority
part into a planned build in a powder-bed additwanufacturing machine. Toward that
goal, a heuristic procedure was developed thatsséekmaximize the revenue in a
scheduled build, subject to due-date constrairgs; all parts with the closest due date

will not only be included in the build, but will j@aced near the bottom of the build.

Likewise, any part in the scheduled build that does have an immediate due
date is a candidate for removal in order to accodatea higher priority part, the order
for which arrives after the build is underway. Téld volume for this experiment with

the SLS2500+ machine is 13-inch x 15-inch x 18-iresttilinear container.

To achieve this optimization of the build, the esiypent for this research

involved a penalty which is based on failure to titbe due date constraint.

Them parts in the build are placed such that are pléwediighest priority parts,
including those with immediate due date constrasmts positioned near the bottom of

the build volume.

Vi



The focus of this study is to determine which “utfiyparts x(i) will be removed
to make room for higher priority parts. Toward tlead, each part is assigned a priority
p(@), i = 1, ...,muntil the build is full. If an order for a part Viag a higher priority
p()than any of the parts in the build, the procedweeetbped here seeks to replace at

least one of the parts in the scheduled build.

Hence, the dimensions of the lower priority pars key, since the part that is
removed must provide sufficient space for the navt. pmportantly, the enactment of the
procedure developed here takes place in real tmitd, little or no interruption of the

progress of the build.

The resulting Excel file will be sorted as to plate immediate items at the

bottom on the build. The solution is valid for agle and also for a multiple build.

Simulations of this heuristic procedure were shdwrisubstantially increase the

revenue desired from the planned build by addighéni priority parts.
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CHAPTER 1

INTRODUCTION

Rapid Prototyping is the general heading abouerkfit procedures for the quick
production of pattern components constructed froigitadl data. In 2009 the F42
Committee on Additive Manufacturing TechnologiesSIPM International) adopted the
term Additive Manufacturing (AM) for these procedsr The Technical Committee 261
standardized AM for ISO (International Organizatfon Standardization). Improvements
in the quality of the output from these machinegehlad to a higher quality, more precise
part — often equal to that needed for final produBtarts are now fabricated directly by
layer-by-layer deposition of material using threeenhsional Computer Aided Design
(CAD) data. In the powder-bed additive manufactyifmocess, a rastering infra-red laser
beam heats the surface of a powder bed to fusgativder in a cross-section that matches

that of a prototype being replicated.

The bin packing problem can be described as follayigen a set of boxes of
different sizes, how should one pack them into @ioetrs of a given size, in order to use

a few containers as possible.

The objective of this research is to desigparts to a “build” with the possibility
that part way through the build one or more higtgority parts arrive. Which “unbuilt”

parts can be removed from the build to make roanthi® higher priority parts?



CHAPTER 2

LITERATURE REVIEW

This chapter gives an overview about Rapid Prototypvs. Additive
Manufacturing and it's technologies as well as Gienglgorithms, Cutting and Packing

Optimization and a summary of research in that aoefar.

2.1Rapid Prototyping vs. Additive Manufacturing

Rapid Prototyping (RP) can be defined as a profmesapidly creating a system
or part representation as a prototype or base midel which further models and
eventually the final product will be derived. Therrh Rapid Prototyping describe a
process of developing business and software sokliio a piecewise fashion that allows
clients to test ideas and provide feedback dutiegdevelopment process. In a context of
product development, the term RP was used widelgdscribe technologies which
created physical prototypes directly from digitatal However, the term RP overlooks
the basic principle of these technologies in thaytcan often fabricate final parts using
an additive approach.(Gibson et al., 2010) and walitive Manufacturing is the
worldwide standard name for these processes in tbehnical community
(http://www.astm.org/COMMITTEE/F42.htm,
http://www.iso.org/iso/standards_development/teciinicommittees/other_bodies/iso_te

chnical_committee.htm?commid=629086)



ASTM defined a Standard Terminology for Additive M#dacturing
Technologies. The recent version F2792-12a incluskems, definitions of terms,
descriptions of terms, nomenclature, and acronysssaated with AM technologies in
an effort to standardize terminology used by AMrasproducers, researchers, educators,

press/media and others.

The major terms in this dissertation will also céempent with the official

definition of the Standard Terminology.

Standard Terminology:

“Additive Manufacturing (AM), — a process of joigmaterials to make objects
from 3D model data, usually layer upon layer, aag®a to subtractive manufacturing

methodologies.”

“Rapid Prototyping (RP), — additive manufacturirfgaalesign, often iterative, for

form, fit, or functional testing, or combinatioretieof”.(ASTM International, 2012)

Additive Manufacturing first emerged in 1987, wittereolithography (SL) from
3D Systems, a process that solidifies thin layéngltoaviolet (UV) light-sensitive liquid
polymer using a laser. The SLA-1 was the first caroally available AM system in the

world (Wohlers and Gornet, 2011).

In Rapid Prototyping, shapes are constructed naaldgtion through turning or
milling, but rather the part arises through joinigume elements layer by layer. Based
on that explanation, Rapid Prototyping methodsase called “generative production

methods”.



Common examples of AM techniques are shown in Talle(Padhye and Deb,

2011)

Table 2.1 Common examples of AM techniques

Technique short cut
Fused Deposition Modeling FDM
Stereolithography SLA
3D printing 3DP
Selective Laser Sintering SLS
Direct Metal Deposition DMLS

2.1.1Fused Deposition Modeling (FDM)
Standard Terminology: “a material extrusion processd to make thermoplastic
parts through heated extrusion and deposition denads layer by layer; term denotes

machines built by Stratasys, Inc”..(ASTM Internatd 2012)

Fused Deposition Modeling (FDM) was developed ie tt880s by S. Scott
Crump. The FDM process consists of having a heatetted thread of plastic pass onto
a “build-platform” in a layer-by-layer fashion vian extrusion nozzle. The nozzle is
controlled by a mechanical “print head” and compaided manufacturing software that
contains the final image of the product. Upon hgtithe build platform, the liquid
solidifies and the platform lowers where the nayelr of hot material is laid upon it. The

process continues until the product is completp{ftittww.prototypepros.com/rapid-
4



prototyping/fused-deposition-modeling.fdm/). Tabl2.2 gives a short summary

describing the FDM method.

Figure 2.1 Fused Deposition Modeling(Gebhardt, 2004

Table 2.2 Summary Extrusion methods (Gebhardt, 2004

Extrusion methods

Method Fusion of solid plastics (wire or block) in a hehtezzle. Layered
construct through extrusion. Solidification througgoling. Pillars

needed.

Materials Different kinds of plastic, partially nominally ses identical (ABS

Acrylonitrile butadiene styrene, PPSF Polyphenytng)

Advantages Higher mechanical and thermal loading capacity then




Stereolithography.

Disadvantages | Rougher surfaces, lower level ofldatn Stereolithography

2.1.2 Stereolithography Apparatus (SLA)

Standard Terminology:

“Stereolithography (SL), — a vat photopolymerizatiprocess used to produce
parts from photopolymer materials in a liquid stageng one or more lasers to selectively

cure to a predetermined thickness and harden tkerialanto shape layer upon layer.”

“Stereolithography Apparatus (SLA), — denotes the 18achines from 3D

Systems Corporation” (ASTM International, 2012).

Stereolithography was invented and patented in 1986 harles Hull of 3D
Systems Inc. (http://www.wikipedia.org). It is a tlned and apparatus for making solid
objects by successively printing thin layers of titieaviolet curable material one on top
of the other.(http://www.3dsystems.com/news/25thiegrsary/) The material used is
liquid photo-curable resin, acrylate. Under thetiation of photons, small molecules
(monomers) are polymerized into large moleculeseBaon this principle, the part is
built in a vat of liquid resin.(Yan and Gu, 199%able 2.3 gives a short summary of the

Stereolithography process.



Figure 2.2 Stereolithography(Gebhardt, 2004)

Table 2.3 Summary Stereolithography(Gebhardt, 2004)

Stereolithography

Method Local hardening of liquid monomer through UV radhat(laser,

lamp), pillar or support material is needed

Materials Epoxy resins, acrylates

Advantages High level of detail, very good surfaces

Disadvantages | Lower mechanical and thermal loading capacity thaser Sintering
and Extrusion techniques. Specialty resins for éigamperatures

available




2.1.3D Printing (3DP)
Standard Terminology: “the fabrication of objecksough the deposition of a
material using a print head, nozzle, or anothemteritechnology”.(ASTM International,

2012)

3D printing was invented by Prof. Emmanuel SachsfMassachusetts Institute
of Technology (MIT). This technology uses ink-jeinting nozzles to jet binder droplets
onto solid powder surface. After one layer is fodmie next layer of powder is spread
on the former layer. By providing a linear nozzieag, the forming velocity can be
accelerated. 3D printing was commercialized by dg&oli Corporation in the US in the
name of DSPC (Direct Shell Production Casting) uBmdmanufacturing of ceramic
shells and cores for casting. Other similar machare 3DP (Extruhone, US), and 3DP

(Z-Corp, US).
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Figure 2.3 3D Printing(Junk et al., 2010)

3D printing needs no additional support, and camf@n extensive range of
materials that can be bonded by available bindeck ss ceramics with binder, metals
with binder and polymers with binder. (Yan et @009). Table 2.5 gives a summary of

3D printing technology.



Table 2.4 Summary 3D Printing (Gebhardt, 2004)

3D Printing

Method Injection of binder fluids in a powder bed. Mectaatiload through

infiltrate. No pillars needed.

Materials Starch/Water, plaster-ceramic/water, ineta

Advantages Rapid and cost-effective, cold proasssy models possible

Disadvantages | Minimal level of detail, rough suefc

Starch and plaster + infiltration: low loading caipy undefined

mechanical properties

Actually iMaterialise offers a wide variety of 17ffdrent materials and 70

possible color and finish combinations for 3D gngt

10
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Figure 2.4 Materials for 3D printing (http://i. matdise.com/materials)
1. Polyamide
2. Alumide
3. Multicolor

4. High detail resin

5. Paintable resin

6. Transparent resin

7. ABS

8. Titanium

9. Stainless Steel

11



10. Silver

11. Gold

12. Prime gray

13. Brass

14. Bronze

15. Ceramics

16. High detailed stainless steel

17. Rubber-like

2.1.4 Selective Laser Sintering (SLS)

Standard Terminology:

Laser Sintering (LS), — “a powder bed fusion precased to produce objects
from powdered materials using one or more laseselectively fuse or melt the particles

at the surface, layer by layer, in an enclosed deatin

Selective Laser Sintering (SLS), — “denotes thegt&ess and machines from 3D

Systems Corporation”. (ASTM International, 2012)

In 1992, Selective Laser Sintering from DTM (nopwaat of 3D Systems) and the
Soliform Stereolithography system from Teijin Sedkicame available. Using heat from a
laser, SLS fuses powder materials. The Soliforrhrietogy was originally developed by

DuPont under the Somos name and was subsequecdiyséd to Teijin Seiki for

12



exclusive distribution rights in parts of East Asiso in 1992, Allied Signal introduced

vinylether Exactomer resin products for SL. (Wokland Gornet, 2011)

The generative technology, Sintering, was inveateitie beginning of the 90s. At
that time it was named as Laser Sintering, becaliss/stems worked with a laser. For
differentiation to industrial Sinter methods andedio solidification only in selected
sections, the term Selective Laser Sintering (Sw83 more appropriate. In 2001 the
ARCAM machine was introduced which works with aaadion beam instead a laser. In
2005 the Speed Part AB machine was introduced wimtks with an infrared emitter.
Based on those new technologies the generic naglecti/e Sintering” or “Sintering” is

generally used. (Gebhardt, 2007)

In the SLS process, a rastering infrared laser bieaas the surface of a powder
bed to fuse the powder in a cross-section that meatdhat of a prototype being
replicated. The surface is then covered with amoldnger of powder and the cycle is
repeated. The current fused layer is bonded tolaeath to build up the 3D shape of a

part. (Berzins et al., 1996)

The obtained part has a rigid but porous structlitee loose powder can be
removed and recycled. Small powder particles tenchelt earlier and more completely
than big ones under the laser radiation. The sarfansion of the droplets leads to the

accumulation of liquid phase at the contact panfithe large, solid grains.

This process is called “the necking phenomenon’abse the bonding between

the particles usually look like necks. (Boillatatt, 2004)

13
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Figure 2.5 Laser Sintering(Boillat et al., 2004)

The EOS GmbH is manufacturer of layer manufacturieghniques (LMT).
These techniques, also sometimes referred to msfesdform manufacturing (SFM) and
other names, enable physical parts to be manu&ttdirectly from computer-aided
design (CAD) data, quickly and automatically. Tregted that their machine EOSINT
(SLS) builds with a similar procedure to STEREO®AY in that the part is built up
layer by layer on a platform by scanning a laseanbever the material surface. The
fundamental differences are that the material igpanvder form and the solidifying
process is a thermally induced phase change rdtaera chemical reaction. In principle
almost any fusible material can be used, but ittbase available with suitable surface
properties for recoating and optical and thermapprties matched to the laser radiation.
Suitable materials include thermoplastics and lownedium melting point metals. This
can be extended to other materials such as ceramnidigh melting point metals.

(Behrendt and Shellabear, 1995)

The following process variants became known in @ele Laser Sintering:

14



« Indirect Metal Selective Laser Sintering (IMSLS)

» Selective Laser Melting (SLM)

2.1.4.1.Indirect Metal Selective Laser Sintering $LS)

Indirect Metal Selective Laser Sintering (IMSLS)oals steel/bronze composite
parts to be made through a combination of seledéiser sintering of a polymer coated
steel powder to create a “green” part, followedfimnace infiltration of the green part
with bronze. The resulting parts are fully densecfional components which can be
exploited for demanding engineering applicationsichs as injection moulding

tooling.(Zakaria and Dalgarno, 2010)

2.1.4.2.Selective Laser Melting (SLM)

Selective Laser Melting (SLM) has been developakedrby the need to produce
near full dense objects with mechanical propert@msparable to those of bulk materials
and the desire to avoid lengthy post processinggesy®olymers as well as metals can be
completely molten by a laser beam. The appellaBelective Laser Melting is reserved

for metallic materials.

In the ease of processing (e.g. laser absorptioace tension and viscosity of
the liquid metal, etc.), all metals may be thougfreis candidate materials; however, large
differences exist. For each new material, a proagsdow needs to be determined
experimentally in order to ovoid scan track indiibs (sphereodisation of the liquid

melt pool, also known as “balling”) and part potgsi

In recent years, the idea of full melting metal pevs was explored, supported by
the continuously improving process parameters (emdhyer thickness, smaller spot
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size, etc.), resulting in mechanical propertiesaigpaenuch better than those of early time
selective laser sintered parts and comparable itk metal properties.(Kruth et al.,

2005a)

Table 2.5 gives a summary of SLS technologies.

Table 2.5 Summary Selective Laser Sintering

Selective Laser Sintering

Method Local fusing of powdered thermoplastic materiajelaformation after

solidification. No pillars needed.

Materials Plastics (polyamide, polystyrene), metsdsds, ceramics

Advantages Plastics: high mechanical and thernaal then Stereolithography

Disadvantages Rougher surface, lower level of bigtan Stereolithography

Sintering and melting can be used with all matsriathich behave like
thermoplastics. Therefore, Sintering provides anificantly wider variety of materials
then Stereolithography. The resultant components raechanically and thermally
loadable. According to the material and applicatibay can be used as a functional
model and often as the end product. Based on #uat $intering is the key to Direct
Tooling, (the direct manufacturing of tools and Itanserts) and also for Direct

Manufacturing, the generative production of enddputs.
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Powder that has not been melted can be partialyered and can be put back in
the process, mostly by mixing with unused powdére Tecycling rate depends on the
degree of damage and lies in case of polyamide pmvdetween 50 and 30% used

powder in the new construction process.(Gebha@dly P

To help in the decision process for choosing thst lgplication and the most
economical generative production process, there tare checklists available, one
checklist for additional purchase of components ttwedsecond checklist for procurement

of a system. Table 2.6 gives a checklist for selgan SLS system.

Table 2.6 Checklist for additional purchase of comgnts(Zah, 2006)

Preconditions

1. Are STL, IGES, VDA data to manufacturers reaagubmit?
2. Are 3D-constructions ready for transmitting?

4, Are all requirements of the components defined?

4.1 Roughness Level

4.2 Loading capacity

4.3 Heat resistance/acid resistance

4.4 Surface (coated, structured, etc.)

4.5 Accuracy

4.6 Number of parts
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4.7 Additional requirements

5. Is the budget defined?
6. Is the technology predetermined?
7. Is the system operator detected?

Questions for determination of the right Rapid-Tremlbgy

1. Material properties required
2. Roughness Level required
3. Complexity of the parts

4. Size of the parts

5. Numbers of the parts

Definitions with the system operator

1. Shipping costs

2. Technology to apply
3. Component costs

4, Delivery deadline
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Consequences for the delay of the delivery date

Dispatch type

Deadline for changes of the geometry

Costs of data preparation

Characteristics of the right manufacturer

Experiences with complying Rapid Technologies?

Customer references?

Component costs in the range of market level?

Established company inside Rapid area?

Advisory Service for possibilities and restricticofsappropriate

proceedings?

Manufacturer has appropriate resources (systemgloyees)

Proximity of the manufacturer

New or regular supplier?

Table 2.7 gives a checklist to guide the procur@roéan SLS system.
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Table 2.7 Checklist for procurement of a system(24196)

Data Conditions

1. Is there an assessment realized by using STL dastake corrections,
supporting constructions, and slice-data-creatiecfnically usable in the

current software programs of the company?

2. Are there existing connections for data transfdyath directions from/to

the customer realized (internet connection, dirgeirconnections)?

4, Do the current computers have enough capaditgTh treatment?

5. Which software licenses for 3D-CAD proceedingsrageded? Are there

existing connections for interchanging 3D data’s?

6. Which 3D data formats are required?
7. Are data storage and archiving ensured?
8. Are required measures for data security (DINifoeation) introduced?

Workshop Conditions

1. Are media connections (power supply, cooling uratsnpressed air, or

protective gas) present?

2. Existing network connection (Ethernet)?
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3. System requirements for temperatures/moistunelaity can be fulfilled?

4, Are there special conditions for the facility emnment (load capacity of

the ground, extraction units, vibration throughestproduction plants)?

5. Existing space sufficient?(plant with periphery)

Accessibility to the plant ensured?

6. Existent storage room for building material sint?

7. Logistics assured? (transportation of compa@)ent

8. After treatment of components ensured?

9. Which periphery equipment for after treatment ahponents/material

preparation/material recycling is necessary?

Procurement of a system

1. Life cycle of plant components?

2. How many different materials can be used?

Are there different suppliers for the material?

3. What is the cost of building materials?

4. Are required quality of the component reprodlecdbided?

(surface, strength, dimensional accuracy, life €ycl
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Are regulations or laws on hazardous material {@yép

6. Is the supply of spare parts ensured, alschffuture?

7. Availability of service technicians?

8. Setup times (material handling, establishmeiudtl jobs)?

9. Are the employees able to make maintenancedijgblves?

10. Are maintenance contracts necessary?

11. Estimation of costs for service and maintenance

12. Cycles and scope for needed Software/Hardwadatds?

13. Stage of development for new materials?

14. Are safety data sheets for materials and for ofmeratf the system
available?

Employees

1. Is operating staff available?

2. Is the training strategy scheduled?

3. Is there operating staff for possible after treattier components
available?

4, Flexibility of the employees in case of workitige?
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2.1.5.Direct Metal Laser Sintering (DMLS)

Standard Terminology: “a powder bed fusion proagssd to make metal parts
directly from metal powders without intermediate€gn” or "brown” parts; term denotes
metal-based laser sintering systems from EOS GmEkeetro Optical Systems”.(ASTM

International, 2012)

The One-Stage SLS Process, also known under itmmeocml name Direct Metal
Laser Sintering (DMLS), is practiced with differemiaterials. One of the main issues is
porosity. The One-Stage Liquid sintering is a mortof the practiced thermal sintering
with left over porosity. The material compositidhe grain size and post treatment with
shot penning have helped to some extent to redusgrtoblem. The recently introduced
20 #M metal powders bring a significant improvement inchamnical properties surface

guality and porosity of the productivity decreasesngly. (Levy et al., 2003)

The development with respect to functional, custemi products will be
influenced in the future by achievable progresstlud generative methods. New
technologies for layer manufacturing on plastic ametal basis, named Selective Laser
Sintering (SLS) and Selective Laser Melting (SLMlyeady known today economically
for Rapid Prototyping and Rapid Manufacturing, whare major contributions for the
flexibility of production technology. Through thesgethods it is possible to implement
complex functional components from several differplastics (polyamide, glass fiber-
reinforced plastics) and metal alloys (aluminunartium, steel alloy) in a short time
without complex CAD-CAM-interfaces. Typical examglefor application are
biocompatible implants for the medical technologyld inserts with internal cooling

channels for tool and mold construction as welt@sponents for the aerospace industry.
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The generation of control data for the tool-freenofacturing is based directly on
the 3D-CAD-datas. It is not surprising, becausasdhedvantages instead of the traditional
cutting manufacturing, that the manufacturer oséhenachines have had a high market
growth in recent years. But there are also disaidems. There is a lack of process
knowledge for a continuous first-time-right prodoat of components without rejects.

There is also a lack of additional experimenta¢agsh.

For producing parts in large series, there are sonamges needed in case of
build-up rate of the material and the quality ofe tiproduced parts. A higher
consciousness of the constructors and user is ddedeontinuous using of the methods

in the industrial area.

To ensure additional market growth of the geneeatproduction methods,
numerous tasks in the area of research must bedatv close cooperation with the

industry:

» Component design

* Process modeling (FEM)

* Process development and security
* Material development

* Quality assurance

» Energy and resource efficiency(Abele and Reinl24x1,1)

Standard Terminology:

CAD, —“Computer-Aided Design.The use of computensthe design of real or

virtual objects.”
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STL,—“in additive manufacturing, file format for 3odel data used by machines
to build physical parts; STL is the de facto staddaterface for additive manufacturing
systems. The STL format originated from the terner&ilithography.” (ASTM

International, 2012)

2.2  AM Process and Supply Chain

The Standard Terminology for Additive Manufacturiigchnologies provides
also a structure for grouping current and future Aldchine technologies. These terms
are useful for educational and standards-developmeposes and are intended to clarify

which machine types share processing similarities.

These seven process categories are defined:

- “binder jetting, n — an additive manufacturing process in which aitidoonding agent

is selectively deposited to join powder materials.

- directed energy depositionn — an additive manufacturing process in which foduse

thermal energy is used to fuse materials by melmthey are being deposited.

- material extrusion, n — an additive manufacturing process in which males

selectively dispensed through a nozzle or orifice.

- material jetting, n — an additive manufacturing process in which detgplof build

material are selectively deposited.

- powder bed fusion n — an additive manufacturing process in which treremergy

selectively fuses regions of a powder bed.
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- sheet lamination n — an additive manufacturing process in which sheétaterial are

bonded to form an object.

- vat photopolymerization, n — an additive manufacturing process in which kiui

photopolymer in a vat is selectively cured by liglstivated polymerization.”

(ASTM International, 2012)

In the literature eight key steps of the AM processe defined:

Step 1: Conceptualization and CAD

The generic AM process starts with 3D CAD inforroati Most 3D CAD systems are

solid modeling systems with some surface modelorgmonents.

Step2: Conversion to STL

The CAD model has to be converted into the STL fdrrfor building using AM
technology. It works by removing any constructioataj modeling history, etc., and

approximating the surfaces of the model with aeseoif triangular facets.

Step 3: Transfer and manipulation of STL file on AM machine

The created STL files can be sent directly to #iget AM machine. The first task would
be to verify that the part is correct. The AM systsoftware normally has a visualization
tool that allows the user to view and manipulaee glart. The user can make a reposition
of the part or even change the orientation to alibto be built at a specific location
within the machine. It is quite common to build méhan one part in an AM machine at

a time.
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Step 4: Machine setup

Some machines are designed to run with a varietyaitrials and may also have some
parameters that require optimization to suit thgetgf part that is to be built, or permit
parts to be built quicker but with poorer layeralesion, for example. Such machines can

have numerous setup options available.

Step 5: Build

Beginning from this step, the process switchesiégocomputer-controlled building phase.
All AM machines will have a similar sequence ofdaygontrol, using a height adjustable
platform, material deposition and layer formatiomwtaneously while others will

separate them. All machines will repeat the proceds either the build is complete or

there is no source material remaining.

Step 6: Part removal and cleanup

The part must be either separated from a buildgstaton which the part was produced
or removed from excess build material surroundivggart. Some parts are ready to use

and some parts need a manual finishing.

Step 7: Post-processing of part

Post-processing refers to the (usually manual)estad finishing the parts for application
purposes. This may involve abrasive finishing, ligelishing and sandpapering, or

application of coatings.
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Step 8: Application

Some AM processing inherently create parts withllsutads or bubbles trapped inside
them, which could be the source for part failurelemmechanical stress. In addition,
some processes may cause the material to degraihg dwild or for materials not to
bond, link, or crystallize in an optimum way. HoveeyvAM materials and processes are
improving all the time, and many applications dd require high performance from
many of their components. The number of applicatimn the output from AM processes

is therefore constantly increasing.(Gibson et24110)

Advantages of additive manufacture lie in the &pilo produce highly complex
parts that require no tooling and thus reduce tstscof manufacture, especially for low
volumes (Hopkinson and Dickens 2001, Griffiths 200% high volumes do not need to
be manufactured to offset the cost of tooling thes possibilities for affordable, highly
complex custom parts becomes apparent. In theagh part that is produced could be a

custom part.

It must be stated that current RM (Rapid Manufaog)ris being done on RP
(Rapid Prototyping) systems such as laser sinteflif§) or stereolithography (SL).
However, though the machines have improved coradigiover the past ten years, these

systems require further development for full scanufacturing, such as:

1. The machines have been designed for prototypityare therefore relatively slow,

inaccurate and give poor surface finish.

2. The cost of materials and machines is prohiitiv

3. Materials selection is limited to a few polyneemnetallic and ceramic materials.
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4. The materials available have little informatiaxailable with regard to their true

engineering characteristics.

In the development of suitable supply chain prastifor the appropriation of

value, a number of supply chain concepts have deeeloped. These include:

e Lean

* Agile

* Leagility and Postponement

* Mass Customization

* Demand chain

These concepts have been used as a basis for amguthat will become

applicable on the successful realization of RM areldiscussed in more detail below.

Efficient
— Match Mis-Match
Supply chain
Responsive Mis-Match Match
Functional Innovative
Product Type

Figure 2.6 Product supply chain matrix (Fishe91)9
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Table 2.8

Distinguishing Attributes

Lean Supply

Lean and agile supply chain operatorss@ivialones et al

Agile Supply

Typical products Commodities [nnovative
Market place demand Fredictable \olatile
Product vanety Low High
Product ifecycle Long Short
Customer drivers Cost Availability
Profit margin Low High
Dominant costs Physical costs Marketability costs
Stock out penalties Lonag term contractual Immediate and volatile
Furchasing policy Buy goods Assign capacity
Information ennchment Highly desirable Obligatory
Forecasting machanism Algonthrmic Consuliative
Efficient Lean

Supply Chain RM

Responsive Agile
Functional Innovative
Product Tvne
Figure 2.7 Modified production and supply chaintmxaFisher 1997)

Each case operates in a very different market. daggoduces automotive
vehicles at medium to high volumes for sale to ¢dbasumer. Case 2 operates in the
Formula 1 arena and as such a highly competitictosavhere development of the race
car is of paramount importance, i.e. improved gengnce on the track equals increased
revenue. Case 3 produces hearing devices for theuater; comfort and quality are key
market levers. A summary of the strategic reasonsiging RM are shown in the Table

2.9.
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Table 2.9 Strategic reasons for using RM for irdiinal cases

Lise of RM to provide interim RM used to provide Coupled with 3D scanning
production solution and increased capacity of methods, mass
reduce costs of a vehicle individual products for wind | customisation of ITE devices
tunnel testing for individual customers
Lean

The application of RM for the fulfilment of leanipciples in an organization has
been demonstrated by the three cases presentadgEach of the factors discussed with
illustration from the cases it is possible to dee possible impact that RM can have on
this SCM paradigm. The eight characteristics disedy Cox 1999b have been affected
by the introduction of RM in these organization®s€ 1 in particular highlights the
ability of RM to impact the lean SCM paradigm. Thgh the use of RM, the time
pressures due to an engineering issue were solhed.consequently highlighted the
ability of RM as a production method to influendee tfour criteria seen above. A

summary of the effect of RM on lean criteria fosed now follows:

Produce only when necessary through JIT

The component was produced as to requirementsegfrtbduction schedule. The
1800 components built were produced in 6 batch&90fat a production time of 8 hours

per batch.

Dematerialised supply chain

An intrinsic quality of the RM production systemtls®e necessity of digital data
and raw materials for production. The use of digiega means that the systems are ideal

for developing a dematerialised supply chain, wioeraponents are produced with little
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to no work in progress. In this specific case theadoroduced by the designer was sent

directly to the RM machine operators and then glagmn the bed for manufacture.

Reduced set up, changeover time and number of assklies

Again an intrinsic quality of RM, case 1, as men#id previously, used an
existing prototyping facility within the organizati to produce the parts in question. In
order to begin production the only set up that weapiired was to fill the LS machine
with raw material and place the digital data on thetual” bed of the machine.
Therefore changeover time was minimal. In additefter the first batch had been set up,
subsequent batches require less time to set dbuhd” file can be saved along with the
3D CAD data for use in the future. This case hasshown the reduction of the number
of assemblies with the use of RM; however, exampfethis exist in other industries.
Wohlers, 2005, has presented how RM can be usethtionalize the number of
assemblies in a product, specifically, the develeptrof a single part by On-Demand-
Manufacture (ODM) for Boeing. The use of RM andawmative design reduced an air
ducting component from an assembly of 10 compontnts single piece that could be

produced using LS.

Elimination of waste

The waste eliminated in Case 1 revolved aroundréidection in time for the
component to be delivered to the manufacturing rimgdion. The use of RM for the
component reduced the waiting time of the initialdh of components from 6 weeks to 8
hours. The total production of RM components duting 6 week period resulted in a
total of 1800 components. The use of RM saved eathese vehicles (900 in total) £40

due to the delays for traditional manufacturingutésg in a company saving of £36,000.
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In addition to this cost saving, distribution costsre minimized as the components were

produced on site.

Agile

The impact of RM for an agile supply chain has bdemonstrated by case 2.
Kochan, 2003 shows how RP (though arguably it is) Rk been exploited at Renault
F1 as a flexible manufacturing system. The busimesslel for Renault F1 is very
different to that shown in case 1, as their primeus is on speed of vehicle development
to gain fractions of a second on the racetrack. Wirel tunnel facility that the RM
systems support tests 30-40 new aerodynamic depignslay on 50% scale models.
Traditionally the components would have been predugy model makers from carbon

fiber.

The reasons for utilizing RM in case 2 are two-fdirstly, each component
required by the wind tunnel is unique, i.e. the poments are incrementally different.
The fact that each component is different meantstthditional manufacturing methods
such as injection molding would be unsuitable ascibst of tooling would be prohibitive.
The second reason for utilizing RM is that tradialy wind tunnel parts were
manufactured by laminating a machined mold withboarfiber. This consumed both
labor and capacity on existing machining facilitiesich reduced the time available for
race car production. Renault F1 is able to offeseavice to their designers and wind
tunnel facility that ensures time is not taken frassential race car manufacturing
equipment. Indeed a 24 hr turnaround time fromiptae® CAD data at the facility to
having the part ready for testing has been quadredddition to this it is also possible to

have another 30 different variations of the compbmeing built at the same time. The
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use of RM has meant that Renault F1 has incredsechumber of designs made and

tested by a factor of 10.

The products produced by RM at Renault F1 showk#yecharacteristics of the
agile products as described by Mason-Jones e0@0 grable A comparison of lean and
agile supply chain operators). The components halrevariety, are innovative and have
a short product lifecycle. The availability of tkesomponents at the correct time is key

to the future of the business.

In addition to the production of test components] R also now being used for
the production of race car components. The partgjuestion are lightly stressed
components such as complex air ducting componemtarts for the electrical system
(Goode, 2003). Additionally, the demands of eade® r@rcuit are quite different; as such
the RM components are able to be optimized for @ack without expensive tooling
changes. The move to RM has also had implicationsperations at Renault. Due to the
low labor content of RM production the machines aboée to run 24hrs a day 7 days a
week. However, the facility operates over a normatking week (8:30 am — 6:30 pm,
Monday through Friday) with systems in place tooini operatives in the event of a
breakdown or build completion. Using the criter@ fgile manufacturing set out in
section 4.2 the impact of RM on the agile parad@miining the attribute shown by case

2 in comparison to traditional manufacturing methodn be summarized.
Low cost products with fast re-configurability and fast response

As with case 1 the RM system is able to be recandid for each different build
through the addition or subtraction of componemtstie “virtual” build area. The

response of this set up and re-configurabilityinsted only to the speed of the operator
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and software at placing the components. Traditlgniddese components would have
required newly machined mold patterns (taking upetifrom race car component

production) and subsequent mold production andriatidn.

Reduced stock levels

The stock levels of components have not changedhascomponents are
individual and only used for testing their lifetingevery short. However, if a component
requires reproduction it is only necessary to fithe requisite 3D CAD data for
production. In comparison to traditional methods #gtorage of the original molding
would be required and thus in effect the use of R&$ reduced the stock levels of

physical components at the factory.

Reduced waste

Waste has been reduced in various forms when cadpty the original
manufacturing operation. Firstly the removal of dwhas been possible; in addition the
removal of labor for carbon fiber lamination hasamethat this skilled labor can be
moved to the race car. Time that was previouslyired for the machining of patterns on
race car production equipment has been removedsialg capacity for manufacture of

chassis components.

Increased value

Labor has been able to be moved from the produaiaest components to the

value adding activities of race car production aachponent design.
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Reduced logistics cost

The use of RM in case 2 has resulted in the redlmotif mold tools in the
production of components for the test facility. Tdéfere storage of these mold tools is no

longer required and existing designs are now steirtaklly (as the 3D CAD file).

Reduced part count

Part count reduction has also been possible inifgpégstances, for example
radiator test components have been consolidated &m assembly of 5 items to a single

part.

Increased flexibility

The use of RM in case 2 has resulted in an incrisafee number of components
tested by the wind tunnel (x10) and in additiondurction of a greater number of variants
(50-100 variants of every component tested in tiedviunnel). Additionally race car
components have been able to be produced wherméigsbanical demands have been
met by the RM process. This is truly agile manufeng as the RM systems produce

individual parts not only from build to build busa in the same batch of components.

Mass Customization

Case 3 has been identified as a suitable demapsti@thow RM can be utilized
for the production of mass customized componentmdny ways the case echoes case 2.
The production of customized hearing aids reguilessame agility and flexibility within
the business as that shown by case 2. In fach®odémonstration of an agile paradigm

the two are interchangeable. However, where cadifeds is in the production of body
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fitting customized components. Case 3 has explaiee@nt advances in 3D scanning

techniques and RM and developed these into a neimdrs concept.

Using 3D scan data taken from the molded impredsierdetail of the human ear
canal can be exported to suitable software, maaipdland a final CAD model produced
for manufacturing. In addition to getting the fomh the shell correct for a good fit,
articles such as ventilation holes and receiveediate added during the CAD phase. RM
techniques are then used to build the individuaE Idevices from biocompatible
materials; usually stereolithography resins (Hop&im et al. 2005). Previously, this was
done by taking a deep impression of the ear andl thelding a hollow shell from the
impression. However, problems exist with this metheor example manual finishing of
the product can result in a badly fitting devicetle impression of the ear may not
provide all necessary information. The productidbthese devices was dependent on the
skill of operatives, both in taking a suitable imgsion and finishing the final shell. In

terms of the company’s operations the move to RMdignificant benefits:

1. Tooling has been eliminated

2. Labor has been reduced in manufacture and fitgsh

3. Weekend or overnight production possible withoateased labor

4. Lower cost product with increased quality

These benefits all stem from the ability to take GBD data and reproduce this directly
in an RM machine. Wohlers (2005) has reported erhmaring aid industry being a great
proponent of RM and quotes that Siemens Hearingti®ak had sold more than 150,000

units to mid -year 2003 at a rate of 2000 prodpetsweek. This surely demonstrates that
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RM (even with RP equipment) is a viable manufaaitechnique and offers Companies
savings in terms of waste reduction. In addititve, &pplication of RM in this area proves
the effective use of RM as a tool for customizatemmd mass customized products,
offering both advantages for the manufacturer dneduser of the component. Referring
to Alford et al. (2000), though the product is baised in the automotive sector; it does
demonstrate the use of RM for core customizatioa, intrinsically linked to the
customer’'s wants and needs. The development of RM #Hexible manufacturing has
direct influence on the agile and lean paradignsswdised. With particular reference to
Anderson and Pine (1997) agile manufacturing cdippbs one of the key process

infrastructures that is needed for mass custonoizati

It is clear that RM has the potential to changenodify these paradigms greatly.
The opportunities available for reduction in cosfsproduction through the natural
rationalization of logistics, labor, stock holdiragnd the ability to deal with unstable
demand patterns are all apparent. The ability haoree these costs could also affect the
manufacturing environment on a global scale, byrrétg manufacturing to the country
of origin, as labor costs are no longer a burdeapitR Manufacturing could also realize
the first truly flexible and JIT supply chain paigm, that can respond to customer

demand and changes in taste and design with ease.

Additionally, the introduction of Rapid Manufactng could lead to increased
value in products through the realization of tralystomized production. The ability to
produce innovative customized products throughfficient and responsive supply chain
could mean both increases in overall market shareofganizations and increased

satisfaction for the consumer.
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The impact on manufacturing will be the most profduRapid Manufacturing
will change design leading to a reduction in bt hnumber of components necessary for

assemblies and a reduction in waste, whether éhisvie or cost.

The ability to produce part and products locallyl Wave profound effects on the
lead times and costs of these parts, brought giaotly through the removal of inventory
costs and a reduced cost of distribution. Indeedpnger will it be necessary to produce
parts cheaply thousands of miles away; for low r@uand custom products, they could

be produced for less, in a more convenient location

Multiple RM machinery can currently be operated dysingle operator, thus
reducing the demands placed on the labor force amhsequently, bringing
manufacturing back from low wage economies. Thesatonomies of the global work

place could be replaced by the economies of teolgyol

The RM cases discussed highlight many of the adgast that are hoped will
become mainstream as RM evolves. The automotive @atsines the advantages of RM
in terms of speed to market (reduced by one moathpared to traditional production)
and the subsequent improvement in stock levelsgiaducts can be sold earlier). Again
the leagility of the process is born out as no geann skills or tooling are necessary to

build different parts and changeover times areiakied.

Renault F1 are currently using RP as a manufagiuniathod which allows them
to produce low volume (custom) components effidien4/7) with a low labor
requirement. RM offers the flexibility of producinbousands of individual components
from a 3D CAD data source for wind tunnel testimgd the production of highly

complex structures for race cars.
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The case of the hearing aid industry serves to shbw reduction in
manufacturing operations for a complex customizechmonent that benefits, in terms
operations management, from reduced labor, redweaste (finishing) and greater
flexibility of production (i.e. a greater number @foduction hours per week) are

possible.

Though many questions remain to be answered onthewdevelopment of RM
and full customization can be implemented, the ichpaf this technology on the

manufacturing and consumer environment will be imsee(Tuck et al., 2007).

2.2  Genetic Algorithm
Genetic Algorithms represent an attempt, usingmafrocesses for imitation of
the evolution implement in computational algorithrtes find the optimal solution for a

problem.

Foundations of GA were laid in the 1960s in the Ug#n John Holland in his
1975 published monograph. Only 10 years later #gristic methods for optimization
were developed and with David E. Goldberg’'s booletiétic Algorithms in Search,

Optimization, and Machine Learning” this topic wagilable to a broader audience.

Heuristic methods have been used effectively in ynapplications for many
years and they have a great potential in the dreptonization of fault-tolerant systems.
In this case, GA helps because of the steered ehaeratively search to find better
solutions until the optimum case is determined. résolve such topics GAs imitate
natural processes. The transfer performance fointeal tasks is not simply to define the

target of the specific task, but to choose the gqmpaite representation (genetic coding).
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The description of the objective function (fitnegs)mathematical form is of significant

importance for using a GA.

The procedure of a Genetic Algorithm works as f@o The structure at the start
is the transformation of a chromosome, wherebyrafividual is defined as a binary
code. In the cell, chromosomes are carriers of tgeigormation, on which the genes
are linearly arranged. There will be an initial plgtion with n chromosomes with

random inserted zeros and ones.

These chromosomes are in conformity with n sol&ioa.g. n systems with
typically very low chances of success to survivd produce offspring. The chances of
survival will be defined by Darwin’s fitness. Theaumerical value fitness will be

determined through simulation and is the basisifemext step, the selection.

The selection of parents for the successor geoergidetermined randomly with
probability of reproduction or frequency of repratlan. In other words, in each case
there are two (or more) chromosomes chosen basetiese principles and they are

crossed (crossover operation) at one (or more)aranulaces.

With the new individuals (descendent), the popatatvill be replaced in whole
or in part and this will be defined as the newtstgrpopulation. As long as the goal of
the optimization for the GA is not matched, thegaaure of evolutionary cycle will be

repeated.

With the progress of the GA, the idea is to elimenghe worst individuals

(solutions) and to constantly improve the offspramfutions. (Eusgeld, 2009)

41



Genetic Algorithms were often used for the bin pagk problem in
“transportation terms: given a set of boxes ofad#ht sizes, how should one pack them

all into containers of a given size, in order te asfew containers as possible?

Advantages:

The programming of a genetic algorithm can be \&@myple because the basic
scheme is always the same. Only the presentatidheo$olution as gene, combination,

mutation and fitness must be programmed.

Disadvantages:

Based on the essence of the evolution, the reawdtsvery good. In the string
mathematical sense, there is no expectation fofajpiggmal” solution. Based on that idea,
genetic algorithms are used when a correct soluiaither unknown or when it's not

possible to calculate in an acceptable lengthnoéti

Through the influence of randomness it can be asduimat a good solution will

be lost over time. The best solution so far hdsetonemorized.

Ideally the genetic algorithm runs endlessly asature. However, based on an
appropriate criterion there will be a terminationoften without knowledge of the

difference between a “good” solution and the “optihsolution. (von Rimscha, 2008)

GA’'s were developed e.g. for transportation prolderknapsack problem,
traveling salesman problem and by researching or 2D and 3D Bin Packing
problems. To find efficient Genetic algorithms rm@sders worked with e.g. global

optimization, simulated annealing, ant colony amdal search. A comprehensive
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literature review for GA as a basement for thataesh was made. (Dieder and Biles,

2014a)

2.3  Bin Packing Problem

A Bin Packing Problem is similar to the knapsackhpem. In the knapsack
problem the task is to fill the knapsack with diéfiet sized objects so that the content
knapsack is optimally filled. Starting with the etypxnapsack, the task is to fill objects

in sequence while offering the best relation oésnd value.

Problem: Giverk objects with the volume of eashand the value ofy

and the knapsack with the voluive

Searched: A combination afobjects which would fit and shall have a high

priority.

This kind of problem occurs in the logistics argaidk loading) as well as also
often in the field of cutting optimization (e.g.ttng of clothing or stamping of shapes

from a metal plate). (Gerdes et al., 2004)

In the literature, there are different mathematicaddels and computational
solutions solving Bin Packing Problems for e.g. etause problems, truck loading by
application of e.g. Genetic Algorithms, heuristarsarc flow formulation. By searching
for a solution to place the parts into the bingegshers found ways e.g. to improve the
computational time, to rotate the parts for makimg space in the bin more efficient and

it was important to find solutions by don't loosimgod solutions. A comprehensive
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literature review for Bin Packing as a basementtlfiat research was made. (Dieder and

Biles, 2014b)
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CHAPTER 3

RESEARCH APPROACH

The goal of this experiment was researching thé&ipgaoof the build volume by
maximizing the revenue and meeting at the samettimelue date constraint.. There will
be m parts to a “build” with the possibility thatders for one or more higher priority
parts arrive part-way through the build. The foofighis study is which “unbuilt” parts

can be removed from the build to make room forttiglaer priority parts.

The SLS Sinterstation 2500+ has a cubical builduma with the dimensions

13"x15"x18".

3.1  New Approach
The main advantage of the SLS 2500+ is that thkl lmain be changed while the

job is running! That was the feature that provitleglinspiration for that dissertation.

The logical forward-thinking approach is to notlse® optimally packed “bin”,
but optimize with the objective of maximizing rewenfor the completed bin while
satisfying due-date constraints on any parts. $adtrs that the first parts built will be

those that satisfy an immediate due-date constramat then the parts that provide the

greatest revenue last.
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To achieve the maximization of the revenue by meetit the same time the due
date constraint is realized by placing the parth whe closest due date at the bottom of

the build and put on that the parts with the higlpesrity.

Former research in that area so far optimized thtl by seeking to find the
optimal bin packing solution. Because of the limita of current optimization tools a
solution was found by implementing a penalty beeddagn failure to meet the due date
constraint with Excel Solver. The resulting Excié fwill be sorted as to place the
immediate items at the bottom of the build. Thatgithe opportunity to replace the parts

on the top (with the longest due date) for movement

3.2  Additional Literature Review
To ensure the new approach with the economical el chapter will present a

summary of an additional literature review.

2005, Benchmarking of different SLS/SLM ProcessesséRapid Manufacturing

Techniques

J.-P. Kruth, B. Vandenbroucke, J. Van VaerenberghR Mercells summarized
the shift of Rapid Prototyping to Rapid Manufaabgri because of technical
improvements of Layer Manufacturing processes. Teegmined different SLS/SLM
processes with regard to conditions that becomyg imeportant for manufacturing, such

as accuracy, material, mechanical properties, sapddeliability.

They described, that the competitive advantageSL8®/SLM are geometrical
freedom, mass customization and material flexipitind worked out that the most

important challenge was to reach high process acguor any geometrical shape — also
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economic aspects like production time (productioretconsists of powder depositioning
time, scanning time and file loading time) and sdsis no manpower is required during
the process, production costs are mainly determinyethachine hours) were discussed.

(Kruth et al., 2005b)

2010, Experimental analysis of selective laselesing of polyamide powders: an energy

perspective

Alessandro Franco, Michele Lanzetta and Luca Rorsalv that SLS has a
potential as an environmental benign alternativdraditional processes but only few
authors deal with the process optimization inclgdamergy aspects. They paid attention
to the correlation between the technological resattd the energy input in the process

characterized by the Energy Density parameter.

With the view of reducing energy consumption theyked out that most of the
energy (35%) was consumed by the chamber heatdisyéd by the stepper motors for
the piston control (25%) , the laser (20%) and rbléer drives (20%). (Franco et al.,

2010)

2011, A Comparative Evaluation of Energy ConsumptibSelective Laser Sintering

and Injection Molding of Nylon Parts

The research of Cassandra Telenko and Carolyn C@®eepersad focused on
estimating and comparing the energy consumptiomired for different production
volumes of nylon parts using either Selective L&atering (SLS) or Injection Molding

(IM).
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They described that SLS and competing AM technemgire generally assumed
to be more environmentally sustainable than comeeat manufacturing methods
because the additive process minimizes tooling,enatwaste, and chemical fluids.
They showed the following inputs, outputs and psses included in a product’s life

cycle.

Inguts 0 o 0

Energy .

n Outputs
Materials .

Figure 3.1 Inputs, outputs and processes incl.groduct’s life cycle

The results and analysis support three major recamdations for reducing the

energy consumption of SLS:

* build volumes should be packed as densely as gegsimaximize the
part output per build height because SLS energgwoption is dependent
upon the height of the build and the correspondmgber of SLS layers.

* material-related energy consumption could be imgddyy engineering

infinitely recyclable powder and reducing powdesdaluring handling.
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* reducing the time required to scan and prepare keger would
significantly lower the energy consumption of S((Belenko and Conner

Seepersad, 2011)

2012, Combined Build-Time, Energy Consumption and Gst Estimation for Direct

Metal Laser Sintering

M. Baumers, C. Tuck, R. Wildmann, |. Ashcroft, Eoddmond and R. Hague
demonstrated in their research the constructioa obmbined estimator of build-time,
energy consumption and cost for parallel additigehhiques such as DMSL which
reflects technically efficient machine operatiorheTapplication of this methodology
shows that the cost and energy consumption of e3P process are determined by the

user’s ability to fill the available build space.

They summarized, that the proposed method can leel ts estimate the
production of own designs in build volumes that populated (where necessary) with

parts drawn from a representative basket. (Baueteak, 2011)

2012, Towards energy and resource efficient manufaging: A process and systems

approach

Joost R. Duflou, John W. Sutherland, David Dornf@tristoph Herrmann, Jack
Jeswiet, Sami Kara, Michael Hauschild and Karek&sdl discussed and identified
methods and techniques for analysis and systemmization with relation to
environmental impact reducing measures in generargy and resource efficiency in

specific.
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The work was related to different levels:

* unit process level
e multi-machine systems
* multi-facility level

* supply-chain level

The outcome was that the different opportunitiesefticiency improvement were
identified at the respective distinguished leveds e combined in an integrated effort
for impact reduction and economy improvement. Tlssfpble measures were not
mutually independent: energy or material resousseng measures at unit process level
will, for example typically result in a decreasepossible energy reuse at multi-machine
level. An overall reduction in electrical energynsamption will reduce the impact of

choice of location for a production facility in aldste terms. (Duflou et al., 2012)

Also Ruffoet. al and Son published articles fort@simation in the International
Journal Research and Taylor presented a workshdp seenarios and strategies for

energy technology perspectives.

At the end there were a lot of research work inares Inputs regarding Energy
and Materials mainly with the view of costs anddinThis research looks on the other

side from the economical point of view — to theeSdPart (Ruffo et al., 2006)
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Figure 3.2 Inputs, outputs and the other side ohemics: SALES

51



CHAPTER 4

PART PACKING

The part will be packed in the Build Setup of theleStive Laser Sintering

Machine SLS 2500+.

4.1 The Selective Laser Sintering Machine SLS 2500+
This research was done with the Selective Lasetefdny machine from DTM,
SLS 2500+. With this model it is possible to progluomponents made of plastics and

metallic material. The machine is inserted in thesnaof

» Concept- and geometry models from model material
* Functional samples from polyamides or metal

» Technical Prototypes

Major components of the SLS Systems are:
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250075, Vanguard, and HiQ SLS Systems

Laser service
access
Process
station

Process
chamber door
Viewing window_l

Access doors—| Computer

cabinet

Figure 4.1 Major components of the SLS System

The SLS2500+ is known for those process behaviors:

» Simple workability
= Low processing temperature (short heating and gaimes)
= No restrictions of design space
= No supporting geometries needed
= Simple unpacking
= Good productivity
* Recycling of material

= complete recyclability (Glanemann)

With the SLS 2500+ it is possible to make changed a build with the Build

Modify dialog box.

Pausing a Build

It is possible to stop the build and display opsievhen the Pause Build is active:
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Pause Build

The build has been suspended.

Fesume Build Enter Mext Stage Terminate Build Change Profiles{ Prime Cycle

Figure 4.2 Pause Build
The subsection contains three topics:

* Modifying Part and Build Profiles
* Adding and Deleting Parts and Other Changes

* Running a Prime Cycle

Build Modify

Change Build
Mode

Add/Delete
Parts

b odify Build
Profile

tdodify Part
Prafile

Prime Cypcle ‘

Figure 4.3 Build Modify in the SLS 2500+

Modifying Part and Build Profiles

It is possible to change parameters (e.g. tempejatn the Change Build Mode

dialog box.

Adding and Deleting Parts and Other Changes

In the Build Setup application can be use to modifyst aspects of the build
packet during the build. Changes are made belowldree, such as adding or moving
parts, will not affect the current build, althoutjiey will be saved and will affect future
runs of this build packet. Parts are initially desged in Box view.
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Running a Prime Cycle

The Prime Cycle button enables the potential teaghpowder across the part bed

without moving the part piston, which can compeadat a short feed.

It is possible when a build is terminated beforenptetion to restart it. This

depends on the material in use and the temperatuvhich the build was running.

When a build is complete, there is a need to rembeesintered parts from the
process chamber and clean. The parts and the sdingupowder are called@art cake

Removing parts from the part cake is calbedakout(3D Systems, 2004)

The SLS Sinterstation 2500+ has a cubical builduma with the dimensions

13"x15"x18".

4.2 The Part Set
The Part Set contains 125 parts with differentssered different geometries and is

introduced in Appendix A.

4.3The Build Setup
From each part a stl file has to be created. Is tbsearch SolidWorks was used

for creating the technical engineering drawing eefdrmatting it to a STL file.
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In the Build Setup each part is added by the SIEL fi
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Figure 4.5 Build Setup from the Part Set
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The Information page in the Build Setup shows tagits about material and all

the parts which are placed in that build:

I Build Setup 3.4 - Platform: SLS 2500 Plus - Material: DuraForm Polyamide Powder V3.4 - File: Untit... g@@

Eile Edit Select Yiew Show Color Parameter Tools LeftPanel Window Help

DeHEHS ~BdRQ-F~8 87 (BT TECE LAPE. 5 -5 | W E 1 X
] Main Z Information | [Full Detail RallZE e as® oRBHEEBEE VO b
3vaTEMS
Property Name Value Property Name Value ‘
Material DuraForem Polyarnide Powder V3.4 Warm-up Height 0,500 in
Mumber Of Pars 16 Biuild Height 17,186 in
Mo, Of Facets (Total) 580288 Cool-down Height 0,100 in.
Total STL File Sizes (MB) 29,02 Powder Meeded 22,193 in., run Preview to Update.
Last Saved Mot heen saved vet Max Feed Position Reguired -4.193 in,
Last Build Date A Estimated Time to Finish Mat Available
Part Mame STL File Name Group Mo, of File Size File ‘ File ‘ Bounding ‘ Bounding ‘ Bour 4
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Figure 4.6 Build Setup from the Part Set with ittein information

4.4 The Bounding Box Problem

In computer graphics and computational geometbgunding volume for a set of
objects is a closed volume that completely cont#tresunion of the objects in the set.
Bounding volumes are used to improve the efficieoicgeometrical operations by using
simple volumes to contain more complex objects. nNdly, simpler volumes have

simpler ways to test for overlap.

A bounding volume for a set of objects is also araing volume for the single
object consisting of their union, and the other veagund. Therefore it is possible to
confine the description to the case of a singledbjwhich is assumed to be non-empty

and bounded (finite).
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A bounding box is a cuboid, or in 2-D a rectangtentaining the object. In
dynamical simulation, bounding boxes are prefetoedther shapes of bounding volume
such as bounding spheres or cylinders for objéetsdre roughly cuboid in shape when
the intersection test needs to be fairly accurbite benefit is obvious, for example, for
objects that rest upon other, such as a car restirtge ground: a bounding sphere would
show the car as possibly intersecting with the gdpuvhich then would need to be
rejected by a more expensive test of the actualetoél the car; a bounding box
immediately shows the car as not intersecting wighground, saving the more expensive

test.

In many applications the bounding box is alignethwiihe axes of the co-ordinate
system, and it is then known as an axis-aligned8img box (AABB). To distinguish the
general case from an AABB, an arbitrary bounding lsosometimes called an oriented
bounding box (OBB). AABBs are much simpler to tistintersection than OBBs, but
have the disadvantage that when the model is tbtaty cannot be simply rotated with

it, but need to be recomputed (http://en.wikipeatigiwiki/Bounding_volume).

Following research is very interesting in that area

2010, Efficient collision detection using a dual OB-sphere bounding volume

hierarchy

Jung-Woo Changa, Wenping Wangb and Myung-Soo Kirmagnted an efficient
algorithm for collision detection between statigidi objects using a dual bounding
volume hierarchy which consists of an oriented ldoog box (OBB) tree enhanced with
bounding spheres. This approach combines the cdngsscof OBBs and the simplicity

of spheres. The majority of distant objects areasspd using the simpler sphere tests.
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The remaining objects are in close proximity, wheseme separation axes are

significantly more effective than others.

This formula clearly shows that the performancentyailepends on two factors:
the tightness of the bounding volumes and the samylof the overlap test for a pair of

bounding volumes.

The main contribution of this work can be summatias follows:

- A dual OBB-sphere tree was proposed, where ed8B @ode is enhanced with a
bounding sphere. The more efficient sphere tesipiglied first to eliminate distant

objects.

- A selection of five separation axes that areatiife in separating objects which are
very close but not overlapping were proposed. Favide range of experiments, the

performance improvement has been observed oveeational OBB algorithms.

A fast OBB-based collision detection algorithm thages both OBBs and
spherical bounding volumes was presented. They Isosvn how to combine the
compactness of OBBs and the efficient overlap fiesspheres. Out of the 15 possible
separation axes for two OBBs, a selection of 5 axbgh detect separation most
effectively was done. Experimental results show this scheme makes favorable speed

up with respect to existing algorithms based on ®BBhanga et al., 2010).

2004, Oriented bounding box and octree based globaiterference detection in 5-

axis machining of free-form surfaces

Global interference detection is a critical problend-axis NC machining of free-

form surfaces. Based on the hierarchical orientathding box (OBB) which is used in
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virtual reality to detect spatial collisions betwe8D objects, a new global interference
detection method is developed in this paper fror@i8g , M. A Mannan and A. N. Poo.

In this method, in order to simplify the computatiprocess of updating tool positions
and orientations in 5-axis machining, the cutted &utter holder are modeled by a
hierarchical OBB structure, whereas the workpiescdases are approximated by an

octree.

The bounding volumes used are usually simple geworaktshapes such as
spheres, ellipses and cubes. These simple georsetriponents are used to enclose the
objects of interest. Collision detection is checkwdfirst checking overlaps between
these simple bounding geometric volumes. If theseno collision between these
bounding volumes, there would be no collision bemvehe objects they contained.
However, if collisions do occur between these bdngpdvolumes, there is still no

certainty that collisions would occur between ttjeots they enclose.

The idea behind bounding volume is to approximdde dbjects with simple
geometric shapes so as to reduce the number & that are needed to be checked for

collisions.

In this method, in order to reduce the computatiorden of updating the moving
and rotating tool during the machining processranhical OBBs are applied to model
the cutter and the cutter holder. Further, in ordeapply the separating axis theory,
which is effective in solving 3D object collisiomgblems in computer graphics, an octree
is used to approximate the freeform surfaces. \tith strategy, interference detection is
conducted between the octants of the octree andBBs using the separating axis

theorem. When interference is detected betweerbdlding volumes, the discretized
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surface points stored in the leaf octants of thdasa octree are further checked with
vector calculation to determine whether these gaieally collide with the tool (Ding et

al., 2004).

2001, Determination of the minimum bounding box ofan arbitrary solid: an

iterative approach

C. K. Chan and S. T. Tan worked out that if antesby model is reoriented in
such a way that the bounding box of its projecteshs to the three principal planes are
minimum, the volume of the bounding box of the reated model so derived is also a
minimum. This is because the three mutually perjpeitat faces of the bounding box
(Bxy, Byz Byy of the model are also the two-dimensional boundioges of the projected
areas of the model. The following procedure is &elbpA simple example is used to
illustrate the main idea of the algorithm. A modaglshown in Figure 4.7. The steps

involved are:

1. Find the bounding box of the model as showniguie 4.7

2. In stage 1, construct an aRs(it could beR;, R, or R;) normal to theXY plane

and passing through the box center (see Figure 4.7)

3. The model iteratively rotated abd®ituntil its projected bounding box area on
XY plane achieves a minimum. The resultant modehdasva in Figure b. The so-called

XY-bounding box whosg edge length is shorter than thedge length was the result.

4. In stage 2, the model is rotated abiuuntil its projected bounding box are on

ZX plane is a minimum AXxi&y is selected because th@dge length remains unchanged
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during the rotations. TheX-bounding box whose edge length is shorter than thedge

length as shown in Figure 4.7 was the result.

5. In stage 3, axiR,, which is normal to thg edge length and edge length, is
selected. The model is rotated abButntil its projected bounding box area ¥ plane

achieves a minimum (see Figure}4.7

6. The model is now oriented at a position whickegian approximate minimum
bounding box volume. The rotation sequence thusv@d is R— R— Ry which is

recorded for further analysis.
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Figure 4.7 Procedure of finding out the minimum &Ba model

(Chan and Tan, 2001)
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2012, Collision Detection Based on Bounding Box f&fC Machining Simulation

The Bounding box algorithm from Yao Wang, Yan-juda, Jiu-chen Fan, Yu-
feng Zhang and Qi-jiu Zhang included: Axis-Aligndglounding Boxes (AABB),
Oriented Bounding Box (OBB), Sphere, Fixed Direatiddulls (FDH), etc., as shown in

Figure4.8:

(c) Sphere {d) FDH

Figure 4.8 Bounding Box Kind

Simplicity and tightness of bounding box directffeat the efficiency of collision
detection. Simplicity is that the bounding box skidoe simple geometrical body, at least
simpler than the object enveloped by bounding lamd can realize the calculation of

intersecting detection rapidly.

Tightness is that bounding box closes to the olyith is enveloped as much as
possible. Inbounding box algorithms, the simpli@fyAABB is good, but its tightness is
poor, after the object rotating, AABB should betle same rotation and update. Either

geometrical body or intersecting detection of Sphervery simple, but its tightness is
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very poor. The tightness of OBB is best, and it camtiply shorten the number of
bounding boxes involved in intersecting detectiod &asic geometrical elements, after
geometrical object rotating, it only need to do $laene rotation for the substrate of OBB.
The total performance of OBB is better than AABBdaSphere. For the collision
detection of rigid bodies, OBB is the better choioet, after the rigid body deforming,
the update of OBB tree is a difficult problem whishnot solved so far. Both simplicity
and tightness of FDH are very good, because thenalovectors of all surfaces of
bounding box come from the fixed direction vectet. f\fter object rotating, calculation
of FDH is not complex, and also, after object defioig, it can regenerate bounding

boxes for the deformed object rapidly.

This paper introduces condition and kind of caddisigenerating, and also
analyzed detection algorithms, in which FDH alduoritis studied mainly. Detection
includes three steps: crudity detection, furthéecdion and subtlety detection. In crudity
detection stage, AABB algorithm and two-dimensiopabjection are adopted to find
latent crossed object pair, which improves detectifficiency. In further detection stage,
FDH algorithm is used to judge if collision happehg assuring and traversing
hierarchical tree of bounding box, doing intersmttidetection of bounding box. In
subtlety detection stage, the intersection deteafdbasic volumes is implemented, after
space volumes are judged, the volumes are projamtetivo-dimensional plane to be
detected, which can simplify computation and imgrogletection efficiency. The
application examples proved that the presentedritiigo is effective and efficiency

(Wang et al., 2012).
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2013, Precise convex hull computation for freefornmodels using a hierarchical

Gauss map and a Coons bounding volume hierarchy

Yong-Joon Kim, Myung-Soo Kim and Gershon Elber présd an interactive-
speed algorithm for computing the precise convelk diufreeform geometric models.
The algorithm was based on two pre-built data stines: (i) a Gauss map organized in a
hierarchy of normal pyramids and (i) a Coons bangdvolume hierarchy (CBVH)
which effectively approximates freeform surfaceshwa hierarchy of bilinear surfaces.
For the axis direction of each normal pyramid, apon the convex hull boundary using
the CBVH was presented. The sampled points togetliar the hierarchy of normal
pyramids served as a hierarchical approximatiorthef convex hull, with which the
majority of redundant surface patches was elimthafehe precise trimmed surface
patches was computed on the convex hull boundang usnumerical tracing technique
and then stitch them together in a correct topolgite filling the gaps with tritangent

planes and bitangent developable scrolls.

Algorithms for convex objects are usually more @éint than for non-convex
ones. The convex hull computation as a simple prabbf constructing the upper
envelope of support distance functions definedHgy diven surfaces was reformulated.
Using a CBVH for freeform surfaces and their norntaines and a hierarchical
tessellation of the Gaussian sphere, an efficientex hull algorithm can be developed
while greatly improving both the efficiency and usiiness of the previous algorithm was

shown(Kim et al., 2013)
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4.5 Multiple Builds

Companies, like Shapeways (world’'s largest 3D printnarketplace) and
Materialise (with the biggest machine fleet in Epep have created services where
consumers can customize objects using simplificl based customization software, and
order the resulting items as 3D printed unique abjeThis allows consumers to create
custom cases for their mobile phones. Nokia hasaseld the 3D designs for its case so

that owners can customize their own case and ha& printed.

The current slow print speed of 3D printers lintheir use for mass production.
To reduce this overhead, several fused filamenthmas now offer multiple extruder
heads. These can be used to print in multiple spleith different polymers, or to make
multiple prints simultaneously. This increases rttwierall print speed during multiple
instance production, while requiring less capitadtdhan duplicate machines since they

can share a single controller.

Distinct from the use of multiple machines, mul@t®rial machines are restricted
to making identical copies of the same part, buat @ater multi-color and multi-material
features when needed. The print speed increasesrtionately to the number of heads.
Furthermore, the energy cost is reduced due tdaittethat they share the same heated
print  volume. Together, these two features reduceverfead costs

(http://en.wikipedia.org/wiki/3D_printing).

Another article in that field is very interesting:
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2011, Energy Inputs to Additive Manufacturing doescapacity utilization matter?

The available additive manufacturing (AM) platforrdgfer in terms of their
operating principle, but also with respect to egeirgput usage. This study from M.
Baumers, C. Tuck, R. Wildman, I. Ashcroft and R.gdh@ presented an overview of
electricity consumption across several major Avhtedogy variants, reporting specific
energy consumption during the production of deéidaest parts (ranging from 61 to
4849 MJ per kg deposited). Applying a consistentho@ology, energy consumption
during single part builds is compared to the eneegypirements of full build experiments
with multiple parts (up to 240 units). It is showmpirically that the effect of capacity

utilization on energy efficiency varies strongly@ss different platforms.

The term — additive manufacturing describes the use of a collection of
technologies capable of joining materials to maciufi@ complex products in a single
process step. Moreover, the technique allows tbdymtion of multiple components in a
parallel manner (Ruffo et al., 2006) entirely witthdhe need for tooling (Hague et al.,
2004). The single-step nature of the additive mses affords an unprecedented level of
transparency with respect to the energy inputs eyepl in the manufacture of complex
end-use components. This advantage has receitkd ditention in the literature and
motivates the current paper. Due to the parall@ratteristics of additive processes,
allowing the contemporaneous production of multjmets in a build, it must be expected
that the degree of capacity utilization during &ddiproduction impacts the total energy
inputs. Hence, any corresponding summary metriasnefgy consumption, such as the

specific energy consumption per kg of material d#pd, are also likely to be affected.
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Regarding the work based on experimental restl#dso reports whether the data
were obtained from build configurations holding yo®l single test part or from builds

with multiple parts.

In contrast to the simplicity of the power monitayi setup, the creation of a
standardized level of full build capacity utilizati across different additive platforms
proved non-trivial. The idea pursued in this reskaras to apply a custom-developed
build volume packing algorithm, producing densebclked, albeit sub-optimal, build
configurations for use in the full build experimgniThe resulting implementation is
capable of generating build configurations botlfuih 3D mode as well as in a 2D mode
constrained to the substrate area. A simple alyaris used to insert and translate voxel
representations of the test part in the build vaanm order to produce a densely packed
configuration. In the full 3D packing mode, usedyofor the full build on EOSINT P

390, the algorithm was also allowed to flip testtpapside-down.

The current research has conclusively demonstridiidthe realized degree of
capacity utilization has an impact on process gnefficiency. In the performed
experiments, this impact on energy savings in tesfrspecific energy consumption per
kg of material deposited ranged from small (-3.170%FDM) to extreme (-97.79 % for
LS). Considering the LS and EBM processes, whichluge extensive energy
expenditure for atmosphere generation, warm-upcaottdown, full capacity utilization
will result in far greater energy efficiency comgdrto a single part mode of production.
This may pose problems in the estimation of proesesgy consumption for additively
produced parts if the composition of the productioiid is unknown. Contrasting this,
the results indicate that the FDM process (whestesy warm-up and cool-down do not

enter the energy consumption metric at all) doet bemefit significantly from full
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capacity utilization. It appears that FDM can b@lega in a serial fashion generating
output part-by-part without incurring a significamergy efficiency loss. Operating LS or
EBM equipment in this way would result in a sev@enalty to the environmental

performance of the process.
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CHAPTER 5

REVENUE MAXIMIZATION

This chapter is divided in five subchapters. Thstfsubchapter implies some
commercial trends. The second subchapter descthmescost estimation. The third
subchapter gives some basics of Operations Researdhthe development of a
Mathematical Model. The fourth subchapter showsojtemization of the mathematical
model by analyzing and solving with optimizatiorol®d The last chapter contains a

summary.

5.1 Commercial Trends
The Company Berenschot summarized the businesstapf®s, issues and the

vision for the future for AM as follows:
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3. AM allows for new business models
Traditional automobile spare part supply chain

Design Transport
Transport
Production St{:ragel_‘L EWIaR wanspor
(Inject. Mould) (Bulk/
Regional)
Recaipt
{local service) !/'
AM automobile spare part supply chain No waste (0%)
Final transport
. Design 3 D Printing (local

Shorter value chain, supreme lead times, lower cosis

Berenschot e

Figure 5.1 AM allows for new business models

3. AM can be more customer friendly
Fitting,
agan and again Standard hearing aid
z o time consuming
old ﬁ o costly process
w o uncomfortable
R o power in the chain
shaping with labs / audiologists
& tuning
Customized hearing aid
S —
. 0 - perfect it
= invisible & comfortable
—_—  first time right
direct scanning  CAD model :
&audiogram  Additive manufacturing technology < no middiemen
\_ = power with manufacturer
Berenschot " e

Figure 5.2 AM can be more customer friendly
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3. AM can lead to USP

* “Adding a personal touch” to existing products (customized add-ons)

= Driven by consumer demand

* “Engineering the impossible” (new functionalities)

= Driven by technology / engineering

* The affordable alternative enabling very small batch sizes

« Driven by process I";[E[M - i =

economics i == =
« Full customization, - o'
dniven by consumer demand = . (2 o
288 Ol
Berenschot @

Figure 5.3 AM can lead to USP

3. Still some issues

E|A limited number of commercially available materials,
mostly polymers : limited specifications & functionality

g‘ Few machines for processing metals or non-polymers

E| Machines able to handle few materials or colours

E Machine size limits product sizes (avg. 40"40"40cm)

E| Machine speed is limited

E_| Costs are coming down rapidly. In the near future
‘production machines’ available from $5.000 up ?
‘desk top machines’ available from $ 1.500 up ?

but most materials are still expensive

Berenschot e

Figure 5.4 Still some issues
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AM and business issues

differentaile
- Mew business models

Suppliers Industry Rivalry | Customers
-  Purchasing power -  Create cusiomer lock in
- Sralegic partnershps, o : | - Satsly indhadual needs
oo creafion m Em'ﬁ i Aels { - Help cusiomer

- Technology madmap

- Ezcape commodizaion

Berenschot " e

Figure 5.5 AM and business issues

The Company Econolyst, focused on Integrating AM mainstream production:

Why is econolyst interested in the service sidRIgf

- Manufacturing activity in the West is progres$yvbeing focused on value added

‘service’ activities coupled with technology

- There is a lot of work going on (and investmentRM processes and materials

- However, little is being done on the managemedtienplementation of the technology

into business

- The flexibility of the technology makes the implentation possibilities very broad.

- There is significant opportunity to develop ‘Seesbased products’ within the emerging

RM supply chain
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(http://mvww.rm-

platform.com/index2.php?option=com_docmané&task=dawv&gid=121&ltemid=5)

Examples for such companies, focused on servicedbgsoducts are e.g.
Shapeways, Materialise, Twinkind, which are introgll in the next section. Also

possible problems are explained.

Shapeways was founded in 2008. The company work#asito a marketplace.

Individuals can make, buy and sell their own prdadat the homepage from Shapeways:

Wyired Life Stag,150mm Mocturnal Watch ($18)
€10.44 by Dotsan £€19.97 by Whystler

Figure 5.6 Individual products from Shapeways miplaee

Recently Shapeways community member Dotsan desigmetnazing Stag Wire
570mm that used the full size of the largest N{@'SF) 3D printer. Shapeways did
manage to print two of these for Dotsan, but thelehavas so fine, with 1mm wires for
such a large obiject it failed during printing anoke during post processing, so it took
Shapeways multiple prints to get it to survive. [&haays packed it very, very carefully
and shipped it to Dotsan with the fingers crossexhing that it was not damaged in

transport.
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Fortunately, the 3D prints were delivered to Dotsatact. Unfortunately, the
risks involved in printing, post processing, padkggand shipping the item are too great
and Shapeways have asked Dotsan to take the daémmgm from sale on Shapeways to
ensure his customers don't have a negative exgeridinis is not something Shapeways
wanted to do, they struggled and debated intermddbut the ramifications of this, but in
the end they were forced to take this action faumber of reasons, the two main issues

were:

- The cost of such a large, wiry model with verylditthass does not match the
actual cost of 3D printing, especially as the madegdrone to failure at any point

along the supply chain so they would have to repnultiple times.

« When a model of this size fails and they need poimg it will consume capacity

and delay all other models in the queue, espedgitye ones.

Shapeways needs to look at how they address tbagstructure to account for
large wiry models such as this in the future. Thewyld look at them on a case by case
basis, which could slow down the production of éargodels, lead to rejections after
acceptance if they are too fragile and add a degfaepredictability. Or they could

address the pricing structure at Shapeways torbreftect the actual cost of 3D printing.

At the moment, they only charge for the amount @fterial used and not the
overall size (bounding box) of an object that we @iht. The size of an object DOES
influence the actual cost of printing. If Shapewayere to bring the bounding box into
the pricing equation, it would make some thin, W& prints more expensive, but it

would reduce the cost of many 3D prints that arekdr, with greater density. Thin wiry
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models are more prone to print failure, damagendudleaning, post processing and

shipping so there is additional cost (and delayspmthey need to reprint a model.

Shapeways already offers a volume and density digcon Nylon (strong
&flexible) materials. For models that have gredtean 10% density (material volume
divided by bounding box volume), after the first 23, the remaining volume is

calculated with a 50% discount.

Unfortunately Shapeways will not print this Wiredd_Stag due to their pricing
structure. They created an alternative 580mm Heghversion and a 75mm, 150mm and
a 300mm version. This is a truly inspiring piecesidned to use the minimum material
and the largest print size while keeping the cogt IThis is huge at 570mm high it's a
show stopper and a head turner. Shapeways havepoisbrd to their limits to produce
and ship this. It is fragile and care must be taianonce it is hanging from a wall with a
small pin or nail. The fine 1mm wire structure caegether to create a wonderful huge
majestic stag head and a wonderful balance of wergthe form while almost being

invisible.(http://www.shapeways.com/about).

Materialise was founded in 1990. The Online 3D fomgp service provides

services for creating, sharing and selling designs.
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Software for
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Prototyping &
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Cranio-Maxillo Orthopsedics
Facial

Figure 5.7 Overview Materialise

Through their work with Additive Manufacturing (AM)also known in the
popular media as 3D printing, Materialise is hefpbring great ideas to life. They work
with others to put great products aimed at nicheketa directly into the marketplace as
well as helping make the prototypes of producterlabhanufactured by the millions.
What's more, through our software, they enablersth@ do the same with their own AM

equipment and services.

The software is also powering new innovations ionedical research, helping
others make discoveries that save lives. Furtheemibrey are taking patient-specific
healthcare to new heights by working closely witlrgeons for the planning and

execution of complicated surgical procedures. Theork with surgeons and the
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improved medical solutions being created with tlseiitware are getting people back on

their feet, and putting smiles back on patientteta

Materialise is also putting the power of AdditiveaMufacturing into the hands of
everyday people. With an easy-to-use online servicev anyone can create a truly
customized object, whether they are experts at ctenpnodeling or beginners who are
discovering 3D printing for the first time. Theyvweaalso challenged some of the world’s
top designers to use this technology in the creatiban award winning line of 3D
printed objects available for sale worldwide ornfrdheir own store in Brussels, the
world’s first store dedicated to 3D printed desfbtip://www.materialise.com/about-

materialise).

Twinkind was founded in June 2012. They offers @ostnade live like 3D mini

twins.

Figure 5.8 Overview Twinkind

Twinkind is a new service that creates custom 3btgad photorealistic figurines.

The company’s studio in Hamburg, Germany is equdppgth a multi-camera 3D
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scanner that instantaneously captures a 3D sciie slubject. The digital likeness is then
3D printed in full color. The figurines can be gad in a range of sizes from 6 inches to

13 inches (http://www.twinkind.com/de/product).

Econolyst summarized the differences of the Rapiotd®yping supply chain

instead the Rapid Manufacturing supply chain (sgarg 5.9).

han the RP supply chain

k}: The RM supply chain is far deeper
% L

Production

Part supply & logistics

Assembly and integration
Customer distribution

After sales service

Life cycie engineering

ST

®conolyst RMXCHANGE

Figure 5.9 RM supply chain instead of RP supplyirtha

Econolyst showed their view about what tools wihipanies need to manage an

RM customization supply chain:

- Companies will need tools to integrate the customto the supply chain (possible
intermediaries at first, such as orthodontist, dgcand optician) but ultimately the

consumer
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- Companies will need the tools to control desigtent, IP issues, quality, after sales

issues, part failure, liability and warranty

- Companies will need the tools to undertake makbuy analysis and to develop cost

effective RM part supply methodologies

- If companies decide to buy RM parts from thirdties they will need to specify issues
such as quality, material and process conformancedata control within the supply

chain

- This area of RM could stimulate a whole new raftunique businesses that are
consumer -trend orientated. (95% business and tiagkand 5% engineering). Tools

need to be simple and accessible.

They showed also what tools will companies neechamage an “RM high value

supply chain”:

- RM part users will need to become ‘intelligenstmmers’ capable of managing the RM

procurement process

- They will need tools to make fundamental engimgerdecisions on RM material

properties (mechanical, thermal, electrical, maighaesthetic, toxicity)

- They will need access to process informationI¢banvelope, accuracy, repeatability,

bed variance, speed)

- They will need tools to provide rapid cost comgans between RM and traditional

technologies

- They will need tools to assess ‘business confideim potential suppliers
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- They will need tools to identify or mark uniqudiRparts and link parts with associated

documentation

- They will need tools to conduct e-auctions andeas underutilized capacity on

disparate build platforms (GRID-RM)

- Companies that use RM for high value low volunppl@ations will need tools to

rapidly deploy digital data and part specifications

- After part generation RM users will need toolsagsociate and archive digital data such

as build log files, SPC data, material conformaamog machine calibration certificates

Econolyst also described what tools will compamegd to manage a ‘design

optimized RM supply chain’:

- Companies that design RM optimized products mekkd new CAD systems and design

tools that integrate geometric and parametric aesith FEA and CFD.

- Such tools will require an extended set of matesroperties data such as mechanical

properties, density and surface finish that arggicific to RM processes

- Companies may need new post manufacture testmgpg@ures and processes such as

new forms of NDT or new processes for fluid and ias analysis

They provide tools for these following groups:

- Product designers and engineers need informattotheir ‘finger tips’ about RM

materials and process capabilities

- Manufacturing engineers need to understand tbegss capabilities and constraints of

RM technologies in order to integrate them intogbpply chain
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- Purchasing and procurement engineers need coctda the capability of their supply

chain

- Quality engineers need to ensure part traceglailitt conformance

The following questions can help companies to makeal build of the actual

status of knowledge and skills:

- Do they know how to control their machines (andstpprocesses) to provide

repeatability of supply?

- Can they demonstrate material traceability andro?

- Can they demonstrate procedures for part traliyadond control?

- Can they demonstrate procedures for digital datarol?

- Do they understand Total Quality Management amiress excellence (1ISO9000:2000

BEM)?

- Do they provide inspection and quality assurgi&fC, Batch sampling)?

- Do they have in-house access to calibrated noglyabquipment and the skills to use it?

- Do they have experience of integrating part deinnto a manufacturing (JIT) supply

chain (not just an RP supply chain)?

- Are they financial stable and capable of entenimig a supplier agreement?

- Do they have a cost-down (Lean RM) strategy?

- Can they provide maintenance and calibrationifwation for all their machines and

metrology?
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- Do they have well trained and capable staff?

(http://www.econolyst.co.uk/resources/documentsfiReport%20-
%20March%202008%20-%20East%20Midlamnds%20Develop¥2dAgency%620-

%20East%20Midlands%20RM%20Strategy.pdf).

5.2 Cost estimation
For identifying realistic cost estimation some resting aspects from former

research take place:

2006, Cost estimation for rapid manufacturing — lasr sintering production for low

to medium volumes

M. Ruffo, C. Tuck and R. Hague researched in tlea af cost estimation for
rapid manufacturing. The flexibility of additivedieniques allows the production of more
than one part at a time. In addition, the partgroduction can be different from one
another. For this reason it is possible to defilk & a parallel process, where different
parts can be built contemporaneously. Also, if pheduction regards only copies of the
same part, the graph of Figure 5.10 is incorrectdwer production volumes. In fact, just
as the IM (injection molding) process has to amzerthe initial cost of the tool, the RM
process needs to amortize the investment of bugiiegmachine. Therefore, the RM
production curve must have a deflection for lowwoé production, taking into

consideration the fixed time and cost describedr@bo
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Figure 5.10 Scheme of the costing model

The value of PR (Packing Ratio) can vary: betwesno,zin the case of an empty
bed (no production), and one, if the volume of tbenponents equalizes the volume of
the beds. The higher the packing ratio, the loWwentaste in material and the production

time per component, with a consequent cost saving.

The resulting curve relating the cost/part with gneduction volume is shown in
Figure 5.11. A full machine bed envelope compri88@8 components, with each lever
having a volume of 7106mm3. The packing ratio intely varies with the number of
components ‘nested’ in the build envelope, so @actement on the x axis corresponds
to a different packing ratio. The optimum packirgio was 0.12 for any full bed (896

components and multiples thereof).
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Figure 5.11 Production curve for the lever (LS)
Both the initial transition and the final stabildzealue of the curve depend upon:

(a) the part size — big parts quickly fill layersdamachine beds, splitting the
additional cost between fewer parts; small pattsrah more fractionated assignment of

indirect costs;

(b) the packing ratio — it influences both builthé and material waste, being a

fundamental parameter for cost estimations.

Machine costs
38%

Indirect
cost 67%

Direct
cost 33%

Froduction
Crverhead
15%

Admin.
Crverhead 1%

Figure 5.12 Cost Overview
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The main outcome achieved shows a curve relatiegcthst per part to the
production volume. The curve has a saw tooth shapmg to the filling of the machine
bed-space. Specifically, if adding parts to a pobidem set-up does not increase the
number of layers (i.e. parts are added next to edlodr in the horizontal directions), the
time and cost of the build is efficient. In contraghen a new part needs to be placed on
a new layer, both time and cost for the build iaseedramatically, owing to the enlarged
build-height (which means additional layers foraating). The same effect is present

when the additional part causes the set-up of amawhine-bed.

Costs are visible by using the information’s whatle retrievable from the Build

Setup Software. For that example of build with part

File Edit Select Wiew Show Color Parameter Tooks  LeftPanel Window  Help B

DeREEE|cBd@=h-Eeag |2 sad ShCREade -5 |maEE ? I &N
7 B Main 7 Information “FuIIDelaiI lJ 1510%| li e\ Q ] @Q @@ % @ @ @ @ V@ 9] lo \
color | Gollision | Preview | B

Add I Exfents ] View 1

I Build Setup 3.4 - Platform: SLS 2500 Plus - Material: DuraForm Polyamide Powder ¥3.4 - File: C:\Do... gﬁl@

base-11.stl
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=51 DOTMETEX Pl
- dim y
= backup
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#-£1 config
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JStart [®m2wnd. <[ i « [Ha fpuidsetp | @M
Figure 5.13 Screenshot from the Build Setup

the information button gives a lot of informatiokd how much powder is needed

or the estimated time to finish.
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Figure 5.14 Screenshot from the Build Setup — ipéot

Another important point for calculating costs i thotal Scan Time and the
percentage of the Build Volume - that means whaipgrtion of the total build is

occupied by the particular part.

Build Setup 3.4 - Platform: SLS 2500 Plus - Mater Polyamide Powder V3

File Edit Select Yiew Show Color Parameter Tools LeftPanel Window Help

DeHEHE S| @ ELAAFE RO HAP®. 55| WEE 2
ET) Main B Information. | [Full Detail - & le cRRRRHR v
Total ‘Warm-up Stage ]Build Stages 1Cnnlrﬂnwn Stage [ & Eslimated Time
Wait for Ternperature Time 0:10:25 0:00:00 1:15:04 o
Add Powder Layer Time 12:0218 0:20:26 11:37:40 0:04:13
ScanTime 84553 00000 4553 00000 ;”a‘ihfsg”w"jt‘r““nmi:’eax‘fﬂ: Ll
Minirmura Layer Comp Time 546115 1:01:27 4:41:03 0:03:45
Pause and other Mise. Time 0:00:00 o:n0:00 0:00:00 0:00:00
Summary 280056 13218 260536 12302
Part Height ‘ Total Scan ‘ Fill Scan ‘ Qutline Scan ‘ PartVolume Part Volume BuildVolume A
(in) Time Time Time Before Scale {in%) After Seale (n% (%)
2113 0:18:55 01318 0:05:36 1,355 1,467 26
sheet_metal_part_box.STL 3,950 0:30:34 02327 00706 1,847 1,889 36
thermoform_tray.STL_3 | 5,975 21807 15101 02405 1947 5353 97
mure_medical_devices 510,127 0:01:41 00107 000:33 0,090 0,087 102
clectical_bowSTL 6 6,098 11936 10605 0113 7575 8,187 148
medicine_spoonsti 6 3,785 0:20:55 0:21:33 002 2677 2,888 52
walking_stick_handle.STL 1,461 13415 12026 00446 18,730 21,319 385
tocthbrush STL_8 0,881 0:08:58 00518 00137 0,866 0,938 17
teeth.STL_8 1,280 0:30:21 0:28.00 00220 4851 5023 9.1
| pastic_vending_cup.sn 107163 Mo 55396 2,770 2170 234 42
inhaler_tase STL_11 1,168 0:00:04 0:00:01 00003 0,020 0,021 00 v
¥

Pait Info Pt Position 4, Scale & Offset 4 Rotation & Resiee {Parameter i Time Estimate Motes ADimensions

Figure 5.15 Screenshot from the Build Setup — TiHagmate
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Per conversation with Mr. Timothy Gornet he appneied the cost of the build
with $6,000 (height of 15” and about $400/in). Téfere a revenue value of $10,000 is
generated,; if the parts are packed so that theypyca total of 3400 m?3 inches (that meet

97% of the total build volume, because there mastdime space between parts).

5.3Development of the Mathematical Model

A related problem is that as the complexity and #pecialization in an
organization increase, it becomes more and moricudtf to allocate the available
resources to the various activities in a way teahost effective for the organization as a
whole. These kinds of problems and the need todibetter way to solve them provided

the environment for the emergence of Operationg&teh (OR).

As its name implies, operations research involveséarch on operations”. Thus,
operations research is applied to problems thatezonhow to conduct and coordinate
the operations (i.e. the activities) within an argation. The nature of organization is
essentially immaterial, and, in fact, OR has bg#iiad extensively in such diverse areas
as manufacturing, transportation, constructiored@nmunications, financial planning,
health care, the military, and public servicemyame just a few. Therefore, the breadth of

application is unusually wide.

The — “research” part of the name means that dpesatresearch uses an
approach that resemble the way research is cordlircestablished scientific fields. To a
considerable extent, the scientific method is usethvestigate the problem of concern.
(In fact, the term “management science” sometirsassed as a synonym for operations

research).
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One way of summarizing the usual (overlapping) peasd an OR study is the following:

1. Define the problem of interest and gather reledata.

2. Formulate a mathematical model to represent thiel@mo

3. Develop a computer-based procedure for derivingtswis to the problem

from the model.

4. Test the model and refine it as needed.

5. Prepare for the ongoing application of the modedrascribed by

management.

6. Implement.

The first order of business is to study the relévaystem and develop a well-
defined statement of the problem to be considérrbis. includes, determining such things
as the appropriate objectives, constraints on whatbe done, interrelationships between
the area to be studied and other areas, of orgemzaossible alternative courses of

action, and time limits for making a decision, aodon.

The purpose of this research is to maximize themeg for all parts from the part

catalogue.

The constraints for that problem are the fixed sizethe build volume with
13"x15"x18” and the due date constraints, becabsecbntractual agreed delivery time

shall not be exceeded.

After the decision maker’s problem is defined, tlext phase is to reformulate

this problem in a form that is convenient for as@édy The conventional OR approach for
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doing this is to construct a mathematical model tfegpresents the essence of the

problem.

If there are n related quantifiable decisions tontede, they are represented as
decision variables(say, %, %,...,%) wWhose respective values are to be determined. The
appropriate measure of performance (e.g. profithen expressed as a mathematical
function of these decision variables (for examtes 3 % + 2 % + ... + 5x,). This
function is called theobjective function. Any restrictions on the values that can be
assigned to these decision variables are also ssgmemathematically, typically by
means of inequalities or equations (for exampig, + 3x x2 + 2%< 10). Such
mathematical expression, for the restrictions dienccalledconstraints. The constraints
(namely, the coefficient and righthand sides) i ¢bnstraints and the objective function

are called thparametersof the model.

The mathematical model might then say that thelprobs to choose the values
of the decision variables so as to maximize theahje function, subject to the specified

constraints.

MaximizeZ = f(Xq, ..., X125) (5.1)
= %L1 Six; (5.2)
With constraints:
N vix; <L (5.3)
x; <n;fori=1,..,N (5.4)
X; = 0 and integer fori =1, ...,N (5.5)
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N = number of different types of parts i

X; = number of parts of type i built, i=1,...,N
S; = selling price per unit of part of type i

v; = volume of bounding box for part of type i

L = total volume available

n; = number of parts of type i needed in the curreiitbu

In addition to the limitation problem there is alsm implement the due date

constraint. This will be realized by a penalty ftiog.

p; = penalty cost per part for type i for not meetitegdue-date, n; — x;
The multiple-objective optimization problem is

MaximizeZ = YN, S;x; — Zlivzl(pl-) * (n; — X;) (5.6)

With constraints

Z?’zlvixi <L (57)
X < n; fori= 1, .., N (58)
x; = 0 and integer fori =1, ...,N (5.9)

N = number of different types of parts i

X; = number of parts of type i built, i=1,...,N

S; = selling price per unit of part of type i
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v; = volume of bounding box for part of type i

L = total volume available

n; = number of parts of type in the current build

After a mathematical model is formulated for thelgem under consideration,
the next phase in an OR study is to develop a proee(usually a computer-based
procedure) for deriving solutions to the problewnirthis model (Hillier and Lieberman,

2010).
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CHAPTER 6

OPTIMIZATION APPROACHES AND EXPERIMENTAL RESULTS

6.1  Optimization Approaches

The process of optimizing systematically and siamdbusly a collection of
objective functions is called multi-objective opization (MOOQO) or vector optimization.
In this research a multi-objective optimizationusing because of the goal to maximize

the revenue by meeting at the same time the deecoastraint.

Because genetic algorithms do not require gradieformation, they can be
effective regardless of the nature of the objectivactions and constraints. They
combine the use of random numbers and informatimm fprevious iterations to evaluate
and improve a population of points (a group of po& solutions) rather than a single

point at a time.

Genetic algorithms are global optimization techesjuvhich mean they converge
to the global solution rather than to a local SolutHowever, this distinction becomes
unclear when working with multi-objective optimigat, which usually entails a set of

solution points. (Marler and Arora, 2004)
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6.1.1. MATLAB
MATLAB® is a high-level language and interactivevennment for numerical

computation, visualization, and programming.

(http://www.mathworks.com/products/matlab/).

A 2D box packing algorithm with MATLAB will be praded in the Appendix B.

Mathworks suggests also using a GA for multi-olyecoptimization.

6.1.2. LINGO

LINGO is a comprehensive tool designed to make dmgl and solving
mathematical optimization models easier and morkciafit. LINGO provides a
completely integrated package that includes a pllvdanguage for expressing
optimization models, a full-featured environment bailding and editing problems, and
a set of fast built-in solvers capable of efficlgrdolving most classes of optimization

models (LINGO 11 User’s Manual).

The entire models in detail are implemented inAppendix B. The first LINGO
model solved only the limitation constraint. TheatoBuild Volume of 3510 inches
(13"x15"x18") will be filled with the following patis: 1297122 of %, 1 of xg, 2 of X9

and 14 of xqo after executing of 11 iterations.

By implementing the penalty for not meeting the bemrequired today into the

second LINGO model the result showed to fill thpags in the build:

X(1)  1.000000

X(3)  2.000000
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X( 5)

X(7)

X(12)

X( 13)

X(14)

X( 16)

X( 23)

X( 26)

X( 29)

X( 37)

X(42)

X( 48)

X(49)

X( 50)

X(52)

X( 53)

X(54)

X(57)

1.000000

1.000000

3.000000

1.000000

1.000000

3.000000

2.000000

1.000000

1.000000

1.000000

1.000000

2.000000

2.000000

3.000000

1.000000

1.000000

4.000000

2.000000
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X( 67)

X( 69)

X(72)

X(78)

X(79)

X(84)

X( 86)

X( 87)

X( 88)

X( 91)

X( 93)

X( 95)

X( 96)

X( 99)

X( 105)

X( 106)

X(107)

X(108)

2.000000

4.000000

4.000000

4.000000

4.000000

2.000000

4.000000

3.000000

2.000000

1.000000

1.000000

2.000000

4.000000

3.000000

1.000000

3.000000

1.000000

2.000000
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X(114)  4.000000

X(115)  1.000000

X(117)  3.000000

X(119)  2.000000

X(120)  3.000000

X(121)  3.000000

X(122)  1.000000

X(123)  3.000000

with an objective value of $-82999.85. There isai®g revenue by producing that build
— that means it is not possible to build each efghrts needed with one build. Regarding
the high demand with the short due date the nextistto check how many machines are

needed.

6.1.3. EXCEL Solver

Spreadsheet software, such as Excel, is a popudafdr analyzing and solving
small linear programming problems. The main feawka linear programming model,
including all its parameters, can be easily enteoetio a spreadsheet. However,
spreadsheet software can do much more than juglagislata. With including some
additional information, the spreadsheet can be tsgdickly analyze potential solutions.
For example, a potential solution can be checkesk®oif it is feasible and what Z value

(profit or cost) it achieves. Much of the powertbé spreadsheet lies in its ability to
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immediately reveal the results of any changes, miadehe solution (Hillier and

Lieberman, 2010).

The Excel Software is universally available andyeasapply to multi-objective

optimization.

The first Excel spreadsheet shows the overviewllgbaats with all dimensions
and the Bounding Volume of each part. The Buildwioé of the SLS 2500+ is given by

the dimensions 13"x15"x18".

Table 5.1 Excel overview of all parts, dimensiond 8ounding Volume
Bounding
Part BBX BBY BBZ Volume

Nozzle 0,685 0,704 0,233 0,112362
Shell bottle 0,392 0,841 0,141 0,046484
Hooke's joint Collar 0,170 0,041 0,164 0,001143
Hooke's joint Pin 0,170 0,651 0,164 0,018150
Hooke's joint Locking Pin 0,017 0,017 0,164 0,000047
Hooke's joint Fork 0,299 0,556 0,561 0,093263
Hooke's joint Center Piece 0,326 0,366 0,354 0,042238
Clerget 9B 130 Cylinder 0,540 0,923 0,536 0,267153
Clutch Plate 1,553 0,906 2,217 3,119359
Wallpaper 1,041 1,034 1,007 1,083929
P-51 Throttle Quadrant Cover 0,820 0,240 0,207 0,040738
P-51 Landing Gear Retract Hook 0,280 0,411 0,130 0,014960
Gear Wheel Module 0,068 0,202 0,197 0,002706
Engine 4 Cyl Tube 5 0,019 0,119 0,018 0,000041
Engine 4 Cyl Hood 0,061 0,041 0,005 0,000013
Engine 4 Cyl Flywheel 0,095 0,058 0,092 0,000507
Engine 4 Cyl Tube 2 0,044 0,078 0,013 0,000045
Engine 4 CylT Connection 0,044 0,020 0,016 0,000014
Engine 4 Cyl Inverter 0,068 0,037 0,066 0,000166
Engine 4 Cyl Chassis Quadruple 0,217 0,081 0,184 0,003234
Engine 4 Cyl Ring 0,044 0,027 0,043 0,000051
Engine 4 Cyl Axis 34mm 0,017 0,115 0,016 0,000031
Engine 4 Cyl Flywheel 2 0,326 1,140 1,102 0,409547
Engine 4 Cyl Tube 4 1,333 1,713 0,717 1,637219
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Engine 4 Cyl Tube 3
Engine 4 Cyl Piston
Engine 4 Cyl Dowel
Engine 4 Cyl Panel
Engine 4 Cyl Spacer
Engine 4 Cyl Cylinder
Engine 4 Cyl Valve Cover
Engine 4 Cyl Arm

Engine 4 Cyl Axis 28mm
Engine 4 Cyl Assbly Inv
ArmTube 1

Engine 4 Cyl Assbly Inv Arm
Tube 2

Engine 4 Cyl Assbly Cyl Piston

Hood

Camera Holder
Wine Bottle Klein
Brake

Grabcad Trophy
Klein Stein

Charger Hat iPhone
Apple iPod Shuffle
Clip

EOS UK Plug Fixer
JBL Speaker

Inline Acustic Box
Piston Sample

Cat Pumpkin

Logo Vietnam Electricity
2 Euro

Chocolate Riddle
Battery Bracket
Laptop Paper Holder
3M Stethoscope
Traffic Light

iPhone 5C

iPhone 4S Irig Case
Apple Lightning Pin Adapter
Ribbon Stand
iShare

iPhone 5 Cover
iPod

Apple of Eden Lamp
Apple WiFi Router
iIPad Model

0,860
0,407
0,163
2,198
1,832
0,733
0,651
0,204
0,204

0,224
0,223

0,407
6,920
13,900
12,213
7,161
3,460
1,520
1,288
2,304
1,580
2,854
11,304
1,625
11,828
8,549
1,018
2,280
2,524
4,071
11,322
2,496
2,430
3,816
1,068
4,249
4,168
2,791
2,516
6,716
14,248
1,832
99

0,232
0,407
0,489
1,466
0,814
1,588
0,163
1,221
1,140

1,425
1,425

0,407
0,733
9,047
12,213
14,004
6,513
1,284
1,204
0,917
0,946
2,253
16,501
2,443
11,311
1,547
1,018
0,305
0,407
2,023
0,979
6,106
5,089
4,858
1,080
2,267
1,018
5,122
4,229
6,681
5,498
0,130

0,157
1,969
0,157
0,079
0,236
0,654
0,630
0,079
0,197

0,216
0,216

1,969
8,465
6,050
2,362
6,923
5,059
1,571
0,344
0,591
1,512
2,750
10,589
1,575
11,423
8,268
0,095
5,197
0,850
0,606
6,558
2,361
0,353
1,133
0,222
2,867
0,551
0,866
0,551
6,495
6,339
2,196

0,031325
0,326163
0,012514
0,254559
0,351935
0,761259
0,066851
0,019678
0,045814

0,068947
0,068639

0,326163
42,937527
760,807465
352,309706
694,256744
114,004464
3,066089
0,533459
1,248646
2,259956
17,682671
1975,137622
6,252553
1528,243281
109,346805
0,098451
3,613994
0,873178
4,990794
72,690433
35,983000
4,365293
21,003699
0,256064
27,616329
2,337906
12,379905
5,862730
291,428026
496,568760
0,522999



Speaker

Playing Card

Shaft Lubricator
Coupling Flange

Clock

Edge Protector

Soft Jaws - Full Wrap
Rubber Stamp

USB Keychain Holder
Junction Box

Engine Crankcase Cover
Shaft and Guide Support
Mount for Maxon Gearmotor
Face Mill

EMI Filter

Sony PCM D50
FPV Camera Turnigy 600 TVL
PAL

Grill for Stove

Engine Spoket

Sheet Metal Pipe
Electric Eel Eurosocket
Ship's Propeller
Impeller

Can Cover

Mount for IG

Record Player Clip
Engine Mount

Jet Engine Bracket
Battery Cover

Roller Handle and Knob
Pasta Spoon

Pivot Guide

Mouth Tray

Carotid Bifurcation
Inhaler Case

Pill Box

Fixture Medical Cevices
Walking Stick Handle
Digital Timer
Thermoform Tray
Rotate Drill Dentist (Drillholder)
Toothbrush

Ferrule Clamp Tool

4,485 8,386
2,585 3,619
6,651 4,966
1,221 13,637
6,106 9,917
1,622 1,637
12,211 1,710
4,067 6,214
0,691 0,329
3,420 2,353
2,972 15,669
4,437 5,618
1,506 1,370
8,544 8,537
2,378 2,497
3,318 6,277
1,301 1,233
16,283 8,142
3,852 3,834
3,063 3,053
12,886 1,851
9,189 2,768
5,317 1,669
2,401 0,326
1,750 2,361
0,749 1,070
6,885 2,544
7,505 2,646
2,227 0,183
5,745 1,990
2,897 2,269
7,309 4,375
2,384 0,766
0,002 0,001
0,552 1,397
3,541 0,979
1,723 0,933
9,037 3,769
2,456 2,428
9,977 1,750
5,638 0,407
7,333 0,730
2,051 2,051

100

4,500
0,030
6,929
13,189
2,626
1,575
11,811
3,937
0,938
5,039
7,126
2,008
1,102
2,223
1,900
1,343

1,159
0,472
0,394
11,811
1,459
8,887
5,143
2,322
3,094
1,892
4,075
3,963
1,177
1,535
11,071
3,543
2,886
0,006
1,151
3,425
0,125
1,445
0,563
6,893
2,087
0,672
1,750

169,250445
0,280653
228,857013
219,607098
159,012708
4,181962
246,623247
99,497195
0,213244
40,550143
331,845478
50,053549
2,273668
162,145905
11,281945
27,970776

1,859190
62,575960
5,818816
110,088075
34,800048
226,042196
45,639357
1,817490
12,783635
1,516306
71,375418
78,698165
0,479676
17,548964
12,772927
113,294068
5,270252
0,000000
0,887587
11,873239
0,200945
49,217355
3,357264
120,350057
4,788968
3,597276
7,361552



Sheet Metal Part Box
Teeth

Electrical Box
Plastic Vending Cup
Medicine Spoon
Zigbee

LCD TV

CD Writer Case
Roof Hook

Portable Stove

DVD Burner

Plate

Motherboard Adapter Plate

Bottom Plate
Faceplate Spider
Carbon Fiber Dash

Table 5.2

Excel Columns

A Part Description (text)

B BBX, in
C BBY, in
D BBZ, in

E V(i), in® = B2*C2*D2

F s
G n()
H  d)

X(@i)  =no. parti built

= 10000*E2/3400

= INT (3+30*RAND())

5,266
2,421
8,796

7,337
10,205
0,992

4,798
5,943
3,827

8,541
6,961
6,690

7,735
3,989

8,937

15,155

x dimension of part

y dimension of part

z dimension of part

bounding volume for part i

1,323
4,366
1,876
8,065
0,724
0,289
3,949
1,774
5,659
1,692
1,677
0,770
0,129
1,710
5,377
5,625

Excel Columns for the Solver solution

3,911
1,267
6,025
7,100
3,739
1,098
1,153
5,900
5,669
7,625
5,756
6,470
7,150
2,913
0,032
2,250

price changed for part Ir(part)

obtained by Excel Solvapplication

101

= INT (10*RAND()) order size for part i

build has to be ready dady 3

27,247616
13,392299
99,420308
420,127626
27,625302
0,314783
21,846239
62,203004
122,773493
110,191712
67,193224
33,328911
7,134377
19,870126
1,537736
191,805469



x(i)" = satisfying due-date constraint IF(H2<&,32)

Revenue (i) =total revenue J2*F2

Penalty Cost (i) = penalty charge for failingsatisfy the due-date for part i

IF(H2<6,0,J2*.5*E2)

With the Excel Solver an optimization in

approach.

Volume (i)

= total volume for x(i)"units of partJ2*E2

the Exeplreadsheet is an effective
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& PlayingCard 2.585 037 0.531 1243 357 4 17 1 1 357 0.00 357 1243 2834 0.00 1
9 RollerHandle and Knob 5.745 0.m7 0.184. 0.000 0.00 A | 1 1 o.00 0.00 0.00 0.000 2834 0.00 1
10 Roof Hoole 3827 0037 0.066 0.000 0.00 2 23 1 1 000 0.00 000 0.000 2834 .00 1
1 Inhaler Case 0552 0766 2886 sz |0 1 24 1 1 1506 0.00 15.06 527 8104 0.00 1
12 Engine Mount £.885 1140 0137 0.048 0.13 2 25 1 1 013 0.00 013 0.048 8150 0.00 1
13 Carbon Fiber Dash 15155 0.329 0.338 0213 0.61 3 43 1 1 061 0.00 061 0213 8364 a.00 1
14 P-S1Landing Gear Rewact Haok 0.280 5122 0.866 12380 3837 2 47 1 1 38.37 0.00 3837 12380 20.743 0.00 1
15 CameraHalder 6.320 1588 0.654 0.761 218 2 47 1 1 218 0.00 218 0.761 21505 0.00 1
16 Junetion Box 3420 2428 0.563 3357 a53 1 47 1 1 353 0.00 353 3.357 24.862 0.00 1
17 Dowel 0,983 0.407 1989 0.328 0.93 1 52 1 1 093 0.00 0.93 0.328 25188 0.00 1
18 Apple Lightning Pin Adapter 1068 041 0130 oS 0.04 4 15 2 2 003 0.00 an3 0.030 25218 .00 1
19 Engine Spoket 3852 0283 1038 0315 0% 3 B 2z 2 180 0.00 180 0.630 25,845 0.00 1
20 SheetMetal Pipe 3.053 0.240 0.207 0.041 012 3 29 2 2 0.3 0.00 0.23 0.081 25923 0.00 1
21 Traffic Light 2436 6651 6.435 231428 83265 3 40 2 2 1665.30 0.00 166530 582 856 608.785 a.00 1
22 Fork 0.233 B.27T7 1343 279N 73.92 2 47 2 2 15983 0.00 15983 55,942 BE4. 727 0.00 1
23 JetEngine Bracket 7.505 2646 3.963 7B.638  224.85 2 43 2 2 443,70 0.00 443,70 157396 822,123 0.00 1
24 wine Bottle Klein 13.300 1710 e 246623  T04.54 2 52 2 2 1403 28 0.00 1403 28 433246 1315363 0.00 1
25 Pin 070 0.407 0.850 0873 243 4 8 3 3 748 0.00 745 2620 1317.989 0.00 1
26 LogoVietnam Electrioity 8543 1370 1102 2.274 6.50 3 1 3 3 13.43 0.00 13.43 6821 1324 510 0.00 1
27 Biake 12213 0.366 0.354 0042 012 4 17 3 3 0.36 0.00 036 0127 1324.937 0.00 1
28 Shaft and Guide Suppant 4.437 0.058 0.032 0.001 0.00 3 2z 3 3 0.00 0.00 0.00 0.002 1324.938 0.00 1
23 Clock 6.106 3763 1445 43217 10,62 3 42 3 3 42186 0.00 42186 147 652 1472 530 a.00 1
30 ShestMetal Pan Box 5.266 13637 13189 219807 BZ7.45 3 4B 3 3 1882.35 0.00 1882.35 B58.821 2131412 0.00 1
3 iPed 2.518 0.733 B.465 42,938 122.68 3 48 3 3 368.04 0.00 368.04 128.813 2260224 0.00 1
32 Malve Cover 0.651 0373 6.558 2630 20763 3 48 3 3 62306 0.00 623.06 21807 2478 296 0.00 1
33 Spesker 4.485 0.328 2.322 18T 513 3 80 3 3 15.58 0.00 15.58 5.452 2483748 0.00 1
34 iPadMadel 1832 1008 0.551 2.338 6.68 3 51 3 3 20.04 0.00 20.04 T.0 2430762 0.00 1
35 TubeS 0.013 0.041 0164 0.001 0.00 3 52 3 3 am 0.00 am 0.003 2430 765 0.00 1
38 Assembly Cylinder, Piston. Hood 0.407 0.7 B.470 33.329 95.23 4 3 o 4 380,30 0.00 380.90 133316 2624.081 130.45 1
37 Plate 6.630 0407 1363 0326 033 4 5 2 4 373 0.00 373 1305 2625 385 033 1
38 Apple WiFiPouter 14.248 1140 1102 0.41 17 4 B 4 4 468 0.00 468 1638 2627.024 0.00 1
39 Carotid Bifurcation 0.002 0.081 0.184. 0.003% 0.01 4 3 4 4 0.04 0.00 0.04 0m3 2627037 0.00 1
40 Battery Bracket 2524 0.202 0137 0.003 0.01 4 12 4 4 003 0.00 003 aon 2627 047 0.00 1
41  Laptop Paper Holder 4.071 5.625 2.250 191805 S4B.02 4 47 4 4 2132.08 0.00 213208 787.222 3394.269 0.00 1
42 T 5 3BIT. 2125 0.00 383791 3339.263245 3334 133.847dB0T 3B
43
L] 10K Buld -~ 30-day buid ,~Sheet? . Buld 2 | Results for Build 1 .~ Shest5 . Sheet6 = % 4]

Ready |

Figure 5.17 Solution for a single build

Result

Parts85

Revenue $9697.91

Build Volume in cu. in. 3394

Penalty cost $193.64

The visual verification with the Build Setup Softwashow that all parts are matching in

the Build Volume of the SLS 2500+.
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l:Build Setup 3.4 - Platform: SLS 2 Plus - Material: DuraForm Polyamide Powder V3.4 - File: G:\Pr...

File Edit Select View Show Color Parameter Tools LeftPanel Window Help
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Figure 5.18/isual verificatior for the single machine solution

l:Build Setup 3.4 - Platform: SLS 2500 Plus - Material: DuraForm Polyamide Powder V3.4 - File: G:\Pr... E]@@
Eile Edit Select View Show Color Parameter Tools LeftPanel Window Help

DECHREE cEdQ--ed @ 45 CRCE AT .-&-& | |WmHET 2

EX Main [ Information | |Full Detail || [s0% v & e e PRGAFLEH v OO b S
L SYSTEWS
Property Name Value Property Name Value

Material DuraForm Polyamide Powder V3.4 Warm-up Height 0,500 in.

Number Of Parts 85 Build Height 77.4801in.

No. Of Facets (Total) 1242082 Cool-down Height 0,100 in.

Total STL File Sizes (MB) 62,11 Powder Needed 97,543 in, run Preview to update

Last Saved 19.02.2014 22:27:02 Max Feed Position Required -79,543in

Last Build Date NA Estimated Time to Finish Not Available

Part PartName STL File Name Group | No.of | File Size File | File Bounding | Bounding | Bounding A

No. Facets (MB) Type Unit Boxx Boxy Boxz

75 ation.st_75 g \Promoti lumiDissertatic — | No 4022 0,201 Optimized Bin: in. _~| 0,002 0,001 0,006

76 idbifurcation.sti_76 g \PromotionsstudiumiDissertatic - | No 4022 0,201 Optimized Bin:in ~|0,002 0,001 0,006

77 e reation.st_77  gPromoti lumiDissertatic - | No 4022 0,201 Optimized Bin:in. _~|0,002 0,001 0,006

78 |Battery Bracket STL_78  gPromotionsstudiumiDissertatic -| No 1976 0,098 Optimized Bin:in. x| 2524 0,407 0,850

79 IBaﬂery Bracket STL_79 gthromoliunssludiumlDJssaﬂahc; No 1976 0,089 Optimized Bin:in. i 2,524 0,407 0,850

‘80 |pattery Bracket STL_80 g:\PramolionssludiumlDissedaﬁ(; No 1976 0,099 Optimized Bin: =l 2,524 0,407 0,850

81 |Laptop Paper Holder.STL_ g:\Pror D ratic - | No 33180 1,659 Optimized Bin:in. hd EAIA] 2,023 0,606

82 |Laptop Paper Hnlder,ETL_lg:\PromolionssludiumlDlssenanc; No 33180 1,659 Optimized Bin:in iod 4,071 2,023 0,606
83 |Laptop Paper Holder.STL_! gA\Promotionsstudium\Dissertatic - | No 33180 1,659 Optimized Bin:in, x|40m 2,023 0,606

84 |Logo Vietnam Electricity. ST g\Promotionsstudium\Dissertatic —| No 530 0,027 Optimized Bin:in. x|8549 1,547 8,268

85 |dowel STL_85 gAPromoti iumiDissertatic - | No 390 0,020 Optimized Bin:in. x|01863 0,489 0,157 v
< >

\Patt Info {Part Position £ Scale & Difset A Rotation & Resize {Parameter {Time E stimate {Notes {Dimensions /
AM=141,1 MB

Figure 5.1%isual verificationfor the single machine solutionirformatior
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m Home  Inset  Pagelayout  Formulas  Data  Review | View o @ o & =R
=HE = 1= [ — ; Jg\ % = split (3] View Side by Side =
| I 0 —! T Hide B! hranous Ser H
[Homal| Page Page Break | Custom Full | (7] Grictines [7] Headings 100% Zoomto | New Arange Freeze Sav Switch | Macros
Layout Preview  Views Screen Selection | Window Al Panes~ - 3 Workspace Windows = |~
Workboaok Views Zoom window Macros
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E [ € [ D E | e [ B K L ] f [£] P ] A 7 [ g [ R
1 Multi-Objective Optimization with Multiple Machines =
z Bounding Build
3 | BBX BBY BBZ Box.cu.ln.  Price,$ nfi] di) xli) «iY Revenue Penalty Volume,cu.in. 6 Builds
4 0704 0233 oz 033 5 6 5 L 0.00 05618 05685 Build1
08 014 04 B W 2 6 08z 000 02789 08407 I 1
0041 0164 00 5 W0 5 00z 000 00057 08ds4 i
0851 0154 005 4 B 0 4 0z oo 00726 03990
007 018 oo 1 28 1 1 0o0 000 00000 03
3 023 05% 0561 07 6 4 B & 165 000 055% 14787
0 03 0366 0354 0z 6 1 6 6 0rs 000 0253 1732
1 054 0323 053 0ra 2z 8 1 2 157 000 05343 22654
2| 1553 0306 22T afr 3 n 0 3 z7sz 000 33581 TE245 =
104 103G 1007 a8 1 4 0 1 31\ 0o 10833 127084
¥ 082 024 0207 o 4 B oz 4 045 000 01630 128715
5 028 040 03 004 5 3 2 5 0z 000 00748 125461
B 0088 0202 0197 om oz xm 2 2 00z 000 00054 12350
W 00m 0t 008 o0 7 23 3 7 000 000 00003 12358
@ 0051 0041 0005 oo 1@ 11 0o0 000 00000 123519
1 0035 0058 0032 0 6 W 0§ oM oo 00030 123543
20| 0044 0078 001 0o & W1 & 0o 000 00004 129553
A 0044 002 006 0o0 2 85 0 2 000 000 00000 125553
2| 0088 0037 0066 om0 2 W B 2 0o0 000 00003 123556
25| 02 008 0184 om 8 24 3 8 00 000 00253 123815
24| 0044 0027 0043 00 4 B 0 4 0o 000 0002 138
5 00 015 006 0o 6 B2 0 & 00 000 00002 129819
| 03w LW 02 120 4 3 0 4 482 000 16382 146201
2| 133 1B 07w 482 3 W 0 3 433 000 7350 23,3550
%8| 086 0232 0157 0os 1 B 0 1 003 000 00313 233884
23 0407 0407 1369 0% 0 % 5 0 0o 000 00000 233864
30 0163 0483 0157 004 6 B 2 & 0zz 000 00751 29.46M
219 1465 0079 ars 0 5 0 000 000 00000 23461
G| 1832 084 0236 W4 B 3 1 8 828 000 28185 322763
33| 0733 1588 0654 22 0 30 3 0 0o0 000 00000 322763
34| 0ES1 013 063 020 8 5 0 & 157 0o 05348 323
3 0204 1221 0073 006 6 ® 1 & 03 000 01 32309
% 0204 LW 0497 o3 8 W 1 8 108 000 03665 332963
5| 0224 1425 026 020 4 24 0 4 05 0o 02758 335721
38| 0223 1435 0ZE 02 5 B 1 & 11 oo 03432 33383
53| 0407 0407 1383 0% 2 B 22 152000 06523 345876 | id
W » W %10 K Solution Build Solution .~ Sorfed Build Priority Parts . %d e 1 L]

Ready | |

Figure 5.20 Solution for multiple machines — fipsirt

After a single machine build was covered the nexs$ w0 apply this solution to a

multiple machine.
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Ty OF Miipic Machme Botd e o Dl o 1 [

m Home Insert Page Layout Formulas Data Review View o @ o =
|_ = ‘ =i - - LT~ 7& EE _4' ; [ = split ()] View Side by Side =
| = \ —=N L = Hide Synch s Scrolling =z
|Normal| Page PageEreak Custom Full  [7] Gridiines [7] Headings Zoom 100% Zoomto ~ MNew Arange Freeze Macros
Layout  Preview Views Screen Selection | Window  All  Panes~ Lt 2] *
Waorkhook Views Show Zoom Window Macros
T5 - A v
E = ] E F CHI]d K L i) ] [&] P [¥] R s [T ] U v W # =
a7 7505 2646 3963 86382 23147 2 23 0 2 462,33 000 157.3363 2254.6585 -
38 2227 0183 1177 04737 14 a 8 0 a 0.00 000 0.0000 2254.6585
33 5745 193 1535 17 5430 5161 5 W 0 s 258.07 000 B7.7448 23424033
00 2837 2263 1N.071 F2T723 2104 13 0 1 214.04 o000 72.7723. 24151763
01 7309 4375 3.543 32941 33322 B 7 1 B 1999.31 0.0o B79.7644 3094.3407
W02 2384 07668 2.886 5.2703 15.50 6 24 1 B 33.00 0.0o F1.6215 3126.5622
103 000z 0001 0,008 0.0000 000 0 300 o 0.00: 0.0o 0.0000 3126.5622
104 | 0552 1.397 1191 08576 2.61 El T 0 5 13.05 0.0o 4.4379  3131.0001
05 3541 0373 3425 118732 34.32 3 w2 3 104.76 000 356137 316665138
106 1723 0333 0125 0.2003 053 3 1m0 3 177 000 06028 3167.2227
07 3037 3763 1445 432174 1476 T 2T 0 T 1013.30 000 394.5215" 344.5215 Build 5
08 2456 2428 0563 33573 a87 0 1B 1 a .00 000 00000 344.5215
03 9977 175 B.833 120.35M 35397 2 20 0 2 70794 0.0o 240.7001  585.2218
o 5.638 0407 2087 4.7530 14.09 12 0 1 14.03 0.0o 4.7830  590.0108
m 1.333 073 0872 35973 10.58 3 1w 0 9 95.22 0.0o 32.3795  622.3861
2 2,051  2.051 175 73616 2185 1% 0 1 2185 0.0o T.3618 629.7476
13 5266 1323 331 272476 80,14 a 9 2 a 0.00° 000 00000 6237476
T 2421 4366 1267 133323 3333 a 17 0 a 0.00 000 00000 6237476
15 8736 1876 6025 394203 23241 5 5 0 S 1452 06 000 4371015 1126.8431
16 7337 8065 T 4201276 123567 g 17 0 a .00 000 00000 M26.8431
TP 10205 0724 3739 27.6253 #1.25 1 g 0 1 8125 0.0o 27.6253  1154.4744
Ti& 0.992 0283 1098 03148 0.93 B 8 1 B 556 0.0o 18887 T1S6.3831
T3 4.798 3343 1153 218462 B4.25 4 T3 4 257.01 0.0o §7.3850 1243.7481
120 | 5.943 1774 5.9 B22030 18295 4 13 0 4 73180 o.0o 248.8120 14925601
@1 3827 5659 5669 22y W83 4 0 3 324383 000 T4.951 2537 52716
122 8541 1632 7625 01917 324.03 3 3 0 3 37228 000 330.5751 2328.0367
123 6361 1677 5756 671332 13763 3 25 1 ] 1776.64 000 604.7330  604.7330 Build 6
124 663 oF7? 647 333283 3803 7o 1 T 686.18 000 2333024 838.0414
25| 7735 0129 T8 T 13dd 20.38 4 28 0 4 §3.33 0.00 28.5375  866.5783
126 3.989 171 2.913 19.8701 58.44 o 1 0 o 0.00 0.0o 0.0000 866.5789
127 | 8937 5377 0032 15377 4.52 7210 T 3166 0.0o 107642 BTV.3431
128 18195 5.625 2.25 1918055 56413 1T 1B 0 1 SE4.13 o.0o 1918055 1069.1485
i) 4335413 172065723
130 5.0608
=
132 Total Revenue, $43.354.13
133 Number of Machines &
134 Total Volume 17.206 cu. In.
135 Toral Build Time, 3 days
4 4 % M| - 310K Solution - Tabelle3 | Multi-Build Solution -~ Sorted Buid Priofity Parts . %J e | L
Ready | [} {+)

Figure 5.21 Solution for multiple machines — secpad

Total Revenue, $43,354.13

Number of Machines 6

Total Volume 17,206 cu. In.

Total Build Time, 3 days

Figure 5.22 shows the replacement of parts whegragriority part will come in.
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1 Part BBX,in. BBY,in. BBZin. Vlhcu. SiLS nfi) dfi} i} xi]’ Revenue,S Penalty: NetRevenue,S Volume, cu.in. Build Volume, cu. in. Part Types Build Area Height, in. 2!
2 FistonSample 1625 2443 1575 €253 1838 4 3 4 4 11488 000 11888 250102 33632378 1 33 157
3 Hooke's joint Fork 0299 0SS6 Os61 0093 027 2 4 2 2 o0: 000 002 oazss 33635284 1 o1es2  osst
% Wallpaper 1041 1034 1007 1084 319 1 4 1 1 345 000 345 10839 3364.6084 1 10764 1007
S Chocolate Riddle 2280 0305 5197 3614 1062 B 4 & 8B 3841 000 3841 289120 33935203 1 ogwse  sa%7
£ Engine 4 &yl Valve Cover 0651 0163 0530 0067 02 2 5 2 2 001 800 o1 01337 33936540 1 01081 083
7 | Dowt 0162 0407 193 03 083 1 52 1 1 08 000 083 oz62 oze2 1 ooses 1969
& Wine Bortlz Klin 13900 1710 11811 246623 70464 2 52 2 2 140928  0.00 140928 4932465 asa5727 1 23760 11811
S Tubes 0015 0041 0164 0001 000 3 52 3 3 001 000 001 00034 1935761 1 00008 0164
10 |iPad Mode! 1832 1018 0551 2338 668 3 51 3 3 2008 000 2004 7.0137 5005898 1 1860 0551
11 |Speaker 4435 0326 233 1817 519 3 50 3 3 1558 000 1588 s.a825 506.0422 1| 1ae1 232
12| Jet Engine Bracket 7505 2645 3363 73698 22985 2 @3 2 2 44370 000 49570 1573983 ss3.4338 1 1ssss2 3ses
13 |Valve Cover 0651 0579 6558 72690 20769 3 48 3 3 62305 000 52306 2180713 8815099 1 o3 essa
14 |iPod 2516 0733 8465 42938 12268 3 48 3 3 36804 000 36801 1288126 10103225 1| 18e42 865 E
15 |P5S1landingGearRetractHook 0280 5122 0866 12380 3537 2 47 1 1 3537 1769 1765 123753 10227024 1 1432 o088
1€ Camara Holder 6920 15ss 0654 0761 21 2 47 1 1 218 108 108 07612 1023.4636 1 10880 0654
17 | Junction Box 3420 2428 0563 3357 98 1 &7 1 1 552 000 559 3.3573 1026.8208 1 83038 0se3
18 Fork 0299 6277 1343 27971 7992 2 47 2 0 15983 7992 7992 0.0000 1026.8209 1 18768 1343
15 | Laptop Paper Holder 2071 5625 2250 191805 54802 4 47 4 4 219206 000 219206 767.2219 17940028 1 228994 2250
20 |Shest Meta! Part Box 5266 13537 13189 215607 62745 3 46 3 3 188235  0.00 188235 6588213 24528641 1 718124 13389
21 | carbon Fiber Dash 15155 o328 093 o0z3 o0&l 3 43 1 1 081 o061 000 02132 20530773 1 a0 osm
22 |Clock 6106 3769 1445 49217 14062 3 42 3 3 42185 000 2188 1478521 26007294 1 230135 1a2s
23 | Traffic Light 2496 6681 6495 291428 83265 3 %0 2 2 166530 416.33 124398 ss2assl 31835854 1 166758 6495
24| Sheet MetalPipe 3053 0240 0207 0041 o012 3 29 2 2 023 006 017 0.0815 31836569 1| orm7 0207
25 Engine Mount 6285 1140 0157 0046 013 2 25 1 1 012 007 007 o04se 31837127 1 78433 oae7
26 Inhaler Case 0552 0765 2886 5270 1506 1 24 1 1 1506 000 1506 5.2703 31889830 1 oaus 288
27 |ReofHook 3827 0037 006 0000 000 2 23 1 1 000 000 000 0.0002 31889831 1 01415 0088 -
28 Shaft and Guids Support 2437 0058 00% 0001 000 3 22 3 3 000 000 000 00015 31889847 1 02573 0092
25 | Roller Handle and knob 5745 0017 0164 0000 000 2 21 1 1 000 000 0.00 0.0000 3188 9847 1 o077 o1
20 Flaying Card 2585 0817 0S91 1299 357 & 17 1 1 357 535 178 12488 31502334 1 23706 o0seL
31 Brake 12213 0365 0354, o002 0L 4 17 3 3 036 008 030 0.1267 31903801 1| 44700 0354
32 | Engine Spoket 3852 0289 1098 0315 0% 3 16 2 2 180 045 135 0.626 31909896 1 1132 1088
33 pplelightningPinAdspter 1068 0.411 0130 0015 004 4 15 2 2 085 00s 04 00299 3191015 1 osams 0130
32 Bartary Brackar 2524 0202 0187 0003 001 4 12 4 4 002 000 0.0 00108 31510304 1 osees  o0ae7
35 Logo Vistam Elecuricity 8548 1370 1102 2274 650 3 11 3 3 1345 000 1548 8210 31973514 1 w21 1102
36 | Carotid Bifurcation 0002 0081 0184 0003 001 4 3 4 4 00t 000 004 00129 3197 8643 1| oom2 o018
W 4 v W] Buid Order , Sorted Buid Order _ Sheet3 . New Orders | Build 1 Sorted by Due Date . Sorted Late to Early []4 | i |
Ready |

[ \.7.77_,577
B e = owm  J

Figure 5.22 Solution replacement of the parts

Build can be easily changed when a high prioritst pames in. Both units of part
13 (fork), shaded blue which provides 55.94 cwofithe volume were replaced with the

parts which are shaded yellow.

Also this build was visually verified with the BdilSetup Software of the

SLS2500+ machine.
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DeRREE ~Bd@RQ--e@d @0 ABF CRCELATB -G -& ®HaDH ?
S Main [T Information [FullDelau :J :] @\Q\@\Q @@%@@%% v &9® QS

b 2
SYSTEWS

Color | Caollision | Preview |
Add | Edents | View |

tube5.8TL Lo
wvalve cover.STL ~
< >

[sTUFiles 8T ]

Cat Pumpkin A
CD Writer Cas
Charger Hat iF
Chocolate Rid

-

JopoopoOODOOODODROOD
‘g
3
£
2

Edge Protectc
Electric Eel Ev
EMI Filter
Engine 4 Cylin
Engne Crankc 3
F noine Mesint

< >

Part Name=valve cover.STL_103 STL File Name=g:\Promotionsstudium\Dissertation\ry Disser tation\Parts\new cal AM=406,7 MB

Figure 5.23%/isual verificetion for replacement of the parts

I:Build Setup 3.4 - Platform: SLS 2500 Plus - Material: DuraForm Polyamide Powder V3.4 - File: G:\Pr... E@|®
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DeHRHE - HARQ--e@ @7 ABF PERCELATH -G -& #MaD ?

ES Main I@Igfovmabon IFuIIDela\I :I |15% j o et oemBEE [7%4] BB vHe

Property Name Value Property Name Value

Material DuraForm Polyamide Powder V3.4 Warm-up Height 0,500in.

Number Of Parts 100 Build Height 77,480 10n.

No. Of Facets (Total) 1468822 Cool-down Height 0,100 in.

Total STL File Sizes (MB) 73,50 Powder Needed 97,543 in., run Preview to update

Last Saved 20.02.2014 14:23:06 Max Feed Position Required -79,543in

Last Build Date NA Estimated Time fo Finish Not Available

Part Name STL File Name Group No. of File Size File | File Bounding | Bounding ‘ Bounding A
Facets (MB) Type Unit Boxx Boxy Boxz
Laptop Paper Holder. STL_: \Pro i tudiumiDissertati 4o No 33180 1,659 Optimized Bin:in, i 4,071 2,023 0,606
Laptop Paper Holder STL _t q.\PmmnllonssWdlum\DIasenanc; No 33180 1,659 Optimized Bin: 5] 4,071 2,023 0,608
Logo Vietnam Electricity ST g\Prc i tudiumiDi: | No 530 0,027 Optirnized Bin:in. x|8543 1,547 8,268
dowel.STL_85 aAPrC i i i i = No 390 0,020 Optimized Bin:in, = 0,163 0,489 0,157
Piston Sample.STL_86 g\Pro (| No 14392 0,720 Optimized Bin:in >|1.625 2,443 1,575
Piston Sample.STL_87 gP tudiumiDi . -|No 14392 0,720 Optimized Bin:in hd 1,625 2,443 1,575
Piston Sample.STL_88 g\PromotionsstudiumiDissertatic - | No 14392 0,720 Optimized Bin:in >|1.625 2,443 1575
Piston Sample STL_B3  \Pre D ic - | No 14392 0,720 Optimized Bin:in x]1625 2,443 1,576
Fork STL_91 ") \Pmmnhunss!udium\Dissenak‘(; No 804 0,040 Optimized Bin:in ~|o.298 0,556 0,561
Fork STL_92 g\PromotionsstudiumiDissentatic - | No 804 0,040 Optimized Bin:in x|0.299 0,556 0,561
80 |[wallpaper.STL_93 g\PromotionsstudiumDissertatic - | No 3096 0,155 Optimized Bin:in Jhd RS 1,034 1,007 v
< >

\Part Info {Part Position £ Scale & Offset { Rotation & Resize AParameter {Time E stimate {Notes fDimensions /
Part Name=valve cover.STL_103  STL File Name=g:\Promotionsstudium\Dissertation\my Dissertation\Parts\new cal AM=396,8 MB

Figure 5.24/isual verificetion for replacement of the partsnformatior
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Through the replacement with this build 100 parts @vering the whole build

volume. The assumption of a build volume of 3400icuwas supported.

The first version of a large mathematical modelitadly contains many flaws.
Some relevant factors or interrelationships undedilgty have not been incorporated into
the model, and some parameters undoubtedly havée®t estimated correctly. This
inevitable is given the difficulty of communicatirgnd understanding all the aspects and
subtleties of a complex operational problem as aglthe difficulty of collecting reliable

data.

This process of testing and improving a model toraase its validity is

commonly referred to amodel validation.

If the model is to be used repeatedly, the next ste¢o install a well-documented
system for applying the model as prescribed by mament. This system will include
the model, solution procedure (including post optitg analysis), and operating
procedures for implementation. Then, even as pemoochanges, the system can be

called on at regular intervals to provide a speaifimerical solution.

After a system is developed for applying the mothed,last phase of an OR study
is to implement this system as prescribed by managée This phase is a critical one
because it is here, and only here, that the beneffithe study are reaped. Therefore, it is
important for the OR team to participate in laumghthis phase, both to make sure that
model solutions, are accurately translated to agraimg procedure and to rectify any

flaws in the solutions that are then uncovered.
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Upon culmination of a study, it is appropriate tbe OR team to document its
methodology clearly and accurately enough so the tvork is reproducible.
Replicability should be part of the professiondliedl code of the operations researcher.
This condition is especially crucial when contraial public policy issues are being

studied(Hillier and Lieberman, 2010).

6.2Experimental Results

A mathematical model for that research was fornedldty using penalty costs for
not meeting the due date. The LINGO optimizatiool ftound a solution but delivered
the result that not all of the parts which are cedecan be produced with one build. To

find a solution for multiple machines the chang&xael Solver was needed.

By using Excel Solver a single and a multiple maehibuild were developed for
3 days build. Additionally a solution was found gtace the parts with the immediate
due-dates at the bottom of the build to replaceptrés on top when a high priority part

will come in. That is the solution to maximize tlexenue with each build.

Basically for an entrepreneur the production of tpawith an Additive
Manufacturing Machine it is not only a Part PackPigblem. It's rather a question of
leading a successful business. The business H@esdompetitive and in line with market

conditions.

These five steps are changing the Part Packingdtmolo a secured economical business

solution.

Five Steps from a Part Packing to a secured ecarabimiisiness solution

1. Define all foundations which are clear boundgadntracts with existing customers
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It is significant to have the overview of all camttual conditions. This can be
binding delivery dates as also surface quality &tés a current practice to conclude

contractual clauses with often contractual peralig non-compliance.

2. ldentify the market demand

It is also essential to analyze the market demandtas also necessary to make a
Forecast planning with existing customers. Addaibnit is important to identify the

competitors, their market positions and their awdio

3. Production planning with/without stock

If the market demand is analyzed the next step ishieck if the targets are
achievable by the normal daily production plannmrgdo there is a need for more

machines a stock. There has to be a further asdiysthe costs of the stock.

4. Analysis of the economic efficiency

For optimizing the business results there is arolabs must to identify all
economic numbers. That is on the one hand the mpriees and on the other hands all

the costs (labor, machine, material, location etc.)

5. Maximize Revenue

Identify opportunities to maximize the revenue. sThiesearch for example

changed the merely Part Packing to an Optimizgiroblem by maximizing the revenue.

There are a lot of further possibilities to optimiz

To be successful in the market in this area itasonly a question to pack the

parts in the given dimensions of the Build Volume.
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It's rather a question from considering the comnstsa but also to take the
opportunity for identifying the optimization potéalt In this example the optimization

potential is identified by maximizing the revenue.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

The additive manufacturing technology changed afdotthe manufacturer and
implies in general a big volume for new commertiahds. For example, the concept of
the companies Shapeways and materialize is, offaimarketplace where people can
design their own products and they will producd.thdso in the near future it will give a
lot of local shops which provide that service. Fexample if there is a need for an
adjusting knob for a washing machine, an agent fitusiservice shop can download the

stl file from the internet for that part and produtshortly.

The next step on this technology trend is thenombt the question how to fill the
build volume of the machine but have at the same t look of the costs and the profit.
For this research a comprehensive literature resdacused on the Bin Packing Problem
which was mainly done by using a Genetic Algorithmthe past, the Bounding Box

problem, cost analysis and optimization tools.

By using a multi-objective function to maximize thevenue and meeting at the
same time the due date constraint the actual daitptimization tools are only partially

applicable. Therefore LINGO and Excel Solver wenmleated for this purpose.
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7.2  Conclusions

This research has demonstrated that the Excel Salwglication can be very
useful and effective in optimizing Additive Manutadng builds. This is especially true
given the multiple-optimization framework for theoplem of maximizing revenue while
satisfying due-date constraints, owing to the &a#ie which the “IF then Else” logic can
be implemented. This feature was indispensablehéencurrent work, and gave Excel
Solver a significant advantage over the other appbns evaluated. The arrival of
Priority parts was handled with ease, though sormaéwhechanistically; that is, the

Solver solution had to be visually searched forgags to be removed.

7.3  Recommendations for Future Work

The research described in this dissertation reptesenly a beginning of the
development of multi-objective optimization toolsorf application in Additive
Manufacturing. This approach can be extended top8Dting or to any other AM
technologies with little difficulty. The greateshallenge is to develop a real-time

coupling of the optimization application with thefpacking visualization software.

Also for future work it would prove beneficial toake research for calculating

the build height and a build time estimator.
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APPENDIX A: Part Catalogue

Nozzle BBX 0,685” BBY 0,704”

Shell Bottle BBX 0,392” BBY 0,841”

Hooke’s Joint Assembly

Collar BBX 0,170” BBY 0,041”

Pin BBX 0,170” BBY 0,651”
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BBZ 0,233”

BBZ 0,141

BBZ 0,164”

BBZ 0,164”



Locking Pin

Fork

Center Piece

Clerget 9B 130 Cylinder

BBX 0,017”

BBX 0,299”

BBX 0,326”

BBX 0,540”

Clutch Plate

BBX 1,553”
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BBY 0,017”

BBY 0,556”

BBY 0,366”

BBY 0,923”

BBY 0,906”

BBZ 0,164"

BBZ 0,561”

BBZ 0,354”

BBX536”

BBZ 2,217”



Wallpaper BBX 1,041” BBY 1,034” BBZ 1,007”

P-51 Throttle Quadrant

Cover BBX 0,820” BBY 0,240” BBZ 0,207”

P-51 Landing Gear

Retract Hook BBX 0,280” BBY 0,411” BBZ 0,130”

120



Gear Wheel Module

BBX 0,068”

CRAECAD Waded by Rasishy _

Engine 4 Cylinder

Tube 5

Hood

Flywheel

Tube 2

T Connection

Inverter

Chassis Quadruple

Ring

AXis

Flywheel 2

Tube 4

BBX 0,019”

BBX 0,061”

BBX 0,095”

BBX 0,044”

BBX 0,044”

BBX 0,068”

BBX 0,217

BBX 0,044”

BBX 0,017”

BBX 0,326”

BBX 1,333”
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BBY 0,202”

BBY 0,119”

BBY 0,041”

BBY 0,058

BBY 0,078

BBY 0,020”

BBY 0,037”

BBY 0,081”

BBY 0,027”

BBY 0,115”

BBY 1,140”

BBY 1,713”

BBZ 0,19

BBZ 0,018”

BBZ 0,005

BBZ 0,092”

BBZ 0,013”

BBZ 0,016”

BBZ 0,066”

BBZ %418

BBZ 0,043”

BBZ 0,016”

BBZ 1,102”

BBZ 0,717”



Tube 3

Piston

Dowel

Panel

Spacer

Cylinder

Valve Cover

Arm

AXiS 28mm

Assembly Inverter,

Arm Tube 1

Assembly Inverter

Arm Tube 2

Assembly Cylinder

Piston, Hood

BBX 0,860”

BBX 0,407

BBX 0,163”

BBX 2,198”

BBX 1,832"

BBX 0,733”

BBX 0,651”

BBX 0,204”

BBX 0,204”

BBX 0,224”

BBX 0,223”

BBX 0,407”
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BBY 0,232"

BBY 0,407”

BBY 0,489”

BBY 1,466"

BBY 0,814

BBY 1,588”

BBY 0,163”

BBY 1,221

BBY 1,140”

BBY 1,425"

BBY 1,425"

BBY 0,407”

BBZ 0,157"

BBZ 1,969”

BBZ 0,157”

BBZ 0,079"

BBZ 0,236”

BBZ 0,654”

BBZ 0,630”

BBZ 0,079”

BBZ 0,197”

BBZ 0,216”

BBZ 0,216"

BBZ 1,969"



Camera Holder BBX 6,920 BBY 0,733” BBZ 8,465”

Wine Bottle Klein BBX 13,900” BBY 9,047” BBZ 630"
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Braket BBX 12,213 BBY 12,213” BBZ 2,362”

Grabcad Trophy BBX 7,161” BBY 14,004” BBZ 6,923"

Klein Stein BBX 3,460” BBY 6,513” BBZ 5,059”
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Charger Hat iPhone BBX 1,520" BBY 1,284" BBZ 113

Apple iPod Shuffle BBX 1,288" BBY 1,204" BBZ 43"

Clip BBX 2,304 BBY 0,917” BBZ 0,591”
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EOS UK Plug Fixer BBX 1,580” BBY 0,946” BBZ 1,512”

JBL Speaker BBX 2,854 BBY 2,253¢ BBZ 2,750"

Inline Acustic Box BBX 11,304* BBY 16,501“ BBZ 10,589"
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Piston Sample BBX 1,625 BBY 2,443 BBZ 1,575°

|"|||”lmw

Cat Pumpkin BBX 11,828 BBY 11,311¢ BBZ 11,423"

Logo Vietnam Electricity = BBX 8,549 BBY 1,547 BB8,268"
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2 Euro BBX 1,018* BBY 1,018*

Chocolate Riddle BBX 2,280 BBY 0,305
‘.»-‘
e i
Battery Bracket BBX 2,524 BBY 0,407
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BBZ 0,095"

BBZ 5,197

BBZ 0,850"



Laptop Paper Holder BBX 4,071 BBY 2,023 BB&06"

3M Stethoscope BBX 11,322¢ BBY 0,979 BBZ 6,558"

GRABCAD Model b midyas

Traffic Light BBX 2,496 BBY 6,106 BBZ 2,361"
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iPhone 5C BBX 2,430 BBY 5.089¢ BBZ 0,353"

iPhone 4S lIrig Case BBX 3,816 BBY 4,858 BBZ33“

Apple Lightning Pin

Adapters BBX 1,068 BBY 1,080 BBZ 0,222"
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Ribbon Stands BBX 4,249¢ BBY 2,267 BBZ 2,867

iShare BBX 4,168 BBY 1,018* BBZ 0,551"

iPhone 5 Cover BBX 2,791 BBY 5,122¢ BBZ 0,866
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iPod BBX 2,516 BBY 4,229 BBZ 0,551"

Apple of Eden Lamp BBX 6,716 BBY 6,681 BBZ ®%"

Apple WiFi Router BBX 14,248* BBY 5,498 BBZ 633"
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iPad Model BBX 1,832* BBY 0,130* BBZ 2,196"

Speaker BBX 4,485* BBY 8,386 BBZ 4,500

Playing Card BBX 2,585 BBY 3,619 BBZ 0,030"
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Shaft Lubricator BBX 6,651 BBY 4,966 BBZ 6,929

L C’_

ﬁ,

Coupling Flange BBX 1,221 BBY 13,637 BBZ 13498

Clock BBX 6,106* BBY 9,917 BBZ 2,626"
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Edge Protector BBX 1,622¢ BBY 1,637 BBZ 1,575*

Soft Jaws — Full Wrap BBX 12,211* BBY 1,710* BB2Z,811¢

Rubber Stamp BBX 4,067 BBY 6,214" BBZ 3,937¢
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USB Keychain Holder BBX 0,691¢ BBY 0,329¢ BBZ 0,938"

Junction Box BBX 3,420 BBY 2,353¢ BBZ 5,039"

_
—

Engine Crankcase Covi BBX 2,972" BBY 15,669 BBZ 7,126"
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Shaft and Guide Support BBX 4,437

Mount for Maxon

Gearmotor BBX 1,506

Face Mill BBX 8,544*
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BBY 5,618

BBY 1,370*

BBY 8,537

BBADO08*

BBZ 1,102°

BBZ 2,223"



EMI Filter BBX 2,378* BBY 2,497 BBZ 1,900

Sony PCM D50 BBX 3,318 BBY 6,277 BBZ 1,343"

FPV Camera Turnigy 600 BBX 1,301" BBY 1,233 BBAZ159¢
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Grill for Stove BBX 16,283 BBY 8,142“ BBZ 0,47

Engine Spoket BBX 3,852 BBY 3,834* BBZ 0,394"

Sheet Metal Pipe BBX 3,053 BBY 3.053“ BBZ 11181
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Electric Eel Eurosocket BBX 12,886 BBY 1,851

T

Ship’s Propeller BBX 9,189 BBY 2,768"

Can Cover BBX 2,401 BBY 0,326
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BHR,459¢

BBZ 8,887

BBZ 2,322"



Mount for 1G BBX 1,750 BBY 2,361 BBZ 3,094*

Record Player Clip BBX 0,749 BBY 1,070" BBZ B3&'

Engine Mounts BBX 6,885 BBY 2,544 BBZ 4,075"
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Jet Engine Bracket BBX 7,505 BBY 2,646" BBZ 8%

Battery Cover BBX 2,227 BBY 0,183 BBZ 1,177¢

Roller Handle and Knob BBX 5,745 BBY 1,990 BBIZ535
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Pasta Spoon BBX 2,897 BBY 2,269 BBZ 11,071"

Pivot Guide BBX 7,309 BBY 4,375* BBZ 3,543"

Rotate Drill for the Dentist BBX 5,638 BBY 0,407”" BBZ 2,087"
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Sheet Metal Part Box BBX 5,266” BBY 1,323” BEBAO11”

Thermoform Tray BBX 9,977” BBY 1,750” BBZ 6,89

Fixture Medical Devices BBX 1,723" BBY 0,933" BBX 125"
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Electrical Box BBX 8,796” BBY 1,876” BBZ 6,025”

Medicine Spoon BBX 10,205” BBY 0,724” BBZ 3,739

Walking Stick Handle BBX 9,037” BBY 3,769” BBLZ 445"
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Toothbrush BBX 7,333” BBY 0,730” BBZ 0,672”

Tooth BBX 2,421” BBY 4,366” BBZ 1,267"

Plastic Vending Cup BBX 7,337” BBY 8,065” BBZ1D0”
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Inhaler Case BBX 0,552" BBY 1,397” BBZ 1,151

Impression Tray BBX 2,384” BBY 0,766” BBZ 2,886

(http://www.gceurope.com/products/op_impressioningiohp)

‘-(

The Solid Works Model for the Impression Tray wasnel by Joe Vicar, Laser

Development Engineer from the University of Louikvi

Carotid Bifurcation BBX 0,002 BBY 0,001" BBZ 006"

P g
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Pill Box BBX 3,541” BBY 0,979” BBZ 3,425”

Digital Timer BBX 2,456” BBY 2,428” BBZ 0,563”

Ferrule, Clamp Tool BBX 2,051 BBY 2,051” BBZ7K0”
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Zigbee BBX 0,992” BBY 0,289" BBZ 1.098”

LCD TV BBX 4,798” BBY 3,949" BBZ 1,153

CD Writer Case BBX 5,943 BBY 1,774” BBZ 5,900”

149



Roof Hook BBX 3,827” BBY 5,659” BBZ 5,669”

Portable Stove BBX 8,541” BBY 1,692” BBZ 7,625”

DVD Burner BBX 6,961” BBY 1,677” BBZ 5,756”
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Plate BBX 6,690” BBY 0,770” BBZ 6,470”

Motherboard Adapter Ple BBX 7,735* BBY 0,129 BBZ 7,150"

Bottom Plate BBX 3,989 BBY 1,710“ BBZ 2,913"

rECEE

e 201 364 Fibion_ Far i custom . L &
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Faceplate Spider BBX 8,937 BBY 5,377 BBZ 0,032

Carbon Fiber Dash BBX 15,155 BBY 5,625 BBZ 2(2

Excluded the mouth tray all photos and models vaeiapted from grabcad.com.
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APPENDIX B: MATLAB GA for Bin Packing

ga_2d_box_packing.m

% main box sizes:

Nb=30; % number of boxes

% random boxes sizes:

mab=mean([a b]);

aa=0.05*mab+0.3*mab*rand(1,Nb);

bb=0.05*mab+0.3*mab*rand(1,Nb);

m2=min([aa bb]/2); % smallest half-size

AA=aa.*bb; % boxes areas
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penalty=0.2*a*b;

nac=0.8; % negative area coefficient

N=500; % population size

ng=5000; % number of generations

pmpe=0.05; % places exchange mutation probability

pmbj=0.01; % big gauss jump

pmsj=0.02; % small gauss jump

pmrr=0.05; % random rotation

pmvi=0.05; % random visible/invisible

pmne=0.1; % move to nearest adge

figure;

%hal=axes;

hal=subplot(2,1,1);

plot((0Oaa00],[00bbo0],b-";

xlim([-0.1*a 1.1*a));

ylim([-0.1*b 1.1*h]);
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set(hal,'NextPlot','add’);

ht=title(hal,'start’);

ha2=subplot(2,1,2);

drawnow;

set_cl; % set color table cl to plot boxes witHetént colors

% random initial population:

G=zeros(N,4*Nb);

Gch=zeros(N,4*Nb); % children

for Nc=1:N % for each individual

Gl=zeros(4,Nb); % one individual

% G1(1,i)=1 if i-box is visible

% G1(2,i)=1 if i-box is rotated at 90 degrees

% G1(3,i) - x-coordinate of i-box center

% G1(4,i) - y-coordinate of i-box center

G1(1,:)=double(rand(1,Nb)<0.2);
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G1(2,:)=double(rand(1,Nb)<0.5);

G1(3,:)=m2+(a-m2)*rand(1,Nb);

G1(4,:))=m2+(b-m2)*rand(1,Nb);

G(Nc,:)=(G1(}))"; % (G1(:))' converts matrix tow-vector

end

hi=imagesc(G,'parent’,ha2);

drawnow;

Gprl=zeros(4,Nb);

Gpr2=zeros(4,Nb); % two parents

Gchl=zeros(4,Nb);

Gch2=zeros(4,Nb); % two children

for ngc=1:ng % generations counting

% find fithesses:

fithnesses=zeros(N,1);
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for Nc=1:N % for each individual

G1(:)=(G(Nc,));

vis=G1(1,);

ind=find(vis);

L=length(ind);

if L>0

% only visible:

rot=G1(2,ind);

x=G1(3,ind);

y=G1(4,ind);

if L==1

aaa=aa(ind);

bbb=bb(ind);

if rot

tmp=aaa;

aaa=bbb;

bbb=tmp;

end
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AO0=AA(ind); % box area

x1=max([x-aaa/2 0]);

yl=max([y-bbb/2 0]);

x2=min([x+aaa/2 a));

y2=min([y+bbb/2 b]);

% x1 - x2, yl1 -y2is box (partafrrent box) that inside main box

if (x1>=x2)||(y1>=y2)

A=0; % box that inside main bamea

else

A=(x2-x1)*(y2-yl1); % box thaiside main box area

end

%if A<AO % if not fully inside maibox

if (aaa/2<=x)&&(x<=a-aaa/2)&&(bbb{2y)&&(y<=b-bbb/2) % if filly inside

fithness=A;

else

fitness=A-nac*(A0-A)-penalty;

end

else
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fitness=0;

ispen=false; % true if penality

% check cross with main box:

% add boxes arreas and strong actbbut areas:

for n=1:L % for each box

ind1=ind(n);

aaa=aa(indl);

bbb=bb(ind1);

if rot(n)
tmp=aaa;
aaa=bbb;
bbb=tmp;

end

AO=AA(ind1); % box area

x1=max([x(n)-aaa/2 0]);

yl=max([y(n)-bbb/2 0]);

x2=min([x(n)+aaa/2 a));
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y2=min([y(n)+bbb/2 b]);

% x1 - x2, y1-y2is box (paf current box) that inside main box

if (x1>=x2)[|(y1>=y2)

A=0; % box that inside mbiox area

else

A=(x2-x1)*(y2-y1); % boxdhinside main box area

end

%if A<AO % if not fully insidenain box

%fitness=fitness + A-nactiA);

%ispen=true; % penality

%else

%fitness=fitness + A;

%end

if (aaa/2<=x(n))&&(x(n)<=a-a@M&&(bbb/2<=y(n))&&(y(n)<=b-bbb/2) %

if filly inside

fitness=fitness + A;

else
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fitness=fitness + A-nac*@#0;

ispen=true; % penality

end

end

% for each pair of boxes:

for n1=1:L-1

ind1=ind(nl);

aaal=aa(indl);

bbb1=bb(ind1);

if rot(nl)

tmp=aaal,;

aaal=bbbl;

bbbl=tmp;

end

A1=AA(ind1);

x1=x(nl);
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yl=y(nl); % position of 1st bokpair

for n2=n1+1:L

ind2=ind(n2);

aaa2=aa(ind2);

bbb2=bb(ind2);

if rot(n2)

tmp=aaaz;

aaa2=bbb2;

bbb2=tmp;

end

A2=AA(ind2):

x2=x(n2);

y2=y(n2); % position of 2hdx of pair

dx=abs(x1-x2);

dy=abs(yl-y2); % distancies

al2=(aaal/2+aaa2/2),

b12=(bbb1/2+bbb2/2),

if (dx<al2)&&(dy<b12) % dross
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ispen=true;

Ac=(al2-dx)*(b12-dy); &ea of cross

fitness=fitness-Ac-R6;becuse area of n1 and n2 was added fully

fitness=fitness-2*nac:A

end

end

end

if ispen

fitness=fitness-penalty;

end

end

else

fitness=0;

end

fithnesses(Nc)=fitness;
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end

[fb bi]J=max(fithesses); % best

% plot best:

G1(:)=(G(bi.));

Gb=G(bi,:); % best

if mod(ngc,10)==0

cla(hal);

Atmp=0;

for Nbc=1:Nb

vis1=G1(1,Nbc);

if visl

rot1=G1(2,Nbc);

aaa=aa(Nbc);

bbb=bb(Nbc);

if rotl

tmp=aaa;
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aaa=bbb;

bbb=tmp;

end

x=G1(3,Nbc);

y=G1(4,Nbc);

plot([x-aaa/2 x+aaa/2 x+aaa/aag/2 Xx-aaal/l],...

[y-bbb/2 y-bbb/2 y+bbb/2 bb/2 y-bbb/2],...

*-','color',cl(Nbc,)),...

‘parent’,hal);

hold on;

Atmp=Atmp-+aaa*bbb;

end

end

plot({0 aa 0 0], [0 0 b b 0],'b-", paremd'1);

xlim(hal,[-0.1*a 1.1*a]);

ylim(hal,[-0.1*b 1.1*b]);

set(hi,'Cdata’,G);
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nvb=length(find(G1(1,:))); % number of visible baxe

set(ht,'string’,[' generation: ' num2stgng boxes: ' num2str(nvb) ', area: '

numz2str(fb)]);

drawnow;

end

% prepare for crossover, selection:

fmn=min(fitnesses);

fst=std(fitnesses);

if fst<le-7

fst=1e-7;

end

fmn1=fmn-0.01*fst; % little low then minimum

P=fithesses-fmn1; % positive values

p=P/sum(P); % probabilities
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ii=roulette_wheel_indexes(N,p);

Gp=G(ii,:); % parents

% crossover:

for n=1:2:N

pr1=Gp(n,:);

pr2=Gp(n+1,:); % two parents

% in matrix form:

Gprl(:)=prl’;

Gpr2(:)=pr2';

for Nbc=1:Nb

% visibility:

if rand<0.5

Gchl1(1,Nbc)=Gpr1(1,Nbc);

else

Gch1(1,Nbc)=Gpr2(1,Nbc);
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end

if rand<0.5

Gch2(1,Nbc)=Gprl1(1,Nbc);

else

Gch2(1,Nbc)=Gpr2(1,Nbc);

end

% rotation:

if rand<0.5

Gch1(2,Nbc)=Gpr1(2,Nbc);

else

Gch1(2,Nbc)=Gpr2(2,Nbc);

end

if rand<0.5

Gch2(2,Nbc)=Gpr1(2,Nbc);

else

Gch2(2,Nbc)=Gpr2(2,Nbc);

end
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% position:

% child 1:

%i3=ceil(3*rand);

%i3=roulette_wheel_indexes(1,[0.2 0.4]0

iI3=1+ceil(2*rand);

switch i3

case 1 % get mean position

Gch1(3,Nbc)=(Gprl(3,Nbc)+GprABc))/2;

Gch1(4,Nbc)=(Gprl(4,Nbc)+GprHEc))/2;

case 2 %get position of parent 1

Gch1(3,Nbc)=Gpri(3,Nbc);

Gch1(4,Nbc)=Gpri(4,Nbc);

case 3 %get position of parent 2

Gch1(3,Nbc)=Gpr2(3,Nbc);

Gchl1(4,Nbc)=Gpr2(4,Nbc);

end

% child 2:
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%i3=ceil(3*rand);

%i3=roulette_wheel_indexes(1,[0.2 0.4])0

iI3=1+ceil(2*rand);

switch i3

case 1 % get mean position

Gch2(3,Nbc)=(Gprl(3,Nbc)+GprABc))/2;

Gch2(4,Nbc)=(Gprl(4,Nbc)+GprHEc))/2;

case 2 %get position of parent 1

Gch2(3,Nbc)=Gpr1(3,Nbc);

Gch2(4,Nbc)=Gpri1(4,Nbc);

case 3 %get position of parent 2

Gch2(3,Nbc)=Gpr2(3,Nbc);

Gch2(4,Nbc)=Gpr2(4,Nbc);

end

end

chl=(Gchl(:)),

ch2=(Gch2()));
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Gch(n,:)=chi;

Gch(n+1,:)=ch2;

end

G=Gch; % now children

% mutations:

% places exchange

for Nc=1:N % for each individual

if rand<pmpe

G1(:)=(G(Nc.));

irl=ceil(Nb*rand);

ir2=ceil(Nb*rand);

tmpl=G1(3:4,irl);

G1(3:4,ir1)=G1(3:4,ir2);

G1(3:4,ir2)=tmp1,;

G(Nc,:)=(G1());

end
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end

% big gauss jump:

for Nc=1:N % for each individual

if rand<pmbj

G1(:)=(G(Nc.));

ir=ceil(Nb*rand);

G1(3:4,in=G1(3:4,ir)+[0.05*a*randn;

0.05*b*randn];

G(Nc,)=(G1())"

end

end

% small gauss jump:

for Nc=1:N % for each individual

if rand<pms;j

G1(:)=(G(Nc,));

ir=ceil(Nb*rand);
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G1(3:4,in=G1(3:4,ir)+[0.005*a*randn;

0.005*b*randnl;

G(Nc,:)=(G1());

end

end

% random rotation:

for Nc=1:N % for each individual

if rand<pmrr

G1(:)=(G(Nc.));

ir=ceil(Nb*rand);

G1(2,ir)=double(rand<0.5);

G(Nc,)=(G1())"

end

end

% random visible/invisible:

for Nc=1:N % for each individual

if rand<pmvi

G1()=(G(Nc,2))"
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ir=ceil(Nb*rand);

G1(1,ir)=double(rand<0.5);

G(Nc,:)=(G1());

end

end

% move to nearest edge:

for Nc=1:N % for each individual

if rand<pmne

G1(:)=(G(Nc.));

ir=ceil(Nb*rand); % random small box

rv=find((G1(1,:))&((1:Nb)~=Nc)); % find rest visible

if rand<0.5

% to veritcile edge

eax=[G1(3,rv)-aa(rv)/2 G1(3,rv)+aa(rv)/2 0 a];edge xs

deax=[(G1(3,ir)-aa(ir)/2) - eax (G1(3,ir)+aa(if)2eax]; % distancies

[dmnindm]=min(abs(deax));

G1(3,in=G1(3,ir)-deax(indm);

else
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% to horizontal edge

eay=[G1(4,rv)-bb(rv)/2 G1(4,rv)+bb(rv)/2 0 b]; éblge ys

deay=[(G1(4,ir)-bb(ir)/2) - eay (G1(4,ir)+bb(ir)/2eay]; % distancies

[dmnindm]=min(abs(deay));

G1(4,ir)=G1(4,ir)-deay(indm);

end

end

end

% ellitism:

G(1,:)=Gb;

end

http://www.mathworks.com/matlabcentral/fileexchatimgex?utf8=%E2%9C%93&term

=ga 2d box packing.m+category%3A%22Mathematics%2eH3A%22script%22+t

vype%3A%22Function%22
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APPENDIX C: LINGO model and solution

Lingo model to meet the limitation of the Build voume:

sets:

indexj /1..120/: V, S, d, X;
endsets
Data:
lattribute values;
V=
0.11236192
0.04648375
0.00114308
0.01814988
4.7396E-05
0.09326288
0.04223786
0.26715312
3.11935891
1.08392876
0.0407376
0.0149604
0.00270599
4.0698E-05
1.2505E-05
0.00050692
4.4616E-05
0.00001408
0.00016606
0.00323417
5.1084E-05
0.00003128
0.40954728
1.63721859
0.03132464
0.32616288
0.012514
0.25455917
0.35193453
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0.76125862
0.06685119
0.01967764
0.04581432
0.0689472

0.0686394

0.32616288
42.9375274
760.807465
352.309706
694.256744
114.004464
3.06608928
0.53345869
1.24864589
2.25995616
17.6826705
1975.13762
6.25255313
1528.24328
109.346805
0.09845078
3.6139938

0.8731778

4.9907936

72.6904328
35.9829999
4.36529331
21.003699

0.25606368
27.6163288
2.33790622
12.3799047
5.86273036
291.428026
496.56876

0.52299936
169.250445
0.28065345
228.857013
219.607098
159.012708
4.18196205
246.623247
99.4971947
0.21324398
40.5501431
331.845478
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50.0535485
2.27366844
162.145905
11.2819454
27.9707765
1.85919015
62.5759598
5.81881579
110.088075
34.8000476
226.042196
45.6393574
1.81748977
12.7836345
1.51630556
71.375418
78.6981655
0.47967576
17.5489643
72.7729268
113.294068
5.27025158
1.2E-08
0.88758674
11.8732386
0.20094488
49.2173546
3.35726358
120.350057
4.78896794
3.59727648
7.36155175
27.2476163
13.392299
99.4203084
420.127626
27.6253024
0.31478342
21.8462392
62.2030038
122.773493
110.191712
67.1932243

S =
11.236192
4.6483752
0.114308
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1.814988
0.0047396
9.3262884
4.2237864
26.715312
311.935891
108.392876
4.07376
1.49604
0.2705992
0.0040698
0.0012505
0.050692
0.0044616
0.001408
0.0166056
0.3234168
0.0051084
0.003128
40.954728
163.721859
3.132464
32.6162881
1.2513999
25.4559172
35.1934528
76.1258616
6.685119
1.9677636
4.581432
6.89472
6.86394
32.6162881
4293.75274
76080.7465
35230.9706
69425.6744
11400.4464
306.608928
53.3458688
124.864589
225.995616
1768.26705
197513.762
625.255313
152824.328
10934.6805
9.845078

179



361.39938
87.31778
499.07936
7269.04328
3598.29999
436.529331
2100.3699
25.606368
2761.63288
233.790622
1237.99047
586.273036
29142.8026
49656.876
52.299936
16925.0445
28.065345
22885.7013
21960.7098
15901.2708
418.196205
24662.3247
9949.71947
21.3243982
4055.01431
33184.5478
5005.35485
227.366844
16214.5905
1128.19454
2797.07765
185.919015
6257.59598
581.881579
11008.8075
3480.00476
22604.2196
4563.93574
181.748977
1278.36345
151.630556
7137.5418
7869.81655
47.9675757
1754.89643
7277.29268
11329.4068
527.025158
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0.0000012

88.7586744
1187.32386
20.0944875
4921.73546
335.726358
12035.0057
478.896794
359.727648
736.155175
2724.76163
1339.2299

9942.03084
42012.7626
2762.53024
31.4783424
2184.62392
6220.30038
12277.3493
11019.1712
6719.32243

o =

=

N
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Enddata

Max = @Sum(indexj(j): S()*X());

@SUM(indexj(j):V(j))*X(j))<=3510;

@FOR(indexj(j): @GIN(x()));

Lingo Solution Report:

LINGC 11.0 - [Solution Report - Build to meet the limitati

B¥ File Edit LINGO Window Help

DgEE| 4=|8 o || e ofma 2leE 2

Global optimal solution found.

Cbjective value: 351000.3
Cbjective bound: 351000.3
Infeasibilities: 0.000000
Extended solver steps: o
Total solver iterations: 11

[For Help, press F1

T B m "o v

Variable Value Reduced Cost
V({ 1) 0.1123619 0.000000
LINGO 110 Selver Status [Build to meet the limitation of the Build v..| %
-Solver Status- Variables
Mordel Class: FILE ot il
Nonlnear, 0
State: Global Opt Integers: 120
Objective: IST000 | ke
Infeasibiliy: o Total 2
Nonlnear, 0
Iterations: 11 | b
- ~Wonzeros
- Extended Solver Status Totak 240
o T B-and-B Noniges v
Eest Obj: 351000 Generator Memory Used (K)
Obj Bound: 351000 =
Steps: o Elapsed Funtims (hemmess]
Active: [t} 00:00:03
Update Interval [2 Close
- =
v{ 29) 0.3519345 0.000000
v{ 30 0.7612586 0.000000
V({ 31) 0.6685119E-01 0.000000
V({ 32) 0.1867764E-01 0.000000

AL n_azasazaw_na n_ARnNAR

[En1, Coll

i |-. “E il

Global optimal solution found.
Objective value:
Objective bound:
Infeasibilities:
Extended solver steps:
Total solver iterations:

Variable
V(1)
V(2)
V(3)
V(4)
V(5)

860.3
860.3
0@o00
0
11

Value Reduced Cost
0.1123619 0.000000
0.4648375E-01 0.000000
0.1143080E-02 0.000000
0.1814988E-01 0.000000
0.4739600E-04 0.000000
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V( 6)
V(7)
V( 8)
V(9)
V( 10)
V(11)
V(12)
V(13)
V( 14)
V( 15)
V( 16)
V(17)
V( 18)
V( 19)
V( 20)
V(21)
V(22)
V( 23)
V( 24)
V( 25)
V( 26)
V(27)
V( 28)
V( 29)
V( 30)
V(31)
V(32)
V( 33)
V( 34)
V( 35)
V( 36)
V(37)
V( 38)
V( 39)
V( 40)
V( 41)
V( 42)
V( 43)
V( 44)
V( 45)
V( 46)
V( 47)
V( 48)
V( 49)
V( 50)
V(51)
V(52)
V(53)

0.9326288E-01 0.000000
0.4223786E-01 0.000000

0.2671531
3.119359
1.083929

0.000000

0.000000

0.000000

0.4073760E-01
0.1496040E-01
0.2705990E-02
0.4069800E-04
0.1250500E-04
0.5069200E-03
0.4461600E-04
0.1408000E-04
0.1660600E-03
0.3234170E-02
0.5108400E-04
0.3128000E-04

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.4095473
1.637219

0.3132464E-01 0.000000

0.3261629

0.1251400E-01 0.000000

0.2545592
0.3519345
0.7612586

0.000000
0.000000

0.000000
0.000000

0.000000
0.000000

0.6685119E-01 0.000000
0.1967764E-01 0.000000
0.4581432E-01 0.000000
0.6894720E-01 0.000000
0.6863940E-01 0.000000

0.3261629  0.000000
42.93753  0.000000
760.8075  0.000000
352.3097  0.000000
694.2567  0.000000
114.0045  0.000000
3.066089  0.000000

0.5334587  0.000000
1.248646  0.000000
2.259956  0.000000
17.68267  0.000000
1975.138  0.000000
6.252553  0.000000
1528.243  0.000000
109.3468  0.000000

0.9845078E-01 0.000000
3.613994  0.000000

0.8731778  0.000000
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V(54)  4.990794  0.000000
V(55)  72.69043  0.000000
V(56)  35.98300  0.000000
V(57)  4.365293  0.000000
V(58)  21.00370  0.000000
V(59)  0.2560637  0.000000
V(60)  27.61633  0.000000
V(61)  2.337906  0.000000
V(62)  12.37990  0.000000
V(63)  5.862730  0.000000
V(64)  291.4280  0.000000
V(65)  496.5688  0.000000
V(66) 05229994  0.000000
V(67)  169.2504  0.000000
V(68)  0.2806535  0.000000
V(69)  228.8570  0.000000
V(70)  219.6071  0.000000
V(71)  159.0127  0.000000
V(72) 4181962  0.000000
V(73)  246.6232  0.000000
V(74)  99.49719  0.000000
V(75)  0.2132440  0.000000
V(76)  40.55014  0.000000
V(77)  331.8455  0.000000
V(78)  50.05355  0.000000
V(79)  2.273668  0.000000
V(80)  162.1459  0.000000
V(81)  11.28195  0.000000
V(82)  27.97078  0.000000
V(83)  1.859190  0.000000
V(84)  62.57596  0.000000
V(85)  5.818816  0.000000
V(86)  110.0881  0.000000
V(87)  34.80005  0.000000
V(88)  226.0422  0.000000
V(89)  45.63936  0.000000
V(90)  1.817490  0.000000
V(91)  12.78363  0.000000
V(92) 1516306  0.000000
V(93)  71.37542  0.000000
V(94)  78.69817  0.000000
V(95)  0.4796758  0.000000
V(96)  17.54896  0.000000
V(97)  72.77293  0.000000
V(98)  113.2941  0.000000
V(99)  5.270252  0.000000

V(100)  0.1200000E-07 0.000000

V(101)  0.8875867  0.000000
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V(102)  11.87324  0.000000
V(103)  0.2009449  0.000000
V(104) 4921735  0.000000
V(105)  3.357264  0.000000
V(106)  120.3501  0.000000
V(107)  4.788968  0.000000
V(108)  3.597276  0.000000
V(109)  7.361552  0.000000
V(110)  27.24762  0.000000
V(111)  13.39230  0.000000
V(112)  99.42031  0.000000
V(113)  420.1276  0.000000
V(114)  27.62530  0.000000
V(115)  0.3147834  0.000000
V(116)  21.84624  0.000000
V(117)  62.20300  0.000000
V(118)  122.7735  0.000000
V(119)  110.1917  0.000000
V(120)  67.19322  0.000000
S(1)  11.23619  0.000000
S(2)  4.648375  0.000000
S(3) 0.1143080  0.000000
S(4)  1.814988  0.000000
S(5)  0.4739600E-02 0.000000
S(6)  9.326288  0.000000
S(7)  4.223786  0.000000
S(8)  26.71531  0.000000
S(9)  311.9359  0.000000
S(10)  108.3929  0.000000
S(11)  4.073760  0.000000
S(12)  1.496040  0.000000
S(13)  0.2705992  0.000000
S(14)  0.4069800E-02 0.000000
S(15)  0.1250500E-02 0.000000
S(16)  0.5069200E-01 0.000000
S(17)  0.4461600E-02 0.000000
S(18)  0.1408000E-02 0.000000
S(19)  0.1660560E-01 0.000000
S(20)  0.3234168  0.000000
S(21)  0.5108400E-02 0.000000
S(22)  0.3128000E-02 0.000000
S(23)  40.95473  0.000000
S(24)  163.7219  0.000000
S(25)  3.132464  0.000000
S(26)  32.61629  0.000000
S(27)  1.251400  0.000000
S(28)  25.45592  0.000000
S(29) 3519345  0.000000
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S( 30)
S(31)
S(32)
S(33)
S(34)
S( 35)
S( 36)
S(37)
S( 38)
S(39)
S( 40)
S(41)
S(42)
S(43)
S(44)
S( 45)
S( 46)
S(47)
S( 48)
S(49)
S( 50)
S(51)
S(52)
S(53)
S(54)
S( 55)
S( 56)
S(57)
S( 58)
S(59)
S( 60)
S(61)
S(62)
S(63)
S( 64)
S( 65)
S( 66)
S(67)
S( 68)
S( 69)
S( 70)
S(71)
S(72)
S(73)
S(74)
S(75)
S(76)
S(77)

76.12586
6.685119
1.967764
4581432
6.894720
6.863940
32.61629
4293.753
76080.75
35230.97
69425.67
11400.45
306.6089
53.34587
124.8646
225.9956
1768.267
197513.8
625.2553
152824.3
10934.68
9.845078
361.3994
87.31778
499.0794
7269.043
3598.300
436.5293
2100.370
25.60637
2761.633
233.7906
1237.990
586.2730
29142.80
49656.88
52.29994
16925.04
28.06535
22885.70
21960.71
15901.27
418.1962
24662.32
9949.719
21.32440
4055.014
33184.55

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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S(78)
S(79)
S( 80)
S(81)
S(82)
S(83)
S(84)
S( 85)
S( 86)
S(87)
S( 88)
S( 89)
S( 90)
S(91)
S(92)
S(93)
S(94)
S( 95)
S( 96)
S(97)
S(98)
S(99)
S('100)
S(101)
S(102)
S(103)
S(104)
S( 105)
S( 106)
S(107)
S( 108)
S(109)
S(110)
S(111)
S(112)
S(113)
S(114)
S(115)
S(116)
S(117)
S(118)
S(119)
S(120)
D( 1)
D( 2)
D( 3)
D( 4)
D( 5)

5005.355  0.000000
227.3668  0.000000
16214.59  0.000000
1128.195 0.000000
2797.078  0.000000
185.9190 0.000000
6257.596  0.000000
581.8816  0.000000
11008.81  0.000000
3480.005 0.000000
22604.22  0.000000
4563.936  0.000000
181.7490  0.000000
1278.363  0.000000
151.6306  0.000000
7137.542  0.000000
7869.817  0.000000
47.96758  0.000000
1754.896  0.000000
7277.293  0.000000
11329.41  0.000000
527.0252  0.000000
0.1200000E-05 0.000000
88.75867  0.000000
1187.324  0.000000
20.09449  0.000000
4921.735  0.000000
335.7264  0.000000
12035.01 0.000000
478.8968  0.000000
359.7276  0.000000
736.1552  0.000000
2724.762  0.000000
1339.230  0.000000
9942.031 0.000000
42012.76  0.000000
2762.530  0.000000
31.47834  0.000000
2184.624  0.000000
6220.300 0.000000
12277.35 0.000000
11019.17  0.000000
6719.322  0.000000
8.000000  0.000000
9.000000  0.000000
11.00000  0.000000
4.000000  0.000000
10.00000  0.000000
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D( 6)
D(7)
D( 8)
D( 9)
D( 10)
D(11)
D( 12)
D( 13)
D( 14)
D( 15)
D( 16)
D( 17)
D( 18)
D( 19)
D( 20)
D( 21)
D( 22)
D( 23)
D( 24)
D( 25)
D( 26)
D( 27)
D( 28)
D( 29)
D( 30)
D(31)
D( 32)
D( 33)
D( 34)
D( 35)
D( 36)
D( 37)
D( 38)
D( 39)
D( 40)
D( 41)
D( 42)
D( 43)
D( 44)
D( 45)
D( 46)
D( 47)
D( 48)
D( 49)
D( 50)
D(51)
D(52)
D( 53)

7.000000
11.00000
4.000000
4.000000
5.000000
5.000000
3.000000
7.000000
7.000000
9.000000
6.000000
5.000000
7.000000
12.00000
6.000000
3.000000
10.00000
5.000000
5.000000
6.000000
8.000000
6.000000
4.000000
5.000000
10.00000
9.000000
10.00000
7.000000
11.00000
10.00000
12.00000
3.000000
5.000000
8.000000
11.00000
5.000000
7.000000
6.000000
4.000000
12.00000
4.000000
9.000000
8.000000
10.00000
5.000000
6.000000
9.000000
7.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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D( 54)
D( 55)
D( 56)
D(57)
D( 58)
D( 59)
D( 60)
D( 61)
D( 62)
D( 63)
D( 64)
D( 65)
D( 66)
D( 67)
D( 68)
D( 69)
D( 70)
D(71)
D(72)
D( 73)
D( 74)
D( 75)
D( 76)
D(77)
D( 78)
D( 79)
D( 80)
D( 81)
D( 82)
D( 83)
D( 84)
D( 85)
D( 86)
D( 87)
D( 88)
D( 89)
D( 90)
D( 91)
D( 92)
D( 93)
D( 94)
D( 95)
D( 96)
D( 97)
D( 98)
D( 99)
D( 100)
D( 101)

6.000000
10.00000
8.000000
11.00000
9.000000
10.00000
7.000000
4.000000
5.000000
6.000000
6.000000
12.00000
8.000000
9.000000
4.000000
9.000000
11.00000
4.000000
6.000000
4.000000
7.000000
9.000000
11.00000
3.000000
12.00000
9.000000
12.00000
8.000000
12.00000
8.000000
10.00000
12.00000
5.000000
9.000000
5.000000
11.00000
3.000000
8.000000
8.000000
3.000000
10.00000
3.000000
5.000000
11.00000
4.000000
11.00000
3.000000
9.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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D( 102)
D( 103)
D( 104)
D( 105)
D( 106)
D( 107)
D( 108)
D( 109)
D( 110)
D( 111)
D(112)
D( 113)
D( 114)
D( 115)
D( 116)
D(117)
D( 118)
D( 119)
D( 120)
X(1)
X( 2)
X( 3)
X( 4)
X( 5)
X( 6)
X(7)
X( 8)
X(9)
X( 10)
X(11)
X(12)
X( 13)
X( 14)
X( 15)
X( 16)
X(17)
X( 18)
X( 19)
X( 20)
X( 21)
X(22)
X( 23)
X( 24)
X( 25)
X( 26)
X( 27)
X( 28)
X( 29)

8.000000
4.000000
8.000000
7.000000
12.00000
8.000000
7.000000
8.000000
7.000000
9.000000
5.000000
6.000000
7.000000
11.00000
4.000000
6.000000
9.000000
11.00000
5.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1297122.
0.000000
0.000000
1.000000
0.000000
0.000000
2.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-11.23619
-4.648375
-0.1143080
-1.814988
-0.4739600E-02
-9.326288
-4.223786
-26.71531
-311.9359
-108.3929
-4.073760
-1.496040
-0.2705992
-0.4069800E-02
-0.1250500E-02
-0.5069200E-01
-0.4461600E-02
-0.1408000E-02
-0.1660560E-01
-0.3234168
-0.5108400E-02
-0.3128000E-02
-40.95473
-163.7219
-3.132464
-32.61629
-1.251400
-25.45592
-35.19345
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X( 30)
X(31)
X(32)
X( 33)
X( 34)
X( 35)
X( 36)
X( 37)
X( 38)
X( 39)
X( 40)
X(41)
X(42)
X( 43)
X( 44)
X( 45)
X( 46)
X( 47)
X( 48)
X( 49)
X( 50)
X(51)
X(52)
X( 53)
X( 54)
X( 55)
X( 56)
X(57)
X( 58)
X( 59)
X( 60)
X( 61)
X( 62)
X( 63)
X( 64)
X( 65)
X( 66)
X( 67)
X( 68)
X( 69)
X( 70)
X(71)
X(72)
X( 73)
X( 74)
X( 75)
X( 76)
X(77)

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

-76.12586
-6.685119
-1.967764
-4.581432
-6.894720
-6.863940
-32.61629
-4293.753
-76080.75
-35230.97
-69425.67
-11400.45
-306.6089
-53.34587
-124.8646
-225.9956
-1768.267
-197513.8
-625.2553
-152824.3
-10934.68
-9.845078
-361.3994
-87.31778
-499.0794
-7269.043
-3598.300
-436.5293
-2100.370
-25.60637
-2761.633
-233.7906
-1237.990
-586.2730
-29142.80
-49656.88
-52.29994
-16925.04
-28.06535
-22885.70
-21960.71
-15901.27
-418.1962
-24662.32
-9949.719
-21.32440
-4055.014
-33184.55
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X(78)  0.000000 -5005.355
X(79)  0.000000 -227.3668
X(80)  0.000000 -16214.59
X(81)  0.000000 -1128.195
X(82)  0.000000 -2797.078
X(83)  0.000000 -185.9190
X(84)  0.000000 -6257.596
X(85)  0.000000 -581.8816
X(86)  0.000000 -11008.81
X(87)  0.000000 -3480.005
X(88)  0.000000 -22604.22
X(89)  0.000000 -4563.936
X(90)  0.000000 -181.7490
X(91)  0.000000 -1278.363
X(92)  0.000000 -151.6306
X(93)  0.000000 -7137.542
X(94)  0.000000 -7869.817
X(95)  0.000000 -47.96758
X(96)  0.000000 -1754.896
X(97)  0.000000 -7277.293
X(98)  0.000000 -11329.41
X(99)  0.000000 -527.0252
X(100)  14.00000 -0.1200000E-05
X(101)  0.000000 -88.75867
X(102)  0.000000 -1187.324
X(103)  0.000000 -20.09449
X(104)  0.000000 -4921.735
X(105)  0.000000 -335.7264
X(106)  0.000000 -12035.01
X(107)  0.000000 -478.8968
X(108)  0.000000 -359.7276
X(109)  0.000000 -736.1552
X(110)  0.000000 -2724.762
X(111)  0.000000 -1339.230
X(112)  0.000000 -9942.031
X(113)  0.000000 -42012.76
X(114)  0.000000 -2762.530
X(115)  0.000000 -31.47834
X(116)  0.000000 -2184.624
X(117)  0.000000 -6220.300
X(118)  0.000000 -12277.35
X(119)  0.000000 -11019.17
X(120)  0.000000 -6719.322

Row Slack or SurplusDual Price
1 351000.3  1.000000
2 0.1199976E-07 0.000000
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Lingo model with penalty for not meeting number required for today:

sets:
parttypes /1..125/: V, S, n, p, X;
endsets
Data:
lattribute values;
V =
1.8175
0.3262
0.0422
246.6232
3.1194
2.2600
33.3289
12.3799
27.6163
496.5688
420.1276
0.0000
0.0181
113.2941
0.7613
0.0000
11.8732
0.3262
99.4203
109.3468
27.9708
0.0313
0.4797
1.6372
3.3573
0.8732
3.5973
49.2174
0.0000
226.0422
0.2561
694.2567
5.8188
2.3379
331.8455
228.8570
0.2807
352.3097
4.3653
162.1459
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13.3923
0.0686
0.0465
99.4972
62.2030
67.1932
0.0985
7.3616
0.0032
0.0027
7.1344
21.0037
17.5490
4.7890
50.0535
6.2526
122.7735
0.8876
4.1820
45.6394
71.3754
1528.2433
5.2703
0.0001
0.0002
12.7836
11.2819
0.2546
0.0458
110.0881
72.6904
1.2486
17.6827
0.0689
0.0011
0.3148
3.6140
0.0000
0.3519
34.8000
120.3501
1.5163
0.0005
114.0045
110.1917
72.7729
1.5377
19.8701
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0.0197
219.6071
1.0839
1975.1376
0.0000
0.2132
0.4095
0.2672
35.9830
0.5335
159.0127
2.2737
21.8462
191.8055
27.6253
0.0407
0.1124
3.0661
0.0000
62.5760
27.2476
1.8592
0.0150
4.9908
0.0933
42.9375
40.5501
5.8627
291.4280
0.2009
0.0669
78.6982
169.2504
0.5230
0.0000
760.8075
0.0125

S =
25.89
4.65
0.60
3513.15
44 .44
32.19
474.77
176.35
393.39

197



7073.63
5984.72
0.00
0.26
1613.88
10.84
0.00
169.13
4.65
1416.24
1557.65
398.44
0.45
6.83
23.32
47.82
12.44
51.24
701.10
0.00
3219.97
3.65
9889.70
82.89
33.30
4727.14
3260.07
4.00
5018.66
62.18
2309.77
190.77
0.98
0.66
1417.34
886.08
957.17
1.40
104.87
0.05
0.04
101.63
299.20
249.99
68.22
713.01
89.07
1748.91
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12.64
59.57
650.13
1016.74
21769.85
75.07
0.00
0.00
182.10
160.71
3.63
0.65
1568.21
1035.48
17.79
251.89
0.98
0.02
4.48
51.48
0.00
5.01
495.73
1714.39
21.60
0.01
1624.00
1569.68
1036.65
21.91
283.05
0.28
3128.31
15.44
28135.86
0.00
3.04
5.83
3.81
512.58
7.60
2265.14
32.39
311.20
2732.27
393.52
0.58
1.60
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43.68
0.00
891.40
388.14
26.48
0.21
71.09
1.33
611.65
577.64
83.51
4151.40
2.86
0.95
1121.06
2410.98
7.45
0.00
10837.71
0.18

PARAODMNMNNOWORFRPRWARRPRFRPWWPARRPRORLPAAERLPPAEANRERLELD
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p =
12.95
2.32
0.30
1756.58
22.22
16.10
237.39
88.18
196.70
3536.81
2992.36
0.00
0.13
806.94
5.42
0.00
84.57
2.32
708.12
778.82
199.22
0.22
3.42
11.66
23.91
6.22
25.62
350.55
0.00
1609.99
1.82
4944.85
41.44
16.65
2363.57
1630.04
2.00
2509.33
31.09
1154.89
95.39
0.49
0.33
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708.67
443.04
478.58
0.70
52.43
0.02
0.02
50.81
149.60
124.99
34.11
356.51
44.53
874.46
6.32
29.79
325.07
508.37
10884.9
2
37.54
0.00
0.00
91.05
80.36
1.81
0.33
784.10
517.74
8.89
125.94
0.49
0.01
2.24
25.74
0.00
2.51
247.86
857.19
10.80
0.00
812.00
784.84
518.33
10.95
141.53
0.14
1564.15
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7.72
14067.9
3

0.00
1.52
2.92
1.90
256.29
3.80
1132.57
16.19
155.60
1366.14
196.76
0.29
0.80
21.84
0.00
445.70
194.07
13.24
0.11
35.55
0.66
305.82
288.82
41.76
2075.70
1.43
0.48
560.53
1205.49
3.73
0.00
5418.86
0.09

Enddata

lobjective function;

Max = @Sum(parttypes(i): (S())*X(i)- p(i)*(n(i)-XY);
Iconstraints;

@SUM(parttypes(i):V(i)*X(i)) <=3510;
@FOR(parttypes(i):X(i) <= n(i));
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@FOR(parttypes: @GIN(X));
End

Lingo Solution Report:

B3] LINGO 11.0 - Solution Report - Buld
File Edit LINGO Window Help
o

Dgdg szl o

|20 ©fm R B 2l

P LNGO Model - Build with penalty
Global optimal solution found.
Objective value: -82999.85
Objective bound: -82993.85
Infeasibiliti T N
Extended solwi LINGG 110 Solver Status [Build with penalty] B
Enddata
Total solver
[ Solver Statu; Wariable:
lapdecy Modsl Class: PILP Totdk Les
Norlinear. a
Max = @ State: Global Opt Integers: 125
tconstrfl Hbjectves =R Constrairte
Infeasibilty i Tatal: 127
G5UM (pal Norlinear; 1]
BFOR (pal Iterations: 1080
BFOR (pal - Monzeros
End i~ Extended Solver Status Totak: 359
l 5 o
Solver Type B-and-B hinees
Best Obj: —-g2999 9 Generator Memary Used (K]
O Boundt —52399 9 Ay
Shizg SiB Elapsed Runtime (hhimm:ss)
Active: il ( 900000
| updsieimenat 2 Intermupt Saher | Close |

|Ln1, Col1

Global optimal solution found.

Objective value: -82385
Objective bound: -9938B5
Infeasibilities: 0@n00
Extended solver steps: 90
Total solver iterations: 1080

Variable Value Reduced Cost
V(1) 1.817500 0.000000
V(2) 0.3262000 0.000000
V(3) 0.4220000E-01 0.000000
V(4) 246.6232 0.000000
V(5) 3.119400 0.000000
V( 6) 2.260000 0.000000
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V(7)
V( 8)
V(9)
V( 10)
V(11)
V(12)
V(13)
V( 14)
V( 15)
V( 16)
V(17)
V( 18)
V( 19)
V( 20)
V(21)
V(22)
V( 23)
V( 24)
V( 25)
V( 26)
V(27)
V( 28)
V( 29)
V( 30)
V(31)
V(32)
V(33)
V( 34)
V( 35)
V( 36)
V(37)
V( 38)
V( 39)
V( 40)
V( 41)
V(42)
V( 43)
V( 44)
V( 45)
V( 46)
V( 47)
V( 48)
V( 49)
V( 50)
V(51)
V(52)
V(53)
V( 54)

33.32890 0.000000
12.37990 0.000000
27.61630 0.000000
496.5688  0.000000
420.1276  0.000000
0.000000  0.000000
0.1810000E-01 0.000000
113.2941  0.000000
0.7613000  0.000000
0.000000  0.000000
11.87320  0.000000
0.3262000  0.000000
99.42030  0.000000
109.3468  0.000000
27.97080  0.000000
0.3130000E-01 0.000000
0.4797000  0.000000
1.637200  0.000000
3.357300  0.000000
0.8732000  0.000000
3.597300  0.000000
49.21740  0.000000
0.000000  0.000000
226.0422  0.000000
0.2561000  0.000000
694.2567  0.000000
5.818800  0.000000
2.337900  0.000000
331.8455  0.000000
228.8570  0.000000
0.2807000  0.000000
352.3097  0.000000
4.365300  0.000000
162.1459  0.000000
13.39230  0.000000

0.6860000E-01 0.000000
0.4650000E-01 0.000000

99.49720
62.20300
67.19320

0.000000
0.000000
0.000000

0.9850000E-01 0.000000

7.361600

0.000000

0.3200000E-02 0.000000
0.2700000E-02 0.000000

7.134400
21.00370
17.54900
4.789000

0.000000
0.000000
0.000000
0.000000
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V( 55)
V( 56)
V(57)
V( 58)
V(59)
V( 60)
V(61)
V(62)
V( 63)
V( 64)
V( 65)
V( 66)
V(67)
V( 68)
V( 69)
V( 70)
V(71)
V(72)
V(73)
V(74)
V( 75)
V(76)
V(77)
V(78)
V(79)
V( 80)
V(81)
V(82)
V( 83)
V( 84)
V( 85)
V( 86)
V(87)
V( 88)
V( 89)
V( 90)
V(91)
V(92)
V(93)
V(94)
V( 95)
V( 96)
V(97)
V( 98)
V(99)

V( 100)
V(101)
V(102)

50.05350
6.252600
122.7735
0.8876000
4.182000
45.63940
71.37540
1528.243
5.270300

0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.1000000E-03 0.000000
0.2000000E-03 0.000000

12.78360  0.000000
11.28190  0.000000
0.2546000  0.000000
0.4580000E-01 0.000000
110.0881  0.000000
72.69040  0.000000
1.248600  0.000000
17.68270  0.000000

0.6890000E-01 0.000000
0.1100000E-02 0.000000

0.3148000  0.000000
3.614000  0.000000
0.000000  0.000000

0.3519000  0.000000
34.80000  0.000000
120.3501  0.000000
1.516300  0.000000

0.5000000E-03 0.000000
114.0045  0.000000
110.1917  0.000000
72.77290  0.000000
1.537700  0.000000
19.87010  0.000000

0.1970000E-01 0.000000
219.6071  0.000000
1.083900  0.000000
1975.138  0.000000
0.000000  0.000000

0.2132000  0.000000

0.4095000  0.000000

0.2672000  0.000000
35.98300  0.000000

0.5335000  0.000000
159.0127  0.000000

2.273700  0.000000
21.84620  0.000000
191.8055  0.000000
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V(103)
V( 104)
V( 105)
V( 106)
V( 107)
V(108)
V( 109)
V(110)
V(111)
V(112)
V(113)
V(114)
V( 115)
V(116)
V(117)
V(118)
V(119)
V( 120)
V(121)
V(122)
V(123)
V( 124)
V( 125)
S(1)
S(2)
S(3)
S( 4)
S(5)
S( 6)
S(7)
S(8)
S(9)
S(10)
S(11)
S(12)
S(13)
S(14)
S(15)
S( 16)
S(17)
S(18)
S(19)
S( 20)
S(21)
S(22)
S(23)
S(24)
S( 25)

27.62530  0.000000
0.4070000E-01 0.000000
0.1124000  0.000000

3.066100
0.000000
62.57600
27.24760
1.859200

0.1500000E-01 0.000000

4.990800

0.9330000E-01 0.000000

42.93750
40.55010
5.862700
291.4280

0.2009000
0.6690000E-01 0.000000

78.69820
169.2504

0.5230000

0.000000
760.8075

0.1250000E-01 0.000000

25.89000
4.650000

0.6000000

3513.150
44.44000
32.19000
474.7700
176.3500
393.3900
7073.630
5984.720
0.000000
0.2600000
1613.880
10.84000
0.000000
169.1300
4.650000
1416.240
1557.650
398.4400
0.4500000
6.830000
23.32000
47.82000

0.000000
0.000000
0.000000
0.000000
0.000000

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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S( 26)
S(27)
S( 28)
S( 29)
S( 30)
S(31)
S(32)
S(33)
S(34)
S( 35)
S( 36)
S(37)
S( 38)
S(39)
S( 40)
S(41)
S(42)
S(43)
S(44)
S( 45)
S( 46)
S(47)
S( 48)
S(49)
S( 50)
S(51)
S(52)
S(53)
S(54)
S( 55)
S( 56)
S(57)
S( 58)
S(59)
S( 60)
S(61)
S(62)
S(63)
S( 64)
S( 65)
S( 66)
S(67)
S( 68)
S( 69)
S( 70)
S(71)
S(72)
S(73)

12.44000
51.24000
701.1000
0.000000
3219.970
3.650000
9889.700
82.89000
33.30000
4727.140
3260.070
4.000000
5018.660
62.18000
2309.770
190.7700
0.9800000
0.6600000
1417.340
886.0800
957.1700
1.400000
104.8700

0.5000000E-01 0.000000
0.4000000E-01 0.000000

101.6300
299.2000
249.9900
68.22000
713.0100
89.07000
1748.910
12.64000
59.57000
650.1300
1016.740
21769.85
75.07000
0.000000
0.000000
182.1000
160.7100
3.630000
0.6500000
1568.210
1035.480
17.79000
251.8900

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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S(74)
S(75)
S( 76)
S(77)
S(78)
S(79)
S( 80)
S(81)
S(82)
S(83)
S(84)
S( 85)
S( 86)
S(87)
S( 88)
S( 89)
S( 90)
S(91)
S(92)
S(93)
S(94)
S( 95)
S( 96)
S(97)
S(98)
S(99)
S('100)
S(101)
S(102)
S(103)
S(104)
S( 105)
S( 106)
S(107)
S(108)
S(109)
S(110)
S(111)
S(112)
S(113)
S(114)
S(115)
S(116)
S(117)
S(118)
S(119)
S(120)
S(121)

0.9800000
0.2000000E-01 0.000000

4.480000
51.48000
0.000000
5.010000
495.7300
1714.390
21.60000

1624.000
1569.680
1036.650
21.91000
283.0500

0.2800000

3128.310
15.44000
28135.86
0.000000
3.040000
5.830000
3.810000
512.5800
7.600000
2265.140
32.39000
311.2000
2732.270
393.5200
0.5800000
1.600000
43.68000
0.000000
891.4000
388.1400
26.48000
0.2100000
71.09000
1.330000
611.6500
577.6400
83.51000
4151.400
2.860000
0.9500000
1121.060
2410.980

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.1000000E-01 0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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S(122)  7.450000  0.000000
S(123)  0.000000  0.000000
S(124)  10837.71  0.000000
S(125)  0.1800000  0.000000
N(1)  1.000000  0.000000
N(2)  1.000000  0.000000
N(3)  2.000000  0.000000
N(4)  4.000000  0.000000
N(5)  1.000000  0.000000
N(6)  4.000000  0.000000
N(7)  1.000000  0.000000
N(8)  0.000000  0.000000
N(9)  1.000000  0.000000
N(10)  4.000000  0.000000
N(11)  3.000000  0.000000
N(12)  3.000000 0.000000
N(13)  1.000000  0.000000
N(14)  1.000000  0.000000
N(15)  4.000000  0.000000
N(16)  3.000000  0.000000
N(17)  1.000000  0.000000
N(18)  1.000000  0.000000
N(19)  0.000000  0.000000
N(20)  3.000000 0.000000
N(21)  0.000000  0.000000
N(22)  2.000000 0.000000
N(23)  2.000000  0.000000
N(24)  0.000000  0.000000
N(25)  4.000000  0.000000
N(26)  1.000000  0.000000
N(27)  4.000000  0.000000
N(28)  2.000000  0.000000
N(29)  1.000000  0.000000
N(30)  4.000000 0.000000
N(31)  2.000000  0.000000
N(32)  1.000000  0.000000
N(33)  4.000000 0.000000
N(34)  2.000000 0.000000
N(35)  4.000000 0.000000
N(36)  0.000000  0.000000
N(37)  1.000000  0.000000
N(38)  1.000000  0.000000
N(39)  3.000000 0.000000
N(40)  0.000000  0.000000
N(41)  2.000000  0.000000
N(42)  1.000000 0.000000
N(43)  4.000000  0.000000
N(44)  3.000000 0.000000
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N( 45)
N( 46)
N( 47)
N( 48)
N( 49)
N( 50)
N(51)
N(52)
N( 53)
N( 54)
N( 55)
N( 56)
N(57)
N( 58)
N( 59)
N( 60)
N( 61)
N( 62)
N( 63)
N( 64)
N( 65)
N( 66)
N( 67)
N( 68)
N( 69)
N( 70)
N( 71)
N(72)
N( 73)
N( 74)
N( 75)
N( 76)
N( 77)
N( 78)
N( 79)
N( 80)
N( 81)
N( 82)
N( 83)
N( 84)
N( 85)
N( 86)
N( 87)
N( 88)
N( 89)
N( 90)
N( 91)
N( 92)

0.000000
1.000000
1.000000
3.000000
2.000000
3.000000
4.000000
1.000000
1.000000
4.000000
2.000000
1.000000
2.000000
4.000000
0.000000
2.000000
2.000000
3.000000
1.000000
2.000000
3.000000
1.000000
2.000000
4.000000
4.000000
1.000000
0.000000
4.000000
2.000000
1.000000
0.000000
0.000000
1.000000
4.000000
4.000000
0.000000
3.000000
0.000000
1.000000
2.000000
4.000000
4.000000
3.000000
2.000000
0.000000
0.000000
1.000000
1.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

213



N( 93)
N( 94)
N( 95)
N( 96)
N( 97)
N( 98)
N( 99)
N( 100)
N( 101)
N( 102)
N( 103)
N( 104)
N( 105)
N( 106)
N( 107)
N( 108)
N( 109)
N( 110)
N( 111)
N( 112)
N( 113)
N( 114)
N( 115)
N( 116)
N( 117)
N( 118)
N( 119)
N( 120)
N( 121)
N( 122)
N( 123)
N( 124)
N( 125)
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)
P(7)
P(8)
P(9)
P( 10)
P(11)
P(12)
P(13)
P( 14)
P( 15)

1.000000
0.000000
2.000000
4.000000
0.000000
1.000000
4.000000
4.000000
0.000000
3.000000
0.000000
0.000000
4.000000
3.000000
1.000000
2.000000
1.000000
3.000000
0.000000
0.000000
1.000000
4.000000
1.000000
2.000000
3.000000
3.000000
3.000000
3.000000
3.000000
1.000000
3.000000
2.000000
0.000000
12.95000
2.320000

0.3000000

1756.580
22.22000
16.10000
237.3900
88.18000
196.7000
3536.810
2992.360
0.000000
0.1300000
806.9400
5.420000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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P(16)
P(17)
P(18)
P(19)
P(20)
P(21)
P(22)
P(23)
P(24)
P( 25)
P( 26)
P(27)
P(28)
P(29)
P(30)
P(31)
P(32)
P(33)
P(34)
P( 35)
P(36)
P(37)
P(38)
P(39)
P( 40)
P(41)
P(42)
P(43)
P(44)
P( 45)
P( 46)
P(47)
P(48)
P(49)
P(50)
P(51)
P(52)
P(53)
P(54)
P( 55)
P( 56)
P(57)
P(58)
P(59)
P(60)
P(61)
P(62)
P(63)

0.000000
84.57000
2.320000
708.1200
778.8200
199.2200
0.2200000
3.420000
11.66000
23.91000
6.220000
25.62000
350.5500
0.000000
1609.990
1.820000
4944.850
41.44000
16.65000
2363.570
1630.040
2.000000
2509.330
31.09000
1154.890
95.39000
0.4900000
0.3300000
708.6700
443.0400
478.5800
0.7000000
52.43000

0.2000000E-01 0.000000
0.2000000E-01 0.000000

50.81000
149.6000
124.9900
34.11000
356.5100
44.53000
874.4600
6.320000
29.79000
325.0700
508.3700
10884.92
37.54000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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P(64)
P( 65)
P( 66)
P(67)
P(68)
P(69)
P(70)
P(71)
P(72)
P(73)
P(74)
P(75)
P(76)
P(77)
P(78)
P(79)
P( 80)
P(81)
P(82)
P(83)
P(84)
P( 85)
P( 86)
P(87)
P( 88)
P(89)
P(90)
P(91)
P(92)
P(93)
P(94)
P(95)
P(96)
P(97)
P(98)
P(99)
P( 100)
P(101)
P(102)
P(103)
P(104)
P( 105)
P( 106)
P(107)
P(108)
P(109)
P(110)
P(111)

0.000000  0.000000
0.000000  0.000000
91.05000  0.000000
80.36000  0.000000
1.810000 0.000000
0.3300000  0.000000
784.1000  0.000000
517.7400  0.000000
8.890000  0.000000
125.9400 0.000000
0.4900000  0.000000
0.1000000E-01 0.000000
2.240000  0.000000
25.74000  0.000000
0.000000  0.000000
2.510000 0.000000
247.8600  0.000000
857.1900  0.000000
10.80000  0.000000
0.000000  0.000000
812.0000  0.000000
784.8400  0.000000
518.3300  0.000000
10.95000 0.000000
141.5300 0.000000
0.1400000  0.000000
1564.150  0.000000
7.720000  0.000000
14067.93  0.000000
0.000000  0.000000
1.520000 0.000000
2.920000 0.000000
1.900000 0.000000
256.2900  0.000000
3.800000  0.000000
1132.570  0.000000
16.19000  0.000000
155.6000  0.000000
1366.140  0.000000
196.7600  0.000000
0.2900000  0.000000
0.8000000  0.000000
21.84000 0.000000
0.000000  0.000000
445.7000  0.000000
194.0700  0.000000
13.24000 0.000000
0.1100000  0.000000
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P(112)
P(113)
P(114)
P( 115)
P( 116)
P(117)
P(118)
P(119)
P( 120)
P(121)
P(122)
P(123)
P( 124)
P( 125)
X( 1)
X( 2)
X( 3)
X( 4)
X( 5)
X( 6)
X(7)
X( 8)
X( 9)
X( 10)
X(11)
X(12)
X( 13)
X( 14)
X( 15)
X( 16)
X(17)
X( 18)
X( 19)
X( 20)
X(21)
X( 22)
X( 23)
X( 24)
X( 25)
X( 26)
X( 27)
X( 28)
X( 29)
X( 30)
X(31)
X(32)
X( 33)
X( 34)

35.55000  0.000000
0.6600000  0.000000
305.8200  0.000000
288.8200  0.000000
41.76000  0.000000
2075.700  0.000000
1.430000 0.000000
0.4800000 0.000000
560.5300  0.000000
1205.490 0.000000
3.730000  0.000000
0.000000  0.000000
5418.860  0.000000

0.9000000E-01 0.000000
1.000000 -38.84000
0.000000 -6.970000
2.000000 -0.9000000
0.000000 -5269.730
1.000000 -66.66000
0.000000 -48.29000
1.000000 -712.1600
0.000000 -264.5300
0.000000 -590.0900

0.000000 -10610.44

0.000000 -8977.080

3.000000  0.000000

1.000000 -0.3900000

1.000000 -2420.820

0.000000 -16.26000

3.000000  0.000000

0.000000 -253.7000

0.000000 -6.970000

0.000000 -2124.360

0.000000 -2336.470

0.000000 -597.6600

0.000000 -0.6700000

2.000000 -10.25000

0.000000 -34.98000

0.000000 -71.73000

1.000000 -18.66000

0.000000 -76.86000

0.000000 -1051.650

1.000000  0.000000

0.000000 -4829.960

0.000000 -5.470000

0.000000 -14834.55

0.000000 -124.3300

0.000000  -49.95000
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X(35)
X(36)
X(37)
X(38)
X(39)
X(40)
X(41)
X(42)
X(43)
X(44)
X(45)
X(46)
X(47)
X(48)
X(49)
X(50)
X(51)
X(52)
X(53)
X(54)
X(55)
X(56)
X(57)
X(58)
X(59)
X( 60)
X(61)
X(62)
X(63)
X(64)
X( 65)
X(66)
X(67)
X(68)
X(69)
X(70)
X(71)
X(72)
X(73)
X(74)
X(75)
X(76)
X(77)
X(78)
X(79)
X( 80)
X(81)
X(82)

0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
2.000000
2.000000
3.000000
0.000000
1.000000
1.000000
4.000000
0.000000
0.000000
2.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
2.000000
0.000000
4.000000
0.000000
0.000000
4.000000
0.000000
0.000000
0.000000
0.000000
0.000000
4.000000
4.000000
0.000000
0.000000
0.000000

-7090.710
-4890.110
-6.000000
-7527.990
-93.27000
-3464.660
-286.1600
-1.470000
-0.9900000
-2126.010
-1329.120
-1435.750
-2.100000
-157.3000

-0.7000000E-01
-0.6000000E-01

-152.4400
-448.8000
-374.9800
-102.3300
-1069.520
-133.6000
-2623.370
-18.96000
-89.36000
-975.2000
-1525.110
-32654.77
-112.6100

0.000000

0.000000
-273.1500
-241.0700
-5.440000

-0.9800000

-2352.310
-1553.220
-26.68000
-377.8300
-1.470000

-0.3000000E-01

-6.720000
-77.22000

0.000000
-7.520000
-743.5900
-2571.580
-32.40000
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X(83)  0.000000 -0.1000000E-01
X(84)  2.000000 -2436.000
X(85)  0.000000 -2354.520
X(86)  4.000000 -1554.980
X(87)  3.000000 -32.86000
X(88)  2.000000 -424.5800
X(89)  0.000000 -0.4200000
X(90)  0.000000 -4692.460
X(91)  1.000000 -23.16000
X(92)  0.000000 -42203.79
X(93)  1.000000  0.000000
X(94)  0.000000 -4.560000
X(95)  2.000000 -8.750000
X(96)  4.000000 -5.710000
X(97)  0.000000 -768.8700
X(98)  0.000000 -11.40000
X(99)  3.000000 -3397.710
X(100)  0.000000  -48.58000
X(101)  0.000000 -466.8000
X(102)  0.000000 -4098.410
X(103)  0.000000 -590.2800
X(104)  0.000000 -0.8700000
X(105)  1.000000  -2.400000
X(106)  3.000000 -65.52000
X(107)  1.000000  0.000000
X(108)  2.000000 -1337.100
X(109)  0.000000 -582.2100
X(110)  0.000000 -39.72000
X(111)  0.000000 -0.3200000
X(112)  0.000000 -106.6400
X(113)  0.000000 -1.990000
X(114)  4.000000 -917.4700
X(115)  1.000000 -866.4600
X(116)  0.000000 -125.2700
X(117)  3.000000 -6227.100
X(118)  0.000000  -4.290000
X(119)  2.000000 -1.430000
X(120)  3.000000 -1681.590
X(121)  3.000000 -3616.470
X(122)  1.000000 -11.18000
X(123)  3.000000  0.000000
X(124)  0.000000 -16256.57
X(125)  0.000000 -0.2700000

Row Slack or SurplusDual Price
1 -82999.85  1.000000
2 0.2000000E-03 0.000000
3 0.000000  0.000000
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UOADAADDADNDAWWWWWWWWWWONNRNNNNNNNNEPRERERRERRRREE @GO~
RPOOOMNOURWNROOONDITRMOMNROOONIOUIRWNROOONOUAWNRO

1.000000
0.000000
4.000000
0.000000
4.000000
0.000000
0.000000
1.000000
4.000000
3.000000
0.000000
0.000000
0.000000
4.000000
0.000000
1.000000
1.000000
0.000000
3.000000
0.000000
2.000000
0.000000
0.000000
4.000000
0.000000
4.000000
2.000000
0.000000
4.000000
2.000000
1.000000
4.000000
2.000000
4.000000
0.000000
0.000000
1.000000
3.000000
0.000000
2.000000
0.000000
4.000000
3.000000
0.000000
1.000000
1.000000
1.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

0.000000
4.000000
0.000000
0.000000
0.000000
2.000000
1.000000
0.000000
4.000000
0.000000
2.000000
2.000000
3.000000
1.000000
2.000000
3.000000
1.000000
0.000000
4.000000
0.000000
1.000000
0.000000
0.000000
2.000000
1.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
3.000000
0.000000
1.000000
0.000000
4.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

1.000000
1.000000
4.000000
0.000000
3.000000
0.000000
0.000000
3.000000
0.000000
0.000000
0.000000
1.000000
3.000000
0.000000
0.000000
1.000000
0.000000
0.000000
2.000000
0.000000
3.000000
1.000000
0.000000
0.000000
0.000000
0.000000
2.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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APPENDIX E: List of Abbreviations

AABB Axis-Aligned Bounding Boxes

ABS Acrylonitrile butadiene styrene

ACO Ant Colony Optimization

AM Additive Manufacturing

ARCAM A&R Cambridge Ltd

ASTM American Society for Testing and Materials

BL Bottom-Left

BLF Bottom-Left-Fill

CAD Computer Aided Design

CAM Computer Aided Manufacturing

CBVH Coons bounding volume hierarchy

CCG Controlling The Maximum Number Of Crossed Genes
CFD Computational fluid dynamics

CMAME Computer Methods in Applied Mechanics and Engimegri
CSP Cutting Stock Problem

C&P Cutting and Packing Problem

DIN Deutsches Institut fir Normung e.V.
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DMD

DMLS

DP

DSPC

EA

EOS

EP

FDH

FDM

FEA

FEM

FF

FFD

GA

GARP

GEA

GEC

GR

HGGA

IBEA

IGES

Direct Metal Deposition

Direct Metal Laser Sintering

Difference Process Algorithm

Direct Shell Production Casting
Evolutionary Algorithm

Electro Optical Systems

Evolutionary Programming

Fixed Directions Hulls

Fused Deposition Modeling

Finite Element Analysis

Finite Element Method
First-Fit-Algorithm
First-Fit-Decreasing-Algorithm

Genetic Algorithm

Genetic Algorithm For Part Packing In A Rapid Ptgpoing Machine
Genetic and Evolutionary Algorithm
Genetic and Evolutionary Computation
Gap Reduction

Hybrid Grouping Genetic Algorithm
Indicator-Based Evolutionary Algorithm

Initial Graphics Exchange Specification
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IMSLS

ISO

JSSP

LGFi

LMT

LS

LOM

MATLAB

MHz

MIT

MOO

MOPSO

MSPOS

MTP

ND

NE

NF

NP

NSGA

OBB

Injection Molding

Indirect Metal Selective Laser Sintering
International Organization for Standardization
Job-Shop Scheduling Problem

Lowest Gap Fill

Layer Manufacturing Techniques

Laser Sintering

Laminated Object Manufacturing

Matrix Laboratory

Megahertz

Massachusetts Institute of Technology
Multi-Objective Optimization
Multiple-Objective Particle Swarm Optimizer
Maximum Spread Pareto Optimal Solutions
Martello-Tooth Procedure

Nth-Dimensional

Naive Evolution

Next-Fit-Algorithm

Nondeterministic Polynomial Time
Non-Dominated Sorting Genetic Algorithm

Oriented Bounding Boxes
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OR

PC

PMX

PPSF

PR

PR

PVM

Ra

RM

RP

RS

SA

SFM

SJIX

SL

SLA

SLM

SLS

SP

SPC

SPEA

Operations Research
Personal Computer

Partially Matched Crossover
Polyphenylsulfone

Packing Ratio

Partial Reordering

Parallel Virtual Machine
Surface Roughness

Rapid Manufacturing

Rapid Prototyping
Restricted Swapping
Simulated Annealing

Solid Freeform Manufacturing
Stefan Jakobs Crossover
Stereolithography
Stereolithography Apparatus
Selective Laser Melting
Selective Laser Sintering
Storage Problem

Statistical process control

Strength Pareto Evolutionary Algorithm
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STL Surface Triangulation Language

T Build Time

UML Unified Modeling Language

uv Ultraviolet

VDA Verband der Automobilindustrie
VIV Virtual Virus

VR Virtual Reality

VRML Virtual Reality Modeling Language
1D One-Dimensional

2D Two-Dimensional

3D Three-Dimensional

3DP 3D Printing
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