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About this Book  
This book aims to focus on fundamental to advanced approaches into the exciting and 

challenging world of Additive manufacturing using Altair Inspire Print3D. The main 

objective of writing this book is to provide professional engineers, and researchers 

with a practice resource on the design and analysis of 3D print, with its recent 

utilization in – automotive, aerospace, civil, marine structures, etc. As an example, 

aircraft equipment made using 3D printers is almost 60 - 65% lighter than traditional 

methods and equally strong. This eBook is aimed at helping those engineers, and 

researchers to help gain knowledge in a short period and focus on obtaining a practical 

understanding of the software, basic knowledge of simulations as opposed to real-life 

experimentation. 

This book is written as a self-based training course that discusses the Printing 

technologies, Printing processes, design factors for 3D printing. This eBook also 

contains brief details of the history of additive manufacturing, a 3D Print module in 

Inspire.  

The developments in information technology, especially the steady and rapid 

enhancement of speed and memory in affordable computers, have changed the world 

of design and production of 3D parts. Based on a comprehensive literature survey and 

the experience in using some of the available commercial codes, an attempt is made 

here to summarize the concepts of modeling and simulation of the metal 3D process 

to enrich the knowledge of engineers and researchers. In recent years, simulation has 

been accepted as a standard tool in the new process development and in-process 

optimization studies. Although, most of the engineers are aware of the tangible 

benefits of 3D printing simulation. Conceiving these facts, this book summarizes the 

concepts of modeling and simulation of the process to benefit the understanding of 

students, engineers, and researchers in the aspect of additive manufacturing.  
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1 History of Additive 

Manufacturing  
Additive manufacturing also called 3D printing, is a process in which a chosen material 

is deposited layer by layer and a component is built, although this process is gaining a 

lot of popularity these days, it was imagined as far back as 1964 by the Sci-Fi Author 

Arthur C Clarke, who was concerned “replicating devices” that could copy anything, 

would fuel human greed by providing too many copies of everything. 

Dr. Kodama while working in the 1980s at the Nagoya Municipal Industrial Research 

Institute, Japan wrote two groundbreaking papers describing what is essentially the 

stereolithography process but was unable to realize his vision. 

Stereolithography (SLA) was soon realized in 1983 by Charles W Hull. In the SLA 

process, a high-power laser is used for curing liquid polymeric material processed 

layer by layer. (Charles W Hull 1986, US patent 4575330,1986) although the basic 

concept of layer by layer manufacturing system was established in Japan, the avenue 

for commercialization of the rapid prototyping (3-D printing) process created by 3-D 

systems, USA, (Hull 2012, p.177).  

The next most important development in 3D printing, Selective Laser Sintering (SLS) 

was developed at the University of Texas, Austin, the USA in 1990 by Carl Deckard, 

who was still an undergraduate student of mechanical engineering at that time!!  

At the end of the 20th century, the first bio-printer was developed. Bio-Printer is used 

for printing biomaterials such as tissue from cells (Singh, Deepti; Thomas, Daniel 2018, 

pp.807-808).  

Using Biomaterials, the first kidney was developed using 3D printed process (Ferry, 

et.al 2010, pp. 6121-6130). Ten years later, the first 3D Printer kit was launched to the 
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market. Today, we have large scale printers that print large 3D objects such as parts 

of cars and general engineering components.  Printing everything is a remarkable 

feature of 3D printing.  

Since the start of the 21st century, there has been a large growth in additive 

manufacturing machines (Kruth Mercelis, et.al 2005, pp. 26-36) and their prices have 

dropped substantially.  

Read more about the history of how Additive Manufacturing developed in Section 6.2 

in the Appendix of this eBook, the references for this section is in section 6.3 of the 

Appendix. 

Timeline of Additive Manufacturing History 

Year What happened? 

1964 Sci-Fi Author Arthur C Clarke predicted “replicating devices” 

could copy anything 

Late 1960s Battelle Memorial Institute attempted to create solid 

objects using photopolymers 

1967 Wyn K. Swainson, a Danish researcher, applied for a patent 

titled “Method of Producing a 3D Figure by Holography” 

Early 1970s Formigraphic Engine Co. used the dual-laser approach, the 

first commercial laser-prototyping project, a process called 

photochemical machining (Shusteff et al., 2017, pp.1-7) 

1974 The company generated a 3D solid object using a 

rudimentary system. Later, a similar technique was 

developed under a project funded by the Defense Advanced 

Research Project Agency (DARPA). 

1980 Dr. Kodama at the Nagoya Municipal Industrial Research 

Institute, Japan wrote two groundbreaking papers 

describing what is essentially the stereolithography process. 
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Year What happened? 

1981 Kodama published a second paper titled “Automatic 

Method for Fabricating a Three-Dimensional Plastic Model 

with Photo Hardening polymer” 

1983 Stereolithography (SLA) was soon realized 

1990 The next most important development in 3D printing, 

Selective Laser Sintering (SLS) was developed at the 

University of Texas, Austin by by Carl Deckard 

1991 Three Additive Manufacturing (AM) technologies developed 

were commercialized, including solid ground curing (SGC) 

from Cubital, Fused Deposition Modeling (FDM) from 

Stratasys, and Laminated Object Manufacturing (LOM) from 

Helisys 

1992 The Soliform stereolithography system from Teijin Seiki 

became active in AM business. The Soliform technology was 

originally developed by DuPont and for exclusive distribution 

rights in parts of East Asia was subsequently licensed to Teijin 

Seikiunder.  

1993 The 3D system launched its Z402 3D printer, primarily for 

concept modeling by Z corporation originally developed at 

the Massachusetts Institute of Technology. 

1996 • Stratasys introduced the Genisys machine, which used 

an extrusion process like FDM but supported technology 

developed at IBM’s Watson research facility. 

• 3D Systems were ready to sell its first 3D printer (Actua 

2100) employing a technology that deposits wax 

material layer by layer using an inkjet printing 

mechanism. 
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Year What happened? 

1998 Object Geometries in Israel was established for 

manufacturing 3D printers. 

2000 • Prodigy, a machine that produces parts in ABS 

plastic using the company’s FDM technology was 

introduced by Stratasys. 

• Helisys stopped operation after selling over 375 systems 

worldwide for nine years. 

Early 2002s   laser-cladding process that produces and repairs parts using 

metal powder was developed by Precision Optical 

Manufacturing (POM) and commenced selling the system. 

2011 Object Geometries merged with Stratasys. 

2012 Bumpy Photo (Portland, Oregon) launched color 3D printed 

photo reliefs. The founders of MakerBot applied for 3 

separate patents describing a conveyor/transport system for 

the continual operation of a 3D printer 

2015 a component highlighting the combination of an FDM-

printed wing structure with conformal electronic circuits 

printed using Optomec’s Aerosol Jet technology was 

displayed by Stratasys and Optomec 
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2 Additive Manufacturing: What, 

Why and Where? 
Additive manufacturing (AM) is a process by which 3D CAD data is used to 

manufacture components layer-wise by depositing materials, which can be metals, 

plastics, composite materials, etc. “3D printing” is used as a synonym for Additive 

Manufacturing. AM usually starts with the application of a thin layer of material (for 

example powdered metal) which can be as thin as 100 microns, onto a building 

platform. A robust ray ( a Laser or electron beam) then fuses the powder at precisely 

the points and path defined by the CAD data. Then, the platform is lowered, and 

another layer of powder is applied and the whole process is repeated until the 

component is fully formed.  

 

Like welding, the idea of melt pool is also used in 3D metal printing. An area where 

the metal powder was melted by laser and liquidated is called melt pool. 

 

Additive manufacturing vs. Traditional Manufacturing 

AM is an accurate description of the 3d printing process because it uses an “additive” 

production technique that is different from the traditional method of manufacturing 

which involves material removal. 
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3D printing offers many advantages in the production of parts compared to traditional 

subtractive (CNC machining) or formative (Injection molding) manufacturing 

technologies, for instance the part is manufactured directly onto the build platform 

layer-by-layer eliminating the need for cutting tools. 

When choosing between an additive (3D printing), subtractive (CNC machining) and 

formative (Injection Molding) manufacturing technology, here are some simple 

guidelines to help your decision. 

Use additive manufacturing with: 

• A single (or only a few) parts are required at a fast turnaround and a low-cost 

• Great geometric flexibility is required (need to create complex parts) 

Use traditional manufacturing with: 

• Large volumes, 

• High dimensional accuracy and tight tolerances, 

• Demanding material properties 

• Relatively simple geometries. 

 

Small bracket 3D printed with Material Jetting 
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Image Source:  A photo of the 3D printed parts. By Bentommye, 

https://www.flickr.com/photos/127588438@N03/15587040400. This file is licensed 

under Creative Commons CC BY 2.0. https://creativecommons.org/licenses/by/2.0/  

2.1 3D Printing - Benefits & Limitations 

The benefits of additive manufacturing lies within the areas where traditional 

manufacturing reaches its limitations. It paves the way for a design-driven 

manufacturing process where design plays a determining factor for production and 

not the other way around. What's more, Additive manufacturing allows for the 

manufacture of geometrically complex, extremely lightweight and stable structures. 

 

Benefits: 

• Single-step Manufacturing – AM greatly reduces the dependence on different 

manufacturing processes such as Machining, Welding, Painting, Designer Control 

• High-speed Production - a complex design is often uploaded from a CAD model and 

printed in a few hours. 

• Low Cost (machine operations, material, and labor)   

• AM allows fabrication of complex geometries 

• Little or no wastage of materials 

• Risk Mitigation. 

• Customization of every single part is easily achieved. 

• A large range of (Specialty) materials are available, commonest are plastics and 

metals. 

• Rapid design iterations  

• Widely accessible solution  

• Effective design communication 

• Manufacturing technology for the assembly of end-use parts 

 

 

https://www.flickr.com/photos/127588438@N03/15587040400
https://creativecommons.org/licenses/by/2.0/
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Limitations: 

• Lower strength and anisotropic material properties in many cases. 

• Less cost-competitive at higher volumes. 

• Limited accuracy and tolerances in some cases. 

• Requires one or more post-processing steps and support removal. 

• The surface texture is mostly too rough. 

• Materials have low heat deflection temperature. 

• One needs to optimally orient a print to scale back support dependency and also the 

likelihood of print failure. 

 

2.2 Applications of 3D Printing 

Application and use of 3D printing by Industry (Based on 100,000 3D printed parts) 

• Industrial 31.1%  

• Electrical 20.8%  

• Consumer 14.1%  

• Services 10.4%  

• Medical 10.3%  

• Automotive 5.9%  

• Aerospace 4.3%  

• Arts & Media 3.2% 

 

2.2.1 Introduction to Application of AM in various Industries. 

3D printing is being employed to create components of aircraft, parts for electronics, 

defense, and automotive (https://amfg.ai/industrial-applications-of-3d-printing-the-

ultimate-guide). Airbus and Boeing, the leading aircraft companies are using 3D 

printing technology to enhance the performance. In aircraft industries, the parts 

produced by 3D printing are air ducts (Using SLS technique), wall panels (using FDM 

technique), and structural metal components using DMLS, EBM, DED techniques. Ex-

https://amfg.ai/industrial-applications-of-3d-printing-the-ultimate-guide
https://amfg.ai/industrial-applications-of-3d-printing-the-ultimate-guide
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One metal 3D printer transforms 20 varieties of metal powders into metal, 

composites, and ceramic parts for automotive, defense, aerospace, energy, and 

consumer applications. 3D printing is employed to manufacture molds for creating 

jewelry and even the Jewelry itself. 3D printing is becoming popular within the 

customizable gifts industry, with products like personalized models of art and dolls, in 

many shapes; in metals or plastic, or as consumable art, like 3D printed chocolate.  

(www.exone.com/en-US/industries/metal-injection-molding-3d-printing-

applications) 

Note that the processes and other terms like MIM, MJF, Fused Deposition Modeling 

(FDM), Selective Laser Sintering (SLS), Stereolithography (SL) that are mentioned in the 

applications section below, will be explained in detail in chapter 3. 

 Adidas releases the first 5,000 sneakers with 3D printed midsole. 

Adidas is using 3D printing (Additive Manufacturing) to reduce the manufacturing 

time using advanced software 3D design tools. 

 
Alphaedge 4D, a high-performance shoe 

Image Source: A photo of Alphaedge 4D by el Rolio, 
https://www.flickr.com/photos/7552038@N02/46728967501, this file is licensed 
under CC BY-SA 2.0. visit https://creativecommons.org/licenses/by-sa/2.0/ 
 

 Desktop Metal develops metal AM systems based on MIM 

 Indo-US MIM is also offering customer consulting services for full-scale 

manufacturing. Indo-US MIM is committed to cater to the necessity of components 

http://www.exone.com/en-US/industries/metal-injection-molding-3d-printing-applications
http://www.exone.com/en-US/industries/metal-injection-molding-3d-printing-applications
https://www.flickr.com/photos/7552038@N02/46728967501
https://creativecommons.org/licenses/by-sa/2.0/
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through additive manufacturing to automotive and aerospace and other general 

engineering industries. 

 HP integrates MJF on its own supply chain.  

 

Image Source: A photo of HP Photosmart 5520 by osde8info, 
https://www.flickr.com/photos/8764442@N07/14288224370, this file is licensed 
under CC BY-SA 2.0, https://creativecommons.org/licenses/by-sa/2.0/ 
 

 

2.2.2 Medical/Bioprinting Applications 

3D printing proves to be a potential technique to fabricate biomedical devices. 3D 

printing has evolved to make implants, scaffold 3s for tissue engineering and drug 

delivery (Chia et al., 2015, pp.1-14). This has become possible due to the development 

of affordable printers and process technology related to computer-aided design. In 

order to use 3D printers for the regeneration of complex tissues (bones, vessels, 

nerves, muscles, etc) and organs (liver, lymphoid organs), one must address the 

technological issues. In the recent past, considerable efforts are being focused on the 

utilization of assorted additive manufacturing technologies in biomedical applications 

(Mills et al., 2018, pp.2-10). Three-Dimensional Printing, Fused Deposition Modeling 

(FDM), Selective Laser Sintering (SLS), Stereolithography (SL), and 3D Plotting/Direct-

Write/Bioprinting are being used for biomedical applications. 

https://www.flickr.com/photos/8764442@N07/14288224370
https://creativecommons.org/licenses/by-sa/2.0/
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In the 3D printing of Biomedical devices, the choice of materials used depends on the 

applications and outcomes needed (Weisman et al., 2015, pp.357-370). For instance, 

materials used for orthopedic and dental applications should have high mechanical 

stiffness and prolonged biodegradation rate. While, for dermal or other visceral organ 

applications, the biomaterials should be flexible and have faster degradation rates. 

The bulk of materials employed in current medical 3D printing technology, like metals 

(gold, platinum, steel, chromium, cobalt), ceramics, calcium phosphate salts (HA), 

glass, oxides of aluminum and titanium, hard polymers (PMMA, Polycaprolactone 

(PCL), PLA, Polycarbonate) and composites (Dental filling composites, carbon fiber 

reinforced composites), are stiff, and thus widely used for orthodontic applications. 

Soft polymers, including hydrogels, are widely employed in bioprinting cells for 

tissue/organ fabrication (Tappa et al., 2018, p.1-16).  

Further study of the utilization of models for planning heart and solid organ surgery 

has led to increased use in these areas. Hospital-based 3D printing is now of great 

interest and lots of institutions are pursuing this specialty within individual 

departments. The technology is getting used to make unique, patient-matched 

devices for rare illnesses. 

3D Bioprinting creates an enormous impact on health care industries. Through 3D 

printing technology, it is anticipated to switch organs and body parts. In India, 

considerable research is being administered in many institutes to switch body parts 

with 3D printed organs. O2i (Oxygen to Innovation) is now committed to bring 

revolution in this area of 3D printable Bio-implements specific to patients. 

 

2.2.3 Automotive Applications 

In early 2014, Swedish supercar manufacturer Koenigsegg announced that the 

corporation utilizes many components that were produced by 3D printing technology 

(https://en.wikipedia.org/wiki/Koenigsegg_Agera). Koenigsegg One:1 car used side 
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mirror internals, air duct, titanium exhaust components, and complete turbocharger 

assemblies manufactured by 3D printing.  

Urbee is the name of a primary car that was 3D printed (its bodywork and car windows 

were printed). (https://www.popsci.com/cars/article/2010-11/hybrid-car-created-

completely-3d-printing/) 

 
URBEE 3D printed car 

 
Image Source: A photo of Urbee 3D printed car, by 3dilla, 
https://www.flickr.com/photos/93716570@N08/11014068653, this file is licensed 
under CC BY 2.0. https://creativecommons.org/licenses/by/2.0/  

 
In 2014, Local Motors debuted Strati, a functioning vehicle that was entirely 3D 

Printed using ABS plastic and carbon fiber, except the powertrain. In 2015, the 

corporate produced a 3D printed car named Strati.  

https://www.flickr.com/photos/93716570@N08/11014068653
https://creativecommons.org/licenses/by/2.0/
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Image Source: Strati, by Oak Ridge National Laboratory, is licensed under CC BY 2.0, 
https://commons.wikimedia.org/w/index.php?curid=90682634, this file is licensed 
under CC BY 2.0. https://creativecommons.org/licenses/by/2.0/  

 

In 2016, the company Local Motors has used 3D printing in the creation of LM3D 

Swim. (www.autoblog.com/2015/11/06/the-lm3d-swim-from-local-motors-is-the-

first-3d-printed-car-you/).  

 BMW reveals its first 3D printed bracket which is used in a commercial vehicle. 

 Ford uses Ultimaker 3D printers to manufacture custom tools 

Ford, the giant automobile industry is utilizing Ultimaker desktop printers to design 

and manufacture tools namely jigs, fixtures, and gauges 70% lighter than the available 

tools and also produces industrial-grade materials of different properties.  

Soft Sensors and Actuators  
 

3D printing has found its place in the manufacturing of soft sensors and actuators 

inspired by the 4D printing concept. The bulk of the standard soft sensors and 

https://commons.wikimedia.org/w/index.php?curid=90682634
https://creativecommons.org/licenses/by/2.0/
http://www.autoblog.com/2015/11/06/the-lm3d-swim-from-local-motors-is-the-first-3d-printed-car-you/
http://www.autoblog.com/2015/11/06/the-lm3d-swim-from-local-motors-is-the-first-3d-printed-car-you/
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actuators are fabricated using multistep low yield processes entailing manual 

fabrication, post-processing/assembly, and lengthy iterations with less flexibility in 

customization and reproducibility of ultimate products (Zolfaghariana et al., 2016, 

pp.258-272). 3D printing has been a game-changer in these fields by introducing the 

custom geometrical, functional, and control properties to avoid the tedious and time-

consuming aspects of the fabrication process. 

 
2.2.4 Aerospace Applications 

 AIRBUS 

AIRBUS, a number one aircraft manufacturing unit, made lightweight bio-inspired 

panels (15% lighter than the standard one). The corporation also made complex 

internal support structures using 3D printing technology without additional 

manufacturing costs. Plastic is the most liked material employed in a layer by layer 

technology (Additive manufacturing). Further, materials like titanium, stainless steel, 

ceramics, and sand became popular and are now used for creating components by 3D 

printing. 3D printing has now become the most popular method for producing aircraft 

components in an exceedingly cost-effective manner. 

(https://3dprint.com/63169/airbus-a350-xwb-3d-print/) 

In May 2015, Airbus announced its new Airbus A350 XWB which includes over 1000 

components manufactured by 3D printing. 3D printing is additionally being utilized to 

print spare parts for planes. In 2015, a Royal Air Force Euro Fighter jet flew with 

printed parts. The U.S. Air Force has begun to use 3D printers and the Israeli Air Force 

has also purchased a 3D printer to print spare parts.   

A 3D printed GE GEnx-1B Turbofan was made, which is used in Boeing’s 787 

Dreamliner. This has used 3D printed ABS plastic.  

https://3dprint.com/63169/airbus-a350-xwb-3d-print/
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Image source: A photo of the rear view of the GEnx-1B engine by Olivier Cleynen, 
https://commons.wikimedia.org/w/index.php?curid=26836869, this file is 
licensed under CC BY-SA 3.0. https://creativecommons.org/licenses/by-sa/3.0  
 

2.2.5 3D Printing in Metal Casting 

Metal casting is one of the oldest manufacturing methods used to create metal parts. 

It is yet another sector that may benefit from 3D printing. With the high costs involved 

in producing tooling aids like molds, cores, and patterns, 3D printing is already proving 

to be a worthwhile alternative to the standard production of tooling for metal casting 

processes. Foundries are therefore increasingly adopting 3D printing into their 

workflows to remain competitive. Few examples of how 3D printing can be integrated 

into the conventional casting process follows next.  

2.2.5.1 Produce 3D Printed dies 

Die casting refers to the process in which molten metals under high pressure are 

poured into mold cavities to produce metal parts. One of the key challenges of die 

casting is the design of cooling channels which are used to prevent the overheating of 

https://commons.wikimedia.org/w/index.php?curid=26836869
https://creativecommons.org/licenses/by-sa/3.0
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the die and control the solidification process of the casting. With conventional 

production methods, these channels are usually machined in straight lines.  

    

 
 
Image source: Plastformsprutning med ZPrinter 3D-skrivare" by Creative Tools, 
https://www.flickr.com/photos/33907867@N02/5693159897 this file is licensed 
under CC BY 2.0. https://creativecommons.org/licenses/by/2.0/  

 

2.2.5.2 3D printing for Investment casting patterns 

The investment casting process uses expendable wax patterns and ceramic shells to 

form complex and detailed part designs. Traditionally, these patterns are injection 

molded. However, the value of injection molds can range from $3,000 to $30,000 with 

lead times from one to four weeks. This makes creating a mold economically unviable 

for little series production or one-off products. 

For this reason, foundry and pattern-making companies choose 3D print patterns for  

Investment casting. For instance, Stereolithography is used to create patterns 

https://www.flickr.com/photos/33907867@N02/5693159897
https://creativecommons.org/licenses/by/2.0/
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employing a UV laser that cures thin layers of resin. The usefulness of 3D printing for 

investment casting are the following: 

• Reduce lead times from weeks to days 

• Eliminate high tooling costs 

• Give designers more freedom when creating highly complex patterns 

Many 3D printer manufacturers have developed 3D printable materials specifically for 

casting, including wax, castable resins, and a few thermoplastics, supported PLA 

(Polylactic Acid) and ABS (Acrylonitrile butadiene styrene). These materials are 

typically used with Stereolithography (resins) and FDM (plastics) technologies, 

creating highly accurate patterns with excellent burnout characteristics. 

2.2.5.3 3D printing for sand molds and cores 

Sand casting is another metal-forming technique being transformed by 3D printing. 

Typically, a sand-casting process involves creating an object from molten metal using 

sand as a mold. The mold cavities are created by hand-packing sand around a design 

pattern. The casting design often requires cores to be placed into the mold to make 

the inside contours of the casting, like holes and any shaped cavities. 

 
Using 3D printing, sand molds and cores are often made directly from CAD files, 

bypassing the pattern and core-making steps. Similar to 3D printing patterns for 

Investment casting, 3D printing for sand molds and cores is a tool-less, automated 

process. This implies that the tool and labor costs that enhance the cost of metal 

casting are eliminated. Binder Jetting technology of additive manufacturing is 

employed to form Sand molds and cores, by selectively depositing a binder agent to 

connect sand layer by layer. 

Other benefits of 3D printing for sand molds and cores include: 

• Shorter production times 
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• Greater design freedom to make geometrically complex castings 

• The ability to print complex, multi-piece cores as one body, eliminating the 

requirement to assemble separate components. 

 

Image Source: 3D Printed Sand Mold Base" by O. K. Foundry Company, Inc., 

https://www.flickr.com/photos/28922094@N03/49152915103 this file is licensed 

under CC BY 2.0. https://creativecommons.org/licenses/by/2.0/  

 

2.2.6 Cloud-based Additive Manufacturing 

Additive manufacturing (AM) together with cloud computing technologies allows 

decentralized and geographically independent distributed production (wang et al, 

2018.pp. 3975-3991). Cloud-based additive manufacturing refers to a service-

oriented network manufacturing model during which service consumers can build 

https://www.flickr.com/photos/28922094@N03/49152915103
https://creativecommons.org/licenses/by/2.0/
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parts through Infrastructure-as-a-Service (IaaS), Platform-as-a-Service (PaaS), 

Hardware-as-a-Service (HaaS), and Software-as-a-Service (SaaS).  

(www.en.wikipedia.org/wiki/Applications_of_3D_printing)  

Distributed manufacturing is administrated by some enterprises; there are services 

like 3D Hubs that put people needing 3D printing in touch with owners of printers. 

The workflow of cloud 3D printing services is shown below in the diagram. 

Some companies offer online 3D printing services to both commercial and personal 

customers, engaging from 3D designs uploaded to the corporate website. 3D-printed 

designs are either shipped to the customer or picked up from the service provider 

(Rudolph et al. 2017, pp.412-417). 

The workflow of cloud 3D printing services  

2.2.7 Mass Customization 

Mass Customization is the production process of personalized products/services that 

meet the necessity of buyers (Pine, B.J 1993, Mass Customization – The New Frontier 

in Business Competition,1st edition 1993, HBS, Harvard grad school Press). It aims for 

low cost of the products. It is possible because of the employment of computer-aided 

manufacturing (CAM) and the configuration of products directly online. The products 

obtained through mass customization are called “made to order” or “built to order.” 

Mass Customization requires 3 essential elements: 

http://www.en.wikipedia.org/wiki/Applications_of_3D_printing
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• Capturing customer's data efficiency by enabling the correct interface. 

• Transforming data to use for design. 

• Producing the minimum cost of the merchandise. 

Creating a product through mass customization which meets the necessities of buyers 

may be a potential challenge of a manufacturer. This suggests that the produced 

consumer products are the correct kind for one’s application. Once it makes sure, the 

customization is going to be profitable. One has to collect pieces of knowledge 

through the customers' choice, as an example, color, feature, dimensions, etc., During 

this process, an information collection platform is made which can be online, 

hardware, or maybe a source point where the purchasers enter their information. The 

foremost important fact during this process is the cost of the merchandise. One 

should be able to pay the additional cost due to the additional advantages. Mass 

customization has four distinct approaches namely collaborative, adaptive, cosmetic, 

and transparent. In collaborative customization, one has to conduct a dialogue with 

the purchasers to understand their needs and the way to meet their desires (Gilmore 

et al., 1997, Harvard Business Review). In adaptive customization, one offers a 

customizable standard. The designed product is often altered by the customer. In 

cosmetic customization, the merchandise is displayed differently to different 

customers. In transparent customization, the individual product is created for a 

unique customer. 3D printing is one among all the technologies which will help in 

customizing the merchandise without the implication of further cost enhancement. 

3D printing technology doesn't require any tooling that's required in traditional 

manufacturing processes. For creating a distinct product, one has to prepare a 

separate file as desired by the customer. For a small change within the customers’ 

needs, change within the input data may be made with no increase in the cost. The 

mass customization may well be achieved by receiving information and specific data 

from the customer at the very beginning of the manufacturing process. (Chen et 

al.,2009, pp.152-157)  
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2.2.8 Rapid Prototyping 

Rapid prototyping technology (RPT) is employed for development in most sectors like 

automobile, defense, biomaterials, and general engineering sectors. The technology 

is capable of manufacturing solid parts rapidly i.e., using less time. The RPT process 

consists of constructing a 3D computer-aided design (CAD) model of the model to be 

made. Using the RPT machine, the powder materials will feed through a heated nozzle 

on a substrate layer by layer mechanism (Onuh et al. 1999, pp.301-311). The 

fabrication process of the model is being completed overnight unlike 4-5 days using 

normal manufacturing technology. The creation of the object/part/model or assembly 

is completed by additive manufacturing. Rapid prototyping (RP) includes a spread of 

producing technologies, mostly utilizing layered additive manufacturing  

 

“Rapid prototyping is the fast fabrication of a physical part, model, or assembly 

using 3D computer-aided design (CAD). The creation of the part, model or assembly 

is usually completed using additive manufacturing, or more commonly known as 3D 

printing.” (www.twi-global.com/technical-knowledge/faqs/faq-manufacturing-what-

is-rapid-prototyping) 

The 3D printing techniques used for Rapid prototyping are listed below 

• Stereolithography (SLA) or Vat Photopolymerization 

• Selective laser sintering (SLS) 

• Fused Deposition Modeling (FDM) 

• Selective laser melting (SLM) 

• Laminated object manufacturing (LOM) or sheet lamination 

• Digital Light Processing (DLP) 

 

https://www.techopedia.com/definition/2063/computer-aided-design-cad
https://www.twi-global.com/technical-knowledge/faqs/what-is-additive-manufacturing
https://www.twi-global.com/technical-knowledge/faqs/what-is-3d-printing
https://www.twi-global.com/technical-knowledge/faqs/what-is-3d-printing
http://www.twi-global.com/technical-knowledge/faqs/faq-manufacturing-what-is-rapid-prototyping
http://www.twi-global.com/technical-knowledge/faqs/faq-manufacturing-what-is-rapid-prototyping
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2.2.9 Other Applications 

The research team on 3D printing within the University of Glasgow, UK, showed that 

it is possible to use 3D printing techniques to aid the production of chemical 

compounds. 

(www.gla.ac.uk/research/az/space/projects/3dprintingofchemicalnanofactoriesfors

paceandextra-terrestrialmanufacturing). The primary printed reaction vessels then 

use the printer to deposit reactants.  

Usually, the Fused Deposition Modeling (FDM) process is employed to print hollow 

reaction vessels or microreactors. If the 3D print is performed within a noble gas 

atmosphere, the reaction vessels will be crammed with highly reactive substances 

during the print. The 3D printed objects are air- and watertight for several weeks. By 

the print of reaction vessels within the geometry of common cuvettes or 

measurement tubes, routine analytical measurements like UV/VIS-, IR- and NMR-

spectroscopy will be performed directly within the 3D printed vessel to grasp the 

formation of compound. 

Linde Global Development Centre, near Munich, Germany, researched on identifying 

gas mixture for quality 3D printing. The research team is specialized in the effect of 

gas mixtures on the various metal powders employed in additive manufacturing 

(https://www.linde-gas.com/en/processes/additive_manufacturing/r-and-d-

additive-manufacturing/index.html).  

Additive Manufacturing from EOS gmbh Germany established a process for creating a 

Knuckle which massively reduces the weight. It is incredibly easy to maneuver from 

design to prototyping. Production of the Knuckle joint takes place directly from 3D 

data. (https://www.materialstoday.com/powder-applications/features/additive-

manufacturing-helps-racing-team-finish/). 

https://www.linde-gas.com/en/processes/additive_manufacturing/r-and-d-additive-manufacturing/index.html
https://www.linde-gas.com/en/processes/additive_manufacturing/r-and-d-additive-manufacturing/index.html
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Sciaky has teamed up with the Applied lab at Pennsylvania State University, USA to 

figure out Direct Digital Manufacturing (DDM) - (CIMP-3D) technology via funding 

from the Defense Advanced Research Projects Agency (DARPA) under open 

manufacturing initiatives. The first thrust areas of the research are: (i) Advancement 

and integration of the DDM technology (ii) Collaboration with industries within the 

development and transfer of technology (iii) Promotion of DDM technology through 

training, education and dissemination of data, (https://www.sciaky.com/additive-

manufacturing/additive-manufacturing-r-d). 

Massachusetts-based Rize introduced Rize One 3D printer, one of the foremost recent 

systems, reduces post-processing, and eliminates harmful chemicals and toxic 

emissions. Enhancing the printer’s capability, the company’s patented augmented 

polymer deposition technology (ADP) blends thermoplastic extrusion with ink-jetting. 

Poppy Humanoid is an open-source and 3D printed humanoid robot. Optimized for 

research and education purposes, its modularity allows for a wide range of 

applications and experimentations. 

 

https://www.sciaky.com/additive-manufacturing/additive-manufacturing-r-d
https://www.sciaky.com/additive-manufacturing/additive-manufacturing-r-d
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Image Source: Poppy the Robot" by Don Schaefer, 

https://www.thingiverse.com/thing:994690, this file is licensed under CC0 1.0. 

https://creativecommons.org/licenses/CC0/1.0/  

Besides, 3D printing has been employed in research labs as another method to 

manufacture components to be used in experiments, like magnetic shielding and 

vacuum components with demonstrated performance resembling traditionally 

produced parts. 

 

2.2.10 Environmental Applications 
 

3D printing is an environment friendly solution as it doesn't harm the environment.  

In Bahrain, large-scale 3D printing employing a sandstone-like material has been used 

to create unique coral-shaped structures, which encourage coral polyps to colonize 

and regenerate damaged reefs. These structures have way more form than other 

structures used to create artificial reefs, and unlike concrete, are neither acidic nor 

alkaline with neutral pH. 3D printing is found to be efficient in creating artificial coral 

reefs. The synthetic coral reefs are dropped into the ocean which later grows into a 

replacement natural coral structure and attracts the fishes and other species that 

make their homes within the reefs.  (https://3dprint.com/222891/largest-3d-printed-

coral-reef/). 

 

 

 

 

 

 

https://www.thingiverse.com/thing:994690
https://creativecommons.org/licenses/CC0/1.0/
https://3dprint.com/222891/largest-3d-printed-coral-reef/
https://3dprint.com/222891/largest-3d-printed-coral-reef/
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2.3 3D Printing Process 

From initial CAD design to the 3D printed part, the additive manufacturing follows 

three major steps.  

 

2.3.1 Modeling  

The 3D CAD model is developed using CAD software or with a 3D scanner. Once the 

3D CAD model is developed, one should be able to proceed with printing the object. 

Support structures, which  are the bottom of 3D printing or production parts are also 

part of the CAD model and are created during the Modeling stage, the designer’s role 
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is to minimize or eliminate the necessity for support structures. While designing the 

designer must consider the print orientation and angle threshold. 

It is prudent to use Generative Design Software such as Altair Inspire, after the CAD 

model is created. 

Why 3D Printing and Generative Design Work So Well Together 

Generative design, also known as “topology optimization”, essentially creates designs 

using parameters such as spatial requirements, materials, manufacturing methods, 

and cost constraints. The designs are generated organically and virtually, based on the 

load requirements, generative parameters, and specifications you put into your 

computer program upfront. This allows for innovative and dynamic solutions.             

 

There are huge advantages in using a generative 3D design process. It allows for a 

more organic solution, and 3D printing fits into that smoothly. Why? Because, 

generative design works beautifully with the additive process. It is much simpler to 

3D print an organic, layered design than trying to figure out how to machine it after 

using standard machines that are much less dynamic. 

 

3D printing and generative designs integrate seamlessly into a more innovative, 

creative, adaptable, and sustainable manufacturing process from start to finish. 

Utilizing both technologies result in massive benefits all around. The additive process 

saves resources and time, and the generative design process creates more flexible 

optimized solutions. 

Using both the additive and generative processes to complement each other is just 

plain smart. It is faster, cheaper, more innovative, better overall designs and end-

products, and a more sustainable production process. 

(https://www.design-point.com/resource/blog/generative-design-and-3d-printing-

for-manufacturing/) 

https://www.design-point.com/resource/webinar/lets-talk-topology/
https://www.design-point.com/resource/blog/generative-design-and-3d-printing-for-manufacturing/
https://www.design-point.com/resource/blog/generative-design-and-3d-printing-for-manufacturing/
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We will see how to use Generative design with Altair Inspire in chapter 4.1 for additive 

manufacturing. 

2.3.2 Printing  

The subsequent step is the printing of the 3D object employing a proper printer.  

Geometry errors and repair 

The model file produced in the modeling step mentioned previously must be 

examined for errors and then repaired, most CAD tools produce STL files with errors 

such as  

• Holes  

• Noise Shells 

• Intersections  

• Edge and normals issues 

Other preliminary considerations  

Choose ideal materials to attain the most effective properties the object must have 

for its function,  

Slicing  

The next phase is digitally slicing the 3D model into hundreds or thousands of 

horizontal layers, this is performed with “slicer software” prior to printing, no matter 

what 3d printing technique is used, this step would be necessary and important.  

Slicer software will also handle the "fill" of the model by creating a lattice structure 

inside a solid model for extra stability if required. The slicer software will also add in 

support columns, where needed. These are required because the part cannot be laid 

down in thin air, and the support columns help the printer to bridge the gaps. These 

columns are then later removed during the finishing process. 

After slicing, the data is sent to the printer for the final stage via USB, SD, or the 

internet. Some 3D printers have a built-in slicer and allow you to feed supported file 

formats like STL, OBJ, AMF, 3MF, etc. which they slice themselves. 

https://3dprinting.com/software/#SLICERS-3D-PRINTER-HOSTS
https://www.inov3d.net/3d-printing-slicer-software-download
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(https://3dprinting.com/what-is-3d-printing/) 

(https://interestingengineering.com/how-exactly-does-3d-printing-work) 

 

Along with the above information, G Codes or similar tool (LASER) positioning 

instructions, recoating instructions (powder recoating) etc. are included in the file, 

which the 3D Printer then follows and performs the actual 3D printing which could be 

lasers curing resins or extruding plastic through a hot nozzle etc. we will discuss these 

AM techniques in detail in chapter 3 

2.3.3 Finishing or Post Processing 

After the printing, the subsequent step is post-processing. Support structures have to 

be removed during post-processing (manually) In post-processing, the printed object 

is sanded to boost the surface finish.  

 

 

https://3dprinting.com/what-is-3d-printing/
https://interestingengineering.com/how-exactly-does-3d-printing-work
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Image Source: 3D-printed ball bearing" by Creative Tools, 

https://www.flickr.com/photos/33907867@N02/15044432444, this file is licensed 

under CC BY 2.0. https://creativecommons.org/licenses/by/2.0/  

 

The improved surface finished object is lacquered or painted to finish it as desired by 

the customer and also to boost its aesthetic look.  

Necessary post-processes: 

• De-powdering & cleaning 

• Support removal 

Optional post-processes: 

• Thermal treatments 

• Surface smoothing & Polishing 

• CNC machining 

• Water tightness and dyeing  

• Sanding with the help of sandpapers. 

• Vapor Smoothing 

• Priming and painting 

• Polishing 

• Electroplating 

 

Heat Treatment 

Heat treatment is found beneficial in improving the strength and modulus of 3D 

printed objects. 

Objects with larger geometries must be heat treated before the parts and supports 

are removed for Stress relieving and Age-hardening. 

There are several heat treatment methods as follows: 

• Electric furnace: In the air or protective atmosphere 

https://www.flickr.com/photos/33907867@N02/15044432444
https://creativecommons.org/licenses/by/2.0/
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• Vacuum furnace: Industrial grade 

• HiP process 

• High temperature depends on expected final properties 

Note: Trapped powder must be far from any internal cavity or the heat from the 

furnace will cause it to crack. 

Polylactic acid (PLA) filament is often utilized in 3D printers which can be brittle in 

some instances. Heat treatment of PLA material followed by extrusion and rapid 

cooling transform the structure from amorphous to crystalline or large crystals.  

2.4 Additive Manufacturing Materials 

Each 3D printing technique requires its own set of materials. Polymers are widely used 

and plastics (both thermoplastics and thermosets) are most commonly used, followed 

by metals. Some composites and ceramics can also be 3D printed. The below figure 

shows the use of various materials from 2014 to 2018. 
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Additive Manufacturing Materials 

 

2.4.1 Polymers 

The polymers used in different 3D printing techniques are as follows: 

Liquid polymer (epoxy) resin is used in SLA and DLP. In SLS, polymer in granular form 

is used such as Nylon, Thermoplastic Polyurethane (TPU), TPE, TPA, carbon fiber filled 

PEKK. In MJF, plastic powder such as Nylon is used. In FDM, polymer wire is used such 

as Acrylonitrile Butadiene Styrene (ABS), Polylactic Acid (PLA), Nylon Polyamide (PA), 

Polyethylene Terephthalate Glycol (PETG), TPU, Acrylonitrile Styrene Acrylate (ASA) , 

Polyetherimide (PEI) and proprietary plastics. In Polyjet, droplets of thermoset acrylic 

photopolymer resin are used. In chapter 3 each AM technique is discussed in some 

detail including the materials used in each technique. 
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2.4.2 Metals and Alloys 

Several metals and alloys are used in different 3D printing techniques as follows:  

Aluminum, Steel, Titanium, etc. in granular form are used in SLM and DMLS. In EBM, 

particles of metal powder such as Titanium and other alloys are used. In MJF, metal 

powder such as steel, copper or nickel are used. In Metal Extrusion, metal powder  

such as steel, copper, nickel alloys or aluminum alloys is used which is incorporated in 

a polymeric matrix. In NPJ, suspended particles of stainless steel or ceramics are used. 

Metal powders in granular form are used in Binder Jetting and LENS. Aluminum, 

Tungsten, Titanium, SS, Copper, etc. are used in EBW. Sheets of metals are used in 

LOM. Titanium or Aluminum is used in UAM.  

Methods of Powder Production  

The supply chain of mining ore and extracting metals is a well-established process 

used for a long time and supplies an unlimited range of pure metals and specific alloys 

to the global market. Once an ingot of the metal or alloy has been formed, a variety 

of additional processing steps could also be required to form the feedstock suitable 

for the chosen atomization process for creating powders. As an example, plasma 

atomization requires the feedstock material to be in wire form, thus additional rolling 

and drawing operation is to be administrated for powder production. The produced 

metal powder must be classified into a well-defined particle size distribution suitable 

for the desired process typically, 15–45 μm for SLM and 45–106 μm for 

electromagnetic radiation melting. 

 

2.4.3 Specialty Materials 

Consumer-grade 3D printing has resulted in new materials that are developed 

specifically for 3D printers. As an example, filament materials are developed to imitate 

wood in its appearance yet as its texture. Furthermore, new technologies, like infusing 

carbon fiber into printable plastics, with a stronger and lighter material. Additionally, 
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new structural materials are developed by 3D printing, new technologies have 

allowed for patterns to be applied on to 3D printed parts. Iron oxide-free cement 

powder has been accustomed to create architectural structures up to 9 feet tall. 

(Additive Manufacturing -3D Printing & Design: - The 4th age By Dr. Sabrie Soloman) 

 
 

2.5 3D Printing Defects 

Evaluation of 3D printing manufacturing defects is important for achieving good 

quality products. Powder bed fusion AM techniques have common defects like Gas 

pores, unfused powder, balling, cracking, warping, delamination, swelling etc. Also 

note that porosity and hot cracking are common in metal-based AM techniques. FDM 

defects include Bridging, vertical axis holes, vertical pins etc. Some of the important 

3D printing defects encountered during production are described next in some detail.  

2.5.1 Overhang 

Overhang issue is one of the most common 3D print quality problems. Overhangs 

occur when the printed layer of material is partially supported by the layer below.The 

inadequate support provided by the surface below the build layer may end up in poor 

layer adhesion or bulging. Another issue that happens when printing overhangs is 

curling: the newly printed layer becomes increasingly thinner at the sting of the 

overhang, leading to differential cooling causing it to deform upward. 

• An overhang can usually be printed with no loss of quality up to 45 degrees. 
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• Limitations on overhangs will be eliminated by the utilization of support for wall 

angles above 45 degrees. 

Overhang limitations 

 

Overhang manufacturing constraint can be used in Altair Inspire during Concept 

Design to eliminate overhang and create a more self-supporting structure, which 

helps minimize the need to add support structures when printing your part. 

2.5.2 Shrinkage and Warping 

Shrinkage occurs during the change in phase from liquid to solid, During the cooling 

process, the object starts contracting and this contraction causes stresses on lateral 

surfaces. Faster the cooling more severe is the contraction. Shrinkage/Warping is a 

possibility in the following 3D printing techniques: SLA, DLP, SLS, SLM, DMLS, FDM. 

The below image explains the warping phenomenon, since AM happens layer by 

layer, the bottom layer cools first and adheres to the bed, subsequent layers when 

they cool contract and pull the bottom layer (especially at the corners) upwards and 

inwards. (here is a video that explains this phenomenon - 

https://www.youtube.com/watch?v=HNAtHl6kB7Y ) 

 

https://www.youtube.com/watch?v=HNAtHl6kB7Y
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Warping 

 

2.5.3 Porosity 

Porosity due to trapped gas bubbles, improper fusion, or shrinkage during 

solidification may take place during the powder production, for eg. Gas atomization 

process of metal powder and during the printing process itself. The mechanical 

properties of the component are very much affected by porosity. 

 

2.5.4 Bridging 

Bridging occurs when the printer prints between two supports or anchor points. If 

there is no support provided for the initial layer being printed and it is necessary to 

bridge a gap, sagging of material occurs.  

Solutions for Bridging include verifying bridging settings, and adjusting settings for 

optimal performance, and to use supports for longer bridges. 

 

2.5.5 Simulation to Identify Defects 

One can run a 3D printing process simulation with Altair Inspire Print3D. You can view, 

animate, and plot the results in order to detect and prevent possible problems such 

as excessive deformation and stresses, recoating, cracks, and other critical defects 

prior to printing. 



` 

 
 
 

  36 
 

 

2.6 References 

(1) https://pick3dprinter.com/limitations-of-3d-printing/ 

(2) https://3dinsider.com/3d-printing-advantages/ 

(3) https://webthesis.biblio.polito.it/7065/1/tesi.pdf 

(4) IoT-enabled Cloud-based Additive Manufacturing Platform to Support Rapid      

Product Development, Yuanbin Wang, Yuan Lin, Ray Y. Zhong, Xun   

Xu, International Journal of Production Research · September 2018, DOI:  

10.1080/00207543.2018.1516905 

(5) https://en.wikipedia.org/wiki/Applications_of_3D_printing 

(6) A Cloud-based Platform for Automated Order Processing in Additive   

 Manufacturing, Jan-Peer RudolphClaus Emmelmann, Procedia CIRP    63   ( 2017 )    

 412 – 417, https://d-nb.info/1172812861/34  

(7) Pine, B. Joseph (1993). Mass Customization – The New Frontier in Business 

Competition. Harvard Business School Press. ISBN 978-0-87584-372-8. 

(8) Chen, Songlin; Wang, Yue; Tseng, Mitchell (2009). "Mass Customization as a 

Collaborative Engineering Effort". International Journal of Collaborative 

Engineering. 1 (2): 152–167. doi:10.1504/ijce.2009.027444. 

(9) https://hbr.org/1997/01/the-four-faces-of-mass-customization, January 1997. 

(10) Rapid Manufacturing: An Industrial Revolution for the Digital Age 

(11) Neil Hopkinson (Editor), Richard Hague (Editor), Philip Dickens (Editor) 

(12) ISBN: 978-0-470-01613-8 November 2005 304 Pages, 

https://www.wiley.com/en-

https://pick3dprinter.com/limitations-of-3d-printing/
https://3dinsider.com/3d-printing-advantages/
https://webthesis.biblio.polito.it/7065/1/tesi.pdf
https://en.wikipedia.org/wiki/Applications_of_3D_printing
https://d-nb.info/1172812861/34
https://archive.org/details/masscustomizatio00pine
https://archive.org/details/masscustomizatio00pine
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/978-0-87584-372-8
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1504%2Fijce.2009.027444
https://hbr.org/1997/01/the-four-faces-of-mass-customization
https://www.wiley.com/en-


` 

 
 
 

  37 
 

in/Rapid+Manufacturing%3A+An+Industrial+Revolution+for+the+Digital+Age-p-

9780470032862 

(13) https://wiki.p2pfoundation.net/Rapid_Manufacturing 

(14) Creese, Robert C. “AC 2007-44: RAPID MANUFACTURING VIA METAL CASTING.” 

(2007). 

(15) https://www.zare.it/en/stereolithography-sla 

(16) Rapid prototyping technology: Applications and benefits for rapid product 

development, SO  O N U H and Y. Y. Y U S U F, Journal of Intelligent Manufacturing 

January 1999, 10(3):301-311 

 (17)https://www.twi-global.com/technical-knowledge/faqs/faq-manufacturing-

what-is-rapid-prototyping 

(18) https://prototechasia.com/en/stereolithography/photopolymerisation 

(19) https://mcp-ce.org/wp-content/uploads/proceedings/2018/34_Reiff.pdf, ON 

INLINE PROCESS CONTROL FOR SELECTIVE LASER SINTERING Colin Reiff, Frederik 

Wulle, Oliver Riedel, Stefan Epple , Volkher Onuseit, September 19-21, 2018 

(20) https://doi.org/10.1155/2011/746270, Friction Induced Wear of Rapid 

Prototyping Generated Materials: A Review, Volume 2011 |Article 

ID 746270 | 7 pages.   

(21) Aluminum alloys for selective laser melting – towards improved performance, 

PaulRometsch, QingboJia, KunV.Yang, XinhuaWu, Additive Manufacturing for the 

Aerospace Industry, 2019, Pages 301-325 https://doi.org/10.1016/B978-0-12-

814062-8.00016-9 

(22) https://www.birmingham.ac.uk/Documents/college-eps/irc/amp-lab/SLM.pdf 

(23) Schematic diagram of DLP 3D printing technology. Adapted and reprinted from 

Mu, Q.; Wang, L.; Dunn, C. K.; Kuang, X.; Duan, F.; Zhang, Z.; Qi, H. J.; Wang, T. Digital 

Light Processing 3D Printing of Conductive Complex Structures. Addit. Manuf. 2017, 

18, 74-83. 

https://wiki.p2pfoundation.net/Rapid_Manufacturing
https://www.zare.it/en/stereolithography-sla
https://www.researchgate.net/journal/0956-5515_Journal_of_Intelligent_Manufacturing
https://www.twi-global.com/technical-knowledge/faqs/faq-manufacturing-what-is-rapid-prototyping
https://www.twi-global.com/technical-knowledge/faqs/faq-manufacturing-what-is-rapid-prototyping
https://prototechasia.com/en/stereolithography/photopolymerisation
https://mcp-ce.org/wp-content/uploads/proceedings/2018/34_Reiff.pdf
https://doi.org/10.1155/2011/746270
https://www.sciencedirect.com/science/article/pii/B9780128140628000169#!
https://www.sciencedirect.com/science/article/pii/B9780128140628000169#!
https://www.sciencedirect.com/science/article/pii/B9780128140628000169#!
https://www.sciencedirect.com/science/article/pii/B9780128140628000169#!
https://www.sciencedirect.com/science/book/9780128140628
https://www.sciencedirect.com/science/book/9780128140628
https://doi.org/10.1016/B978-0-12-814062-8.00016-9
https://doi.org/10.1016/B978-0-12-814062-8.00016-9
https://www.birmingham.ac.uk/Documents/college-eps/irc/amp-lab/SLM.pdf
https://www.researchgate.net/publication/330118219_NEW_3D_PRINTABLE_POLYMERIC_MATERIALS_FOR_FUSED_FILAMENT_FABRICATION_FFF/figures?lo=1
https://www.researchgate.net/publication/330118219_NEW_3D_PRINTABLE_POLYMERIC_MATERIALS_FOR_FUSED_FILAMENT_FABRICATION_FFF/figures?lo=1
https://www.researchgate.net/publication/330118219_NEW_3D_PRINTABLE_POLYMERIC_MATERIALS_FOR_FUSED_FILAMENT_FABRICATION_FFF/figures?lo=1
https://www.researchgate.net/publication/330118219_NEW_3D_PRINTABLE_POLYMERIC_MATERIALS_FOR_FUSED_FILAMENT_FABRICATION_FFF/figures?lo=1


` 

 
 
 

  38 
 

(24)https://www.gla.ac.uk/research/az/space/projects/3-   

dprintingofchemicalnanofactoriesforspaceandextra-terrestrialmanufacturing/  

(25) https://www.materialstoday.com/powder-applications/features/additive-

manufacturing-helps-racing-team-finish/ 

(26) https://www.linde-gas.com/en/processes/additive_manufacturing/r-and-d-

additive-manufacturing/index.html 

(27) https://www.sciaky.com/additive-manufacturing/additive-manufacturing-r-d 

(28) Recent advances in 3D printing of biomaterials Helena N Chia and Benjamin M 

Wu, Chia and Wu Journal of Biological Engineering (2015) 9:4 DOI 10.1186/s13036-

015-0001-4 

(29) Mills D., Tappa K., Jammalamadaka U., Weisman J., Woerner J. The Use of 3D 

Printing in the Fabrication of Nasal Stents. Inventions. 2018;3:1. doi: 

10.3390/inventions3010001.  

(30) Weisman J.A., Nicholson J.C., Tappa K., Jammalamadaka U., Wilson C.G., Mills 

D.K. Antibiotic and chemotherapeutic enhanced three-dimensional printer filaments 

and constructs for biomedical applications. Int. J. Nanomed. 2015;10:357–370.  

(31) Novel Biomaterials Used in Medical 3D Printing Techniques, Karthik Tappa,   

 and U Jammalamadaka J Funct Biomater. 2018 Mar; 9(1): 17. 2018 Feb 7     

 doi: 10.3390/jfb9010017 

(31) https://amfg.ai/industrial-applications-of-3d-printing-the-ultimate-guide/ 

(32) https://www.exone.com/en-US/industries/metal-injection-molding-3d-printing-

applications. 

(33) https://en.wikipedia.org/wiki/Koenigsegg_Agera 

(34)https://www.popsci.com/cars/article/2010-11/hybrid-car-created-completely-

3d-printing/ 

(35) https://thetechportal.com/2014/09/11/worlds-first-3d-printed-car-will-debut-

two-days-from-nowhistory-will-be-made-when-the-worlds-first-3d-printed-car-

drives-out-of-mccormick-place-in-chicago-ill-during-the-six-day-the-int/ 

https://www.gla.ac.uk/research/az/space/projects/3-%20%20%20dprintingofchemicalnanofactoriesforspaceandextra-terrestrialmanufacturing/
https://www.gla.ac.uk/research/az/space/projects/3-%20%20%20dprintingofchemicalnanofactoriesforspaceandextra-terrestrialmanufacturing/
https://www.materialstoday.com/powder-applications/features/additive-manufacturing-helps-racing-team-finish/
https://www.materialstoday.com/powder-applications/features/additive-manufacturing-helps-racing-team-finish/
https://www.linde-gas.com/en/processes/additive_manufacturing/r-and-d-additive-manufacturing/index.html
https://www.linde-gas.com/en/processes/additive_manufacturing/r-and-d-additive-manufacturing/index.html
https://www.sciaky.com/additive-manufacturing/additive-manufacturing-r-d
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tappa%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29414913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5872103/
https://dx.doi.org/10.3390%2Fjfb9010017
https://amfg.ai/industrial-applications-of-3d-printing-the-ultimate-guide/
https://www.exone.com/en-US/industries/metal-injection-molding-3d-printing-applications
https://www.exone.com/en-US/industries/metal-injection-molding-3d-printing-applications
https://en.wikipedia.org/wiki/Koenigsegg_Agera
https://www.popsci.com/cars/article/2010-11/hybrid-car-created-completely-3d-printing/
https://www.popsci.com/cars/article/2010-11/hybrid-car-created-completely-3d-printing/
https://thetechportal.com/2014/09/11/worlds-first-3d-printed-car-will-debut-two-days-from-nowhistory-will-be-made-when-the-worlds-first-3d-printed-car-drives-out-of-mccormick-place-in-chicago-ill-during-the-six-day-the-int/
https://thetechportal.com/2014/09/11/worlds-first-3d-printed-car-will-debut-two-days-from-nowhistory-will-be-made-when-the-worlds-first-3d-printed-car-drives-out-of-mccormick-place-in-chicago-ill-during-the-six-day-the-int/
https://thetechportal.com/2014/09/11/worlds-first-3d-printed-car-will-debut-two-days-from-nowhistory-will-be-made-when-the-worlds-first-3d-printed-car-drives-out-of-mccormick-place-in-chicago-ill-during-the-six-day-the-int/


` 

 
 
 

  39 
 

(36) https://www.autoblog.com/2015/11/06/the-lm3d-swim-from-local-motors-is-

the-first-3d-printed-car-you/ 

(37) https://3dprint.com/63169/airbus-a350-xwb-3d-print/ 

(38) Evolution of 3D printed soft actuators, Ali Zolfaghariana, Abbas Z. Kouzani a, Sui   

Yang Khooa, Amir Ali Amiri Moghadamb,c, Ian Gibsona, Akif Kaynaka, Sensors and 

Actuators A: Physical, Volume 250, 15 October 2016, Pages 258-272 

(39)  https://3dprint.com/222891/largest-3d-printed-coral-reef/ 

(40) Additive Manufacturing -3D Printing & Design: - The 4th Industrial Revolution  By         

Dr. Sabrie Soloman, https://www.slideshare.net/IvyLeeSensoRx/sensors-                                                  

handbook-second-edition2009sabrie-soloman-sensor-x-ceo 

(41) https://www.eos.info/additive_manufacturing/for_technology_interested 

(42) https://www.design-point.com/resource/blog/generative-design-and-3d-

printing-for-manufacturing/ 

(43) https://3dprinting.com/what-is-3d-printing/ 

(44) https://interestingengineering.com/how-exactly-does-3d-printing-work 

 

 

 

https://www.autoblog.com/2015/11/06/the-lm3d-swim-from-local-motors-is-the-first-3d-printed-car-you/
https://www.autoblog.com/2015/11/06/the-lm3d-swim-from-local-motors-is-the-first-3d-printed-car-you/
https://3dprint.com/63169/airbus-a350-xwb-3d-print/
https://www.sciencedirect.com/science/journal/09244247/250/supp/C
https://3dprint.com/222891/largest-3d-printed-coral-reef/
https://www.slideshare.net/IvyLeeSensoRx/sensors-%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20handbook-second-edition2009sabrie-soloman-sensor-x-ceo
https://www.slideshare.net/IvyLeeSensoRx/sensors-%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20handbook-second-edition2009sabrie-soloman-sensor-x-ceo
https://www.eos.info/additive_manufacturing/for_technology_interested
https://www.design-point.com/resource/blog/generative-design-and-3d-printing-for-manufacturing/
https://www.design-point.com/resource/blog/generative-design-and-3d-printing-for-manufacturing/
https://3dprinting.com/what-is-3d-printing/
https://interestingengineering.com/how-exactly-does-3d-printing-work


` 

 
 
 

  40 
 

3 Additive Manufacturing: How? 

Additive 
Manufacturing 
Technology 

Additive 
Manufacturing 
Process 

Typical 
Materials 

Advantages Disadvantages 

1. Stereolithography 
(SL) 

Vat 
Polymerization 

Liquid 
Photopolymers, 
Composites 

Complex 
geometrics, 
detailed parts, 
smooth finish 

Post curing required. 
Required support 
structure. 

2. Digital Light 
Processing(DLP) 

Vat 
Polymerization 

Liquid 
Photopolymers 

Allows concurrent 
production, 
Complex Shapes, 
and sizes, High 
precision 

Limited product 
thickness, limited 
range of materials 

3.Multi-jet 
Modeling(MJM) 

Material Jetting Photopolymers, 
wax 

Good Accuracy 
and surface finish 
may use multiple, 
materials, hands-
free  removal of 
support materials.  

The range of wax-
like materials is 
limited, relatively 
slow build process. 

4.Fused Deposition 
Modeling (FDM) 

Material 
Extrusion 

Thermoplastics Strong parts, 
complex 
geometry. 

Poorer surface finish 
and slower build 
times 

5.Electron Beam 
Melting 

Powder bed 
fusion 

Titanium 
powder, Cobalt 
Chrome. 

Less distortion of 
parts, less material 
wastage 

Needs finishing, 
difficult to clean the 
machine. Caution 
required when 
dealing with X-Rays. 

6.Selective Laser 
Sintering  

Powder bed 
fusion 

Paper, Plastic 
Metal, Glass, 
Ceramics, 
Composites 

Requires no 
support structures, 
High heat, and 
chemical 
resistance 

Accuracy limited to 
powder particle size, 
rough surface finish 

7.Selective Heat 
Sintering 

Powder bed 
fusion 

Thermoplastic 
powder 

Lower cost than 
SLS, Complex 
geometrics, no 
support structure 
required 

New technology 
with a limited track 
record 

8.Direct Metal Laser 
Sintering 

Powder bed 
fusion 

Stainless steel, 
cobalt, Ni alloy 

Dense 
components, 
Intricate 
geometrics 

Needs finishing, not 
suitable for large 
parts 
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The additive manufacturing techniques, materials use, advantages and disadvantages 

are summarized in the above table:  

3.1 Stereolithography (SLA) and Direct Light 

Processing (DLP) 

3.1.1 Stereolithography (SLA)  

This process is a well-known technique within the category of additive manufacturing. 

During this process, a photosensitive liquid gets converted into 3D solid plastic during 

a layer by layer technique employing a low powered laser. This process of producing 

relies on the principle of photopolymerization of resins. This suggests that the resin 

has the power to cure under the effect of heat and light. The stereolithography 

machine consists of a tank containing the liquid polymer resin.  

9.Powder Bed and 
Inkjet head Printing 

Binder Jetting Ceramic 
powders, metal 
laminates, 
acrylic, sand, 
composites 

Inexpensive, full-
color models, fast 
to build 

Limited accuracy, 
poor surface finish 

10.Plaster –based 3D 
printing 

Binder Jetting Bonded plaster 
and plaster 
composites 

Lower price, 
enables color 
printing, high 
speed, the excess 
powder can be 
reused 

Limited choice of 
materials, fragile 
parts 

11.Laminated Object 
Manufacturing 

Sheet 
Lamination 

Paper, plastic, 
metal laminates, 
composites, 
ceramics 

Relatively less 
expensive, no toxic 
materials, quick to 
make big parts 

Less accurate, non-
homogeneous parts 

12.Ultrasonic 
Consolidation 

Sheet 
Lamination 

Metals and 
Metal alloys 

Quick to make big 
parts,  

Less accuracy, need 
for post-processing, 
Inconsistent to other 
AM processes. 

13.Laser Metal 
Deposition  

Directed Energy 
Deposition 

Metals and 
Metal alloys 

Multi-material 
printing capability, 
ability to build 
large parts, 
Production 
flexibility 

The relatively higher 
cost of the system, 
support structures 
are required, need 
for post-processing 
to obtain a smooth 
finish 
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(https://prototechasia.com/en/stereolithography/photopolymerisation).  

Plastic models made by the most widely used rapid prototyping technology, 
Stereolithography 

Image Source: castle model 3d printer 'Z Corp' prototype fab abs plastic" by 
osde8info, https://www.flickr.com/photos/8764442@N07/554917550, this file is 
licensed under CC BY-SA 2.0, https://creativecommons.org/licenses/by-sa/2.0/  

A movable platform immersed within the liquid resin supports the prototype that is 

to be manufactured and it is positioned at a specific depth below the resin level. The 

equipment consists of a beam used for curing the photosensitive resin. The direction 

of the beam is controlled with the assistance of deflectors. 

                                           

The laser beam scans the surface and solidifies the resin on the transparent platform. 

After solidification, the platform is once more lowered by one step within the resin 

vat and covers the solidified platform. The laser solidifies the following layer using this 

way, the entire object is created using layer by layer mechanism. 

 

https://prototechasia.com/en/stereolithography/photopolymerisation
https://www.flickr.com/photos/8764442@N07/554917550
https://creativecommons.org/licenses/by-sa/2.0/
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We can also print objects using the "bottom-up" approach as shown in the figure 

below. Here, a vat is used with a transparent bottom, and UV or deep-blue 

polymerization laser is focused upward through the transparent bottom of the 

vat. This inverted stereolithography machine starts printing after the build platform is 

lowered to touch the bottom of the resin-filled vat, then the platform is moved 

upward to the height of one layer and this process is repeated.  

Schematic representation of Stereolithography: a light-emitting device (a laser) 
(a) selectively illuminates the transparent bottom (c) of a tank (b) filled with a liquid 
photo-polymerizing resin. The solidified resin (d) is progressively dragged up by a 
lifting platform (e)  
 
Image Source: A photo of Schematic representation of Stereolithography by Paolo 
Cignoni, https://commons.wikimedia.org/w/index.php?curid=57953646 this file is 
licensed under CC BY-SA 4.0.https://creativecommons.org/licenses/by-sa/4.0  
Here is a video on how SLA works: 

 

https://commons.wikimedia.org/w/index.php?curid=57953646
https://creativecommons.org/licenses/by-sa/4.0
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https://www.youtube.com/watch?v=yW4EbCWaJHE 
 
3.1.2 Digital Light Processing (DLP)  

DLP uses a conventional source of illumination, like an electric lamp, applied to the 

complete surface of the photopolymer resin. The liquid polymer is exposed to light 

from a DLP projector. The polymer hardens as a result. It is pulled up by one-layer 

height (e.g. 50 microns) and the liquid polymer is exposed all over again. This process 

is repeated until the 3D model is completed. 

 

DLP produces highly accurate parts with great resolution, and also the source of 

illumination is also used for post-curing purposes. DLP 3D printing is quicker and prints 

the object with a better resolution (Mu Q et al., 2017, pp. 74-83) 

https://www.youtube.com/watch?v=yW4EbCWaJHE
https://www.youtube.com/watch?v=yW4EbCWaJHE
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                         Schematic Diagram of Digital Light Processing (DLP)  

 

SLA vs DLP vs FDM 

It is clear now that the key difference between DLP and SLA is, DLP uses a projector 

and SLA uses a UV laser to cure the resin. In DLP, the whole layer can be created in 

one singular digital image projection, whereas in SLA, the UV laser needs to scan the 

selected area to trace it. This means that Digital Light Processing is faster than 

Stereolithography in most cases. 

 

DLP prints are better than what is capable from almost any FDM 3D printer. It is 

possible to print highly intricate geometries using this technology, which is why it has 

so many applications in 3D printed jewelry and prototyping. 
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For the same layer thickness, DLP prints are significantly better than any FDM print 

and better than most SLS prints. The surface areas of DLP printed parts are so smooth 

that we cannot say, the part was created in layers. 

(https://3dsourced.com/3d-printing-technologies/digital-light-processing-dlp/) 

https://www.youtube.com/watch?v=hQ21gbeYFYQ 

 

 

 

https://3dsourced.com/3d-printing-technologies/digital-light-processing-dlp/
https://www.youtube.com/watch?v=hQ21gbeYFYQ
https://www.youtube.com/watch?v=hQ21gbeYFYQ
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3.2 Powder Bed Fusion 

There are three additive manufacturing techniques based on powder bed fusion 

• Laser Powder Bed Fusion (L-PBF) 

• Electron Beam Melting (EBM) 

• Multi Jet Fusion (MJF) 

In Laser Powder Bed Fusion, there are three techniques as follows: 

• Selective Laser Sintering (SLS) 

• Selective Laser Melting (SLM) 

• Direct Metal Laser Sintering (DMLS) 

3.2.1 Selective Laser Sintering (SLS) 

The figure, as shown below, is a schematic diagram of the SLS process. SLS uses a high-

powered laser (for example Carbon dioxide laser) to fuse fine particles of polymer, 

ceramic, metal, glass, etc. into a three-dimensional object. During this process, the 

powdered materials are sintered to create a porous body whose porosity can be 

controlled. After each cross-section is scanned, the powder bed is lowered by one-

layer thickness, and a brand-new layer of powdered materials is applied on top and 

the process as described above is repeated till the job is completed. Each layer is 

sintered enough to bond it to the preceding layer (Reiff et al. 2018, pp. 19-21). 

Schematic diagram of Selective Laser sintering unit 
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Image Source: A photo of Selective Laser Sintering by FM1418, 
https://commons.wikimedia.org/w/index.php?curid=86462483 this is licensed 
under CC BY-SA 4.0. https://creativecommons.org/licenses/by-sa/4.03.2.2   
 
Here is a video on how SLS works: 

 

https://www.youtube.com/watch?v=9E5MfBAV_tA 
 

 
 
3.2.2 Selective Laser Melting (SLM):  

 
Selective laser melting (SLM) is one of the techniques of additive manufacturing 

during which a high-density laser source is employed to melt/fuse the metallic 

powders.  

This process is analogous to the Selective laser sintering (SLS) process. The process is 

performed under a protective atmosphere. This process is used for creating mostly 

https://commons.wikimedia.org/w/index.php?curid=86462483
https://creativecommons.org/licenses/by-sa/4.03.2.2
https://www.youtube.com/watch?v=9E5MfBAV_tA
https://www.youtube.com/watch?v=9E5MfBAV_tA
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metallic parts. In the SLS process, no melting takes place, only the powder particles 

are fused to form a solid part. In Selective Laser Melting (SLM) where metal powder 

is melted to form a part (Tan, 2018, pp.370-380). In the SLS process, the final 

component would have porosity, whereas, in the SLM process, no porosity is seen and 

is used for pure metal having a single melting point (Deckard, US Patent 4863538, 

1986). 

Efforts were made to fabricate ceramic materials without sintering using SLM 

technology (Rometsch et al., 2019, 301-325). It was reported that the Fraunhofer 

Institute for Laser Technology fabricated ceramic net-shaped objects of 100% density 

by complete melting.  

Schematic view of Selective Laser Melting unit 

Image Source: A photo of Selective laser melting by Chaolin Tan et al., 
https://commons.wikimedia.org/w/index.php?curid=76829658, this file is licensed 
under CC BY 4.0. https://creativecommons.org/licenses/by/4.0 
 
Here is a video on how SLM works: 

https://www.youtube.com/watch?v=Lyc2yOCk7As 

https://commons.wikimedia.org/w/index.php?curid=76829658
https://creativecommons.org/licenses/by/4.0
https://www.youtube.com/watch?v=Lyc2yOCk7As
https://www.youtube.com/watch?v=Lyc2yOCk7As
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3.2.3 Direct Metal Laser Sintering (DMLS) 

DMLS is an additive manufacturing method which creates parts additively by sintering 

fine metal powder particles, to fuse them together locally. Firstly, a roller will apply a 

layer of metal powder, then the laser will sinter the powder according to the 3D file 

and the build platform will be lowered before applying a new layer of powder. This 

process will be repeated until the desired part is created. After printing is done, the 

metal part needs to cool down before being extracted. If the metal part needed 

supports, these supports will then be removed manually. 

Image Source: A photo of AMadinger - Powder Bed Fusion by AlexMadinger, 
https://commons.wikimedia.org/w/index.php?curid=40362061, this file is licensed 
under CC BY-SA 4.0. To view a copy of this license, visit 
https://creativecommons.org/licenses/by-sa/4.0 
 

 

 

 

SLS vs DMLS 

https://commons.wikimedia.org/w/index.php?curid=40362061
https://creativecommons.org/licenses/by-sa/4.0
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Polymers are printed in SLS and Metals are printed in DMLS. A major difference is the 

sintering temperature. Polyamide needs to be sintered at a temperature of 160°C to 

200°C and metal melts at a temperature between 1510°C and 1600°C. Hence, a higher 

wattage laser is needed to reach that temperature. 

(https://www.sculpteo.com/en/materials/dmls-material/) 

SLM vs DMLS 

Selective Laser Melting (SLM) and Direct Metal Laser Sintering (DMLS) are two 

important metal additive manufacturing processes that belong to the powder bed 

fusion 3D printing. The 2 technologies have lots of similarities: both use a laser to scan 

and selectively fuse (or melt) the metal powder, bonding them together, and building 

an object layer-by-layer. Also, the materials utilized in both the processes are metals 

that are available in a granular form. 

The differences between SLM and DMLS come all the way down to the basics of the 

particle bonding process: SLM uses metal powders with one melting temperature and 

fully melts the particles using high power laser, while in DMLS the powder consists of 

materials with variable melting points that fuse on a molecular level at elevated 

temperatures (Sintered not melted). SLM produces parts from one metal, while DMLS 

produces parts from alloys. Both SLM and DMLS are accustomed to produce 

engineering products.  

Other additive manufacturing processes can be used to produce dense metal parts, 

such as Electron Beam Melting (EBM) and Ultrasonic Additive Manufacturing (UAM). 

Their availability and applications are limited. 

https://www.sculpteo.com/en/materials/dmls-material/
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Here is a video on how DMLS works:  

https://www.youtube.com/watch?v=yiUUZxp7bLQ 

 

3.2.4 Electron Beam Melting (EBM) 

Electron Beam Melting (EBM) comes under powder bed fusion family. Unlike Laser 

Powder Bed Fusion (LPBF), it uses, as the name suggests, an electron beam to fuse 

metal particles and create a desired part layer by layer. 

The main difference between EBM and LPBF technologies is therefore the heat source 

used. EBM uses an electron gun which extracts the electrons from a tungsten filament 

under vacuum and projects them in an accelerated way on the layer of metallic 

https://www.youtube.com/watch?v=yiUUZxp7bLQ
https://www.youtube.com/watch?v=yiUUZxp7bLQ
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powder deposited on the building plate of the 3D printer. These electrons will then 

be able to selectively fuse the powder and eventually produce the part.  

(https://www.3dnatives.com/en/electron-beam-melting100420174/#!) 

https://www.youtube.com/watch?v=CUeDevI6kyE 

 

 

3.2.5 Multi Jet Fusion (MJF) 

Multi Jet Fusion uses an inkjet array to selectively apply fusing and detailing agents 

across a bed of metal powder or nylon powder, which are then fused by heating 

https://www.3dnatives.com/en/electron-beam-melting100420174/#!
https://www.youtube.com/watch?v=CUeDevI6kyE
https://www.youtube.com/watch?v=CUeDevI6kyE
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elements into a solid layer. Once each layer is done, the powder is distributed on 

top of the bed and the process is repeated until the part is completely printed.   

When the printing is done, the complete powder bed with the encapsulated parts 

is taken to a processing station where most of the loose powder is removed by an 

integrated vacuum. Parts are then bead blasted to remove remaining residual 

powder before reaching the finishing department where they are dyed black to 

improve appearance. 

(https://www.protolabs.co.uk/services/3d-printing/multi-jet-fusion/) 

https://www.youtube.com/watch?v=VXntl3ff5tc 

 

https://www.protolabs.co.uk/services/3d-printing/multi-jet-fusion/
https://www.youtube.com/watch?v=VXntl3ff5tc
https://www.youtube.com/watch?v=VXntl3ff5tc
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3.3 Material Extrusion  

3.3.1 Fused Deposition Modeling (FDM) or Fused Filament 

Fabrication (FFF) 

Fused Deposition Modeling (FDM) is an additive manufacturing process within which 

a solid object is made by employing a  CAD model generated through layer by layer 

deposition of plastic filament material. The plastic filament material is extruded 

through a heated nozzle. The method was developed by Stratasys in 1989. 

 

 

Image Source: FDM printing diagram by Gringer, 
https://commons.wikimedia.org/w/index.php?curid=73614640, this file is licensed 
under CC0 1.0. To view a copy of this license, 
http://creativecommons.org/publicdomain/zero/1.0/deed.en         
                                      
The figure below shows a schematic view of the FDM unit. In this process, the 

thermoplastic filament is first loaded within the printer. The nozzle is then heated to 

the required temperature and therefore the filament is fed to the extrusion head 

where it melts. The extrusion head is attached to a 3-axis system that allows it to 

maneuver in X, Y, and Z direction. The melted thermoplastic material is extruded in 

an exceedingly thin strand and deposit layer by layer in prefixed locations. Thereafter, 

https://commons.wikimedia.org/w/index.php?curid=73614640
http://creativecommons.org/publicdomain/zero/1.0/deed.en
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it cools and solidifies. Sometimes forced cooling process is attached within the unit to 

cool down the deposited material rapidly. After the deposition of one layer, the 

platform moves down, or the extrusion head moves in an upward direction depending 

upon the unit. This way the entire process is completed (Tsouknidas, 2011, pp. 1-7 ).  

 

 

Schematic diagram of Fused Deposition Modeling (FDM) 

Image Source: A photo of Schema FDM by Imprimante3D EILCO, 
https://commons.wikimedia.org/w/index.php?curid=56362649, this file is licensed 
under CC BY-SA 4.0. https://creativecommons.org/licenses/by-sa/4.0  
 
Here is a video on how FDM works: 
 

https://www.youtube.com/watch?v=JMc45B6KmLs 

https://commons.wikimedia.org/w/index.php?curid=56362649
https://creativecommons.org/licenses/by-sa/4.0
https://www.youtube.com/watch?v=JMc45B6KmLs
https://www.youtube.com/watch?v=JMc45B6KmLs
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Important Defects in FDM  

Vertical axis holes - Some 3D printers print vertical axis holes undersized. As the 

nozzle prints the perimeter of a vertical axis hole, it compresses the newly printed 

layer down onto the present build layers to assist improved adhesion. The 

compressing force from the nozzle deforms the extruded round layer shape from a 

circle into a wider and flatter shape. This increases the realm of contact with the 

previously printed layer (improving adhesion) but also increases the width of the 

extruded segment. 

The result of this can be a decrease in the diameter of the outlet that is being printed. 

This may be a difficulty, particularly when printing small diameter holes where the 

effect is larger due to the ratio of hole diameter to nozzle diameter. 
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Vertical pins - Large pins (greater than 5mm diameter) are printed with a fringe and 

infill, affording a robust connection to the remainder of the print. Smaller diameter 

pins (less than 5mm diameter) are made of only perimeter prints with no infill. 

This creates a discontinuity between the remainder of the print and therefore the pin, 

leading to a weak connection that is at risk of breaking. In a worst-case scenario, small 

pins might not print the least bit as there is not enough print material for the newly 

printed layers to stick to. Problems with Small Vertical Pins (Diameter < 5mm) are 

Weak with no infill, Bad print quality, does not get printed at all.  

Solution: Print very slowly, use a nozzle with a smaller diameter, Use SLA/DLP Printer, 

Design a hole and insert a real pin 

 

3.3.2 Metal Extrusion                                      

Metal extrusion in additive manufacturing is a relatively new process. Similar to the 

widely popular plastic-based FDM process, the filament is heated and drawn through 

a nozzle and then deposited layer-by-layer. This filament cannot be metallic alone, it 

is a combination of thermoplastic material and metallic particles. The nozzle moves 

across the part for a given layer. The build platform is then lowered to make space for 

new layers. After the part is complete, it is placed in a Sintering furnace where the 

remaining plastic is burnt out and the metal particles are sintered together. The 

Extrusion-based additive manufacturing has been widely used for plastics and 

polymers, but only recently this is used to create metal parts. 

(https://www.3deo.co/featured/metal-3d-printing-processes-metal-extrusion-fff-

fdm/) 

 

 

 

 

https://www.3deo.co/featured/metal-3d-printing-processes-metal-extrusion-fff-fdm/
https://www.3deo.co/featured/metal-3d-printing-processes-metal-extrusion-fff-fdm/
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https://www.youtube.com/watch?v=W_jcYga95aY 

 

 

3.4 Material Jetting 

3.4.1 PolyJet and Drop-On-Demand (DOD) 

PolyJet is an additive manufacturing process that operates in a way similar to 2D 

printers. A printhead (similar to the printheads used for standard inkjet printing) 

travels over the build platform and dispenses droplets of a photosensitive material 

that solidifies under ultraviolet (UV) light which is attached to the printhead. After 

each layer is complete, the build platform moves downwards one-layer height and 

the process repeats until the whole part is printed. 

https://www.youtube.com/watch?v=W_jcYga95aY
https://www.youtube.com/watch?v=W_jcYga95aY
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A variation of the PolyJet process uses Drop-On-Demand (DOD) printheads to 

dispense viscous liquids and create wax-like parts.  

(https://www.3dhubs.com/knowledge-base/introduction-material-jetting-3d-

printing/#materials) 

Here is a video on how PolyJet works: 

https://www.youtube.com/watch?time_continue=128&v=Som3CddHfZE&feature=e

mb_logo 

 

https://www.3dhubs.com/knowledge-base/introduction-material-jetting-3d-printing/#materials
https://www.3dhubs.com/knowledge-base/introduction-material-jetting-3d-printing/#materials
https://www.youtube.com/watch?time_continue=128&v=Som3CddHfZE&feature=emb_logo
https://www.youtube.com/watch?time_continue=128&v=Som3CddHfZE&feature=emb_logo
https://www.youtube.com/watch?time_continue=128&v=Som3CddHfZE&feature=emb_logo
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3.4.2 NanoParticle Jetting (NPJ) 

NanoParticle Jetting (NPJ) is a proprietary inkjet-based additive manufacturing 

solution developed by XJet. Initially, Xjet developed this for metals and later 

showcased its ceramic capabilities. 

NPJ produces parts by jetting thousands of droplets of metallic/ceramic nanoparticles 

from inkjet nozzles in ultra-thin layers. These nanoparticles vary in size and shape and 

are randomly distributed on the build platform. Simultaneously, a soluble support 

material is deposited in the same fashion, which is later easily removed. Both the build 

material and the support material are suspended in a liquid that evaporates in the 

build chamber having an extremely high temperature (300ºC). The resulting 3D object 

has only a small amount of bonding agent in its body and supports. After printing, NPJ 

parts still retain a small amount of bonding agent and may have support structures. 

The support material is water-soluble and can be dissolved in a water bath. Finally, 

the part is sintered to remove the bonding agent leaving behind the final 

metallic/ceramic part. 

Unlike SLA and DLP technologies, NPJ doesn’t require a vat of powder or resin. 

Instead, two sealed cartridges are loaded into the machine by hand, one for the build 

material and one for the support material. 

(https://www.3dprintingmedia.network/additive-manufacturing/am-
technologies/what-is-nanoparticle-jetting/) 

(https://www.additivemanufacturing.media/blog/post/am-101-nanoparticle-jetting-
npj) 

https://www.3dprintingmedia.network/additive-manufacturing/am-technologies/what-is-nanoparticle-jetting/
https://www.3dprintingmedia.network/additive-manufacturing/am-technologies/what-is-nanoparticle-jetting/
https://www.additivemanufacturing.media/blog/post/am-101-nanoparticle-jetting-npj
https://www.additivemanufacturing.media/blog/post/am-101-nanoparticle-jetting-npj
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Here is a video on how NPJ works: 

https://www.youtube.com/watch?v=iHMGDmYRq9E 

 

3.5 Binder Jetting  

In Binder Jetting, a binder is selectively deposited on the powder bed, bonding these 

areas together to form a solid part one layer at a time. The materials commonly used 

in Binder Jetting are metals, sand, and ceramics in a granular form. 

(https://www.3dhubs.com/knowledge-base/introduction-binder-jetting-3d-

printing/) 

Binder Jetting involves following steps: 

https://www.youtube.com/watch?v=iHMGDmYRq9E
https://www.youtube.com/watch?v=iHMGDmYRq9E
https://www.3dhubs.com/knowledge-base/introduction-binder-jetting-3d-printing/
https://www.3dhubs.com/knowledge-base/introduction-binder-jetting-3d-printing/
https://www.youtube.com/watch?v=iHMGDmYRq9E
https://www.youtube.com/watch?v=iHMGDmYRq9E
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• Powder is deposited on a powder Bed. 

• Inkjet applies Binder on the powder bed. 

• Each layer is printed. 

• Build platform is lowered and powder is recoated. 

• The process repeats. 

• Printing is then complete.  

(https://www.exone.com/en-US/case-studies/what-is-binder-jetting) 

Binder Jetting 3D printing 

 
Image Source: A photo of Binder jetting by FM1418, 
https://commons.wikimedia.org/w/index.php?curid=86137573, this file is licensed 
under CC BY-SA 4.0. https://creativecommons.org/licenses/by-sa/4.0  

https://www.exone.com/en-US/case-studies/what-is-binder-jetting
https://commons.wikimedia.org/w/index.php?curid=86137573
https://creativecommons.org/licenses/by-sa/4.0
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Sandstone with binder jetting 

Image Source: A photo of AMadinger - Binder Jetting by AlexMadinger, 
https://commons.wikimedia.org/w/index.php?curid=40362060 this file is licensed 
under CC BY-SA 4.0. https://creativecommons.org/licenses/by-sa/4.0  
 

Here is a video on how Binder Jetting works: 

https://www.youtube.com/watch?v=deA-7b3guT4 

 

https://commons.wikimedia.org/w/index.php?curid=40362060
https://creativecommons.org/licenses/by-sa/4.0
https://www.youtube.com/watch?v=deA-7b3guT4
https://www.youtube.com/watch?v=deA-7b3guT4
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3.6 Direct Energy deposition 

3.6.1 Laser engineered net shape (LENS) 

LENS™ is a laser-based AM technology that does not use a powder bed. In this 

technique, a chamber houses the build stage with its x-y axis of translation while the 

laser head moves along the z-direction. The powder is delivered at the focal point of 

the laser into the controlled atmospheric chamber of inert gas. The powder and laser 

create a melt pool on the surface of the substrate metal, which is then used for 

printing. Since LENS™ is not a powder-bed technique, parts printed from this 

technique are not restricted to a powder-bed size and can be up to several feet in 

length. (Avila.et al, 2018, Pages 325-343) 
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Here is a video on how LENS works: 

https://www.youtube.com/watch?v=3KrfIBEOuvw 

 

3.6.2 Electron Beam Welding (EBW)  

 

 

 

 

 

 
 
 

https://www.youtube.com/watch?v=3KrfIBEOuvw
https://www.youtube.com/watch?v=3KrfIBEOuvw
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3.7 Sheet lamination  

3.7.1 Laminated Object Manufacturing (LOM) 

Laminated Object Manufacturing (LOM) is a 3D printing technique in which layers of 

material (metal, plastic or paper) are bonded together using heat and pressure and 

cut in the right geometry according to the 3D model. This is mainly used for rapid 

prototyping processes and not for production. 

 

The build materials are often coated with an adhesive. To form an object, a heated 

roller is passed over the sheet of material on the build platform, melting its adhesive 

and pressing it onto the platform. A computer-controlled laser or blade then cuts the 

material into the desired pattern. The laser also slices up any excess material in a 

crosshatch pattern, making it easier to remove once the object is fully printed. 

After one layer of the object is formed, the build platform is lowered by about one-

sixteenth of an inch which is the typical thickness of one layer. New material is then 

pulled across the platform and the heated roller again passes over the material, 

binding the new layer to the one beneath it. This process is repeated until the entire 

object has been formed. 

(https://www.sculpteo.com/en/glossary/lom-definition/) 

(https://www.livescience.com/40310-laminated-object-manufacturing.html) 

https://www.sculpteo.com/en/glossary/lom-definition/
https://www.livescience.com/40310-laminated-object-manufacturing.html
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Here is a video on how LOM works:  

https://www.youtube.com/watch?v=N3qiHN2B5v4 

 

3.7.2 Ultrasonic Additive Manufacturing (UAM) 

It is an additive manufacturing technique that grew out of ultrasonic welding which 

provides an efficient way to produce complex work, including parts with embedded 

components and even parts made from dissimilar metals.  

In UAM, material is not melted, but instead joined through ultrasonic welding. This 

welding uses high-frequency vibration to join surfaces while the metal remains 

https://www.youtube.com/watch?v=N3qiHN2B5v4
https://www.youtube.com/watch?v=N3qiHN2B5v4
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solid. By welding layer upon layer, the process builds solid parts. While under high-

frequency ultrasonic vibration and constant pressure, the ultrasonic motion breaks 

up oxides through friction, enabling the direct contact of metal on metal. This 

process is repeated until a solid part has been built. Then CNC contour milling can 

be used to obtain required tolerances and optimal surface finish for the parts. 

(https://www.additivemanufacturing.media/blog/post/am-101-ultrasonic-additive-

manufacturing) 

Ultrasonic Additive Manufacturing 

Image source: A photo of Ultrasonic Additive Manufacturing Process by Ahehr, 

https://commons.wikimedia.org/w/index.php?curid=48995446 this file is licensed 

under CC BY-SA 4.0. https://creativecommons.org/licenses/by-sa/4.0  

https://www.additivemanufacturing.media/blog/post/am-101-ultrasonic-additive-manufacturing
https://www.additivemanufacturing.media/blog/post/am-101-ultrasonic-additive-manufacturing
https://commons.wikimedia.org/w/index.php?curid=48995446
https://creativecommons.org/licenses/by-sa/4.0
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Here is a video on how UAM works:  

(https://www.youtube.com/watch?v=5s0J-7W4i6s) 

 

3.8 Metal 3D Printing Techniques and its Design 

Factors 

So far, we have discussed several metal 3D printing techniques like: 

• Selective Laser Melting (SLM) 

• Direct Metal Laser Sintering (DMLS) 

• Electron Beam Melting (EBM) 

https://www.youtube.com/watch?v=5s0J-7W4i6s
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• Metal Extrusion (ME) 

• NanoParticle Jetting (NPJ) 

• Electron Beam Welding (EBW) 

• Laminated Object Manufacturing (LOM) 

• Ultrasonic Additive Manufacturing (UAM) 

 

Since 2017, there is remarkable growth, around 80%, in the Metal 3D printing. Metal 

3D printing offers ample scope of design, allowing designers and engineers to make 

lightweight structures, that will rather be impossible with traditional manufacturing 

methods. However, the total potential of metal 3D printing remains competitive, it is 

crucial to know the way to get all the capabilities offered by the technology. Because 

the traditional design rules cannot be applied, a replacement approach such as metal 

3D printing is important. 

Points to be considered for designing a metal part:  

3.8.1 Wall Thickness 

An important point to be considered while designing is the wall thickness for metal 

3D printing. It is advised to have walls with a minimum thickness of 0.4mm. It is 

essential to have the wall thickness of the printed object not too thin or thick. A thin 

wall can be a fragile one and a thick wall would lead to internal stresses and ultimately 

cracking the item. One can carry experiments with lattice or honeycomb structures 

with thick walls, as this might reduce build time and also save a significant amount of 

material. 

 

3.8.2 Support Structures 

Support structures are a vital component in metal 3D printing. They are usually 

needed for areas like overhangs, holes, and angles. However, it is always preferred to 

have as minimum support as possible. Supports are generally attached to the bottom 
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plate and dissipate heat through that. And, reduces the excess accumulation of 

residual stress. 

 
It is also to be noted that, the angular support structure for horizontal holes is 

preferred. By using this, one can minimize the contact area with the support resulting 

in less post-processing. In some instances, light tubular support is preferred which 

takes less time to get rid of. 

 

3.8.3 Overhangs and Self-Supporting Angles 

In 3D printing, the overhang is a crucial design parameter. For larger overhangs (more 

than 1mm), it requires support structures to stop them from collapsing during the 

operation. The maximum length of an unsupported horizontal overhang is 0.5mm and 

it is important to keep overhangs within this length. Fillets and chamfers are designed 

for an object to eliminate these overhangs. Additional to length, the angle is vital to 

contemplate. An angle below 45 degrees requires support structures. 

 

3.8.4 Part Orientation 

Experimenting with part orientation is the best way to minimize the number of 

support structures needed. as an example, if you wish to form a metal spare hollow 

tubular features, horizontal orientation will take up extra space, while vertical or 

angled orientation will save space and reduce the number of supports needed. 

Another consideration to look at when selecting part orientation is that downward 

and upward facing surfaces will have a distinct surface roughness (so-called down-

skins tend to possess inferior surface finish). If you wish to supply detailed features 

with the most effective accuracy, then orientate these on the upward-facing surface 

of the part. 
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3.8.5 Channels and Holes 

Metal additive manufacturing is notable for its ability to supply parts with channels 

and holes which cannot be achieved through traditional manufacturing means. When 

factoring such features into your design, consider that the minimum diameter for 

many powder-bed processes is 0.4mm. Holes and tubes larger than 10 mm in 

diameter would force support structures. 

 
Additionally, perfectly round horizontal holes are still a challenge to 3D print. Consider 

redesigning such shapes into a self-supporting teardrop or diamond shape.  

 

3.8.6 Topology Optimization & Generative Design 

The ability to provide complex geometries using additive manufacturing makes it ideal 

for topology optimization and generative design. Topology optimization aims to 

optimize the geometry and material distribution of part using mathematical 

calculations. Generative design, on the opposite hand, is inspired by the look patterns 

of nature and allows engineers to explore all the possible elements. By using these 

tools, designers and engineers can enhance the total range of design freedom 

afforded by 3D printing to form functionally optimized, strong and light-weight metal 

part 

 (https://amfg.ai/2018/05/24/6-design-considerations-for-metal-3d-printing/) 
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4 Altair Solutions for Additive 
Manufacturing  

 

Just a few years ago, additive manufacturing (AM) was purely associated with rapid 

prototyping, research projects, and advanced engineering teams. Now many 

organizations are looking to AM as a production solution. To some this means 

manufacturing parts through an additive method, to others additive is essential for 

the creation of timely tooling. Altair provides software that goes beyond the creation 

of unique prototypes and provides a robust simulation toolchain to support 

production designs. 

Topology Optimization 

The distinctive organic looking parts that many consider a trademark additive 

manufacturing (AM) aesthetic, are created through a process called topology 

optimization. Altair OptiStruct™ is the original topology optimization structural design 

tool. While some are still discovering how this technology can help designers and 

engineers rapidly develop innovative, lightweight, and structurally efficient designs, 

for over two decades OptiStruct® has driven the design of products you see and use 

every day. 

Simulation-driven Design 

Advanced engineering simulation has traditionally been employed as virtual testing 

of a mature design. A task performed late during product development, just before 

building a physical prototype. Organizations mature in their digital transformation use 

Altair simulation technology early in the design process as part of concept design. To 

enable this shift, a new category of software has been created developed to 

accelerate design decisions. 

Manufacturing Simulation 

https://www.altair.com/topology-optimization
https://www.altair.com/topology-optimization
https://www.altair.com/optistruct
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For Additive Manufacturing: Altair Inspire Print3D can cut product development and 

AM costs by reducing material usage, print times, and post processing. It provides a 

fast and accurate toolset for the design and process simulation of selective laser 

melting (SLM) parts. Engineers can quickly understand changes to process or design 

that effect manufacturing efficiency, then export part and support structure geometry 

to major printer preparation software for printing. It also simplifies the identification 

and correction of potential deformation, delamination, and excessive heating issues 

before building a part. 

For Traditional Manufacturing with AM Tooling: It may not make sense for parts to 

be designed for additive manufacturing, but it might work for its tooling. Additive 

methods are being aggressively applied to the manufacture of cores, forms, and 

molds, in addition to production jigs and fixtures. The reduced fabrication time means 

that tooling lead times are shorter, and the storage of physical tools isn’t required. 

Altair has tools to simulate many manufacturing methods. 

Elegant Solutions 

Applied Across Industries: OptiStruct uses topology optimization to develop 

optimized structures by considering design parameters like expected loads, available 

design space, material, and cost. Embedded early in the design process, it enables the 

creation of designs with minimal mass and maximal stiffness. Topology optimization 

allows you to find the best material distribution for your traditional or advanced 

manufacturing process and compare designs. 

Applied Early in the Process: Altair Inspire™ brings OptiStruct into a new user 

experience encouraging more early application of topology optimization. Both tools 

consider multiple manufacturing constraints, including symmetry patterns, draw 

direction, cavity avoidance, overhang angles, and extrusion. Topology optimization 

allows for fast design exploration, improved development productivity, and identifies 

opportunities for part consolidation. 

https://www.altair.com/inspire-print3d
https://www.altair.com/manufacturing-applications
https://www.altair.com/optistruct
https://www.altair.com/inspire
https://www.altair.com/optistruct
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Higher Performance 

Lattice Structures: A unique capability of 3D printing lies in its ability to manufacture 

hollow shapes with complex external geometry using tiny cells known as lattice 

structures. OptiStruct now extends topology optimization to support the combination 

of solid and lattice structures. Lattice performance can be studied under tension, 

compression, shear, flexion, torsion, and fatigue life. 

Thermal Efficiency: Hydraulic valve blocks, turbine blades, heat exchangers, and 

injection molding tooling with conformal cooling channels are improved by Altair 

AcuSolve™ and Altair HyperStudy™. The parametrization is directly done on the 

simulation model with the morphing capabilities of Altair HyperMesh™. With this 

approach, the simulation lead time is cut down to a minimum, variants can be 

assessed quickly, and innovation is driven by automated optimization processes. 

DEM for Powder related studies: The powder spreading process in additive 

manufacturing (AM) has a major impact on the characteristics and quality of the final 

product. EDEM can be used to simulate that process and investigate the impact of 

different operational parameters such as roller speed on the quality of the powder 

bed as well as evaluating powder spreading uniformity. EDEM can be applied to 

various aspects of the AM process including powder delivery, spreading, and cleaning 

operations. 

 

https://www.altair.com/optistruct
https://www.altair.com/acusolve
https://www.altair.com/acusolve
https://www.altair.com/hyperstudy
https://www.altair.com/hypermesh
https://www.altair.com/additive-manufacturing
https://www.altair.com/additive-manufacturing
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Here is a video on EDEM Simulation of the Powder Raking Process in Additive 
Manufacturing 

https://youtu.be/UxAIfiEMsFI 

 

Here is a video on EDEM Simulation of Powder Spreading in Additive 
Manufacturing 

 

 

 

 

 

 

 

https://youtu.be/x7jxg26vY20?list=UUnqU3lcT2UXjzd82UVkG6nA 

The Discrete Element Method (DEM) has proven itself as an excellent numerical tool 

for studying powder flow dynamics, and powder spreading in AM is no exception. 

DEM tracks the motion of each particle throughout the spatial and temporal 

computational domain, by solving its Newton’s equations of motion. In order to 

calculate the interactions between the particles and between the particles and 

geometry, DEM resolves every particle–particle and particle–wall contact event. Thus, 

a typical DEM simulation generates data describing the dependent variables of 

individual particles; namely spatial positions, linear and angular velocities, and applied 

https://youtu.be/x7jxg26vY20?list=UUnqU3lcT2UXjzd82UVkG6nA
https://youtu.be/UxAIfiEMsFI
https://youtu.be/x7jxg26vY20?list=UUnqU3lcT2UXjzd82UVkG6nA
https://youtu.be/UxAIfiEMsFI
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forces and torques; as functions of time. This allows access to quantitative results 

which might be difficult, expensive and time consuming to obtain from experiments. 

(Fouda et.al 2019, pp. 1-18)  

4.1 Generative Design with Inspire  

We now will put our attention to the “Simulation Driven Design Process”. As you 

might already know, it all starts with a conceptual design - coming either from a 

topology or topography optimization. Readers familiar with Inspire can skip this 

chapter and proceed to the chapter on Inspire Print3D. For beginners looking for a 

more detailed introduction to Inspire can read – FREE eBook: Simulation-Driven 

Design with Altair Inspire 

4.1.1 Optimization Definitions 

Design Space A design space is an initial geometry that forms the boundary of the 

optimized shape. It is typically a simplified representation of the existing part, with 

holes and pockets removed. Increasing the material available in the design space will 

yield a more optimized result. 

Objective (what do you expect to get at the end):  

• Maximize stiffness - For topology optimization, the resulting shape will resist 

deflection, but may be heavier, therefore (i.e. result in a shape that is the stiffest 

possible for a given mass).  If you select maximize stiffness as your optimization 

objective, you will need to specify one or more of the following options in the Run 

Optimization window:  

1. Mass targets   

2. Frequency constraints and /or   

3. Displacement constraints 

https://doi.org/10.1007/s10035-019-0971-x
https://altairuniversity.com/inspire-ebook/
https://altairuniversity.com/inspire-ebook/
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• Maximize frequency - For topography optimization, the resulting shape will create 

beads to increase frequency. When maximizing stiffness, you may choose to either 

maximize frequencies or set a specific minimum frequency. If you choose to 

maximize frequencies, inspire will automatically maximize both the stiffness and 

frequency of the model, and the lowest natural frequency will be displayed in the 

Shape Explorer window. If the resulting frequency is not high enough to meet your 

constraint, you may need to assign a stiffer material or modify your mass target for 

the optimized shape (if running topology optimization).  

When maximizing frequency as the optimization objective, you cannot set a 

minimum frequency, but you can choose whether to include supports from a 

specific load case. 

• Minimize mass - For topology optimization, the resulting shape will be lighter but 

may deflect more. By minimizing mass, you typically use stress or displacement 

constraints. Note: quite obviously, given design space and the set of loads, supports, 

and shape controls applied to your model, you will see different results depending on 

which optimization objective you select.   

Constraints: 

• Mass Targets - Mass targets are used to specify the amount of material to keep 

when running topology optimization and maximizing stiffness. 

• Bead Options - Bead options are used to help control the manufacturability of the 

design space when running topography optimization.  

• Stress Constraints - A stress constraint can be applied to limit the maximum stress 

in the model and is used when your optimization objective is to minimize mass.  

• Frequency Constraints - If you want to control the frequency at which an optimized 

part vibrates, you can set frequency constraints before maximizing stiffness or 

minimizing mass.   
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• Thickness Constraints - When running a topology optimization, you can control wall 

thicknesses and the diameters of beam-like members using thickness constraints.  

• Displacement Constraints - Displacement constraints can be applied to a model to 

limit deflections in desired locations and directions. 

4.1.2 Topology Optimization 

The Topology optimization process carves material away from design spaces, creating 

the lightest structure capable of withstanding the forces you apply to your model. This 

approach is ideal for maximizing the stiffness of components while trying to achieve 

the desired mass target. It can also be used to minimize the mass of a model, 

depending on your optimization objective.  

Following points are to be considered to perform a Topology Optimization in Altair 

Inspire: 

• Design and non-design Spaces 

Start with a design that is characterized by the maximum allowable dimensions of the 

final product (package space). At this point, don’t think where to put holes (to reduce 

its weight) or stiffening ribs. Of course, you can specify areas that need to stay the 

same, i.e. they will look the same after the concept optimization run. These areas are 

consequently called the “non-design” area (marked in gray color) whereas the rest 

may be modified (by the optimizing software) These portions of the structure are 

called “design area” (herein brown color). 
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• Define Loads and Constraints 

Apply loads (i.e. forces, temperatures, etc. acting on it) as well as material properties. 

In general, it is best not to apply loads and displacements directly to design spaces, as 

this often leads to incorrect results. Instead, you should split the part into design and 

non-design spaces and apply loads and displacements to the non-design spaces. 

 

Loads (forces) and Constraints applied  

(here the constraints allow rotation around the respective axis, but prohibit 
translation) 
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• Define Manufacturing Constraints (Shape Controls)  

Without including manufacturing constraints, the optimized design may look great 

showing significant weight savings. However, the structure (new design) may not be 

manufacturable due to, for instance, undercuts. Concerning the brake pedal shown in 

this chapter, the plan is to extrude the optimized design. This requires that the profile 

of the optimized design maintains a constant cross-section along the draw direction.  

Hence, traditional manufacturing processes (e.g. casting, stamping) require the 

definition of manufacturing constraints in the optimization set-up. The situation is 

different if the part will be manufactured using 3D printing. Topology optimization in 

combination with 3D printing brings the power of two disciplines together - an almost 

perfect symbiosis of technology. However, we know nothing is perfect - Thermal 

effects (deformation) while printing metal structures may become an issue. Use the 

Shape Controls to apply optional constraints to your models such as draw directions 

or symmetry. These tools can be accessed from the Structure ribbon. 

 

Note: Shape controls are applied to design space and are not included in load cases. 

Once applied to design space, they remain in effect regardless of which load cases are 

used during an optimization run.  

There are two basic types of shape controls available, and only one of each type can 

be applied to a design space (Inspire prevents you from applying multiple constraints 

that would create conflicting design goals). 
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Draw directions are used to ensure that a design space can be physically 

manufactured using a specific process such as casting, stamping, or extrusion. These 

include Single Draw, Split Draw, Stamping, and Extrusion tools.   

 

Note the highlighted area in the Shape Controls icon (draw directions are activated) 

and the upward-pointing arrows. Only one draw direction can be applied to a design 

space. Draw directions are valid for optimization but not analysis. 

 

Single draw: The defined (or specified) draw direction is oriented normal to the blue 

plane. Note the single arrow symbol. You can activate any other plane by just 

clicking on it.   In the next image, the split draw option is shown. Note that the arrow 

symbol has changed - an arrow with two ends is shown. 
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Next, extrusion constraints are applied. Again, note that the symbol shown at the 

edges of the blue plane has changed again. The extrusion direction is normal to the 

blue plane. 
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Stamping can be applied from the part context menu. 

 

Again, note that the symbol depicted on the blue plane has changed. This type of 

constraint should be used when the manufacturing process calls for stamping rather 

than casting. When you run an optimization on a design space with a stamping 

constraint applied, the solver returns a result with uniform thickness while avoiding 

negative draft angles and internal voids. Symmetry and cyclic repetition are used to 

create optimized shapes with repeating patterns and/or nearly symmetric results. 

These include the Symmetric, Cyclic, and Cyclic Symmetric tools. 

 

Shape Controls - Apply symmetric controls activated 
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Symmetric: Use the symmetry constraint to generate symmetric shapes, even under 

asymmetric conditions, by defining symmetry planes in the design space.  

Cyclic: Use the cyclic constraint to generate cyclically repeating shapes like starfish, 

propellers, or spoked wheels even if you use a design space or loads that are not cyclic 

themselves.  

Cyclic Symmetric: Use the cyclic symmetric constraint to generate cyclically repeating 

shapes with symmetric sectors. 

• Define the objective of the optimization run  

For instance, the objective may be to minimize the mass of the given initial (base) 

geometry (remove material wherever “possible”) or maximize the stiffness of the 

structure but use only a certain percentage of the initial volume/mass. Example: use 

only 30 % of the original volume/mass and “shape” it so that the structure will be as 

stiff as possible.    
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Maximize stiffness with mass target                Minimize mass with stress (factor of  

             safety) targets 

The simulation results (output of the optimization run) provides the concept shape 

of the product. 

 

The concept shape (geometry) may need to be smoothed. The proper interpretation 

(smoothing) of the concept design has a tremendous impact on the result (e.g. 
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weight). If you are too generous in your interpretation, you may add unused material 

to the design - and vice versa. At the end of the process, the design needs (or should 

be) reevaluated to make sure that the product sustains the loads (forces, 

temperatures, etc.).   

Case study 1: Topology Optimization with Inspire for Electron Beam - Powder 

Bed Fusion (EB-PBF)  

(Altair Inspire for Advanced Additive Manufacturing – Handbook by INEX ADAM) 

EB-PBF is a technology that needs to build supports. Altair Inspire software has a 

specific tool to set a limit and optimize the geometry adapted to this manufacturing 

process. The tool is called Overhang shape control which sets the maximum 

degree/angle from the baseline before the analysis. So, this tool is applied to avoid 

the model from exceeding the slope degree limit from the fusion bed.  

This tool is very useful for EB-PBF because the use of supports can be avoided. The 

limitation is that the user must define the building direction. Once it is set, the tool 

will not consider the use of supports and this can entail a heavier result. If our main 

goal is to reduce mass, this approach will probably not be appropriate. For mass 

reduction, the material should be used to build supports instead of reinforcing the 

model. 

Topology optimization of a demo bracket for Ti6Al4V processed by EB-PBF 

This is an example of topology optimization for a structural AM part suitable for the 

aeronautical sector. The below images show the original bracket, the optimization 

result, and the polynurbs geometry. 

https://altairuniversity.com/learning-library/altair-inspire-for-advanced-additive-manufacturing-handbook-by-inex-adam/
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Case study 2 

The Spider Bracket: A topology optimization project by Altair, materialize, Renishaw. 

The spider bracket mimics the biological structures that can be found in nature. 

Altair’s topology optimization software created a unique, organic shape that is both 

light and strong. The lattice structures also provide stability and are desirable for 

thermal behavior. However, a topology optimized model needs enough smoothing 

before it can be printed 
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Case study 3 

Triton Bikes - custom titanium bicycle and unicycle frames, hand-built in Russia 

The team at CompMechLab set out to redesign the part for additive 

manufacturing. The team knew that it could likely use the current part and with 

the freedom of additive manufacturing simply print the current geometry, 

however, it wanted to truly attain all the benefits of the process and knew it 

could use Altair Inspire to achieve these benefits. CompMechLab used Altair 

Inspire to apply all the loads, shape, and boundary conditions and ran multiple 
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rounds of optimization on the part. Mikhail noted, “In total, the whole redesign 

process of the part took less than a couple of weeks. Altair Inspire helped to 

expedite this process.” After the team had determined the final design for the 

part, they ran FEA analysis to ensure that it would meet all the required loads. 

Once the design was complete and verified, CML AT organized 3D printing and 

post-processing of the prototype. Electron beam melting technology by Arcam 

allowed the production of the part in Ti6Al4V within a very short time frame. 

CML AT is now responsible for all future production cooperation, as well as 

technical support for Triton Bikes. While the original part weighed 198g and was 

produced with a very timely and wasteful process, the new part weighs in at 

102g and can be produced in a single step with very little waste. In total, with 

the new process and design, the part can be produced in two hours. 

Topologic design with Altair software for SLS 

Since SLS technologies do not need supports in the building process, they offer 

flexibility regarding model shape. The only shape restriction will be to consider the 

spaces required to ensure dust removal. Lattice structures can be interesting in this 

type of manufacturing technologies due to its capacity to lighten the model even 

more.  

The process of optimization with lattice geometries follows the same premises but 

adds an additional optimization using the model generated by the first result. Apart 

from the objective and contact parameters, the user must set the percentage of the 

lattice structure, the target length of the bar elements, and the minimum and 

maximum values of the bar elements’ diameter. The software will provide a result 

substituting the base material by bar elements following the given lattice structure 

percentage. 
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Altair Inspire lattice optimization (Adapted from Gaynor, and Guest, 2016) 

On the contrary, the use of lattice structures with too many bars may be a problem 

for the CAD software or the file management by the 3D printer machine. As a 

reminder of the material properties, the user must be aware that the results do not 

take into account the surface roughness in case of fatigue loads. Therefore, the model 

needs to be validated properly. 

Case study: Topology optimization of a demo bracket for PA12 processed by SLS 

Same example as the EB-PBF case. The figure shows the original bracket volume 

together with three optimization results where a volume reduction of up to 87.62 % 

can be found. 
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Topology optimization of a bracket for SLS technology Volume reduction 

Optimized AM parts processed in polyamide by SLS technology can be observed in the 

below figure. After production, mechanical testing is performed to evaluate the 

mechanical behavior. 

 

SLS optimized parts in polyamide and mechanical testing 

(Altair Inspire for Advanced Additive Manufacturing – Handbook by INEX ADAM) 

 

https://altairuniversity.com/learning-library/altair-inspire-for-advanced-additive-manufacturing-handbook-by-inex-adam/
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4.1.3 Lattice Optimization 

(Refer the section 5.3 for an exercise on Lattice optimization performed in Altair 

Inspire) 

What is a Lattice Structure?  

Imagine a crystal structure and a pattern of bonds connecting the atoms in a specific 

layout. Since the bonds in the material structure are not solid matter, let’s pretend 

the atoms are connected by cylindrical rods. Then forget about the atoms and leave 

out only the connecting rods (the rods have intersection points). Notice that a pattern 

is repeated in every space. This pattern we call the lattice cell and the whole structure 

of rods, the lattice structure.   

The Idea  

The aim of applying the lattice structure optimization technique is to replace the 

elements of intermediate densities, which occur during classical topology 

optimization, with lattice cells. Each finite element with density value fitting into the 

specified bounds (Lower Bound ‘LB’ < x < Upper Bound ‘UB’) is suitable for such 

replacement. The elements with density values above UB are represented as fully 

dense material and the ones with values below LB are completely removed. We then 

have a more accurate solution since in the original topology optimization we transfer 

each element density into either 0 or 1 (we must decide whether space should be 

filled with material or not) and that can lead to quite a significant modification of the 

solver’s proposed solution. 
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What can be the Application of such Lattice Structures?  

Lattice structures are currently the most accurate solution for representing the 

elements with intermediate densities. Since topology optimization results (without 

manufacturing constraints) usually generate shapes suitable only for additive 

manufacturing and given that 3D printers are easily capable of creating lattice 

structures also, it is hence an appropriate solution to apply lattice optimization in 

comparison with just topology optimization results for better accuracy and 

performance.   

What About the Penalty Factor? - Porosity Control  

Since in topology optimization intermediate density elements are limited due to 

penalty factor P (element densities are closer to 0 or 1) which equals 2 or 3, in lattice 

optimization by default this parameter is 1.0. The penalty factor controls not only the 

intermediate densities, but it also defines the stiffness of the topology element 

During Phase 1, modified topology optimization is carried out to generate a structure 

with a range of intermediate densities (0.0 to 1.0). The density of a topology element 

is correlated to its stiffness using the following equation:  

𝐸𝐸 = 𝐸𝐸0𝜌𝜌𝜌𝜌 
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Where,  

E - is the optimum stiffness of the topology element for the density ρ  

E0 - is the stiffness of the initial design space material (actual material data)  

ρ - is the density (or volume fraction) of a topology element  

P - is the penalty applied to the density to control the generation of intermediate  

density elements  

It has been investigated that properly estimated stiffness of the lattice structure  

occurs, when the equation is as follows:  

𝐸𝐸 = 𝐸𝐸0𝜌𝜌1,8 

Values of P lower than 1.8 create a situation where the actual stiffness of the lattice  

is smaller than the calculated one using this equation.  
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4.2 Inspire Print3D  

What is Altair Inspire Print3D? 

Altair Inspire Print3D is a Tab (ribbon) in Altair Inspire with tools specifically for 

additive manufacturing simulation. You can prepare the part for printing, orient it to 

the print bed, generate print supports, and export a file containing the prepared part 

and support for 3D printing. You can also analyze the printed part for displacement, 

von mises stress, temperature, and plastic strain. 

Inspire Print3D Salient Features 

Inspire Print3D enables reduction in product development and additive 

manufacturing costs by reducing material usage, print times, and post-

processing. It provides a fast and accurate toolset for the design and process 

simulation of selective laser melting (SLM) parts.  

Part and support Design - It generates support structure as part of the design process; 

interactively create and edit support within the same environment as the designed 

part.  

Easy-to-learn-Environment - The intuitive, process-driven user experience enables 

users to gain deep manufacturing insight quickly, driving faster and better design 

decisions. 

Printing Analysis - Run the embedded thermo-mechanical solver to accurately 

simulate the entire printing process from building and cooling to cutting and spring 

back. 

Identify Defects - Easily detect and plot defects-such as, part distortion, excessive 

heating, and spring back to aid design or process modification.  
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Materials and Printers - Select from the growing library of additive manufacturing 

materials and standard printers or apply a variety of advanced options for a 

customized setup.  

Ready for Printing - Assess the part layer by layer to validate its geometry even before 

any 3D printing analysis is performed, then export a file containing the prepped part 

and supports. 

Scalable Solution - Process simulation scales almost linearly with computation 

resources to reduce significantly the time to attain accurate results and allows end-

users to explore a wide variety of alternatives quickly.  

 

Design for Additive Manufacturing | Altair Inspire Print3D 

 The Inspire Print3D simulation workflow 

The workflow comprises of seven process-driven steps: 

https://solidthinking.com/product/inspire-print3d/?wvideo=5q8qds0zts
https://solidthinking.com/product/inspire-print3d/?wvideo=5q8qds0zts
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The workflow of Print 3D 

Let us look at each of these steps in detail, and the tool in Inspire Print 3D used to 

perform them. 

4.2.1 Print Parts 

 

The print part tool               is used to select which parts to prepare for 3D printing and 

to assign a material to the selected parts. Start with an optimized part in Inspire or 

open a CAD file (preferably) with the tool active, the part is selected, and the material 

is assigned. 
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4.2.2 Printer 

The Printer tool is used to configure the 3D printing bed. One can choose 
from several standard printers or configure the option to match a specific printer. 
Mouse over the options in the dialog for more information.  

 

 

EOS:  

EOS_M_290, EOS_M_400, EOS_M_400-4, EOSINT_M_280 

Renishaw:  

AM_250,AM_400,RenAM_500_M,RENAM_500_Q 

SLM solutions:  

Selective Laser Melting_SLM_500, Selective Laser Melting_SLM_280_2.0,Selective 

Lase Melting_SLM_125 

4.2.3 Orientation 

  

The orientation tool               is used to orient the part concerning the printing bed to 

suit design and build needs. Different orientations can help reduce printing time or 
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the need for supports. The support preview updates dynamically as you rotate the 

model, allowing you to optimize the orientation according to your design needs and 

goals. Use the orientation table to save and compare different orientations 

concerning support area, support volume, and printing time. Inspire can orient the 

part to achieve the maximum and minimum build height or you can orient the part 

concerning a surface.  

 

4.2.3.1 Maximum build height  

Orient the part in its tallest height for efficient additive printing and cooling. Inspire 

automatically orients the part to achieve a maximum build height. This orientation 

protects the part from cooling deformations, ensuring that the part prints according 

to design and build dimensions.  
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4.2.3.2 Minimum Build Height 

It minimizes the building height by orienting the part to achieve the most expedient 

printing time.  

4.2.3.3 Surface  

Orient the part by selecting a surface. The surface that you choose now faces the 

printing bed. Its normal is oriented towards gravity. 
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4.2.4 Support 

Support is used both to anchor the part and to extract heat from it during the printing 

process and are removed afterward. Different types of supports should be used 

depending on your design and manufacturing goals. Inspire Print3D provides many 

options to configure the shape, size, and spacing of supports using both the support 

tool and the preferences.  

4.2.4.1 Create Support 

Auto-generate support for the part with material that will be removed during post-

processing. Inspire auto generates block support which must be configured according 

to design needs. This automatically generated support cannot be printed as it appears 

and must be edited. Inspire designates this initial support as block support.  

 

 

 

4.2.4.2 Partition support  

Split the support for efficient post-processing. For optimal use of this tool, support 

any open holes in the part. To partition the part, left click an origin point on the yellow 
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shadow at the base of the highlighted support. Then click-and-drag the red dotted line 

that appears, creating a partition line. Further clicks add additional points to the line. 

Right-click and mouse through the checkmark exit, or double-right-click. The support 

then appears segmented into two parts.  

4.2.5 Slice 

 

The Slice tool                  is used to examine the part in layer to validate its geometry 

before 3D printing. Additive manufacturing produces the best results when there is a 

gradual change in the surface of the part. To verify that there is no critical change 

from one layer to the next, the Slice tool is used.  

 

The slider can be used to view the part at various stages of printing.   
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4.2.6 Export  

 

The export tool               is used to export a file containing the prepared part and 

support for 3D printing. The part must be prepared, oriented, and supported before 

exporting and sending the file to the 3D printer.  

 

4.2.7 Analyze 

 

The Analyze tool                   is used to run a 3D printing process simulation. You can 

view, animate, and plot the results to detect and prevent possible problems such as 

excessive deformation and stress, recoating, cracks, and other critical defects before 

printing.  
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4.2.7.1 Run Analysis  

Use the Run Analysis tool to run an analysis of the 3D printed parts and its supports 

for optimized additive manufacturing. Set up and run a comprehensive, multifaceted 

analysis for the 3D printed parts. 

 

Analysis type: For analysis type, temperature field evolution is provided. Adjust the 

thermo-mechanical properties (temperature, deformation, stresses) to achieve the 

desired output time.  

Scan Strategy: The scan strategy is purely a thermal simulation or is coupled with 

thermo-mechanical simulation. It is determined by the machine itself. Understanding 

the scan strategy by layer is most common.  

Velocity: Velocity sets the velocity of the material added. 

Laser power: laser power sets the power of the laser for the run. 
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Powder layer thickness: powder layer thickness sets the thickness of each powder 

layer. 

Powder absorption: powder absorption signifies the percentage of energy absorbed 

with the powder so that they reached temperature is between the melting 

temperature and the melt pool temperature. 

Cooling time: Cooling time is the time after printing needed for the part to be cooled 

before cutting it from the base plate. 

Base temperature: Base temperature sets the temperature for the material.  

Average thickness: Average thickness sets the average thickness of the mesh. 

Element size: Element size sets the length and width of the element for the analysis.   

 

Several icons in Inspire feature the run status tool, including the analyze optimize 

icons in the structure ribbon, analyze the part and optimize part icons in the motion 

ribbon, and the thinning and porosity tools on the manufacturing ribbon. The same 

basic workflow applies to all of them.  

 

4.2.7.2 Run Status  

View the status of the current run, as well as run for the current model that has not 

yet been viewed. To see all past runs, you need to view the run history.  
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4.2.7.3 Run History  

View, sort, open and delete past runs for the current and previous models. Once you 

have viewed an analysis run, it is removed from the run status window but can be 

viewed using the run history table.  

Several icons in Inspire feature the run history tool, including the analysis and 

optimize icon on the structure ribbon, the analyze the part and optimized part icon 

on the motion ribbon, and the thinning and porosity tools on the manufacturing 

ribbon. The same basic workflow applies to all of them.  

 

 

 

 

 

 

 

 

 

Design for Additive Manufacturing | Altair Inspire Print3D 

Inspire Print3D Webinars: 

https://solidthinking.com/product/inspire-print3d/?wvideo=4yn2hsbusv
https://solidthinking.com/product/inspire-print3d/?wvideo=4yn2hsbusv
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https://web.solidthinking.com/design-for-3d-printing-webinar-
1?_ga=2.69026449.1022185556.1597233856-1520306428.1591598592   

 

 

 

Simulation-Driven Design for Additive Manufacturing 

  

https://web.solidthinking.com/design-for-3d-printing-webinar-1?_ga=2.69026449.1022185556.1597233856-1520306428.1591598592
https://web.solidthinking.com/design-for-3d-printing-webinar-1?_ga=2.69026449.1022185556.1597233856-1520306428.1591598592
https://solidthinking.com/video.aspx?id=10300&wvideo=a0lkv5jnyu
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5 Exercises with Altair Inspire 
Print3D 

 

5.1 Exercise: Mountain Terrain Bike (MTB) 

Printable support Pivot  

Getting started with Print 3D  

Learn how to prepare, orient, slice, export, and analyze a part for 3D printing. 

Exercise 1: Setting up the part for 3D printing  

Description In this exercise you will use existing geometry to set up the part for 3D 

printing. You will learn how to define the material, set up the printer, run the 

analysis, and review the results.  

Step 1: Open MTB_printable_with_supports_pivot.x_b  

Step 2: Select the geometry and set the material. 

1. Click the Print Part tool              to activate it.  

2. Select the geometry on the screen. The geometry turns red and the material 

selection dialog appears. 

3. The Material menu is opened, and Inconel 718 is selected from the list. 

 

  



` 

 
 
 

  112 
 

4. Click the right mouse button and use the checkmark to complete the operation. 

 

 

Step 3: Prepare the printer 

1. Click the Printer tool            to activate it. The printer setup dialog opens. 

2. Open the Printer menu and select Renishaw from the list.  

3. Open the Model menu and select AM_250 from the list.  

 

4. Click OK to complete the printer setup and close the dialog. The 3D printing bed 
will appear in the graphics area. 
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Step 4: Orient the part on the printer bed 

 

1. Click the Orientation                 tool  

2. Click the Max Build Height sub-tool               to set the part orientation. 

The part automatically orients on the printer bed. 

 

 

3. Enter 0 in the Distance field to move the part as close as possible to the printer 
bed.  

4. Set the Right view and zoom in to check the part location. 
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5. Right-click and use the checkmark to complete the orientation.  

6. Click the Fit icon to fit the model to the screen.  

7. Set the view to the ISO view. 

 

Step 5: Review the printer with the Slice tool 

 

1. Click on the slice tool              and review the 3D printing creation slice by slice. 

2. Use the slider to review each slice. 
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3. Right-click and use the checkmark to complete the review. 

 

Step 6: Launch print simulation 

After reviewing the slices, the analysis is ready to run.  

1. Click on the Run Analysis tool               to open the run print analysis dialog.  

2. In the run analysis dialog, change the laser power to 280W. 

 

 

3. Click on Run to start the analysis and when the run is complete, double click the run 

to open the results. 

Step 7: Load and review results 

Zoom in to review the results. By default, the displacement result is opened.  
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• The displacement result type shows how much your model will displace or deflect 

during the 3D printing process. The area of the model which is indicated by dark 

red will have the most displacement.  

  

• Click on the plastic strain result 

The plastic strain result type shows which parts have exceeded their yield limit and 

begun to deform. The dark red area shows the area under the greatest strain. 
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• Click on the Von Misses stress result. 

Von Misses stress result can be used to predict part performance and durability. Areas 

shown in red have exceeded the peak stress.  

The temperature can be reviewed in two ways: Temperature and Nodal Temperature. 

• Click on the Temperature result. 

The temperature result type shows which areas on the part have the highest 

temperature (red) vs. the coolest temperature (blue) after the printing process is 

completed.  

Temperature is calculated as an average for each element, as opposed to the nodal 

temperature. 
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Click on the Nodal temperature  

The nodal temperature result type shows the actual temperature on a particular 

node. The highest temperature is shown in red and the coolest temperature in blue. 

The nodal temperature may be more extreme than the average element temperature. 
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5.2 Exercise: Aerobracket 

Exercise goal:  

1. Perform an optimization analysis on the Part. 

2. Review and Define PolyNURBS 

3. Setting up for 3D printing (Including supports definition) 

4. Launch Print3D simulation 

5. Analyze results  

 

 

 

 

 

 

 

 

Step 1: Perform an optimization analysis on the part  

Open the file Aerobracket.x_t and set up the model for optimization analysis. 

• Add boundary conditions (constraints and shape controls) 

• Use the Partition tool to divide your design space (brown) from your non-

design space (gray). 

• Set the correct part as a design space. 

Note: If time is a concern, you can use the AerobracketSetup.stmod model with the 
setup for optimization already set. 

Step 1: Perform an optimization analysis on the part  

a.) Run the optimization analysis under various conditions and percentage of mass. 

b.) You can see the optimized result. 

c.) Now, run the structural analysis on optimized results. 
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d.) Review the results of displacement and Von Mises stress. 
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Step 2: Review and define PolyNURBS 

a.) Fit  PolyNURBS automatically from the optimized shape explorer dialog. This will 

automatically generate PoluNURBS Shape over the optimized design. However, this 

result might not be good enough.  

b.) For a better quality of final PolyNURBS, manually create step by step structure. 

Note: If time is a concern, you can see and use the Aerobracketprint-3D.step model 

with the PolyNURBS already created. 
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Step 3:  Step for 3D printing  

a.) Define the part with a titanium alloy material. 

b.) Define the default printer 

c.) Orient the model to reduce the support volume as shown in picture  

d.) Select the support structure as in pictures 

e.) Review the print creation with slice tool 

f) Export the file if required. 

 

 

Step 4: Launch print3D simulation  
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a.) Simulate by setting up process parameters. 

 

Note: If time is a concern, open the file Aerobracket_PrintSimulationResults.stmod 

from the solved folder. 

Step 5: Analyze the result 

a.) Similar to early exercise, the user can open the solved files for optional exercise 

and analyze various results from printing simulation. 

b.) Print simulation result consists of printing, cooling, and spring back cycles. 

c.) Temperature, stress can be analyzed through the result section. 
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5.3 Exercise: Lattice Optimization  

(Refer section 4.3.3 for better understanding of Theory on lattice Optimization) 

Tutorial: Optimizing Lattice 

Generate a PolyNURBS from an optimized shape, then run and review a lattice 

optimization. 

Lattice structures typically consist of different types of cells. In Altair Inspire, each 

beam can be optimized, filling your design space with an optimized lattice structure 

rather than repetitive patterns. It only works on solids, and design spaces must be 

separated from non-design space. 

While unique to 3D printing, lattice structures bear several desirable characteristics 

from a design perspective. Due to the large network of structural members, optimized 

lattice designs tend to exhibit better stability and more desirable thermal behavior. 

They also have desirable weight characteristics and are used as an approach to target 

weight reduction. Lattice designs are particularly well-suited to biomedical 
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applications such as implants, as the porous nature of the structure facilitates bone 

and tissue growth. 

A lattice structure occupying the same design space as a solid structure will be less 

stiff and have higher stresses. For this reason, it is often necessary to set your design 

requirements more conservatively than you normally would for traditional topology 

optimization. It is not uncommon for displacements and stresses to be five to ten 

times greater in a lattice structure compared to that of a solid structure occupying the 

same region. As it is not always possible to have an accurate estimate of the 

degradation, it may be necessary to start the optimization with increasingly strict 

constraints before a desired result from the lattice optimization is obtained. 

Run Topology Optimization 

First, let's run an initial topology optimization on the design space of our example 

model. We'll use a stress constraint five times the desired performance for the final 

design, as the lattice occupying the optimal topology will have increased stress and 

displacement. 

1. Open the 1.0_hanger_topology.stmod file located in 

the tutorial_models folder in Program Files. Note that it is set up with a 
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maximum displacement of 0.15 mm at the load application point. This will 

become important in the next step. 

2. Make sure the display units in the Unit System Selector are set to MPA (mm 

t N s). 

3. Click Run Optimization  on the Optimize icon on the Structure ribbon. 

4. Set the options in the Run Optimization window as shown below: 

 

5. Select Topology for the optimization Type. 

6. Select Minimize Mass for the optimization Objective. 

7. Under Stress constraints, set the Minimum safety factor to 5.0. 

8. Enter a Minimum Thickness Constraint of 15 mm. 
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9. Click Run. 

10. When the run is complete, double-click the run name to view the results. 
 

 

 

Run Analysis of the Optimized Result 

Next, reanalyze the optimized result at different thresholds until the displacement at 

the load point is less than 0.02 mm (a fifth of the ultimate target). 

1. Click the Analyze button on the Shape Explorer. 

2. When the run is complete, double-click the run name to view the results. 

3. View the Displacement result type. 
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4. Click the  icon under Callouts and place a callout on the load point. 

5. The displacement is greater than 0.02 mm, so click the Show Optimization 

Results icon to return to the initial optimized result. 

6. On the Shape Explorer, slide the topology slider to the right to increase the 

threshold. 

 

7. Click the Analyze button to run another analysis. 

8. Repeat the process until the displacement at the load point is less than 0.02 

mm. 



` 

 
 
 

  129 
 

9. Double-right-click to exit the Analysis Explorer. 

 

 

Generate a PolyNURBS Part from the Optimized Result 

Use the PolyNURBS tools to create a new design space based on the topology results 

generated. (To skip this step, load the 2.0_hanger_lattice_PN.stmod file located in 

the tutorial_models folder and proceed to step 5.) 

1. Select PolyNURBS on the geometry ribbon 

2. Use Wrap and the other PolyNURBS tools as needed to create a PolyNURBS 

part around the optimized shape. 
3. Press F5 to open the Model Configuration toolbar. 
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4. Deselect the checkbox next to Part 1 in the Model Browser to configure the 

original design space off 

 

5. Press F5 to close the Model Configuration toolbar. 

6. Right-click the PolyNURBS part and select Design Space from the context 

menu. 
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7. The PolyNURBS part that was fit to the baseline topology optimization 

results is now the new design space. 

 

8. Note the slight offset of the design space from the non-design boss parts, 

which prevents the resulting lattice from protruding. 
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Turn Off Auto-calculate Element Size 

The target lattice length is often larger than the ideal element size for the non-design 

parts. So before running the lattice optimization, we'll turn off Auto-calculate Element 

Size in the Property Editor. 

1. Press F3 to open the Property Editor. 

2. Select the boss parts. 

 



` 

 
 
 

  133 
 

3. Deselect the Auto-calculate Element Size checkbox in the Property Editor. 
Set-Up and Run Lattice Optimization 

Now we'll run a lattice optimization. (To skip this step, load 

the 3.0_lattice_hanger_PN_RUN.stmod file located in the tutorial_models folder and 

proceed to step 7.) 

1. Click Run Optimization  on the Optimize icon on the Structure ribbon. 

2. Set the options in the Run Optimization window as shown below: 
 

 

3. Select Lattice for the optimization Type. 

4. Select Minimize Mass for the optimization Objective. 
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5. Under Lattice, set the Target length to 6 mm, the Minimum diameter to 1 

mm, and the Maximum diameter to 3 mm. 

6. Set the Fill with percentage to 100% Lattice. 

7. Under Stress Constraints, set the Minimum safety factor to 1.0. 

8. Click Run. 

9. When the run is complete, double-click the run name to view the results 

 

Review the Lattice Optimization Results 

Review the results of the lattice optimization run in the previous step. Lattice 

optimization results appear in the Analysis Explorer rather than the Shape Explorer. 

1. Examine the results for Factor of Safety. Note that the minimum is 2.0 (above 

our target of 1.0). 

2. View the Displacement result type. 
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3. Click the  icon under Callouts and place a callout at the load point. Note 

the value of .1499 mm is within the constraint of 0.15 mm. 

 

4. Click the  icon under Show on the Analysis Explorer to hide the 

contours. 
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5. Click the  icon and select Smooth Lattice. This displays an alternate 

visualization of the resulting lattice structure with radii between the lattice 

beams. 
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Smooth Lattice on 

Smooth Lattice off 

6. Experiment with different lattice parameters, then click the Compare 

Results button at the bottom of the Analysis Explorer to compare the 

different results and total mass of the optimized lattice structures. 
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6 Appendix
Learn Print3D with Altair Inspire  

Powerful and Accurate 3D Print Simulation without Complexity. 
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6.1 Important links  

Learning and Certification Program: https://certification.altairuniversity.com/  
 
Learning: https://certification.altairuniversity.com/course/index.php?categoryid=42 
 
Certification: 
https://certification.altairuniversity.com/course/index.php?categoryid=38 
 
Free e-books: https://altairuniversity.com/free-ebooks/ 
 
Inspire Print3D: https://solidthinking.com/product/inspire-print3d/ 
 
 
Altair Inspire for Advanced Additive Manufacturing – Handbook by INEX ADAM: 
https://altairuniversity.com/learning-library/altair-inspire-for-advanced-additive-
manufacturing-handbook-by-inex-adam/ 
 
Contact us: https://solidthinking.com/ContactUs/ 
 
Complete the form below to request free temporary software licenses: 
https://login.solidthinking.com/register?product_or_services=Inspire+Print3D&msd
campaignid=CMP-06369-G0B9V&_ga=2.242246786.1025536012.1589473907-
188245944.1574255862 
 
 
 

And finally – please let us know whether this guide helped you. 
Send a quick note to altairuniversity@altair.com  

 
THANK YOU very much for your feedback 

Your Altair University Team 
 

 

 

 

 

https://certification.altairuniversity.com/
https://certification.altairuniversity.com/course/index.php?categoryid=42
https://certification.altairuniversity.com/course/index.php?categoryid=38
https://altairuniversity.com/free-ebooks/
https://solidthinking.com/product/inspire-print3d/
https://altairuniversity.com/learning-library/altair-inspire-for-advanced-additive-manufacturing-handbook-by-inex-adam/
https://altairuniversity.com/learning-library/altair-inspire-for-advanced-additive-manufacturing-handbook-by-inex-adam/
https://altairuniversity.com/learning-library/altair-inspire-for-advanced-additive-manufacturing-handbook-by-inex-adam/
https://solidthinking.com/ContactUs/
https://login.solidthinking.com/register?product_or_services=Inspire+Print3D&msdcampaignid=CMP-06369-G0B9V&_ga=2.242246786.1025536012.1589473907-188245944.1574255862
https://login.solidthinking.com/register?product_or_services=Inspire+Print3D&msdcampaignid=CMP-06369-G0B9V&_ga=2.242246786.1025536012.1589473907-188245944.1574255862
https://login.solidthinking.com/register?product_or_services=Inspire+Print3D&msdcampaignid=CMP-06369-G0B9V&_ga=2.242246786.1025536012.1589473907-188245944.1574255862
mailto:altairuniversity@altair.com
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6.2 Brief History of Additive Manufacturing 

6.2.1 Early research and development 

In the late 1960s, Battelle Memorial Institute attempted to create solid objects using 

photopolymers. The experiments involved intersecting of two laser beams of different 

wavelengths in the middle of a vat of resin, attempting to polymerize (solidify) the 

material.  In the year 1967, Wyn K. Swainson, a Danish researcher, applied for a patent 

titled “Method of Producing a 3D Figure by Holography” 

(www.wohlersassociates.com/history.pdf) using a similar dual laser beam approach. 

Further, Swainson launched Formigraphic Engine Co. (Bolinas, California) hoping to 

develop and commercialize the technology.  In the early 1970s, Formigraphic Engine 

Co. used the dual-laser approach, the first commercial laser-prototyping project, a 

process called photochemical machining (Shusteff et al., 2017, pp.1-7). Further, in 

1974, the company generated a 3D solid object using a rudimentary system. Later, a 

similar technique was developed under a project funded by the Defense Advanced 

Research Project Agency (DARPA). 

 

6.2.2 Development of Stereolithography 

The single-beam laser curing approach was invented by Hideo Kodama of the Nagoya 

Municipal Industrial Research Institute (Nagoya, Japan) (Brown et al., 2014, pp 39-47). 

Kodama published a paper in October 1980 titled “Three-Dimensional Data Display by 

Automatic Preparation of a Three-Dimensional Model” (Kodama, 1981, pp.1770-

1773). He did some experiments which consisted of projecting UV rays using a Toshiba 

mercury lamp and Teijin’s photosensitive resin called Tevistar. Another aspect that 

the paper discussed was the use of an x-y plotter and optical fiber to deliver a spot of 

UV light. In November 1981, Kodama published a second paper titled “Automatic 

Method for Fabricating a Three-Dimensional Plastic Model with Photo Hardening 
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polymer”. In one of his review papers, he describes three basic techniques for creating 

plastic parts by solidifying thin, consecutive layers of photopolymer.  

(http://www.wohlersassociates.com/history.pdf) 

 

6.2.3 Introduction to Non-Stereolithography Systems  

Three Additive Manufacturing (AM) technologies developed in 1991 were 

commercialized, including solid ground curing (SGC) from Cubital, Fused Deposition 

Modeling (FDM) from Stratasys, and Laminated Object Manufacturing (LOM) from 

Helisys (Gebhardt, 2003, pp.105-109). SGC process is used for the hardening of 

photopolymers using ultraviolet (UV) lamps instead of laser curing. In the FDM 

process, thermoplastic material in the form of filament is fed through a heated printer 

extruder head to produce parts in layer form (Hamzah et al., 2018, pp.27-371). In the 

LOM process, the component is produced by the layering of sheets of material and 

subsequent bonding of sheets by heat and pressure   

(https://www.custompartnet.com/). Finally, the product of the desired shape is 

obtained by cutting in actual dimensions through blade or carbon laser. Helisys and 

Cubital are not in business for many years. Selective laser sintering (SLS) is from DTM, 

a start-up company (a part of 3D Systems).  In 1992, the Soliform stereolithography 

system from Teijin Seiki became active in AM business. The Soliform technology was 

originally developed by DuPont and for exclusive distribution rights in parts of East 

Asia was subsequently licensed to Teijin Seikiunder.  
 

  

6.2.4 Introduction of low-cost 3D printers  

Stratasys introduced the Genisys machine, which used an extrusion process like FDM 

but supported technology developed at IBM’s Watson research facility in 1996. Eight 

years after selling stereolithography systems, 3D Systems were ready to sell its first 

3D printer (Actua 2100) in 1996 employing a technology that deposits wax material 

http://www.wohlersassociates.com/history.pdf
https://www.custompartnet.com/
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layer by layer using an inkjet printing mechanism. within the same year, the 3D system 

launched its Z402 3D printer, primarily for concept modeling by Z corporation 

originally developed at the Massachusetts Institute of Technology in 1993 

(www.3dsystems.com). The Z402 produced models using starch and plaster-based 

powder materials and a water-based liquid binder supported MIT’s inkjet printing 

(3DP) technology (Szykiedans et al., 2016, pp. 257-262). 

 

6.2.5 New Generation Machines 

Since April 2000, new technologies were introduced within the realm of 3D printing. 

Quadra, a 3D inkjet printer that may be able to deposit using 1,536 nozzles and 

can harden the photopolymer using UV light by Object Geometries of Israel 

(https://www.yeggi.com/q/quadra/). Object Geometries was established in 1998 for 

manufacturing 3D printers and later in 2011 was merged with Stratasys 

(https://en.wikipedia.org/wiki/Objet_Geometries). Sanders Prototype (now called 

Solids scape, USA) introduced Pattern Master, a machine designed to 

produce precision wax patterns (https://en.wikipedia.org/wiki/Solidscape). Direct 

metal deposition (DMD), a laser-cladding process that produces and repairs parts 

using metal powder was developed by Precision Optical Manufacturing (POM) and 

commenced selling the system in early 2002 (Zolfaghari et al., 2019, pp.1-18). Prodigy, 

a machine that produces parts in ABS plastic using the company’s FDM technology 

was introduced by Stratasys in July 2000. In November 2000, Helisys stopped 

operation after selling over 375 systems worldwide for nine years. In March 2012, 

Bumpy Photo (Portland, Oregon) launched color 3D printed photo reliefs. The 

founders of MakerBot applied for 3 separate patents describing a conveyor/transport 

system for the continual operation of a 3D printer. a component highlighting the 

combination of an FDM-printed wing structure with conformal electronic circuits 

printed using Optomec’s Aerosol Jet technology was displayed by Stratasys and 

Optomec within the identical month (Durgun 2015, pp.412-422).  
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