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I 

 

Abstract 

 

Fused Deposition Modelling (FDM) has been a leading rapid prototyping 

process but it has been mostly limited to use in making prototypes for design 

verification and functional testing applications.  The commercial process can 

currently fabricate parts only in limited types of thermoplastics such as ABS 

and Polycarbonate.  Very little efforts have been made to increase the range of 

FDM materials to include metals or metal based composites for wider 

application domain beyond just design and verification.  This thesis presents 

new research in this direction by developing novel metal based composites for 

use in FDM technology. 

The principal objective of this research is to develop new metal/polymer 

composite materials for direct use in the current Fused Deposition Modelling 

rapid prototyping platform with long term aim of developing direct rapid 

tooling on the FDM system. Using such composites, the direct rapid tooling will 

allow fabrication of injection moulding dies and inserts with desired thermal 

and mechanical properties suitable for using directly in injection moulding 

machines for short term or long term production runs. The new metal/polymer 

composite material developed in this research work involves use of iron 

particles and copper particles in a polymer matrix of ABS material, which offers 

much improved thermal, electrical and mechanical properties enabling current 

Fused Deposition Modelling technique to produce rapid functional parts and 

tooling. Higher thermal conductivity of the new metal/polymer composite 

material coupled with implementation of conformal cooling channels enabled 

by layer-by layer fabrication technology of the Fused Deposition Modelling will 

result in tremendously improved injection cycles times, and thereby reducing 

the cost and lead time of injection moulding tooling.     
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II 

 

 
Due to highly metal-particulate filled matrix of the new composite material, 

injection tools and inserts made using this material on Fused Deposition 

Modelling, demonstrate a higher stiffness comparing to those made out of pure 

polymeric material resulting in withstanding higher injection moulding 

pressures.  Moreover, metallic filler content of the new composite allows 

processing of functional parts with electrical conductivity and in case of using 

ferromagnetic fillers, namely as fine iron powders, it introduces magnetic 

properties, which will make FDM-built components suitable for electronic 

applications specifically whereby electro-magnetic shielding is of high interest. 

In this research project, a full characterization of the newly developed 

metal/polymer composites including rheological, thermal, mechanical and 

electrical properties has been investigated.  Mathematical models have been 

employed in order to predict and optimize the viscous behaviour of 

metal/polymer composite during the course of deposition through the FDM 

nozzle.    

In order to predict the main flow parameters of the metal/polymer composites 

including pressure, temperature, and velocity fields through the FDM liquefier 

head, 2-D and 3-D numerical analysis of melt flow behaviour of acrylonitrile-

butadiene-styrene (ABS) and Iron composite as a representative metal/polymer 

material has been carried out using ANSYS FLOTRAN and ANSYS CFX 

commercial codes. Results of numerical analysis have been verified by the 

developed empirical mathematical models.  

A variety of advanced techniques have been employed to fully characterize the 

newly developed metal/polymer composites in order to successfully process 

filaments for fabrication of injection mould tooling inserts.  Morphological 

effects of metallic fillers and surfactants as well as variation of volume fractions 

of constituents on the viscoelastic properties of the new composite material 
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III 

 

have also been investigated.   Filaments of the filled ABS has been fabricated 

and characterized to verify the possibility of prototyping and direct tooling 

using the new material on the current FDM machine. 

Major contributions of the thesis include: 

• Development of a new metal/polymer composite material for functional 

parts and rapid tooling solutions on Fused Deposition Modeling 

platform. 

• Development of mathematical models for predicting viscous behavior of 

three-component composite flow through capillary extrusion process.   

• Full rheological, thermal, mechanical and electrical characterization of 

the new metal/polymer composites. 

• Combining experimental and numerical methodology (tools) to predict 

melt flow behavior of metal/polymer composite through Fused 

Deposition Modeling. 

• Fabrication of stiff and flexible filaments of the metal-polymer 

composites as feedstock material for direct rapid tooling via Fused 

Deposition Modeling. 

• Fabrication of functional parts and inserts of new metal/polymer 

composites successfully and directly on the FDM3000 system. 

• Production of plastic parts using injection moulding tools made by 

Direct FDM-based Rapid Tooling Process. 

 
Page 4 of 274 

      Markforged Ex. 1009 
Markforged v. Continuous Composites, IPR2022-01220f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib

https://www.docketalarm.com/


IV 

 

Acknowledgment 

First of all, I would like to express my deepest gratitude to my principal 

supervisor Professor S.H. Masood for his continuous support and valuable 

guidance throughout my research work. I would like to also thank my second 

supervisor, Dr. Igor Sbarski, for his valuable inputs especially on rheological 

studies, and overall arrangement of experimental works.  Initial support of my 

external supervisor, Dr. Andrew Groth from CSIRO, is also highly appreciated. 

I acknowledge the financial support in the form of scholarship provided by 

Swinburne University of Technology and the Commonwealth Scientific and 

Industrial Research Organisation (CSIRO).   

My thanks are extended to the people for their help at various stages of my PhD 

work. Assistance of John Thomas, Adam Webb from Autodesk Moldflow; Dr. 

Ruether and Dr. Shekibi from CSIRO Energy Technology division; Mike 

Dundan from Chisholm TAFE; Pejman Hojati from Monash University; Brian 

Dempster, Mehdi Miri, Girish Thipperudrappa, Dr. Ismet Ilyas, Dr. Wei Song, 

and Dr. James Wang, from Swinburne University of Technology is highly 

appreciated.  

 I wish to express my eternal gratitude to my Mum, Dad and Siblings for their 

endless support, love and encouragement throughout my entire schooling. 

Last but not least, I would like to thank all my friends and fellow postgraduate 

students, especially A.B.M. Saifullah and Barbara, whose sincere friendship 

made the course of my PhD studies fun and enjoyable.  

Thank You!   

 

  

 
Page 5 of 274 

      Markforged Ex. 1009 
Markforged v. Continuous Composites, IPR2022-01220f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

dib
Sticky Note
None set by dib

dib
Sticky Note
MigrationNone set by dib

dib
Sticky Note
Unmarked set by dib

https://www.docketalarm.com/


Real-Time Litigation Alerts
	� Keep your litigation team up-to-date with real-time  

alerts and advanced team management tools built for  
the enterprise, all while greatly reducing PACER spend.

	� Our comprehensive service means we can handle Federal, 
State, and Administrative courts across the country.

Advanced Docket Research
	� With over 230 million records, Docket Alarm’s cloud-native 

docket research platform finds what other services can’t. 
Coverage includes Federal, State, plus PTAB, TTAB, ITC  
and NLRB decisions, all in one place.

	� Identify arguments that have been successful in the past 
with full text, pinpoint searching. Link to case law cited  
within any court document via Fastcase.

Analytics At Your Fingertips
	� Learn what happened the last time a particular judge,  

opposing counsel or company faced cases similar to yours.

	� Advanced out-of-the-box PTAB and TTAB analytics are  
always at your fingertips.

Docket Alarm provides insights to develop a more  

informed litigation strategy and the peace of mind of 

knowing you’re on top of things.

Explore Litigation 
Insights

®

WHAT WILL YOU BUILD?  |  sales@docketalarm.com  |  1-866-77-FASTCASE

API
Docket Alarm offers a powerful API 
(application programming inter-
face) to developers that want to 
integrate case filings into their apps.

LAW FIRMS
Build custom dashboards for your 
attorneys and clients with live data 
direct from the court.

Automate many repetitive legal  
tasks like conflict checks, document 
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks 
for companies and debtors.

E-DISCOVERY AND  
LEGAL VENDORS
Sync your system to PACER to  
automate legal marketing.


