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ABSTRACT 

The adoption of Additive Manufacturing (AM) for low production run parts has created 

the need for more versatile AM materials to aid engineers, students, enthusiasts, and the maker 

community. Current low cost AM processes (e.g.: material extrusion and vat photopolymerization) 

have limited materials that are questionably suitable for load bearing components.  A composite 

approach to AM can improve mechanical properties of components by integrating multiple 

developed materials, thus gathering the beneficial material properties of each separate material in 

an AM-produced composite.  In this thesis, I present the development and validation of two 

composite AM processes through multiple material testing case studies.  Throughout the validation 

procedure, I explore variations in matrix material, infill density, infill type, and fiber 

reinforcement.  2D localized strain analysis is presented via digital image correlation to analyze 

coupon failures, multi-material interactions, and infill and fiber-reinforcement effectiveness.  

Material testing shows distinct differences in samples produced from the same two or three 

materials and demonstrates how mechanical property improvement can be achieved through 

design for tunable materials given a geometric constraint.  Implementation of this process is a step 

towards achieving tunable material properties for low cost AM technologies. 
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CHAPTER 1 
INTRODUCTION 

A need for a low cost polymer Additive Manufacturing (AM) process that is capable of 

producing load-bearing components with a wide range of achievable properties has recently arisen.  

While economical AM has helped to streamline the design process and provided a rapid and 

relatively inexpensive option for prototyping, the use of AM for end use parts is still in its infancy 

[1].  Several major factors have led to the premature adoption of low-end polymer AM for end-

use components including: 1) the widespread availability of low cost AM machines including 

material extrusion and vat photopolymerization, online businesses focused on economical quick 

turnaround manufacturing of AM parts, and community funding of projects [2–4].  This thesis 

proposes an economical composite AM approach through two processes to achieve improved 

mechanical integrity and material tunability for low cost polymer AM.  The layer-based 

manufacturing approach seen in many AM processes is uniquely suitable for composite materials 

and tunable material parameters due to discrete deposition or curing/sintering of feedstock 

material.  This thesis presents process validation through material testing data demonstrating how 

material properties can be tuned to achieve desired part performance. 

1.1 Intellectual Merit 

This thesis presents the framework and validation of two economical polymer composite AM 

processes that allow more design freedom and flexibility to students, engineers, enthusiasts, and 

the maker community.  These composite AM processes integrate thermoplastics, photopolymers, 

epoxies, thermosets, and additional materials such as fiber-reinforcement to achieve a desired set 

of material properties.  The process approach specifically focuses on the direct manufacture of 

multi-material AM components from digital design.  Through the implementation of these 
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composite AM processes, economical load-bearing components can be manufactured with 

mechanical integrity. 

1.2 Broader Impacts 

Public interest in AM has greatly increased in the last decade due in part to the promise of 

manufacturing parts at home with the click of a button.  Printing products at home interests the 

public because it brings rapid access to products to a whole new level, theoretically allowing online 

shoppers to receive purchased goods almost instantaneously and without having to leave the home 

[5].  The technical community including engineers, scientists, manufacturers, and hobbyists see 

AM as a design tool, prototyping tool, and low production run manufacturing tool [6].  Mass 

customization of parts and products is a key benefit of AM for both the public and the technical 

community due to AM’s unique suitability for low production runs.  Personalized goods such as 

unique colors, patterns, engravings, textures, and geometries are limited in mass production by 

factors such as the number of production lines constructed and tooling costs [7].  AM overcomes 

traditional mass production customization limitations by allowing the manufacture of a wide range 

of parts and products on a single production line without retooling costs[8].  The hobbyist and 

maker community can immediately benefit from the composite AM processes developed in this 

thesis by implementing the processes on hobbyist AM machines.  I expect the composite AM 

processes to become available to engineers and AM service houses in the near future as 

commercial machines are developed to implement the processes developed in this thesis.  To that 

end, two provisional patents have already been filed on the work presented here.  

1.3 Thesis Organization 

This thesis is organized into six chapters including two journal articles prepared for submission.  

Chapter 2 provides a literature review on several relevant areas including current AM technologies, 

current composite AM technologies, composites, AM materials, and optical strain analysis for 
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validation of samples.  Chapter 3 presents the first composite AM process and a material testing 

validation case study through written material prepared for journal submission.  Chapter 4 present 

the second composite AM process also prepared for journal submission and a material testing 

validation case study.  Chapter 5 presents an automation scheme, steps taken to date, and future 

work.  The thesis concludes in Chapter 6 with a review of key contributions. 
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CHAPTER 2 
LITERATURE REVIEW 

The seven categories of Additive Manufacturing (AM) as defined by the ASTM F42 – 

Additive Manufacturing Committee are Material Extrusion, Vat Photopolymerization, Binder 

Jetting, Material Jetting, Powder Bed Fusion, Directed Energy Deposition, and Sheet Lamination 

[9].  Of these, the economically priced and commercially available options for startups, hobbyists, 

and enthusiasts are Material Extrusion and Vat Photopolymerization machines.  While costs are 

steadily decreasing for several other polymer technologies including Binder Jetting and Material 

Jetting, there are currently no commercial machines marketed towards the low cost sector. 

2.1 AM Toolchain 

The polymer AM toolchain begins with the modeling of a 3D part in a CAD environment.  Once 

modeled, this CAD file is exported as a file that can be interpreted by slicer software.  The most 

commonly used file type is the stereolithography (STL) format although other options do exist 

(IGES, AMF, etc.) [10–12].  STL files have been suitable for AM machines up until the 

incorporation of multiple materials and colors where more information is needed.  Many different 

file types that enable more information to be stored (material, color, etc.) are currently under 

development and testing [13].  Once converted, the mesh file is then loaded into a slicer.  The 

slicer generates 2D cross sectional slices of the 3D part and then generates a toolpath in order to 

fill each cross section via a layer based approach [12].  This toolpath is then exported as g-code 

and uploaded to the machine controller.  The controller can then execute the toolpath completing 

the 3D part. 

2.2 Material Extrusion 

Material extrusion is the most common AM method in use today due to its widespread 

adoption in desktop 3D printers [14].  The basic principle behind material extrusion is the 
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deposition of a material through a nozzle at discrete locations in a build volume [15].  In order for 

this principle to work, material extrusion machines require three axes of motion, a material that 

can flow through a nozzle, and control over the flow of material [15].  Material extrusion typically 

requires four actuators for a single extruder setup to achieve three axes of motion plus one axis of 

extrusion.  Material extrusion’s popularity comes from the low barrier to entry, ease of use, 

relatively simplistic controls, and stable, safe feedstock materials. 

2.2.1 Fused Filament Fabrication (FFF) 

Fused Filament Fabrication (FFF), or Fused Deposition Modeling1 (FDM) [15], is a 

common material extrusion method primarily found in inexpensive hobbyist and prototyping AM.  

This method extrudes polymer filaments through a hot end as shown in Figure 2.1.  The hot end 

heats a plastic filament past the filaments glass transition temperature allowing the filament to flow 

through the nozzle when advanced by an actuator.  The extruder assembly is mounted on a three 

axis gantry to lay down material according to a predefined toolpath.  The toolpath is generated by 

a slicer program that imports 3D CAD geometry, slices the object into 2D cross sections, 

determines a path to fill each cross section based on user preferences, and exports the toolpath in 

the form of g-code.  The FFF process is described in greater detail in [16]. 

FFF machines typically use thermoplastics as feedstock for creating parts due to the 

relatively low glass transition temperature of thermoplastics and mechanical characteristics 

including strength and ductility [17].  Thermoplastics are commonly used in other manufacturing 

processes such as injection molding and vacuum forming [18,19].  However, parts manufactured 

via FFF exhibit anisotropic mechanical properties [20].  Due to the anisotropic nature of FFF parts, 

real-world mechanical properties usually fall well below bulk material properties [21].  

                                                 
1 Registered trademark of Stratasys, Inc., Eden Prairie, MN; www.stratasys.com 
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Thermoplastics also exhibit mechanical property degradation at every recycling phase [22].  This 

both limits the reuse of feedstock and adds a layer of complexity to predicting thermoplastic 

mechanical properties in design. 

 

Figure 2.1: Fused Filament Fabrication Extrusion 

2.3 Vat Photopolymerization 

Vat Photopolymerization (VP) refers to a group of AM technologies that utilize 

photopolymers and a light source to cure successive layers resulting in full 3D parts.  The two 

commonly used AM technologies in this category are Stereolithography (SLA) and a modified 

SLA technique using Direct Light Processing2 (DLP) [23,24].  Photopolymers are cured via a 

process called photo polymerization usually initiated by ultra violet (UV) light in both of the SLA 

and DLP methods [16,25].  The core SLA process was first developed in the 1960’s and therefore 

is a more mature process than many AM processes [16]. 

There are two common machine setups for VP including “top down” and “bottom up” [24].  

Top down AM configurations consist of an actuated build platform with a full tank of material 

                                                 
2 Registered trademark of Texas Instruments, Inc., Dallas, TX; www.ti.com 



7 

while bottom up AM configuration add material one layer at a time.  For VP, bottom up 

configurations typically consist of a smaller vat of material, as opposed to top down, and an 

actuated build platform that moves away from the vat [26].  Top down is the traditional method 

for VP that uses a large photopolymer tank and a platform that is lowered into the tank.  In this 

setup, the bottom layer of the part is cured first while the build platform is then lowered for each 

successive layer to be cured to the previous layer.  Bottom up configurations, while taking an 

opposite approach by moving the build platform away from the resin tank at each new layer, also 

build from the bottom layer to the top layer.  Bottom up can use a much shallower photopolymer 

tank as only a layer height of photopolymer theoretically needs to be in the tank for each layer.  

VP processes typically achieve the best accuracy and surface finish across all AM techniques [16] 

2.3.1 SLA 

SLA VP uses photopolymers to successively build up layers into a finished 3D part.  This 

method uses a laser beam to cure the photopolymer.  A fixed laser is aimed at a scanning 

galvanometer that focuses the laser at discrete locations on the build platform.  If there is liquid 

photopolymer between the beam and the build plate, it is cured by the laser.  Tracing the cross 

section of the part at each layer cures the photopolymer into the correct cross sectional pattern 

creating a cured layer.  SLA VP uses a scanning galvanometer which is an electromechanical 

actuator that can quickly manipulate a mirror to focus the laser in the desired position determined 

by the g-code.  Some systems incorporate two lasers and optical setups in order to effectively halve 

the build time although this requires more advanced controls. 

SLA is a 1D channel AM technology meaning that it only cures across a line when 

scanning.  Although multiple channels can be added to speed up the build speed, there are several 

issues that occur between cured photopolymer stand boundaries including shrinkage, curling, and 

residual stresses [16].  A typical top down SLA configuration is shown in Figure 2.2. 
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Figure 2.2: Typical “Top Down” SLA Configuration 

2.3.2 DLP SLA 

DLP additive manufacturing uses a 2D channel approach that cures an entire layer at the 

same time.  This is achieved by using a DLP chip found in most modern digital projectors [16].  

The process works by flashing cross sectional patterns of each successive layer at the build plate.  

Before each image is projected, the build plate is advanced allowing the next layer to build directly 

on the previous.  The benefits of the DLP SLA system are reduction in build time, simple 

mechanicals and software, and high resolution for small parts [27].  Drawbacks are mainly material 

related, as with all vat photopolymerization technologies. 

Resolution of the DLP chip is directly related to part resolution in DLP SLA.  It is easy to 

create a linear actuator with finer steps to achieve better z resolution by gearing but increasing x-

y resolution is more challenging.  DLP projectors have a specific resolution due to the number of 

micro mirrors included.  A higher resolution chip results in a higher x-y resolution part.  Therefore, 
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for small parts a full high definition DLP chip can provide significantly better feature resolution 

than SLS [27].  A typical bottom up configuration DLP system is shown in Figure 2.3. 

 

Figure 2.3: Typical “Bottom Up” DLP Configuration 

2.3.3 Photopolymers 

One issue with photopolymers is the shrinkage that occurs during curing [28].  This 

shrinkage arises from monomers taking up more volume than their cured polymer counterparts 

[16].  Curling of individual layers builds stress in a part and can lead to inaccurate part geometry.  

In order to mitigate curling, a larger build plate bonding force can be used.  We have found this 

can be achieved in multiple ways such as a rougher surface finish or cure time adjustment. 

Mechanical properties of photopolymers are less than desirable and can be volatile.  This 

is due to several issues such a UV stability; brittleness; interlayer bonding failure due to uncured 

photopolymer; warping; and imperfections due to curing reactions such as air pockets, internal 

thermal stresses, and humidity   [29].  Furthermore, mechanical properties of photopolymers 

directly depend on the mixture of monomers, photoinitiators, diluents, flexibilizers, and stabilizers 

[16].  Even if each specific blend of photopolymer is tested and cataloged, I have observed that 

variations in cure times or intensities can still result in inconsistent mechanical properties. 
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When photopolymers are bombarded by light waves with a specific wavelength dependent 

on the photoinitiator, typically UV, polymerization occurs [30].  This chemical process cross links 

monomer  chains into larger polymer molecules [30].  Cross linked polymers differ from linear 

and branched polymer chains, such as those that make up thermoplastics, because they cannot be 

remelted and recycled [31]. 

While convenient to use, photopolymers have a whole suite of issues as mentioned before 

including UV stability, brittleness, interlayer bonding failure due to uncured photopolymer, 

warping, and imperfections due to curing reactions such as air pockets, internal thermal stresses, 

and humidity.  Photopolymers also cannot be recycled like thermoplastics, and require much more 

parameter tuning to achieve desired properties than most other materials. 

2.4 Binder Jetting 

Binder jetting refers to the group of AM technologies that use a powder bed and inkjet 

printhead for layer based manufacturing [32].  This multi material AM process works by spreading 

a layer of powder and tracing the cross section of a part with a binder liquid in order to hold the 

powder together [33].  The process is repeated and layers are stacked until the finished part is 

constructed.  Binder jetting usually requires additional post processing in order to achieve a solid 

part due to the binder material.  The porous part taken directly from the binder jetting machine is 

called a green part, or green specimen, and is post processed by heat treatments or infiltration of 

an additional material to achieve desired mechanical properties [16,34,35].  Commonly used 

infiltrates in binder jetting processes are wax, varnish, lacquer, cyanoacrylate, polyurethane, and 

epoxies [36].  Binder jetting is one of the few AM technologies that can be used with polymer, 

metal, and ceramic materials [32]. 
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2.5 Material Jetting 

Material jetting is similar to binder jetting although instead of only dispersing a binding 

agent on a powder bed, material jetting disperses the build material directly [37].  Material jetting 

works by dispersing build material via a print head directly on a build plate as droplets that are 

then cured or solidified thermally or by UV light [16].  Once an entire layer is deposited, the next 

layer is dispersed, gradually building the part layer by layer.  Material jetting has been explored 

using polymers, ceramics, and metals with at least some success in all three categories [38–40]. 

2.6 Powder Bed Fusion 

Powder bed fusion is a group of AM technologies that use a powder bed of bulk material 

and either a laser or electron beam to sinter or fuse the powder together [41].  The common 

technologies that fall within this category are Selective Laser Sintering (SLS), Selective Laser 

Melting (SLM), Electron Beam Melting (EBM), and Direct Metal Laser Sintering (DMLS) [42–

45].  A typical powder bed fusion process works by depositing a layer of powder and tracing the 

cross section of the part on the powder, sintering or melting the powder together [16].  The process 

is repeated as new layers of powder are deposited and the part is finished.  Many different polymer 

and metals are used in powder be fusion technologies including Nylon, Stainless Steel, Titanium, 

and Aluminum [41]. 

2.7 Directed Energy Deposition 

Directed energy deposition processes deposit metals via a wire or powder feed directly 

onto a build platform [46].  The feedstock material is melted by a focused laser or electron beam 

during feed in order for bonding to occur [47].  Technologies within the directed energy deposition 

category include Laser Engineered Net Shaping (LENS), Directed Light Fabrication (DLF), Direct 

Metal Deposition (DMD), and Laser Direct Casting [16,48].  Directed energy deposition can 
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theoretically be used for polymer ceramics and metals but in practice is mainly used for metals 

[16]. 

2.8 Sheet Lamination 

Sheet lamination uses sheets of materials as layers that are bonded via adhesives or welding 

and cut to each specific cross section [49].  Laminated Object Manufacturing (LOM) and 

Ultrasonic Additive Manufacturing (UAM) both are included in the sheet lamination category [50–

52].  Sheet lamination technologies integrate both additive and subtractive manufacturing 

processes because despite using a layer based manufacturing approach, the processes requires 

subtractive manufacturing techniques to trim the sheets into cross sections. 

2.9 Composites 

Composites use multiple materials in order to achieve a desired set of properties including 

strength, strain, chemical resistance, strength/weight ratio, etc.  Composites are made up of a 

continuous matrix material and various embedded reinforcement materials, or dispersed phases 

(e.g.: Glass, Carbon, Kevlar, Metallic, etc.) [53].   Fiber Reinforced Polymers (FRP) are one subset 

of composites that use various polymers as a matrix [54].  FRPs originally were constructed from 

polymeric resins reinforced with glass fibers to achieve high strength, stiffness, and chemical 

resistance while maintaining low cost and weight [54].  Today there are many different FRP 

combinations including thermoplastics, thermosets, and photopolymers for matrix materials and 

glass, Kevlar, carbon fiber, etc. for reinforcement [55].  The combination can be customized for 

each individual application. 

Traditional composite manufacturing processes can result in bulk material properties that 

are near isotropic due to a near random distribution of material units on a molecular scale [56].  

Fibers have uniaxial aligned molecular units giving them uniaxial mechanical properties [56].  

Composites take advantage of this high strength in one direction by orienting fibers in the direction 



13 

of loading.  Fiber reinforcement comes in three main categories including short fibers, long fibers, 

and global fibers [55].   

2.9.1 Short Fiber Reinforcement 

Short Fiber Reinforced Polymers (SFRP) use a distribution of short reinforcement fibers 

embedded in the matrix to provide localized reinforcement.  SFRP material properties depend on 

two main parameters including the fiber length distribution and the fiber orientation distribution 

[57].  Short fiber reinforcement is often used in injection molding and many different methods for 

determining and/or predicting fiber orientation exist including models and experimental 

approaches [58,59].  Typically SFRP materials exhibit anisotropic material properties due to a 

majority of fibers aligning along the flow direction of the matrix material [60].  The critical fiber 

length is the length of fiber needed to obtain an effective mechanical property benefit (e.g.: higher 

strength, lower strain) [61].  This factor has been shown to increase with matrix temperature [62]. 

2.9.2 Long Fiber Reinforcement 

Long Fiber Reinforced Polymers (LFRP) are similar to SFRPs with one key difference; 

longer fibers.  Fiber lengths of 6.35 mm (0.25 inch) or greater typically push composites into the 

LFRP category although this distinction is somewhat arbitrary [63].  LFRP composites have gained 

popularity in many industries (e.g.: aerospace, automotive) because of their distinct mechanical 

properties (primarily strength/weight ratio) and ability to be processed in existing manufacturing 

process (e.g.: injection molding) [64].  Fiber length is not the sole parameter to optimize when 

designing a composite as it is also important to look at orientation, shear strength of the matrix, 

surface finish of the fibers [64]. 

2.9.3 Global Fiber Reinforcement 

Global Fiber Reinforced Polymers, also known as Continuous Fiber Reinforced Polymers 

(CFRP), use identical matrix and phase materials to SFRP and LFRP but use longer fibers [65].  
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Just as the distinction between Short Fiber Reinforced Thermoplastic (SFRT) and long fiber 

reinforced thermoplastic (LFRT) composites, the distinction between LFRT and Continuous Fiber 

Reinforced Thermoplastics (CFRT) is not clearly defined.  CFRP composites are desired due to 

material properties (e.g.: high strength, high impact resistance, Etc.) although they are more 

difficult to manufacture than SFRT and LFRTs [65]. 

2.9.4 FRP Failures 

FRP composite failures are classified into two different cases including matrix failure and 

fiber failure [66].  The simplest approach at predicting composite failures is to assume the matrix 

can support the fibers past their yield strength, therefore only taking into account the strength of 

the fibers when predicting tensile failure [67].  This is not physically the case in many instances 

and therefore better models that look at both matrix fiber bonding forces and fiber strength as 

separate failure cases have been developed [66]. 

A composite matrix transfers the load to reinforcement fibers via shear stress [56].  

Additionally, the matrix must keep fibers aligned in the direction of loading to ensure maximum 

strength.  Multiple fibers can be oriented in different directions to help support different loads. 

One of the most important factors in creating strong composites is the matrix fiber bonding 

strength.  This force can be tuned by careful material selection and surface treatments [68,69].  If 

the shear stress between the matrix material and the fiber exceeds the bonding strength, then the 

matrix will separate from the fibers, most likely leading to failure.  Ideally, the matrix will transfer 

a load to the reinforcement fibers up to the ultimate tensile strength of the fibers, leading to a fiber 

failure. 

2.10 Composite AM Technologies 

One of the inherent benefits of layer based manufacturing in AM technologies is the ability 

to directly modify cross sections of a part during manufacturing.  An example of such a 
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manipulation is operator selected infill patterns.  Having the ability to discretely deposit material 

allows for optimization of material properties at the hand of the designer.  A composite approach 

expands the design space further by allowing the designer to create multi material components.  

Several AM composite technologies have been explored including reinforced filaments, doped 

filaments, and ultrasonic/thermal embedding. 

2.10.1 Reinforced Filaments 

One composite material extrusion process uses fiber reinforced thermoplastic filaments to 

achieve high strength parts [70].  This method uses a continuous fiber composite technique with a 

thermoplastic matrix.  The process works by extruding fiber reinforced filament through a heated 

nozzle similar to other material extrusion processes [71].  One interesting deviation from 

traditional composites is the introduction of filament strand boundaries in the matrix versus a 

continuous isotropic or laminate anisotropic matrix typically used in composites.  This technique 

requires sufficient polymer bonding between the thermoplastic filament strands to transfer the 

shear load to the fibers without causing fractures in the matrix between strands. 

2.10.2 Doped Filaments 

Another material extrusion composite process is the use of doped filaments.  Doped 

filaments combine particles or short fibers with a polymer matrix such as Acrylonitrile Butadiene 

Styrene (ABS) or Polylactic Acid (PLA).  Many different dopants are used in filaments to achieve 

specific properties such as conductivity, illumination, and textures [72–75].  Mechanical properties 

of parts manufactured by material extrusion have also been altered by the introduction of dopants 

including  an iron doped nylon filament for direct tooling [76], iron and copper doped ABS for 

higher stiffness and improved thermal conductivity [77], and carbon nanotube doped ABS 

filaments for higher stiffness and up to a 39% increase in yield strength [78]. 
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2.10.3 Ultrasonic/Thermal Embedding 

Embedding materials via thermal or ultrasonic techniques is a way to incorporate multiple 

materials in a manufacturing process.  One example of this in AM is the thermal embedding of 

copper wire into material extrusion thermoplastic structures for improved conductivity and 

mechanical strength [79].  The process incorporates metals into the FFF process creating three 

dimensional structural electronic components.   

2.10.4 Multifunctional and Tunable Materials 

Multifunctional materials in AM were first presented through the integration of Vat 

Photopolymerization (VP) and Direct Write (DW) using conductive inks [80].  The idea of 

integrating VP and DW was aimed at creating structural components with embedded electronics, 

moving away from traditional structural shells with internal circuit boards and wire leads. 

2.11 2D DIC Strain Analysis 

Digital Image Correlation (DIC) is a full field measurement technique that compares digital 

images recorded throughout a material test to optically determine displacement and strain [81].  

This technique has become popular in the experimental mechanics community since the 1980s as 

a non-contact measurement technique [82].  Technological advancements in microcomputers, 

image processing, cameras, optics, and DIC algorithms have made DIC a reliable alternative to 

traditional strain measurement techniques such as strain gauges [83].  A speckle pattern can be 

physically attached to the test surface via white a black paint [83]. 
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CHAPTER 3 
MANUFACTURING COMPOSITES USING A HYBRID MATERIAL EXTRUSION-

PHOTOPOLYMERIZATION METHOD 

Modified from a paper to be published in 
Emerald Insight Rapid Prototyping Journal 

Ryan Hemphill, Douglas L. Van Bossuyt, Aaron Stebner 

Abstract 

The shift towards using low cost Additive Manufacturing (AM) processes including Fused-

Filament Fabrication (FFF) and Stereolithography (SLA) for low production volume runs of end 

use parts has shown a need for versatile, high performance polymer AM materials.  Limited 

material options for both FFF and SLA, and delamination failure modes of layer based components 

result in components that are not always suited for load bearing applications.  A multi-material 

composite approach can provide components with desirable traits including higher ultimate 

strength, high specific strength, and appropriate stiffness for a specific application.  In this article, 

we present the Fused Filament Fabrication-Stereolithography (F3SLA) process, a hybrid AM 

technique that incorporates both thermoplastic shells and liquid polymer infills.  We present a case 

study aimed at exploring several multi-materials’ suitability for load bearing applications and the 

effects of multi-material AM samples under both tension and compression.  Our case study shows 

distinct benefits of 100% photopolymer infilled F3SLA components and a decrease in performance 

for photopolymer filled thermoplastic honeycomb infill.  Development of F3SLA is a step towards 

achieving higher performance low cost polymer AM components. 

 

Key Words: Additive Manufacturing, Photopolymer, Thermoplastic 
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3.1 Introduction 

Additive Manufacturing (AM) has gained a tremendous amount of interest among 

engineers, scientists, and the maker community over the last decade.  Several AM processes such 

as Fused Filament Fabrication (FFF) and Stereolithography (SLA) have recently become 

affordable for a broad range of applications and have spurred the rapid adoption of AM in many 

different industries such as aerospace, automotive, medical, and advanced manufacturing [2].  

Driven by several factors including rapid low production volume part runs, no requirements for 

specialized tooling, and no complexity penalization for parts, AM is changing the way low 

production volume parts are manufactured [84].  In particular, layer-based manufacturing methods 

greatly reduce manufacturing costs associated with geometric complexity and therefore open up 

many new design possibilities that were previously cost-prohibitive or could not be physically 

built via subtractive machines (e.g.: computer numerical control mills, wire electrical discharge 

machining, lathes, etc.).  However, the benefits of AM do not come without drawbacks and 

limitations.  AM contains a whole new set of issues not typically present in subtractive 

manufacturing (SM) processes such as delamination failures, large internal stresses, and porosity 

[85]. 

FFF, or Fused Deposition Modeling3 (FDM) and SLA are the two most widely used AM 

methods for plastics due to the low cost and relative simplicity of the manufacturing processes 

[14].  A significant issue facing FFF and SLA for production run part adoption is the material 

properties of the printed parts [1].  Layer-based manufactured parts have a unique set of failure 

modes that are not generally found in SM parts and are more akin to failures found in composite 

materials [85].  Furthermore, mechanical properties of AM parts produced by economical 

                                                 
3 Registered trademark of Stratasys, Inc., Eden Prairie, MN; www.stratasys.com 
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commercial options are inconsistent across production runs due to process variations (e.g.: 

extruder temperature, ambient temperature, bed temperature, extrusion rate, print speed, etc.) [21].  

Of particular interest to the research presented in this paper is tensile and compressive loading 

failures primarily manifested as delamination failures where the bonds between individual layers 

of plastic filament break at much lower yield strength than bulk material properties otherwise 

indicate [21].  Various methods to strengthen inter-layer bonding are available such as increasing 

extrusion nozzle temperature, decreasing layer height, elevating build volume temperature, and 

additional techniques primarily focused on increasing polymer chain interactions between layers 

[86].  Other methods of strengthening inter-layer bonding focus on infiltrating the printed part with 

a bonding agent such as an adhesive or using a solvent to promote additional interlayer bonding 

[16].  However, the tensile strength gains are still modest and do not equal or surpass bulk material 

properties.   

While polymer AM process such as FDM and SLA can produce quality non-load bearing 

parts, there is a need for an alternative capable of producing economical load bearing-parts.  In 

this paper, we present Fused Filament Fabrication-Stereolithography (F3SLA), a hybrid AM 

method combining elements from FFF and SLA, to increase polymer AM part mechanical 

strength, increase production speed of high infill prints, and expand material options for tunable 

polymers.  It should be noted that we use the term “hybrid” as the combination of multiple AM 

process rather than the combination of AM and SM technologies as seen in [87–89].  F3SLA uses 

a FFF thermoplastic shell filled in up to 100% density with a liquid resin (e.g.: photopolymer, 

thermoset, epoxy, etc.).  The resulting parts have the following beneficial properties: 1) wider 

range of available mechanical properties than FFF alone, 2) more rapid print completion than FFF 

with larger infill percentage, 3) less expensive equipment than SLA processes, and 4) theoretical 
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greater UV stability than SLA parts due to thermoplastic shielding.  Relevant literature and the 

development and validation through tensile and compressive material testing are presented in the 

following sections. 

3.2 Background 

AM has gained popularity in the last decade due to several benefits including 1) eliminating 

costs associated with part complexity, 2) minimizing material waste, 3) increasing turnover rate 

for low production runs, and 4) eliminating tooling [2].  These benefits bring down manufacturing 

costs significantly and therefore result in a more streamlined, cost effective design and 

manufacturing process [90].  In addition to the reduction of costs, AM can produce part geometries 

not previously possible with SM due to the layer-based approach such as complex lattice structures 

or fully assembled internal components.  One benefit that we believe has not been fully exploited 

by the AM community is the ability to construct composite parts.  While we see multi-material 

approaches in use with features like dissolvable material and color printing, multi-material 

processes can also be used to achieve desirable mechanical properties as seen in composites [56].  

F3SLA builds on several AM processes that were developed over the last 30 years and are widely 

available to industry and academia.  This section reviews literature and information relevant to the 

hybrid FFF-SLA method presented in this paper. 

3.2.1 AM Toolchain 

The general AM toolchain includes Computer Aided Design (CAD), a slicer, host software, 

the AM machine, and post processing [10–12,91].  First, the part is designed for AM in CAD and 

saved as a mesh format such as a STL or Initial Graphics Exchange Specification (IGES) fi le.  This 

file is converted into toolpaths via G-code using a slicer.  The host software package can be 

installed on the printer itself or operated via an external computer.  Host software loaded onto an 

external computer or AM microcontroller usually integrates the slicer and printer controller into 
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one package.  Once the G-code has been generated, it is uploaded to the AM machine and the 

printing operations are carried out resulting in a geometrically finished part.  Depending on the 

AM technology and specific application, post processing may be required to obtain a finished part. 

The AM toolchain simplifies the traditional SM toolchain by eliminating several time-consuming 

steps including drafting and tooling.  A more detailed description of the general AM toolchain can 

be found in [16]. 

3.2.2 Fused Filament Fabrication 

The FFF process is based on a thermoplastic filament fed through a heated extrusion nozzle 

at a controlled rate and deposited as a continuous feed of molten plastic at discrete locations on a 

build plate [20].  The build plate is often heated depending upon the specific system and 

thermoplastic being used.  FFF uses a three axis platform typically actuated with stepper motors 

and an extruder assembly composed of a plastic filament driver and a hot end [10].  Most FFF 

implementations build parts, layer by layer, in the Z axis where the layer cross sections are in the 

XY plane [92].  Careful control of printing parameters allows complex geometries to be 

constructed.  The two major manufacturing techniques that are used to produce a FFF part are 

shells and infill.  Shells are the outermost layers that form the part’s geometry while infill is the 

interior support for the shells that come in many different forms (rectilinear, conical, honeycomb, 

etc.).  One major drawback to FFF is the large amount of time it takes to manufacture a part, 

especially for large parts and high infill percentages.  High infill percentages help to increase 

strength of printed parts by providing more structural support.  However, there is a tradeoff 

between build time and part strength as dictated by infill [21].  Some optimization of build time 

and part strength can be achieved through an advantageous build orientation aligning filament 

strands with application loads [93,94]. 
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3.2.3 Stereolithography (SLA) 

SLA uses photo-curable resins and a light source such as a laser or digital light processing4 

(DLP) projector to cure each successive layer in a part [84].  Liquid photopolymer resin is 

selectively bombarded with focused light to cure the photopolymer to a solid state [30].  Typically, 

SLA uses a vat of photopolymer with a height-adjustable build plate that enables layer-based 

manufacturing.  UV light is commonly used to cure the photopolymer in a layer pattern specified 

by the slicer software [95].  SLA uses a laser to trace each layer while a DLP SLA machine uses a 

digital projector to cure an entire layer at once, decreasing build time [33].  The SLA AM method 

also typically results in higher resolution parts than FFF.  Material properties (e.g.: percent 

elongation, tensile/compressive strength, brittleness, etc.) vary greatly in SLA due to the large 

number of photopolymer blends available and inconsistent material properties among blends [96].  

Disadvantages of SLA include UV stability, brittleness, warping, internal stresses and cure 

imperfections such as air pockets [29]. Some of these disadvantages can be mitigated through 

careful parameter tuning but others are material characteristics such as UV stability and brittleness 

[96]. 

3.2.4 AM Materials 

Both FFF and SLA are limited by the materials suitable for each technique.  FFF uses 

thermoplastics such as Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS), High 

Impact Polystyrene (HIPS), and various polyamides (Nylons) [17,97].  These materials all vary in 

mechanical properties such as tensile strength, brittleness, and UV stability.  Regardless of the 

variations in mechanical properties, almost all FFF materials are thermoplastics and therefore 

exhibit certain similarities such as relatively low melting temperatures.  SLA materials also vary 

                                                 
4 Registered trademark of Texas Instruments, Inc., Dallas, TX; www.ti.com 
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widely but are all typically proprietary blends of photopolymers.  Under light bombardment of a 

certain wavelength, depending on the photo initiators used, photopolymers undergo cross-linking 

polymerization. 

3.2.5 Composites 

Composites combine multiple materials to achieve desired material properties not feasible 

through the use of one bulk material [98].  Typically, this encompasses a support matrix such as 

an epoxy or ceramic reinforced with a phase material such as carbon fiber, fiberglass or metal fiber 

[99].  Since the fiber reinforcement acts to support the main load while the support matrix holds 

the entire part together, fiber orientation is extremely important [98].  There are many different 

techniques to manufacture composites from hand layup to semi-automated processes including 

Resin Transfer Molding (RTM), Resin Injection Molding (RIM), and Vacuum-Assisted Resin 

Transfer Molding (VARTM) [100–103].  Composite parts therefore also exhibit different failure 

modes than single-material parts [69,104].  Composite failure modes can be classified as a matrix 

failure where the bonding between the matrix and fiber fails or a phase failure where the fibers 

themselves fail [105,106].  This is more akin to AM part failures where failure typically occurs at 

layer boundaries. 

3.2.6 Composite AM Technologies 

The discrete deposition of material in AM technologies inherently enables the feasibility 

of complex multi-material components.  We have classified composite FFF technologies into three 

categories including reinforced filaments, doped filaments, and ultrasonic/thermal embedding.  

One attempt at producing economical load bearing parts is the use of fiber reinforced thermoplastic 

filaments [70,107].  This process uses specially manufactured thermoplastics with a fiber-

reinforced core composed of fiberglass, Kevlar, or carbon fiber and two extruders to allow the 

fiber-reinforced thermoplastic to be laid in orientations specified by the operator [107].  The fiber 
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reinforced filament process is limited to laying reinforcement in only the X-Y axis and therefore 

does not allow reinforcement between layers.  Doping of filaments is another technique used to 

incorporate multiple materials in AM to achieve a desired set of material properties.  Metals such 

as iron and copper along with carbon are often used as dopants in thermoplastic filaments to 

achieve a higher stiffness, increased thermal conductivity, and increased yield strength as seen in 

[77,108]. 

3.3 Development and Validation of F3SLA 

The methodology presented below details F3SLA in two main subsections including 

development of F3SLA, and process validation through material testing.  The benefits of F3SLA 

include a wider range of material properties and more rapid part completion.  Tensile and 

compressive tests were used to evaluate the mechanical integrity of F3SLA components. 

3.3.1 F3SLA Development 

We began development of F3SLA by manually testing the printing procedure using a FFF 

machine to build the shell and thermoplastic infill structure, a syringe to manually insert 

photopolymer, and a handheld UV light for layer curing.  This allowed us to quickly vary 

parameters in order to gain an understanding of the process before automation.  Of particular 

interest was how a liquid matrix would interact with the solid AM thermoplastic shell including 

seepage and material reaction.  Due to the propriety nature of commercial photopolymers, some 

initial experimentation was conducted to verify that PLA and the selected general purpose 

photopolymer would not react on contact or during curing [109]. 

After understanding how F3SLA can work by combining photopolymer and thermoplastic 

into a hybrid AM process, we proceeded to develop an automated AM printer to produce F3SLA 

parts. F3SLA is based on a thermoplastic shell, thermoplastic reinforcement, and photopolymer 

infill.  We achieve this by expanding the FFF procedure to encompass more than just thermoplastic 
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extruders.  Typically, multi-extruder thermoplastic FFF machines will vary filament color or 

filament material type.  For instance, dissolvable support material is often loaded into one 

thermoplastic extruder while the other extruder contains the build material.  Color FFF printers 

also usually incorporate multiple extruders with a distinct colored filament loaded in each extruder.  

The hybridization of FFF and SLA overcomes material limitations of each process resulting in a 

broader range of mechanical properties such as tensile strength, brittleness, UV stability, etc.  The 

practical implementation of F3SLA differs from typical multi-extruder FFF printers, where 

identical thermoplastic extruders deposit one or more thermoplastics (e.g. MakerBot, MakerGear 

M2), by incorporating multiple material phases [110,111]. 

A F3SLA printer uses a standard FFF thermoplastic extruder for laying down the 

thermoplastic shells, and a stepper motor-driven peristaltic pump attached to a nozzle as the liquid 

photopolymer extruder.  A UV light is also either included on the gantry assembly of the F3SLA 

printer or mounted stationary above to build platform to cure the photopolymer in layered intervals.  

Figure 3.1 shows one possible F3SLA print head setup. 

For initial testing, we used a standard FFF printer for the initial development and testing 

of F3SLA.  The FFF printer was used to create the shells and thermoplastic reinforcement while 

infill of the photopolymer was performed manually during the FFF printing process.  We used an 

external computer to control pause points and gantry movements though custom g-code scripts in 

the build process to allow manual insertion of the photopolymer and UV curing.  A standard 

medical syringe, as seen in Figure 3.2, was used for manual resin deposition while a handheld UV 

light was used for curing.  We used PLA and a general purpose commercial UV photopolymer for 

initial testing and development of F3SLA.  Theoretically, any liquid resin including various 

photopolymers, thermosets, and epoxies, can be used in place of photopolymers with F3SLA to 
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produce AM parts with different desirable material properties.  The manual deposition process is 

shown in Figure 3.2 where the thermoplastic shell (black) can easily be distinguished from the 

liquid photopolymer infill (red). 

 

Figure 3.1: Possible F3SLA Gantry Setup 

Manual F3SLA testing allowed us to successfully validate F3SLA on the basis of material 

compatibility, dimensional accuracy, and layer height.  Due to the external thermoplastic shell 

providing geometric dimensional accuracy and surface finish, a larger photopolymer layer height 

is advantageous in decreasing build time.  Figure 3.3 illustrates several issues with increased layer 

height including air bubbles, liftoff, and warping.  In Figure 3.3, layer height decreases from left 

to right.  Air bubbles can be seen in the two leftmost samples while some degree of liftoff can be 

seen in all but the rightmost sample.  A slower cure time can decrease both liftoff and warping and 

can be achieved through less intensity, modification of wavelength for photopolymer curing, or 

decreasing exposure time.  The rightmost sample indicates how ultra-thin layers can achieved 

minimal air bubbles, liftoff, and warpage.  The layers shown in Figure 3.3 are the first 
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photopolymer layers of various heights therefore the ridges of the individual thermoplastic strands 

can be seen in the rightmost sample due to resin seepage between strands. 

 

Figure 3.2: Manual Photopolymer Deposition Process 

 

Figure 3.3: F3SLA Adhesion Tests 

Thermoplastic reinforcement can be added to the F3SLA composite structures to minimize 

warpage, provide rigidity, and tune mechanical performance including yield strength, strain, and 

specific strength.  Warpage, due to the exothermic photopolymer cure reaction, can be mitigated 

through thermoplastic reinforcement and an increase in build plate adhesion through the use of 

adhesives and/or elevated bed temperatures.  Figure 3.4 shows several test samples with 

thermoplastic reinforcement showing complex geometries such as inclines and overhangs.  FFF 

geometry limitations are shown in the F3SLA samples (Figure 3.4) such as high overhang angles 

yet these can be mitigated through the use of thermoplastic support material. 
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Figure 3.4: F3SLA Samples 

 

3.3.2 F3SLA Validation 

To validate the mechanical integrity of F3SLA components, we tested a variety of 

mechanical properties such as ultimate strength, specific strength, and strain under tension and 

compression loads.  All test coupons were made in accordance to the American Society for Testing 

and Materials (ASTM) F2971-13 - Standard Practice for Reporting Data for Test Specimens 

Prepared by Additive Manufacturing [112] and ASTM D638-14 - Standard Test Method for 

Tensile Properties of Plastics [113] with minor modifications for our test setup.  These 

modifications included reducing the overall length of tensile coupons to 5.5 inches by cutting both 

the clamp length and the reduced section to 1 inch in to maximize the number of test samples we 

could fit on the build plate in one orientation.  The reduced cross section was left unmodified to 

stay as close to the ASTM standards as possible for our test setup.  A type II style test coupon was 

chosen over a type I in order to promote failure within the reduced region as per ASTM D638-14 

recommendations.  We used a one inch cube for the compressive sample geometry because of the 

simplicity, ease of manufacture, and flat surface for accurate 2D DIC optical strain analysis. 



29 

All coupons were manufactured from HATCHBOX PLA filament (silver) [114] bought in 

the same purchase order and only unsealed directly before each print run to get similar bulk 

material properties.  We used MakerJuice LABS G+ v5 3D printing resin [109] for our UV curable 

resin throughout the entire case study.  This resin was chosen because it is a general purpose resin 

that is easy to work with and widely accessible.  To evaluate F3SLA and determine the mechanical 

properties of interest for the test coupons (yield strength, strain, and percent elongation) both 

tensile tests and compressive tests were conducted.  The interaction between photopolymer core 

and thermoplastic structure was of specific interest to this case study.  In particular, we were 

interested in how the two materials’ boundaries would interact and how much separation we would 

observe. 

We used 2D DIC optical strain analysis for displacement acquisition and strain 

measurement throughout the tensile and compressive case studies.  The optical approach allowed 

us to locally measure the strain across the testing region to fully investigate multi-material 

interaction and failures.  Using a strain gauge would have just provided axial measurements and 

not the level of insight that 2D DIC local strain fields did.  Ncorr [115], an open source DIC 

program, was used to perform DIC analysis on our tensile data.  Images taken throughout the 

tensile and compressive loading of test coupons were processed by localized tracking of a black 

and white speckle pattern on each coupon.  An in-depth description on how Ncorr works and the 

underlying theory is available [116].  Figure 3.5 shows a sample 2D DIC strain field overlain on a 

100% photopolymer coupon produced through DLP.  A complete set of 2D overlain strain field 

images can be found in [117]. 
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Figure 3.5: Sample 2D DIC Strain Field Overlay (100% DLP) 

To perform DIC analysis during testing, we prepared samples by speckling the testing 

region.  This process started with a light coat of white paint to provide a smooth, flat background.  

It was important to sufficiently coat the testing region to a point where the individual filament 

strands were not visible yet thin enough to minimize impact on the mechanical properties of the 

coupon.  The second part of speckling involved misting the coupons with a black paint to a near 

50-50 black and white balance.  A consistent coating method was used throughout our tests to 

ensure accurate comparisons. 

Table 3.1 presents and overview of the entire case study including both tensile and 

compressive sample cases.  F3SLA samples were manufactured using a FFF process and manual 

photopolymer infill process as shown in Figure 3.2.  All F3SLA samples used honeycomb 

thermoplastic infill structures. 

Uniaxial tension and compression tests were used to measure material characteristics of 

both control cases and F3SLA cases and provide quantitative comparisons (ultimate strength, 

specific strength, strain, etc.) for evaluating the mechanical integrity and material characteristic 

flexibility of each case.  A Mark-10 [118] ESM1500 single-column force tester was used for all 

material testing including both tension and compression tests.  Two Mark-10 force sensors were 

used for tension and compression tests; a MR01-500 (500 lbf force limit) for tension and a MR01-

2000 (2000 lbf force limit) for compression.  Self-tightening wedge grips (Mark-10) were used for 



31 

all tensile tests while compression plates were used for compression tests.  All tests were conducted 

at a constant displacement rate of 5 mm/s.  A Basler [119] acA645-100gm GigE camera with 659 

x 494 pixel resolution and a frame rate of 10 hertz was used for optical strain measurement.  This 

resolution gave approximately 500 pixels for the testing region of both tensile and compression 

samples.  Additional image settings and external fiber optical lighting intensity (aperture, gain, 

etc.) were individually selected for each case to provide an optimal image quality depending on 

environmental lighting and subtle differences in speckle patterns between sample cases. 

Table 0.1: F3SLA Case Study Overview 

Sample 
Process 

Loading Shell 
Material 

Thermoplastic 
Infill (%) 

Photopolymer 
Infill (%) 

FFF Tensile Thermoplastic 0 0 
FFF Tensile Thermoplastic 10 0 
FFF Tensile Thermoplastic 20 0 
FFF Tensile Thermoplastic 50 0 
FFF Tensile Thermoplastic 100 0 
DLP Tensile N/A 0 100 

F3SLA Tensile Thermoplastic 0 100 
F3SLA Tensile Thermoplastic 10 90 
F3SLA Tensile Thermoplastic 20 80 

FFF Compressive Thermoplastic 0 0 
FFF Compressive Thermoplastic 10 0 
FFF Compressive Thermoplastic 100 0 
DLP Compressive N/A 0 100 

F3SLA Compressive Thermoplastic 0 100 
F3SLA Compressive Thermoplastic 10 90 

 

Eight samples of each case were tested for both tension and compression.  Figure 3.6 shows 

the geometry and dimensions for the tensile coupons in millimeters.  A 1 inch cube block was used 

for the compression geometry to provide a flat surface for accurate optical strain measurement.  

The outer shell of all F3SLA samples were solid infilled (rectilinear FFF) PLA. 
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Figure 3.6: Tensile Coupon Geometry (mm) 

3.4 Experimental Results 

We present F3SLA material testing results in the following three subsections: tensile test 

results in Section 3.5.1, compressive test results in Section 3.5.2, and a summary of all results in 

section 3.5.3.  All stress-strain plots report median stress-strain curves while the case study 

overview, Table 3.2, presents mean values to provide a more complete picture of the true central 

tendency of the data. 

3.4.1 Tensile Data 

We present the results of the FFF tensile control cases in a median stress-strain plot shown 

Figure 3.6.  The FFF samples of various infill densities all followed a clear trend of increasing 

both ultimate tensile strength and stiffness with an increase in infill density.  FFF honeycomb infill 

densities of 0%, 10%, and 20% all exhibited a median ultimate strength within 3% of each other.  

A 50% infill density coupon resulted in a 13% increase in strength over a 20% infill density coupon 

while a 100% infilled coupon resulted in a 47% increase in ultimate strength over a 50% infilled 

coupon.  100% Photopolymer coupons manufactured by DLP exhibited an 8% lower ultimate 

strength than 0% infilled thermoplastic manufactured by FFF and a similar stiffness to 10% or 

20% infill density FFF samples. 
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Figure 3.7: Control Stress-Strain Curves 

 

Figure 3.8:  F3SLA Stress-Strain Curves 
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The F3SLA tensile stress-strain curves for photopolymer infilled thermoplastic honeycomb 

infill coupons are presented in Figure 3.7.  The 10% F3SLA sample exhibited a 2% decrease in 

ultimate strength and the 20% F3SLA case exhibited a 6% increase in ultimate strength over the 

DLP control case.  The 0% F3SLA sample resulted in a 45% increase in ultimate strength over the 

DLP control case. The 0% F3SLA case resulted in a 34% increase over 0% thermoplastic FFF case 

but a 27% decrease versus 100% thermoplastic FFF case.  

3.4.2 Compressive Data 

The compressive stress-strain curves for the FFF and DLP control cases are presented in 

Figure 8.  Due to load frame limitations, not all compressive cases were loaded to failure.  Failed 

cases are indicated in Table 3.2.  Figure 3.9 shows the results of the F3SLA samples under 

compression. 

 

Figure 3.9: Control Compressive (-) Stress-Strain Curves 
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Figure 3.10: F3SLA Compressive (-) Stress-Strain Curves 

3.4.3 Summary 

A complete summary of the F3SLA case study is presented in Table 3.2.  It should be noted 

that not all compressive samples were loaded to failure due to load frame limitations.  All failed 

samples are indicated in the case study overview.  Young’s Modulus was calculated as the tangent 

modulus for the linear elastic region of each sample case.  This was achieved by manually selecting 

the linear region for each case and averaging the results across all eight samples.  Note that the 

cases largely exhibit nonlinear responses and therefore the Young’s modulus is only a valid 

measurement of material compliance within the linear elastic region. 

Table 3.2: F3SLA Case Study Results Summary 

Sample L
o
a
d 

Fail Ultimate 
Stress 
(MPa) 

Ultimate 
Stress 

Std Dev 

Ultimate 
Strain 

Strain 
Std 
Dev 

Youngs 
Modulus 

(Mpa) 

Effective 
Specific 
Strength 

(kPa/kg/m^3) 
0% 

Thermoplastic 
Infill (FFF) 

T Yes 35.18 0.434 0.0267 0.0008 1747 61.26 
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Table 3.2 Continued 

Sample L
o
a
d 

Fail Ultimate 
Stress 
(MPa) 

Ultimate 
Stress 

Std Dev 

Ultimate 
Strain 

Strain 
Std 
Dev 

Youngs 
Modulus 

(Mpa) 

Effective 
Specific 
Strength 

(kPa/kg/m^3) 
10% 

Thermoplastic 
Infill (FFF) 

T Yes 35.17 0.732 0.0215 0.0022 2195 51.81 

20% 
Thermoplastic 

Infill (FFF) 

T Yes 36.06 0.496 0.0231 0.0011 2193 47.30 

50% 
Thermoplastic 

Infill (FFF) 

T Yes 40.67 0.485 0.0236 0.0013 2555 41.88 

100% 
Thermoplastic 

Infill (FFF) 

T Yes 60.28 1.710 0.0236 0.0016 3341 49.76 

100% 
Photopolymer 

(DLP) 

T Yes 30.80 4.899 0.0213 0.0080 1978 23.04 

10% 
Thermoplastic

, 90% 
Photopolymer 

(F3SLA) 

T Yes 31.90 1.268 0.0235 0.0014 1952 35.52 

20% 
Thermoplastic

, 80% 
Photopolymer 

(F3SLA) 

T Yes 34.06 2.439 0.0258 0.0021 1739 35.07 

0% 
Thermoplastic

, 100% 
Photopolymer 

(F3SLA) 

T Yes 45.18 7.364 0.0275 0.0069 2789 44.60 

0% 
Thermoplastic 

Infill (FFF) 

C Yes 7.46 0.224 0.0061 0.0021 11972 61.26 

10% 
Thermoplastic 

Infill (FFF) 

C No N/A N/A N/A N/A 6178 N/A 

100% 
Thermoplastic 

Infill (FFF) 

C No N/A N/A N/A N/A 9636 N/A 

100% 
Photopolymer 

(DLP) 

C No N/A N/A N/A N/A 13557 N/A 
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Table 3.2 Continued 

Sample L
o
a
d 

Fail Ultimate 
Stress 
(MPa) 

Ultimate 
Stress 

Std Dev 

Ultimate 
Strain 

Strain 
Std 
Dev 

Youngs 
Modulus 

(Mpa) 

Effective 
Specific 
Strength 

(kPa/kg/m^3) 
0% 

Thermoplastic
, 100% 

Photopolymer 
(F3SLA) 

C Yes 8.55 0.61 0.0108 0.0041 3028 8.62 

10% 
Thermoplastic

, 90% 
Photopolymer 

(F3SLA) 

C No N/A N/A N/A N/A 8857 N/A 

 
3.5 Discussion 

The following discussion highlights our interpretations of the data trends presented in 

Section 3.4.  We explore the mechanical integrity of HATCHBOX PLA and MakerJuice G+ 

photopolymer and their possible use for load bearing parts.  We then discuss F3SLA’s potential 

versus FFF and DLP. 

The motivation for exploring various thermoplastic and photopolymer infill density 

combinations was to use the thermoplastic as the phase material and photopolymer as the matrix 

material of a F3SLA composite.  We saw an opposite effect with a lower ultimate strength in the 

10% and 20% F3SLA cases versus the corresponding 10% and 20% FFF cases.  Examining the 

test specimens, we attribute this decrease in performance to the introduction of defects (e.g.: poor 

layer bonding, air pockets) into the test coupons.  Thermoplastic does not bond well to the smooth 

surface finish of cured photopolymers.  Significant seepage would also have to occur for the liquid 

infill to form a continuous matrix.  Based upon optical observations, we suspect that the individual 

pockets of photopolymer did not seep through and successfully crosslink with neighboring 

pockets. 
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The 15% increase in ultimate strength from the 0% Thermoplastic-100% Photopolymer 

case versus the 50% infill density FFF case suggests that F3SLA has potential to provide high 

strength parts at lower build durations than high thermoplastic infill densities.  While the 100% 

infilled thermoplastic case still out-performs all F3SLA cases in terms of ultimate strength and 

specific strength, the potential decrease in build time can be attractive for certain applications such 

as load-bearing prototypes, and end-use components that don’t require higher performance. These 

applications will value quick manufacturing turnaround and high quality surface finish [120] over 

strength. 

From the 96% increase in ultimate strength and 116% increase in specific strength, it is 

clear that the photopolymer used is not as strong of a material as the thermoplastic used under 

tension.  This explains the 33% increase in ultimate strength between the 0% Thermoplastic-

100%Photopolymer F3SLA case and the 100% thermoplastic FFF case. 

From these comparisons, it is clear that the photopolymer chosen (under the curing 

parameters as defined by the manufacturer [121]) is a much weaker material that the PLA used 

when looking at both ultimate strength and specific strength.  The DLP case also exhibited a much 

larger standard deviation in ultimate strength than the samples produced through FFF.  We believe 

this is due to the brittleness of photopolymer and therefore there is a large chance of defect 

propagation.  Minor defects have a greater chance of leading to ultimate failure of a component 

made out of photopolymer than more durable thermoplastics. 

To evaluate the F3SLA process in direct comparison to both FFF and DLP we split the 

material testing case study results into three groups including coupons produced by FFF, DLP, and 

F3SLA.  Each coupon group was evaluated on several metrics including ultimate strength, specific 

strength, stiffness, and repeatability.  We recommend processes that resulted in above average 
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performance in Table 3.3.  Note that these processes are evaluated on a limited number of materials 

including HATCHBOX PLA (silver) and MakerJuice G+ (red).  A larger dataset including more 

compatible materials will provide a better generalization than presented in Table 3 and should be 

constructed before widespread adoption of F3SLA. 

Table 3.3: Process Recommendation for Various Parameters 

Desired Parameter Process Recommendation 
Ultimate Strength FFF, F3SLA 
Specific Strength FFF, F3SLA 

Stiffer FFF 
More Compliant F3SLA, DLP 

Repeatable FFF 
 
3.6 Future Work 

While this research has laid the foundations of F3SLA, more cases, catalogued data, and a 

toolset are needed to develop the process into a reliable manufacturing method.  The 

characterization of various thermoplastics, photopolymers, and other thermosets will be key to 

successful implementation in industry.  Material choice will also be an important factor to be 

researched and developed.  We chose an easy to obtain, general purpose, non-toxic photopolymer 

although better choices for mechanical integrity are likely available.  

F3SLAs liquid photo polymer deposition allows for the possibility of fiber to be inlaid.  

The combination of thermoplastic framework, liquid photo curable resins, and fiber would allow 

true composites to be manufactured using AM.  Theoretically we could then use any combination 

of reinforcement fibers (e.g.: carbon fiber, Kevlar, etc.).  A fiber inlay case study should be 

conducted to determine the effectiveness of reinforced F3SLA components. 

Different curing techniques for liquid polymers should also be explored.  We chose UV 

photo curable materials due to the speed and amount of control we have over curing.  It may be 

possible to exploit other curing methods such as two part epoxies.  This addition would further 
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expand the printable material bank and therefore give people even more control over tunable 

parameters. 

3.7 Conclusion 

F3SLA is a first step towards directly manufacturable low-cost composites through AM 

techniques.  We found F3SLA to be a viable option with many directions for future development.  

Our initial test runs have successfully produced samples of several geometries.  A set of suitable 

printing parameters were identified through process iterations and are ready to be incorporated in 

an automated process [117].  F3SLA brings new possibilities to the field of AM by incorporating 

a wide range of materials in one process.  While the framework for this method has been laid out, 

much more work is needed to bring this method to industry and the maker community.  The first 

research phase presented here incorporated many parameter iterations making large data samples 

unfeasible.  Future work will be needed to expand data sets and catalogue material mechanical 

properties to verify process robustness and provide a database for component design. 

Although photopolymer infilled thermoplastic honeycomb samples were not successful in 

achieving a higher ultimate strength or specific strength, 100% infilled F3SLA samples did show 

potential.  The 100% infilled photopolymer sample exhibited a 45% increase over 100% 

photopolymer samples produced by DLP and a 15% increase in ultimate strength over 50% infill 

density thermoplastics produced by FFF. 

There are many potential applications for a fully developed F3SLA.  Industries such as 

aerospace and automotive already utilize AM due to its unique ability to manufacture complex 

geometries simply not feasible using subtractive methods.  The addition of mechanically reliable 

low cost AM polymers opens up a whole new field of parts for AM to produce both for industry 

and for hobbyists. 
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CHAPTER 4 
DEVELOPMENT AND VALIDATION OF AN ECONOMICAL POLYMER FIBER-

REINFORCED COMPOSITE ADDITIVE 

Modified from a paper to be published in 
Elsevier Additive Manufacturing 

Ryan Hemphill, Douglas L. Van Bossuyt, Aaron Stebner 

Abstract 

The adoption of Additive Manufacturing (AM) for low production volume part runs has 

highlighted the need for more versatile AM materials to aid engineers, students, enthusiasts, and 

the maker community in designing high performance end-use components.  Current low cost AM 

processes (e.g.: material extrusion and vat photopolymerization) have limited material choices that 

are not always suitable for use in load-bearing components.  A composite material approach to 

AM can improve mechanical properties of components by combining multiple materials thus 

attaining the beneficial material properties of each separate material in an AM-produced 

composite.  In this article, we present the development and validation of a composite AM process, 

the Reinforced Fused Filament Fabrication-Stereolithography (RF3SLA) process, through 

multiple material testing case studies.  Throughout the validation of RF3SLA, we explore 

variations in matrix material and fiber reinforcement.  2D localized strain analysis is presented via 

digital image correlation to analyze F3SLA coupon failures, multi-material interactions, and fiber 

reinforcement effectiveness.  Our material testing shows distinct differences in samples produced 

from the same two or three materials (thermoplastics, photopolymers, epoxies, and fibers), and 

highlights how mechanical property improvement can be achieved through tuning the design of 

composite AM materials given geometric constraints and desired component parameters (e.g.: 

strength, specific strength, stiffness, etc.).  Implementation of the RF3SLA process is a step 

towards achieving tunable material properties for low-cost AM technologies. 
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Key Words: Additive Manufacturing, Composites, Photopolymer, Thermoplastic, Fiber-

Reinforced Plastic 

4.1 Introduction 

Recent changes in Additive Manufacturing (AM) such as the introduction of affordable 

microcontrollers, expired patents that previously restricted commercial competition in machine 

and process development, and an increase in public interest have resulted in what some are calling 

the third industrial revolution [122].  While only time will tell if current trends towards a global 

maker community will have as large of an impact on global manufacturing as some are predicting, 

there is little doubt that AM is a disruptive technology [16,123].  Several major factors have led to 

the use of AM for rapid prototyping and low production run manufacturing.  These factors include: 

1) the widespread availability of low cost AM machines including material extrusion and vat 

photopolymerization, online businesses focused on economical quick turnaround manufacturing 

of AM parts, and community funding of projects [2–4].  While economical AM has helped to 

streamline the design process and provided a rapid and relatively inexpensive option for 

prototyping, the use of AM for end use parts is still in its infancy [1].  AM machine yield rates and 

predictable material properties are two primary barriers to the broad adoption of AM parts for 

production [21].   

Public interest in AM has greatly increased in the last decade due in part to the promise of 

manufacturing parts at home with the click of a button.  Printing products at home interests the 

public because it brings rapid access to products to a whole new level, theoretically allowing online 

shoppers to receive purchased goods almost instantaneously and without having to leave the home 

[5].  The technical community including engineers, scientists, manufacturers, and hobbyists see 

AM as a design tool, prototyping tool, and low production run manufacturing tool [6].  Mass 
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customization of parts and products is a key benefit of AM for both the public and the technical 

community due to AM’s unique suitability for low production runs.  Personalized goods such as 

unique colors, patterns, engravings, textures, and geometries are limited in mass production by 

factors such as the number of production lines constructed and tooling costs [7].  AM overcomes 

traditional mass production customization limitations by allowing the manufacture of a wide range 

of parts and products on a single production line without retooling costs[8]. 

The layer-based manufacturing approach seen in many AM processes is suitable for multi-

functional materials and tunable material parameters due to discrete deposition or curing/sintering 

of feedstock material.  The underlying idea of both multi-functional materials and tunable material 

parameters for parts is geometrical and material property customization of both external and 

internal part structures.  Multi-functional materials have the potential for further miniaturization 

and increased performance of products through the integration of electronics, electrical pathways, 

thermal vias, and complex internal lattice structures into product casings [79,124].  The integration 

of electronics, thermal management, and structural optimization features provides a shift away 

from traditional design methodology where external casings, electronics, wiring, and thermal 

management are designed separately to fully integrated multi-functional components. 

In this paper, we propose an economical composite AM technique, the Reinforced Fused 

Filament Fabrication-Stereolithography (RF3SLA) process, to achieve improved mechanical 

integrity and material flexibility for low cost polymer AM.  To our knowledge, the RF3SLA 

process and our approach to producing parts with tunable material properties for specific 

applications is unique and novel in low cost polymer AM.  Further, we present material testing 

data demonstrating how material properties can be tuned in RF3SLA to achieve desired part 

performance.  The hobbyist and maker community can immediately benefit from RF3SLA by 
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implementing the process on hobbyist AM machines.  We expect RF3SLA and related processes 

to become available to engineers and AM service houses in the near future as commercial machines 

are developed using the RF3SLA method presented here5. 

4.2 Background 

In this section, we briefly review two of the seven categories of Additive Manufacturing 

(AM) as defined by the ASTM F42 – Additive Manufacturing Committee [9]  which include:  

Material Extrusion, Vat Photopolymerization, Binder Jetting [16,33–36,49], Material Jetting 

[16,38–40], Powder Bed Fusion [16,41–45], Directed Energy Deposition [16,46–48], and Sheet 

Lamination [49–52].  Of these seven AM categories, currently commercially available 

economically-priced options for engineers, hobbyists, and the maker community are Material 

Extrusion and Vat Photopolymerization machines.  Material Extrusion and Vat 

Photopolymerization are of specific interest to the RF3SLA process and are examined in detail 

below.  While costs are steadily decreasing for several other AM technologies including Binder 

Jetting and Material Jetting, there currently are no commercial machines marketed towards price-

sensitive individuals and companies. We then survey relevant literature on several topics necessary 

to understand the RF3SLA process presented in this paper including: 1) the AM toolchain, 2) 

composite materials, and 3) related efforts to develop composite AM materials.   

4.2.1 Material Extrusion 

Material extrusion is the most common AM method in use today due to its widespread 

adoption in desktop 3D printers [14].  The basic principle behind material extrusion is the 

deposition of a material through a nozzle at discrete locations in a build volume [15].  For this AM 

process to work, material extrusion machines require at least three axes of motion, a material that 

                                                 
5 The Colorado School of Mines has filed a patent on the RF3SLA process. 
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can flow through a nozzle, and control over the flow of material [15].  Material extrusion typically 

requires four actuators for a single extruder setup to achieve three axes of motion plus one axis of 

extrusion.  We have observed material extrusion’s popularity coming from low barrier to entry, 

ease of use, relatively simple control strategies, and stable, safe feedstock materials.   

Fused Filament Fabrication (FFF), or Fused Deposition Modeling6 (FDM) [15], is a 

common material extrusion method primarily found in inexpensive hobbyist and prototyping AM 

machines.  FFF extrudes polymer filaments through a “hot end” that heats a thermoplastic filament 

past the filament’s glass transition temperature, allowing the filament to flow through the nozzle 

when advanced by an actuator.  The extruder assembly is typically mounted on a three axis gantry 

to lay down material according to a predefined toolpath.  The toolpath is generated by a slicer 

program that imports 3D CAD geometry, slices the object into 2D cross sections, determines a 

toolpath to fill each cross section based on user preferences, and exports the toolpath in the form 

of g-code to the AM machine [16]. 

FFF machines typically use thermoplastics as feedstock for creating parts due to the 

relatively low glass transition temperature of thermoplastics and beneficial mechanical 

characteristics including strength and ductility [17].  Thermoplastics are commonly used in other 

manufacturing processes such as injection molding and vacuum forming [18,19].  However, parts 

manufactured via FFF exhibit anisotropic mechanical properties not often found in traditional 

manufacturing processes [20].  Due to the anisotropic nature of FFF parts, real-world mechanical 

properties usually fall well below bulk material properties [21].  Thermoplastics also exhibit 

mechanical property degradation at every recycling phase [22].  This both limits the reuse of 

                                                 
6 Registered trademark of Stratasys, Inc., Eden Prairie, MN; www.stratasys.com 
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feedstock and adds a layer of complexity to predicting thermoplastic mechanical properties in 

design. 

4.2.2 Vat Photopolymerization 

Vat Photopolymerization (VP) is a group of AM technologies that use photopolymers and 

a light source to cure successive layers resulting in 3D printed parts.  The two commonly used AM 

VP technologies are Stereolithography (SLA) and a modified SLA technique using Direct Light 

Processing7 (DLP) [23,24].  Photopolymers are cured via the photo polymerization process usually 

initiated by ultra violet (UV) light in both SLA and DLP [16,25].   

Two common machine configurations exist for VP including “top down” and “bottom up” 

machines [24].  The top down configuration uses a large photopolymer tank and a platform that is 

lowered into the tank.  In this setup, the top layer of the part is cured first while the build platform 

is then lowered for each successive layer to be cured to the previous layer.  The bottom up 

configuration cures the bottom layer first and raises the build platform up for each successive layer 

until reaching the top layer.  Bottom up can use a much shallower photopolymer tank as only a 

layer height of photopolymer theoretically needs to be in the tank for each layer.  VP processes 

typically achieve the best accuracy and surface finish across all AM techniques [16].  

SLA VP uses photopolymers to successively build up layers into a finished 3D part.  A 

laser beam is used to cure the photopolymer in a 1D channel approach where only one discrete 

point is photoset at a time.  A fixed laser is aimed at a scanning galvanometer that focuses the laser 

at discrete locations on the build platform.  If there is liquid photopolymer between the beam and 

the build plate, it is cured by the laser.  Tracing the cross section of the part at each layer cures the 

photopolymer into the correct cross sectional pattern, creating a cured layer [16].   

                                                 
7 Registered trademark of Texas Instruments, Inc., Dallas, TX; www.ti.com 
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DLP additive manufacturing uses a 2D channel approach that cures an entire layer at the 

same time.  This is achieved by a DLP chip found in most modern digital projectors [16].  The 

process works by flashing cross sectional patterns of light of each successive layer at the build 

plate.  Before each image is projected, the build plate is advanced, allowing the next layer to build 

directly on the previous.  The benefits of the DLP SLA system are reduction in build time, simple 

mechanicals and software, and high resolution for small parts [27]. 

There are several important issues with photopolymer processes including: 1) shrinkage 

that occurs during curing [28], 2) poor and volatile mechanical properties [29], and 3) differences 

in crosslinked photopolymers and linear branched polymer changes [30].   Shrinkage arises from 

monomers taking up more volume than their cured polymer counterparts [16].  Curling of 

individual layers introduces internal stress in a part and can lead to inaccurate part geometry.  To 

mitigate curling, a larger build plate bonding force can be used.  We have found this can be 

achieved in multiple ways such as a rougher surface finish or cure time adjustment.  Mechanical 

properties of photopolymers are less than desirable and volatile.  This is due to several issues such 

a UV stability, brittleness, interlayer bonding due to uncured photopolymer, warping, and 

imperfections due to curing reactions such as air pockets, internal thermal stresses, and humidity   

[29].  Furthermore, mechanical properties of photopolymers directly depend on the mixture of 

monomers, photoinitiators, diluents, flexibilizers, and stabilizers [16].  Even if each specific blend 

of photopolymer is tested and cataloged, we have observed that variations in cure times or light 

intensities can still cause inconsistent mechanical properties.  When photopolymers are bombarded 

by light waves with a specific wavelength-dependent photoinitiator (typically UV), polymerization 

occurs [30].  This chemical process cross-links monomer  chains into larger polymer molecules 
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[30].  Cross-linked polymers differ from linear and branched polymer chains, such as those that 

make up thermoplastics, because they cannot be remelted and recycled [31].   

4.2.3 AM Toolchain 

The polymer AM toolchain begins with the modeling of a 3D part in a CAD environment.  

Once modeled, the CAD file is exported as a file that can be interpreted by slicer software.  The 

most commonly used file type is the stereolithography (STL) format although other options do 

exist (e.g.: IGES, AMF, etc.) [10–12].  The slicer software generates 2D cross sectional slices of 

the 3D part and then generates a toolpath to fill each cross section via a layer-based approach [12].  

The toolpath is then exported as g-code and uploaded to the AM machine controller.  The controller 

can then execute the toolpath to print the 3D part. 

4.2.4 Composites 

Composites use multiple materials to achieve a desired set of properties including strength, 

strain, chemical resistance, strength/weight ratio, etc.  Composites are made up of a continuous 

matrix material and various embedded reinforcement materials, or dispersed phases (e.g.: Glass, 

Carbon, Kevlar, Metallic, etc.) [53].   Fiber Reinforced Polymers (FRP) are one subset of 

composites that use various polymers as the matrix material [54].  FRPs originally were 

constructed from polymeric resins reinforced with glass fibers to achieve high strength, stiffness, 

and chemical resistance while maintaining low cost and weight [54].  Today there are many 

different FRP combinations including thermoplastics, thermosets, and photopolymers for matrix 

materials and glass, Kevlar, carbon fiber, etc. for reinforcement [55].  Matrix and reinforcement 

combination can be customized for specific individual applications. 

Many composite manufacturing processes typically result in bulk material properties that 

are isotropic due to a near-random distribution of material units on a molecular scale [56].  Fibers 

have uniaxial aligned molecular units giving them uniaxial mechanical properties [56].  
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Composites take advantage of the high strength in one direction of fibers by orienting fibers in the 

direction of anticipated loading.  Fiber reinforcement of composites includes three main categories 

including short fibers, long fibers, and global fibers [55].  

Short Fiber Reinforced Polymers (SFRP) use a distribution of short reinforcement fibers 

embedded in the matrix to provide localized reinforcement.  SFRP material properties depend on 

two main parameters including the fiber length distribution and the fiber orientation distribution 

[57].  Short fiber reinforcement is often used in injection molding and many different methods for 

determining and/or predicting fiber orientation exist including models and experimental 

approaches [58,59].  Typically, SFRP materials exhibit anisotropic material properties due to a 

majority of fibers aligning along the flow direction of the matrix material [60].  The critical fiber 

length is the length of fiber needed to obtain an effective mechanical property benefit (e.g.: higher 

strength, lower strain) [61].  This factor has been shown to increase with matrix temperature [62]. 

Long Fiber Reinforced Polymers (LFRP) are similar to SFRPs with one key difference: 

longer fibers.  Fiber lengths of 6.35 mm (0.25 inch) or greater typically result in composites being 

classified as LFRP although this distinction is somewhat arbitrary [63].  LFRP composites have 

gained popularity in many industries (e.g.: aerospace, automotive) because of their distinct 

mechanical properties (primarily strength/weight ratio) and ability to be processed in existing 

manufacturing process (e.g.: injection molding) [64].  Fiber length is not the sole parameter to 

optimize when designing a composite as it is also important to look at orientation, shear strength 

of the matrix, surface finish of the fibers [64]. 

Global Fiber Reinforced Polymers (GFRP), also known as Continuous Fiber Reinforced 

Polymers (CFRP), use identical matrix and phase materials to SFRP and LFRP but use longer 

fibers [65].  As with the distinction between SFRT and LFRT composites, the distinction between 
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LFRT and CFRT is not clearly defined.  CFRP composites are useful for specific material 

properties (e.g.: high strength, high impact resistance, etc.) although CFRPs are more difficult to 

manufacture than SFRT and LFRTs [65]. 

FRP composite failures are classified into two different categories including: 1) matrix 

failure and 2) fiber failure [66].  The simplest approach at predicting composite failures is to 

assume the fiber can support the matrix past the matrix’s yield strength, therefore only taking into 

account the strength of the fibers when predicting tensile failure [67].  This is not physically the 

case in many instances, and therefore more accurate models that look at both matrix fiber bonding 

forces and fiber strength as separate failure cases have been developed [66]. A composite matrix 

transfers tensile load to reinforcement fibers via shear stress [56].  Additionally, the matrix must 

keep fibers aligned in the direction of loading to ensure maximum strength.  One of the most 

important factors in creating strong composites is the matrix fiber bonding strength.  This force 

can be tuned by careful material selection of constituent materials and surface treatments [68,69].  

If the shear stress between the matrix material and the fiber exceeds the bonding strength, then the 

matrix will separate from the fibers and most likely will lead to failure of the composite under 

tensile load.  Ideally, the matrix transfers a load to the reinforcement fibers up to the ultimate 

tensile strength of the fibers, leading to a fiber failure. 

4.2.5 Composite AM Technologies 

One of the inherent benefits of layer-based manufacturing in AM technologies is the ability 

to directly manipulate cross sections of a part during manufacturing.  An example of such a 

manipulation is operator-selected infill patterns.  Having the ability to discretely deposit material 

allows for optimization of material properties at the hand of the designer.  A composite material 

approach to AM expands the design space further by allowing the designer to create multi-material 
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composite components.  Several AM composite technologies have previously been developed 

including reinforced filaments, doped filaments, and ultrasonic/thermal embedding. 

One composite material extrusion process uses fiber-reinforced thermoplastic filaments to 

achieve high strength parts [70].  This method uses a continuous fiber composite technique with a 

thermoplastic matrix.  The process works by extruding fiber-reinforced filament through a heated 

nozzle similar to other material extrusion processes [71].  One interesting deviation from 

traditional composites is the introduction of filament strand boundaries in the matrix versus a 

continuous isotropic or laminate anisotropic matrix typically used in composites.  The fiber-

reinforced thermoplastic filament AM technique requires sufficient polymer bonding between the 

extruded thermoplastic filament strands to transfer the shear load to the fibers without causing 

fractures in the matrix between strands. 

The doped filament AM process combine particles or short fibers with a polymer matrix 

such as ABS or PLA.  Many different dopants are used in filaments to achieve specific properties 

such as conductivity, illumination, and textures [72–75].  Mechanical properties of parts 

manufactured by material extrusion have also been altered by the introduction of dopants including  

an iron doped nylon filament for direct tooling [76], iron and copper doped ABS for higher 

stiffness and improved thermal conductivity [77], and carbon nanotube doped ABS filaments for 

higher stiffness and up to a 39% increase in yield strength [78]. 

Embedding materials via thermal or ultrasonic techniques is one way to incorporate 

multiple materials in an AM manufacturing process.  For instance, thermal embedding of copper 

wire into material extrusion thermoplastic structures can provide improved conductivity and 

mechanical strength [79].  The process incorporates metals into the FFF process creating three 

dimensional structural electronic components.   
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We previously developed the Fused Filament Fabrication-Stereolithography (F3SLA) 

process to combine the benefits of thermoplastic and photopolymer or other liquid resin materials 

in one AM process.  A three axis gantry carries multiple extruders including a FFF thermoplastic 

extruder and a stepper-driven peristaltic liquid extruder to deliver photopolymers or other resins 

(two peristaltic liquid extruders are used in the case of two-part epoxies and resins).  The first step 

in F3SLA manufacturing is the construction of a thermoplastic base shell.  Two to three 

thermoplastic layers are used in the initial base to minimize leakage of liquid infill throughout later 

stages and one or two layer shells are constructed.  As the build progresses layer by layer, liquid 

infill is pumped and deposited within the thermoplastic structure.  The liquid extruder infills layers 

at a consistent two to three layers behind the thermoplastic sidewalls to ensure there is no overspill 

and that the FFF extruder tip does not contact liquid infill.  Both photopolymers and quick set 

epoxies have been successfully tested using the F3SLA process [125,126]. 

4.2.6 Multifunctional and Tunable Materials 

Multifunctional materials in AM were first presented through the integration of Vat 

Photopolymerization (VP) and Direct Write (DW) using conductive inks [80].  The idea of 

integrating VP and DW was aimed at creating structural components with embedded electronics, 

moving away from traditional structural shells with internal circuit boards and wire leads. 

In summary, there are currently two economically priced and commercially available AM 

categories for engineers, hobbyists, and the maker community including Material Extrusion and 

Vat Photopolymerization.  Material extrusion typically uses a three axis gantry to discretely 

deposit molten thermoplastics via a predefined toolpath to create three dimensional geometry.  Vat 

Photopolymerization uses a “top up” or “bottom down” approach to construct three dimensional 

components layer by layer.  Typically, in Vat Photopolymerization, either a laser traces each cross 

sectional layer (SLA) or a digital projector cures entire layers at once (DLP).  Composites integrate 



53 

a matrix material (e.g.: thermoplastics, epoxies, photopolymers, etc.) with one or more phase 

materials (e.g.: fiberglass, carbon fiber, Kevlar, etc.) to achieve desired material properties not 

exhibited by the individual components.  Composite AM approaches (e.g.: fiber-reinforced 

filaments, doped filaments, phase embedding, F3SLA, etc.) are uniquely suited for manufacturing 

composites due to the discrete deposition of feedstock material in AM.  We present a hybrid 

composite AM methodology to provide the foundation for an AM toolset aimed at multi-material 

integration and tunable parameters. 

4.3 Development of RF3SLA 

In this section, we present the Reinforced Fused Filament Fabrication-Stereolithography 

(RF3SLA) process, a hybrid additive manufacturing method that provides a low cost option for 

fiber-reinforced composite AM.  The RF3SLA process combines a thermoplastic extruder, liquid 

extruder, and fiber inlay extruder.  This combination expands the material property design space 

and therefore results in more tunable material parameter options (e.g.: strength, fatigue life, 

stiffness, etc.) for students, engineers, hobbyists, and the maker community.  In the development 

of RF3SLA we seek to expand the possibilities in low cost polymer additive manufacturing.  In 

particular, we seek the ability to design and tune a part’s mechanical properties through the 

integration of direct composite AM.  The ability to design a part’s mechanical properties through 

composite materials is a step towards multi-functional materials and reliable mechanical part 

integrity for low cost AM. 

RF3SLA uses previous F3SLA development as a starting point to develop a true fiber 

reinforced composite AM process.  We add reinforcement fibers deposited within the liquid infill 

layers.  Using fibers in the liquid infill strengthens parts by transferring loads from the liquid infill 

matrix to the reinforcement fibers via shear stress.  Fiber reinforcement can be deposited in any 

direction depending on mechanical apparatus limitations to support different load configurations.  
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This allows an operator to design the material properties of a structure itself, optimizing desired 

mechanical properties for specific applications. 

Figure 4.1 demonstrates a generic RF3SLA extruder configuration.  Three extrusion heads 

are included on a three axis gantry assembly including 1) a thermoplastic extruder, 2) a liquid resin 

extruder (one extruder in the case of photopolymers and one part epoxies or resins, two extruders 

in the case of two part epoxies or resins), and 3) a fiber extruder.  The fiber extruder lays in fibers 

into a layer of liquid resin in the desired pattern, direction, and fiber length as specified by the 

designer or machine operator.  The liquid layer is cured/photoset after the fibers have been inlayed.  

The next thermoplastic shell layer is then constructed, liquid resin is added, and the process is 

repeated until the desired part geometry is completed.  Control of the three extruders is done 

through g-code that is generated either manually or in a custom slicer. 

 

Figure 4.1: Possible RF3SLA Extruder Carriage Setup 

Figure 4.2 shows a generic RF3SLA sample part.  The thermoplastic outer structure layers 

are over emphasized by the change in grey tones.  Multiple layers of continuous fiber 
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reinforcement can be seen within the liquid infill (red).  Several fiber-inlay extruder designs allow 

for continuous global fiber reinforcement deposition, long fiber reinforcement deposition, or short 

fiber reinforcement deposition depending on the intended application. 

 

 

Figure 4.2: RF3SLA Sample 

4.4 Material Testing of RF3SLA Parts 

To validate RF3SLA as a viable AM method that can produce reliable parts with the flexibility of 

tunable parameters, we developed a material testing case study presented here.  We selected two 

matrix materials (a photopolymer and an epoxy) to demonstrate that both can be successfully used.  

For each matrix material case we included four sets of eight test samples.  The first set included 

only a thermoplastic shell and solid matrix core (no fiber reinforcement).  The second case included 

two layers of evenly dispersed global fibers (140 mm) oriented along the axis of loading  The third 

case used the same total length (1.12 m) of long fibers (8 mm) near-randomly distributed along 

the axis of loading.  The fourth case included the same total length (1.12 mm) of short fibers (2 

mm) also distributed near-randomly within the matrix by mixing.  We use soft Tex 120 Kevlar 

fiber for reinforcement because of the fiber’s ease of use, high strength, and good fiber-matrix 

bonding strength.  In addition to the eight RF3SLA cases, we included two control cases including 

a 100% concentrically infilled PLA sample manufactured by FFF and a 100% photopolymer case 

manufactured by DLP.  The ten sample cases are summarized in Table 4.1. 
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Table 4.1: RF3SLA Case Study Overview 

Sample Case Shell Material Infill Material Reinforcement 
Non-Reinforced Epoxy Thermoplastic Epoxy   

Global-Fiber Epoxy Thermoplastic Epoxy Kevlar (140 mm) 
Short-Fiber Epoxy Thermoplastic Epoxy Kevlar (2 mm) 
Long-Fiber Epoxy Thermoplastic Epoxy Kevlar (8 mm) 

Non-Reinforced Photopolymer Thermoplastic Photopolymer   
Global-Fiber Photopolymer Thermoplastic Photopolymer Kevlar (140 mm) 
Short-Fiber Photopolymer Thermoplastic Photopolymer Kevlar (2 mm) 
Long-Fiber Photopolymer Thermoplastic Photopolymer Kevlar (8 mm) 

100% Thermoplastic (FFF) Thermoplastic Thermoplastic   
100% Photopolymer (DLP) Photopolymer Photopolymer   

 
4.4.1 Coupon Production 

We manufactured all coupons in-house with a two-step process, first printing the outer 

thermoplastic shell and second infilling the shell manually for RF3SLA samples.  The shells were 

left uncapped by thermoplastic similar to the model in Figure 4.2 allowing the infill to be prepared 

off the build plate.  We infilled the thermoplastic shell layer by layer to closely mimic how the 

samples are produced in the fully automated RF3SLA system described in Section 3.  We chose 

to apply one liquid infill layer every two thermoplastic layers to speed the process up although the 

number of layers is tunable by the operator.  The fiber reinforcement was deposited evenly at two 

different layers before the liquid layer cured to ensure maximum adhesion between the matrix infill 

and reinforcement.  The completed photopolymer samples were put in a UV oven while the epoxy 

samples were set in a temperature-controlled environment as per the manufacturers’ 

recommendations.  For this case study we chose MakerJuice Labs G+ 3D Printing Ink v5 [109] as 

a photopolymer and Hatchbox Silver PLA 3D Printer Filament [114] as a thermoplastic due to 

both material’s general purpose and widespread availability. 
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4.4.2 Material Testing 

We performed tensile tests on the ten different cases to demonstrate the mechanical 

integrity and diverse mechanical property possibilities of RF3SLA parts through the pairing of 

multiple matrix and phase materials.  We used 2D optical DIC strain measurement techniques to 

obtain an accurate strain measurement showing not only axial strain but also local strain on each 

coupon.  Digital Image Correlation (DIC) is a full field measurement technique that compares 

digital images recorded throughout a material test to optically determine displacement and strain 

[81].  The DIC technique allowed us to visualize multi-material interactions across tensile loading 

to failure giving insight on the compatibility of various materials and effectiveness of load transfer 

throughout the AM composites by tracking changes in a black and white speck pattern [83].  Fiber 

optic lighting with polarization filters supplied sufficient illumination and minimized glare.  Figure 

4.3 shows a sample 2D DIC strain field overlain on a 100% infilled thermoplastic coupon produced 

through FFF.  A complete set of strain field images can be found in [117]. 

 

Figure 4.3: Sample 2D DIC Strain Field Overlay (100% Infill FFF) 

Uniaxial tension tests were used for measuring material characteristics of both control 

cases and RF3SLA cases and provide quantitative comparisons (ultimate strength, specific 

strength, strain, etc.) for evaluating the mechanical integrity and material characteristic flexibility 

of each case.  A Mark-10 [118] ESM1500 single-column force tester was used for all material 
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testing.  A Mark-10 MR01-500 (500 lbf force limit) force sensors was used for all tension tests.  

Self-tightening wedge grips (Mark-10) were used for all tensile tests.  All tests were conducted at 

a constant displacement rate of 5 mm/s.  A Basler [119] acA645-100gm GigE camera with 659 x 

494 pixel resolution and a frame rate of 10 hertz was used for optical strain measurement.  This 

resolution gave us approximately 500 pixels for the testing region of the tensile samples.  

Additional image settings and external fiber optical lighting intensity (aperture, gain, etc.) were 

individually selected for each case to provide an optimal image quality depending on 

environmental lighting and subtle differences in speckle patterns between sample cases.  Eight 

samples of each case were tested for both control and RF3SLA coupons.  Figure 3.6 shows the 

geometry and dimensions for the tensile coupons in millimeters.  The outer shell of all RF3SLA 

samples were solid infilled (rectilinear FFF) PLA. 

4.5 Results 

We present RF3SLA tensile test results in the following three subsections: photopolymer 

matrix results in Section 5.1, epoxy matrix results in Section 5.2, and a summary in Section 5.3 

comparing photopolymer matrix results versus epoxy matrix results.  Figures 4.4 and 4.5 report 

median stress-strain results while Table 4.2 reports various mean material properties for each case.  

Median plots were selected versus mean plots for reporting stress-strain curves to minimize the 

effects of skewness from outliers and therefore better represent the central tendency of the 

populations for the RF3SLA tensile test results. 

4.5.1 Photopolymer RF3SLA 

We present the results of the photopolymer RF3SLA tensile tests in a median stress-strain 

plot in Figure 4.4.  The 100% thermoplastic sample case produced by FFF shows some necking 

before failure.  The remainder of the samples including the 100% photopolymer sample case 

produced by DLP and the RF3SLA samples show brittle failures with no plastic deformation.  
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While the FFF and DLP samples have smooth stress-strain curves to failure, the RF3SLA samples 

cases all show minor failures along the path to some degree suggesting phase bonding failures, or 

micro-cracking before ultimate failure. 

None of the photopolymer RF3SLA sample cases matched the 100% infilled thermoplastic 

FFF case in ultimate strength although there is improvement over the DLP photopolymer case.  

Both short-fiber reinforcement and long-fiber reinforcement in the photopolymer matrix had 

negative effects of the ultimate strength of a sample under tension as compared to non-reinforced 

samples.  Global-fiber reinforcement in a photopolymer matrix resulted in an ultimate strength 

increase of 45% over non-reinforced RF3SLA photopolymer samples and 28% over DLP 

photopolymer samples. 

 

Figure 4.4: RF3SLA Stress-Strain Curves (Photopolymer) 

4.5.2 Epoxy RF3SLA 

We present the epoxy RF3SLA tensile test results in a median stress-strain plot shown in 

Figure 4.5.  The epoxy matrix RF3SLA samples including global-fiber reinforced, long fiber 

reinforced, and short fiber reinforced all exhibited micro-cracking to a larger degree than their 
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corresponding photopolymer cases.  Epoxy matrix samples additionally exhibited larger stress 

values at micro-cracking than photopolymers.  Global fiber reinforced and long fiber reinforced 

epoxy RF3SLA test samples exhibited brittle failures while non-reinforced and short-fiber 

reinforced exhibited a plastic deformation region. 

Globally-reinforced epoxy RF3SLA samples closely followed 100% thermoplastic 

samples manufactured by FFF in tensile performance.  Non-reinforced and short-fiber reinforced 

epoxy RF3SLA samples failed closer to the DLP case than their corresponding photopolymer cases 

yet still failed at a lower ultimate stress.  The long-fiber reinforced epoxy case performed better 

than both the long-fiber reinforced photopolymer case and the DLP case. 

 

Figure 4.5: RF3SLA Stress-Strain Curves (Epoxy) 

4.5.3 Result Summary 

We present a summary of ultimate stress, ultimate strain, Young’s modulus, specific 

strength, and standard deviations for all samples as a means for comparison in Table 4.2.  Table 

4.2 was calculated from mean values versus median values presented in Figure 4.4 and Figure 4.5, 

resulting in higher reported values.  Standard deviations for both ultimate stress and ultimate strain 

are reported as sample standard deviations.  Young’s Modulus was calculated as the tangent 
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modulus for the linear elastic region of each sample case.  This was achieved by manually selecting 

the linear region for each case and averaging the results across all eight samples.  Note that the 

cases largely exhibit nonlinear responses and therefore the Young’s modulus is only a valid 

measurement of material compliance within the linear elastic region. 

Short-fiber reinforcement resulted in a 4% increase in ultimate strength and an 11% 

decrease in specific strength for an epoxy matrix.  Short-fiber reinforcement resulted in a 16% 

decrease in ultimate strength and a 23% decrease in specific strength for a photopolymer matrix.  

Both epoxy matrix and photopolymer matrix RF3SLA samples exhibited a stiffer response with 

short-fiber reinforcement.  A larger ultimate stress standard deviation was observed for short-fiber 

reinforced epoxy samples versus non-reinforced samples while a smaller ultimate stress standard 

deviation was observed for short-fiber reinforced photopolymers versus non-reinforced 

photopolymers. 

Long-fiber reinforcement in an epoxy matrix resulted in a 41% increase in ultimate strength 

and a 23% increase in specific strength over non-reinforced epoxy.  In a photopolymer matrix, 

long-fiber reinforcement resulted in an 11% decrease in ultimate strength and a 14% decrease in 

specific strength.  Long-fiber reinforcement resulted in a stiffer response in both an epoxy matrix 

and a photopolymer matrix.  Similarly to the effects of short-fiber reinforcement, long-fiber 

reinforcement exhibited a larger ultimate stress standard deviation in epoxy and smaller ultimate 

stress standard deviation in photopolymer with respect to the corresponding non-reinforced cases. 

In an epoxy matrix, global-fiber reinforcement resulted in a 102% increase in ultimate 

strength and a 98% increase in specific strength.  Global-fiber reinforcement resulted in a 33% 

increase in ultimate strength and a 48% increase in specific strength in a photopolymer matrix.  

Global-fiber reinforcement resulted in a stiffer response under tension as seen by short-fiber 
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reinforcement and long fiber reinforcement.  Additionally, as seen by both short-fiber 

reinforcement and long-fiber reinforcement, global-fiber reinforcement exhibited a larger ultimate 

stress standard deviation in an epoxy matrix and a smaller ultimate stress standard deviation in a 

photopolymer matrix versus the corresponding non-reinforced cases. 

The two highest performance materials were 100% thermoplastic and global-reinforced 

epoxy in terms of both ultimate stress and specific strength.  Global-fiber reinforced photopolymer 

RF3SLA samples exhibited the third highest specific strength. 

Table 4.2: RF3SLA Case Study Results Summary 

Sample Case  Ultimate 

Stress 

(MPa) 

Ultimate 

Stress 

Std. Dev. 

Ultimate 

Strain 

Ultimate 

Strain 

Std. Dev. 

Young’s 
Modulus 

(MPa) 

Specific 

Strength 

(kPa/(kg/m3)) 

Non-Reinforced 

Epoxy 

 29.77 4.260 0.0141 0.0047 2833 25.68 

Global-Fiber 

Epoxy 

 60.04 9.527 0.0187 0.0052 3039 50.88 

Short-Fiber 

Epoxy 

 31.01 7.190 0.0093 0.0045 4130 22.84 

Long-Fiber 

Epoxy 

 42.07 7.273 0.0107 0.0029 3799 31.48 

Non-Reinforced 

Photopolymer 

 30.59 9.880 0.0141 0.0044 2362 29.59 

Global-Fiber 

Photopolymer 

 40.56 8.637 0.0151 0.0034 2338 43.64 

Short-Fiber 

Photopolymer 

 25.81 4.237 0.0113 0.0025 2581 22.89 

Long-Fiber 

Photopolymer 

 27.24 6.107 0.0110 0.0033 2921 25.57 

100% 

Thermoplastic 

(FFF) 

 60.28 1.710 0.0236 0.0016 3341 49.76 

100% 

Photopolymer 

(DLP) 

 30.80 4.899 0.0213 0.0080 1978 23.04 

 
4.6 Discussion 

The following discussion provides our interpretations of the tensile tests presented in 

Section 5.  We evaluate the selected epoxy and photopolymer as composite matrix materials and 
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the effectiveness of global-fiber reinforcement, long-fiber reinforcement, and short-fiber 

reinforcement.  We additionally discuss RF3SLA’s performance as compared to FFF and DLP. 

Through the stress-strain trends presented in Figures 4.4 and 4.5, it is apparent that epoxy 

and photopolymer matrices act differently under tension.  Photopolymer matrices for non-

reinforced, short-fiber reinforced, long-fiber reinforced, and global-fiber reinforced cases all 

exhibit a linear stress-strain responses with minute micro-cracking and brittle failures.  Epoxy 

matrices also exhibit linear stress-strain responses and a brittle failure for long-fiber reinforcement 

and global-fiber reinforcement although epoxy matrices perform differently for the non-reinforced 

and short-fiber reinforcement cases.  Non-reinforced and short-fiber reinforced epoxies result in a 

linear elastic region followed by some degree of plastic deformation before failure.  The larger 

stress values at micro-cracking for epoxy samples indicate that the epoxy used has a greater 

toughness than the photopolymer. 

Short-fiber reinforcement is not an effective solution for improving mechanical 

performance, including ultimate strength, ultimate stress, and specific strength, in photopolymer 

or epoxy matrices.  Short-fiber reinforcement exhibited an 11% decrease in specific strength for 

an epoxy matrix and 23% decrease in specific strength for a photopolymer matrix over non-

reinforced matrices.  While we do see a 4% increase in ultimate strength for short-fiber reinforced 

epoxies over non-reinforced epoxies, the decrease in specific strength and increase in ultimate 

strength standard deviation counter the ultimate strength improvement.  Short-fiber reinforcement 

improves the ultimate stress standard deviation in a photopolymer matrix. We believe the decrease 

in standard deviation for short-fiber reinforced photopolymers may be due to the fiber providing 

localized support during photopolymer curing although more samples cases are needed for 

confirmation. 
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Long-fiber reinforcement provides conflicting results between epoxy and photopolymer 

matrix materials.  In an epoxy matrix, long-fiber reinforcement results in a 23% specific strength 

increase and a 14% decrease in specific strength for a photopolymer matrix.  Examining long-fiber 

failures, we see more fiber length protruding from the photopolymer matrix break than in the epoxy 

matrix case.  The extra fiber indicates that we have matrix failure and therefore the photopolymer 

and Kevlar fiber are not good composite matrix-phase combination in the long fiber configuration.  

We see a similar trend in ultimate stress standard deviation for long-fiber reinforce as with short-

fiber reinforcement. 

Global-fiber reinforcement results in a decisive benefit for both epoxy and photopolymer 

matrices.  In an epoxy matrix, global-fiber reinforcement exhibits a 98% increase in specific 

strength.  In a photopolymer matrix, global fiber reinforcement exhibits a 48% increase in specific 

strength.  Globally-reinforced epoxy and photopolymer matrix coupons experience different 

failure modes.  Global reinforced epoxy matrix cores typically experience delamination and a 

shattering of matrix material at the center of the testing region.    Global reinforced photopolymer 

matrix consistently fail at the outer regions of the reduced testing section.  Photopolymer matrix 

failures often appear to stem from cracks formed from the self-tightening wedge grips of the load 

frame under large tension loads.  Similarly to the long-fiber reinforcement case, we see less fiber 

protruding from the epoxy matrix than the photopolymer matrix indicating a better shear load 

transfer in the epoxy case. 

Fiber reinforcement length in RF3SLA has different effects depending on matrix-phase 

pairing.  From our investigation into matrix failures and fiber length performances in both epoxy 

and photopolymer matrix materials, it is apparent that matrix material selection and fiber pairing 

must be thoroughly studied before implementation.  Regardless of matrix material, globally-
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reinforced samples perform significantly better than non-reinforced, short-fiber reinforced, and 

long-fiber reinforced samples in both ultimate strength and specific strength.  We see a significant 

increase in global-reinforced epoxy ultimate strain versus global-reinforced photopolymers 

indicating that the epoxy used bonded better to the Kevlar fiber. 

To provide insight into effective use of RF3SLA, we split our RF3SLA material testing 

case study into different cases including epoxy matrix, photopolymer matrix, no-fiber 

reinforcement, short-fiber reinforcement, long-fiber reinforcement, and global-fiber 

reinforcement.  Evaluating these cases on certain metrics such as ultimate strength, specific 

strength, stiffness, and repeatability we are able to identify above average performance for each 

matrix and phase material.  The results are presented in Table 4.3.  It should be noted that only one 

epoxy and photopolymer were tested in this case study and therefore these general 

recommendations may not be valid for every material in each case.  Additional material testing 

and cataloging would allow for a larger database to be constructed for effective use of RF3SLA. 

Table 4.3: RF3SLA Recommendations 

Desired Parameter RF3SLA Recommendation 
Ultimate Strength Epoxy Matrix, Global-Fiber Reinforcement 
Specific Strength Global-Fiber Reinforcement 

Stiffer Epoxy Matrix, Long-Fiber Reinforcement 
More Compliant Photopolymer Matrix, No Fiber Reinforcement 

Repeatable Short-Fiber Reinforcement 
 

4.7 Conclusion and Future Work 

In this paper, we demonstrate an improvement in mechanical integrity of components 

produced by RF3SLA over both FFF and DLP through an increase of up to 121% in specific 

strength over DLP and 2% over FFF using an epoxy matrix.  While 2% does not seem like a 

significant improvement it should be noted that the 100% concentric infilled FFF control case is 

among the highest strength FFF sample and is rarely implemented in practice due to long 
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manufacturing times [120]. We also demonstrate the flexibility and tunability of material 

properties (e.g.: ultimate strength, elongation, specific strength, stiffness, etc.) in RF3SLA 

components through the use of two matrix materials and three fiber lengths.  For an effective use 

of RF3SLA we suggest using an epoxy matrix and global-fiber reinforcement for high stress 

applications and a photopolymer matrix with no fiber reinforcement for applications requiring 

higher stiffness. 

Further work on cataloging properties of additional materials will provide a database for 

RF3SLA mechanical property design of end use components.  Repeatability must be improved by 

reducing standard deviations though process refinement to eliminate defects.  Larger material 

testing case studies will also help verify property trends and provide a better baseline for tunable 

AM component design.  CAD toolchain integration will then provide engineers, students, 

enthusiasts, and the maker community the necessary toolset to design high performance end-use 

AM components. 

  



67 

CHAPTER 5 
AUTOMATION 

In the previous two chapters, I introduced Fused Filament Fabrication-Stereolithography 

(F3SLA) and Reinforced F3SLA (RF3SLA) as hybrid additive manufacturing methods that 

provide low cost options for composite AM components with tunable parameters.  This chapter 

focuses on the steps to integrate both F3SLA and RF3SLA into fully automated systems.  I focus 

on automation of liquid infill, fiber-reinforcement deposition, and curing.  From this point forward 

I solely look at RF3SLA but the reader is reminded that the F3SLA process is identical minus 

fiber-reinforcement deposition. 

I first present a low level process diagram, displayed in Figure 5.1, showing how the 

RF3SLA process operates.  RF3SLA manufactures composites through thermoplastic shells and 

liquid infill support.  The process begins with a thermoplastic base of two to three layers to 

minimize liquid infill seepage before curing.  The thermoplastic shell is then constructed layer by 

layer.  As the shell is built, the liquid infill extruder deposits liquid infill inside the thermoplastic 

shell.  The fiber deposition extruder then lays fiber-reinforcement in the predefined orientation and 

the liquid infill is cured or hardened depending on the infill type in use.  The process is repeated 

until the geometry is finished as indicated by Figure 5.1.  A thermoplastic cap then seals the part 

and the RF3SLA process is finished. 

5.1 Steps Already Taken 

The following sections outline the steps I have taken towards automation of the RF3SLA 

process and what future steps are anticipated.  A 3D Systems CubeX Duo donor printer was 

obtained to be converted into the first ever RF3SLA printer [127].  Due to the proprietary nature 

of the CubeX Duo, I converted the printer to open source hardware and software for easy 
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modification.  This was achieved through integration of a Megatronics V2.0 printer board, Pololu 

DRV8825 stepper drivers [128], and a standard desktop power supply. 

 

Figure 5.1: RF3SLA Process Diagram 

After open source modifications to the printer were finished, I began RF3SLA 

modifications.  This involved integrating several new subsystems into the printer including the 

liquid infill extruder system and the UV light rail.  For the resin extruder subsystem, I designed 

and developed a stepper motor-driven peristaltic pump for precise deposition of liquid infill using 

identical controls as our thermoplastic extruders.  The envisioned RF3SLA extruder head setup is 

shown in Figure 5.2.  This setup shows three different extruders including a thermoplastic filament 

extruder, a liquid infill extruder, and a fiber deposition extruder. 
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Figure 5.2: Envisioned RF3SLA Extruder Setup 

Figure 5.3 shows the current extruder setup installed on the RF3SLA research printer.  The 

stepper motor-driven peristaltic pump liquid infill extruder is shown (right) mounted next to the 

standard FFF thermoplastic extruder (left).  A peristaltic pump was selected for liquid infill 

deposition to provide precise control over liquid flow, fast response time, identical control scheme 

to FFF extruders, easy cleanup, and easy transfer of liquid material supply lines.  The fiber extruder 

is still undergoing preliminary testing and is not included in Figure 5.3. 

Due to the high intensity ultra-violet (UV) light used for curing photopolymer infill. I 

designed, constructed and enclosed the RF3SLA printer in a blackout enclosure.  Figure 5.4 shows 

the current RF3SLA setup including the blackout enclose and control computer.  Opaque 

photopolymer tubing and a shielded dump station were designed and integrated into the RF3SLA 

printer to protect uncured photopolymer in the supply tubing and nozzle residue from curing under 

UV bombardment.  A camera has also been included to provide real-time monitoring of the 

printing procedure inside to the blackout enclosure. 
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Figure 5.3: Current Extruder Setup 

 

Figure 5.4: RF3SLA Printer in UV Safety Enclosure 
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5.2 Process Issues and Future Work 

Several RF3SLA process issues that are still being worked towards mitigating include poor 

bonding of thermoplastic to cured photopolymer surfaces, curling of parts during photopolymer 

curing due to an exothermic reaction, pinning of fiber reinforcement during deposition in uncured 

liquid infill, and air pockets due to single layer photopolymer curling. 

In addition to mitigating these issues, development of a RF3SLA slicer that better 

incorporates multiple material selection, various layer curing subroutines, and fiber deposition 

options including orientation, type (e.g.: short, long, or global), and density needs to be completed.  

The research presented in this thesis (especially Chapters 3 and 4) highlights the initial 

development, integration, and validation of F3SLA and RF3SLA although there are many 

additional steps that need to be addressed before full commercialization can be achieved.  The 

major improvements needed include CAD toolset integration, further cataloging of RF3SLA 

materials, material interaction case studies to identify compatible materials, and development of 

commercial RF3SLA machines. 
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CHAPTER 6 
CONCLUSIONS 

A need for economical polymer AM components with mechanical integrity was identified 

in the introductory chapter of this thesis.  Current low-cost AM machines (e.g.: material extrusion 

and vat photopolymerization) produce components that typically exhibit poor mechanical 

performance in contrast to bulk material properties.  Several major factors have led to the 

premature adoption of low-end polymer AM for end-use components including: 1) the widespread 

availability of low cost AM machines including material extrusion and vat photopolymerization, 

2) online businesses focused on economical quick turnaround manufacturing of AM parts, and 3) 

community funding of projects.  This thesis proposes two economical composite AM processes 

that achieve improved mechanical integrity and material flexibility for low cost polymer AM. 

6.1 Research Contributions 

To meet the goal of providing an economical polymer AM option to produce components 

with mechanical integrity and material flexibility, I developed and validated two composite AM 

approaches including F3SLA and RF3SLA.  The processes were evaluated on several metrics 

pertaining to part mechanical integrity including ultimate strength, specific strength, stiffness, and 

repeatability.  This section reviews key results and conclusions drawn from the F3SLA case study, 

RF3SLA case study, and our automation efforts. 

6.1.1 F3SLA Case Study Conclusions 

F3SLA is a first step towards directly manufacturable low-cost composites through AM 

techniques.  My research found F3SLA to be a viable option with many directions for future 

development.  Initial test runs have successfully produced samples of several geometries.  A set of 

suitable printing parameters were identified through process iterations and are ready to be 

incorporated in an automated process [117].  F3SLA brings new possibilities to the field of AM 
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by incorporating a wide range of materials in one process.  While the framework for this method 

has been laid out, much more work is needed to bring this method to industry and the maker 

community.  The first research phase presented here incorporated many parameter iterations 

making large data samples unfeasible.  Future work will be needed to expand data sets and 

catalogue material mechanical properties to verify process robustness and provide a database for 

component design. 

Although photopolymer infilled thermoplastic honeycomb samples were not successful in 

achieving a higher ultimate strength or specific strength, 100% infilled F3SLA samples did show 

potential.  The 100% infilled photopolymer sample exhibited a 45% increase over 100% 

photopolymer samples produced by DLP and a 15% increase in ultimate strength over 50% infill 

density thermoplastics produced by FFF 

6.1.2 RF3SLA Case Study Conclusions 

In Chapter 4, I demonstrate an improvement in mechanical integrity of components produced 

by RF3SLA over both FFF and DLP through an increase of up to 121% in specific strength over 

DLP and 2% over FFF using an epoxy matrix.  While 2% does not seem like a significant 

improvement it should be noted that the 100% concentric infilled FFF control case is among the 

highest strength FFF sample and is rarely implemented in practice due to long manufacturing times 

[120]. I also demonstrated the flexibility and tunability of material properties (e.g.: ultimate 

strength, elongation, specific strength, stiffness, etc.) in RF3SLA components through the use of 

two matrix materials and three fiber lengths.  For an effective use of RF3SLA, I suggest using an 

epoxy matrix and global-fiber reinforcement for high stress applications and a photopolymer 

matrix with no fiber reinforcement for applications requiring higher stiffness. 
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6.2 Broader Impact 

The process methodology and validation case studies presented in this thesis provide more 

design freedom and flexibility to students, engineers, enthusiasts, and the maker community.  The 

underlying approach behind both F3SLA and RF3SLA enable both consumers and the technical 

committee to manufacture load-bearing components with mechanical integrity and material 

flexibility without sacrificing the ease of use, convenience, and economics of a low end polymer 

AM machine.  Economical composite AM technologies will promote creativity, innovation, and 

technological growth by providing a manufacturing process aimed and low volume production 

runs and functional prototypes with a low barrier to entry. 

6.3 Future Work 

This section present future research directions spawned from the development and 

validation case studies of F3SLA and RF3SLA.  Future work can be broken into three main 

categories including process tuning, material expansion, and implementation.  Process tuning 

includes case studies on printing parameter variations such as layer heights, infill pattern, infill 

density, and extrusion temperature.  Material expansion includes both a broadening of suitable 

materials for use in F3SLA and RF3SLA and material compatibility case studies aimed at 

exploring multiple material interactions between specific materials.  Future work in 

implementation includes the design and testing of additional extruders to handle a wider range of 

materials, commercial machine development, and software development including an improved 

multi-material slicer and CAD integration. 

Additional process tuning will improve mechanical properties (e.g.: ultimate strength, 

specific strength, stiffness, etc.) and manufacturing repeatability through the reduction of defects 

and better multi-material integration.  Material testing case studies varying printing parameters for 

a series of materials will isolate printing properties beneficial to the F3SLA and RF3SLA 
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processes.  Printing properties of specific interest spawned from the case studies presented in this 

thesis are infill type, infill density, layer height, and the combination of multi-material variations 

of these properties.  For example, the variation of thermoplastic infill density and liquid polymer 

infill density. 

Material expansion and cataloging will provide the basis for successful implementation of 

F3SLA and RF3SLA.  A wider range of compatible materials will provide more flexibility in 

tuning mechanical parameters.  An extensive material catalogue providing material properties for 

layer based components will provide students, engineers, enthusiasts, and the maker community 

with the data necessary to design high performance composite AM components.  An expansion of 

compatible material types could also be explored such as ceramics to improve additional design 

parameters (e.g.: thermal management).  Larger material testing case studies will also help verify 

property trends and provide a better baseline for tunable AM component design. 

The implementation of F3SLA and RF3SLA can be broken into two main subsections 

including hardware development and software development.  While the open source modifications 

necessary to perform F3SLA were presented in Chapter 3 and Chapter 5 of this thesis, commercial 

machines will provide a more user friendly F3SLA process integration.  A fiber extruder design 

needs to be finalized and tested through additional RF3SLA case studies.  Additional software 

development including CAD plugins and a slicer program specifically built for handling mutli-

material designs with fiber reinforcement need to be developed and implemented.  A more in depth 

discussion regarding future work in hardware and software development can be found in Chapter 

5. 

6.4 Closing Thoughts 

The economical polymer composite AM methodologies presented in this thesis provide a 

means to produce load-bearing, low production volume components and functional prototypes to 
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students, engineers, enthusiasts, and the maker community.  To date, few low-end AM 

technologies provide design freedom and material flexibility.  While new materials are under 

development, the composite AM processes presented, F3SLA and RF3SLA, provide an 

immediately available solution for low-end polymer AM components with mechanical integrity 

and material flexibility using commercially available materials.  The hobbyist and maker 

community can immediately benefit from F3SLA and RF3SLA by implementing the processes on 

hobbyist AM machines.  I expect these composite AM technologies and related processes to 

become available to engineers and AM service houses in the near future as commercial machines 

are developed using the methodologies presented.  
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APPENDIX A 

 
Figure A-1: Full Sample of F3SLA Ultimate Strain Fields 
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Figure A-2: Full Sample of RF3SLA Ultimate Strain Fields 
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APPENDIX B 

Table B-1: F3SLA Coupon Printing Parameters 

F3SLA Coupon Printing Parameters 
Host Software Repetier-Host v1.6.0 
Slicer Software Slic3r 
Printer MakerGear M2 (24 v) 
Nozzle Diameter 0.4 mm 
Filament Diameter 1.75 mm 
Layer Height 0.3 mm 
Vertical Shells 3 
Horizontal Shells 3 Bottom, 3 Top 
Infill Type Honeycomb 
Top/Bottom Fill Pattern Rectilinear 
Extruder Temperature 230 °C 
Bed Temperature 100 °C 
Standard Print Speed 80 mm/s 
Infill Print Speed 80 mm/s 
Solid Infill Print Speed 50 mm/s 
Top Layer Print Speed 30 mm/s 
First Layer Print Speed 40 mm/s 
Travel Speed 90 mm/s 

 
Table B-2: RF3SLA Coupon Printing Parameters 

RF3SLA Coupon Printing Parameters 
Host Software Repetier-Host v1.6.0 
Slicer Software Slic3r 

Printer MakerGear M2 (24 v) 
Nozzle Diameter 0.4 mm 

Filament Diameter 1.75 mm 
Layer Height 0.3 mm 

Vertical Shells 3 
Horizontal Shells 3 Bottom, 0 Top 

Infill Type Concentric 
Top/Bottom Fill Pattern Rectilinear 
Extruder Temperature 230 °C 

Bed Temperature 100 °C 
Standard Print Speed 80 mm/s 

Infill Print Speed N/A 
Solid Infill Print Speed 50 mm/s 
First Layer Print Speed 40 mm/s 

Travel Speed 90 mm/s 
 


