
ABSTRACT 

KABIR, S M FIJUL. Mechanics of 3D Printed Fiber-Reinforced Composites. (Under the direction of Dr. 
Abdel-Fattah M. Seyam and Dr. Kavita Mathur). 

 
Three-dimensional printing (3DP), also known as additive manufacturing, is an emerging advanced 

manufacturing technology that develops a complex 3D structure in layer-by-layer fashion with unlimited design 

flexibilities which is often beyond the capacity of traditional technologies. Recent development in material 

extrusion based 3DP includes incorporation of reinforcement (such as short and long fibers) in the monolithic 

polymeric system unlocking ample prospects to apply this technology for high-performance arenas such as 

aerospace, automobile, construction, defense and electronic. Literature reveals that fiber-reinforced 3DP being 

a very young technology lacks sufficient understanding of the materials and technology, the behavior and 

manipulation of resulting composites as well as its commercial prospects regarding high-performance 

composite applications.   

The present research plan was designed based on the gap in the literature including; (1) the characterization of 

materials and discovering the technological capabilities of the commercial fiber-reinforced 3D printer to 

disclose manufacturing secrets and tailor properties of resulting composites, (2) enhancing mechanical 

properties of fiber-reinforced 3D printed composites with unique architectures, and (3) assessment of 

performance analysis of an applied complex 3D printed composite part with respect to the part developed via 

existing fabrication technology.  

Characterization of printing materials included plastic and fiber filaments (fiber bundle pre-impregnated with 

polymer, can be referred as composite filaments). Thermal and microstructural analysis were conducted to 

discover the manufacturing secrets such as thermal behavior of fiber and plastic filaments, diameters of 

composite filaments, number of fibers in the composite filaments, diameter and density of the fiber, fiber 

volume fraction, and fiber–matrix distribution in the composite filaments that has direct practical implications 

in determining and tuning composites’ properties and their applications.  



 

 

Enhancing mechanical properties included fabrication of composites with (1) sandwiched cellular structures 

(triangular, hexagonal, rectangular and solid) at varying fiber orientations (unidirectional, cross-lay and quasi-

isotropic), and (2) maximum fiber content at varying fiber orientations (unidirectional, cross-lay, angle-lay and 

quasi-isotropic). Previously unexplored mechanical properties such as impact (Drop-weight, Charpy and Izod) 

in addition to the most widely explored properties such as tensile and microstructures of the developed 

composites were investigated. Results showed (1) incorporation of cellular cells reduced the composite weight 

without compromising the performance involving material saving approach, and (2) composites with maximum 

fiber content showed significant improvement in mechanical performance. For both cases, impact strength of 

the printed composites exhibited up to 300% more impact strength (Drop-weight) and tensile strength was 

comparable when normalized by fiber areal density with respect to 3D orthogonal plain-woven composites 

manufactured by Vacuum Assisted Resin Transfer Molding (VARTM) technology.  

Finally, ring travelers for ring spinning machine were fabricated as an applied composite part. The fabrication 

of investigated travelers demonstrated that fiber-reinforced 3DP is a promising technology with myriad 

flexibilities regarding reinforcement pattern and material selection, although the performance of printed 

travelers was not at desired level due to poor surface finish and limitation of slicing software. However, larger 

travelers with modified design could be a promising piece to apply this technology more effectively. Cost 

competitiveness is an important aspect for the commercial application of fiber-reinforced 3D printing 

technology. Therefore, cost study including time and manpower requirements as well as ergonomic study 

should be considered in future research to understand potential commercial feasibility of this technology.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2021 S M Fijul Kabir 

All Rights Reserved 



Mechanics of 3D Printed Fiber-Reinforced Composites 

  

 

 by 
S M Fijul Kabir 

 

 

A dissertation submitted to the Graduate Faculty of  
North Carolina State University  

in partial fulfillment of the  
requirements for the degree of  

Doctor of Philosophy 
 

 

Fiber and Polymer Science 

 

 

Raleigh, North Carolina, USA 
2021 

 
 
 
 

APPROVED BY: 

 

 

 

 

 

 

  

_____________________________ 
Dr. Abdel-Fattah M. Seyam 

Co-Chair of Advisory Committee 

  
 

_______________________________  
Dr. Kavita Mathur 

Co-Chair of Advisory Committee 
  

 

____________________________ 
Dr. Trevor Little 

 

____________________________ 
Dr. Kara Peters 

 



 

ii 
 

DEDICATION  

To the Creator and His creatures, especially my family, friends, teachers, relatives and all well-wishers. 

 

Few names I cannot but mention, 

 

My grandparents, the absolute well-wishers and iconic personalities….. 
Late Altaf Uddin Khan 

Abdul Wali 

My parents, the best parents in the planet and my existence….. 
Sharif Sultan Uddin Ahmed (Father) 

Mst Sultana Rajea (Mother) 
Jahangir Alam (Father-in-law) 

Wahida Parveen (Mother-in-law) 

My siblings, the source of my peace……. 
S M Humayun Kabir Reaz 
S M Jahangir Kabir Ruman 

Rebeka Sultana Hashi 
S M Al-Mamun 

My lovely wife, the gorgeous lady of my life, Ishrat Jahan 
My princess, the coolness of my eyes, Wafia Kabir Mariam  

My most beloved niece, Umme Farwa Binte Mamun, and 

My other adored nephews and nieces: Suha, Rishad, Areeb, Rida, Sadika, and Ayat  

 

  



 

iii 
 

BIOGRAPHY 

S M Fijul Kabir was born on August 20, 1989 and brought up in a remote and undeveloped area of Bangladesh, 

Patuakhali. He received a Bachelor of Science degree in Textile Engineering from University of Chittagong, 

Bangladesh in June 2013. Thereafter, he worked as a Research and Development Officer for few months at 

Amazing Fashion Limited, Gazipur, Bangladesh, and then as a Lecturer in different universities (Shanto-

Mariam University of Creative Technology, Dhaka; BGMEA University of Fashion and Technology, Dhaka; 

and Textile Engineering College, Chittagong in Bangladesh) from November 2013 to July 2016. He finished 

MS in Textiles with concentration in Textile Science and minor in Applied Statistics in May 2018 from Louisiana 

State University, Baton Rouge, LA, USA. In the following semester, fall 2018, he started PhD in Fiber and 

Polymer Science at Wilson College of Textiles, NC State University, Raleigh, NC, USA. Currently, he is a PhD 

candidate and working as a Graduate Teaching and Research Assistant at NC State.    

  



 

iv 
 

ACKNOWLEDGMENTS  

It is a great privilege to express my deepest and sincere appreciation to my advisors and mentors Dr. Abdel 

Fattah M. Seyam and Dr. Kavita Mathur. Their kind and constant encouragement, direction, support, and 

advice provided me the inspiration and strength to accomplish this work.  

I would like to sincerely thank my PhD committee members, Dr. Kara Peters (who is also serving as the 

graduate school representative) and Dr. Trevor Little for their support, advice and guidance throughout my 

research and studies. I also would like to thank the NCSU faculties and stuff who helped me build concrete 

understating of various conceptions regarding research and studies as well as providing other logistic supports. 

I extend my cordial gratitude to the industry partner, AB Carter Inc. (Gastonia, NC, USA) especially Mr. 

Thomas Genova (Vice President Sales), Robbie Billings (Associate Engineer) and Richard K. Craig (CEO) for 

their collaboration and providing technology support to accomplish one of my research projects. 

I am thankful to everyone who has supported me to perform this research directly and indirectly. I am indebted 

to postdocs, lab managers, labmates and classmates including but not limited to Dr. Rahul Vallabh, Dr. Ang Li, 

Dr. Hadir Eldeeb, Mr. Wang Xu and Mr. Tri Vu for their kind and generous support in training on different 

technologies and testing instruments as well as providing different logistic supports along with suggestion and 

advice to perform the research. I would like to give thanks to all the awesome members of the NCSU 

Bangladeshi Students’ Association for their wonderful, warm and cordial conducts. 

I am grateful to my parents, wife, child, brothers, sisters, teachers, friends and relatives for their prayers, 

motivations, best wishes and supports. I always find them beside me in any of my crisis and hardships that 

provides me the life-giving force. Finally, and absolutely, all praise is due to the Almighty, Who has constantly 

blessed me with His mercy.   

 

  



 

v 
 

TABLE OF CONTENTS 

LIST OF TABLES ........................................................................................................................................................... vii 

LIST OF FIGURES .......................................................................................................................................................... ix 

CHAPTER 1: INTRODUCTION .................................................................................................................................. 1 

1.1. Composite Materials ............................................................................................................................................... 1 

1.2. Composite Manufacturing ..................................................................................................................................... 2 

1.3. Three-dimensional Printing Technology............................................................................................................. 3 

1.4. References ................................................................................................................................................................ 5 

CHAPTER 2: LITERATURE REVIEW....................................................................................................................... 6 

2.1. Abstract .................................................................................................................................................................... 6 

2.2. Introduction ............................................................................................................................................................. 7 

2.3. History and Evolution of 3DP ............................................................................................................................. 9 

2.4. Continuous Filament Fabrication....................................................................................................................... 13 

2.5. Materials ................................................................................................................................................................. 20 

2.6. Properties ............................................................................................................................................................... 22 

2.7. Limitations and Future Outlook ........................................................................................................................ 46 

2.8. Conclusions ............................................................................................................................................................ 49 

2.9. References .............................................................................................................................................................. 50 

CHAPTER 3: RESEARCH MOTIVATION ............................................................................................................. 55 

CHAPTER 4: PART 1 (EVALUATION OF CURRENT FIBER-REINFORCED 3D PRINTING 

TECHNOLOGY) ............................................................................................................................................................ 57 

4.1. Abstract .................................................................................................................................................................. 57 

4.2. Introduction ........................................................................................................................................................... 57 

4.3. Materials and Methods ......................................................................................................................................... 59 

4.4. Results and Discussion ........................................................................................................................................ 62 

4.5. Implications and Recommendations ................................................................................................................. 74 

4.6. References .............................................................................................................................................................. 76 

CHAPTER 5: PART 2.1 (TENSILE PROPERTIES OF CONTINUOUS FIBER-REINFORCED 3D 

PRINTED CELLULAR COMPOSTIES) ................................................................................................................... 78 

5.1. Abstract .................................................................................................................................................................. 78 

5.2. Introduction ........................................................................................................................................................... 78 

5.3. Materials and Methods ......................................................................................................................................... 81 

5.4. Results and Discussion ........................................................................................................................................ 85 

5.5. Conclusions ............................................................................................................................................................ 93 

5.6. References .............................................................................................................................................................. 95 



 

vi 
 

CHAPTER 6: PART 2.2 (IMPACT PROPERTIES OF CONTINUOUS FIBER-REINFORCED 3D 

PRINTED CELLULAR COMPOSTIES) ................................................................................................................... 97 

6.1. Abstract .................................................................................................................................................................. 97 

6.2. Introduction ........................................................................................................................................................... 97 

6.3. Materials and Methods ....................................................................................................................................... 100 

6.4. Results and Discussion ...................................................................................................................................... 103 

6.5. Conclusions .......................................................................................................................................................... 122 

6.6. References ............................................................................................................................................................ 123 

CHAPTER 7: PART 2.3 (MECHANICAL PROPERTIES OF CONTINUOUS FIBER-REINFORCED 

3D PRINTED COMPOSTIES WITH MAXIMUM FIBER CONTENT) ........................................................ 125 

7.1. Abstract ................................................................................................................................................................ 125 

7.2. Introduction ......................................................................................................................................................... 125 

7.3. Materials and Methods ....................................................................................................................................... 127 

7.4. Results and Discussion ...................................................................................................................................... 130 

7.5. Conclusions .......................................................................................................................................................... 146 

7.6. References ............................................................................................................................................................ 148 

CHAPTER 8: PART 3 (COMPOSITE PART DEVELOPED BY FIBER-REINFORCED 3D  

PRINTING TECHNOLOGY VERSUS TRADITIONAL TECHNOLOGY) ............................................... 150 

8.1. Abstract ................................................................................................................................................................ 150 

8.2. Introduction ......................................................................................................................................................... 150 

8.3. Materials and Methods ....................................................................................................................................... 152 

8.4. Results and Discussion ...................................................................................................................................... 156 

8.5. Conclusions and Recommendations ................................................................................................................ 163 

8.6. References ............................................................................................................................................................ 166 

CHAPTER 9: OVERALL CONCLUSIONS AND RECOMMENDATIONS ................................................ 168 

APPENDICES ............................................................................................................................................................... 171 

Appendix A: Supporting Materials for Chapter 2 ................................................................................................. 172 

Appendix B: Supporting Materials for Chapter 4 ................................................................................................. 175 

Appendix C: Supporting Materials for Chapter 7 ................................................................................................. 195 

References for Appendices ....................................................................................................................................... 201 

 

  



 

vii 
 

LIST OF TABLES 

Table 2. 1: Published review articles on different aspects of 3DP .............................................................................. 9 

Table 2. 2: Current 3D printer manufacturers using continuous fiber as reinforcement [10, 39-42] ................. 16 

Table 2. 3: Materials used for continuous filament fabrication ................................................................................. 21 

Table 2. 4: Variation in diameter of filament reported in literature .......................................................................... 25 

Table 2. 5: Tensile and flexural studies conducted on different CFF composites using  

Markforged printers (a) and other methods (b) ............................................................................................ 34 

 
Table 4. 1: Material specifications provided by Markforged Inc. [19] ...................................................................... 60 

Table 4. 2: Specifications of fiber filament ................................................................................................................... 64 

Table 4. 3: Observations on the Eiger slicer................................................................................................................. 71 

Table 4. 4: Differences between the Markforged advanced desktop (Mark Two) vs. industrial series (X7) 

printers [27,28] .................................................................................................................................................... 72 

 
Table 5. 1: Printing parameters ....................................................................................................................................... 81 

Table 5. 2: Print parameters for test specimen printed on the Mark Two and experimental design .................. 82 

Table 5. 3: Average sample weight and void amount ................................................................................................. 83 

Table 5. 4: Manufacturer’s and measured specifications of fiberglass filament ...................................................... 84 

Table 5. 5: Specifications of 3DOW composites, tensile strength in warp (Y-yarn) direction [23] .................... 87 

 
Table 6. 1: Revealed specifications of fiberglass filament ........................................................................................ 104 

Table 6. 2: Estimated weight vs measured weight ..................................................................................................... 106 

Table 6. 3: Unit cell length, fill density, and fiber volume and weight fraction of samples for  

different impact tests ....................................................................................................................................... 109 

 
Table 7. 1: Weight and FVF of the composites ......................................................................................................... 128 

Table 7. 2: Comparison of maximum tensile strength of different fiberglass reinforced composites  

fabricated by 3D printing and traditional technology ................................................................................ 135 

Table 7. 3: Tub impact properties of 3DOW ((sample 28 from Midani et al. [29]) and 3DP (sample 0/90) 

composites ........................................................................................................................................................ 141 

 

Table 8. 1: Specifications of developed ring spinning travelers ............................................................................... 154 

Table 8. 2: Materials and process parameters of 3DP ring spinning travelers ...................................................... 155 



 

viii 
 

Table 8. 3: Accuracy in dimension and weight of the printed parts ....................................................................... 157 

 

Table S. 1: Published works addressing different contexts of continuous fiber-reinforced composites ........ 172 

Table S. 2: 2D layers view availed from the Eiger slicer .............................................................................. 188 

Table S. 3: Different views of the printed part using raise part option and regular part (without using ‘raise 

part’ option) .................................................................................................................................. 189 

Table S. 4: Plastic layer bead density for 30 mm X 30 mm sample with 1 wall layer .................................... 193 

Table S. 5: Fiber layer bead density for 30 mm X 30 mm sample with 1 wall layer ...................................... 194 

Table S. 6: Tensile properties of 3DOW (sample 28 from Midani et al. [29])) and 3DP (sample 0/0) 

composites .................................................................................................................................... 199 

Table S. 7: Comparison of tensile and impact properties between authors present and previous research [17]

 ..................................................................................................................................................... 200 

  



 

ix 
 

LIST OF FIGURES 

Figure 1. 1: Classification of composite materials [5] .................................................................................................... 2 

Figure 1. 2: Composite manufacturing techniques [5] .................................................................................................. 3 

Figure 1. 3: 3D printing technologies [8] ........................................................................................................................ 4 
 

Figure 2. 1: An overview of the number of published patents regarding 3DP (a) and continuous fiber-
reinforced 3DP (b) since their inceptions ........................................................................................................ 9 

Figure 2. 2: Schematic representation of the FMD 3DP process using continuous filament with a printing 
head of single nozzle (a) [36] and dual nozzles (b) [37], a close look of Markforged dual nozzle 
system (c) robotic printing head with coaxial extruder (d), molding roller (e) [38], capillary  
injection method (f) [39] and printing head with multiple extruders (g) [38] ........................................... 14 

Figure 2. 3: List of preparatory, machine, process and environmental factors affecting quality of 3D  
printed composites ............................................................................................................................................ 17 

Figure 2. 4: Effect of nozzle geometry to minimize void formation rectangular (a), skewed (b) [47],  
circular (c), square (d), interdiffusion bond formation of two adjacent beads (e) [46]. .......................... 19 

Figure 2. 5: Build orientation [49] .................................................................................................................................. 20 

Figure 2. 6: Mechanical properties studied on FDM CFF composites .................................................................... 23 

Figure 2. 7: Dimensional accuracy of 3D printed parts [67] ...................................................................................... 24 

Figure 2. 8: Cross-sectional optical images of fiberglass (FG) and carbon fiber (CF) filaments as received 
exhibiting irregular outer lines (a and d) regular circumference (b and e) and magnified views  
(c and f)  [72] ....................................................................................................................................................... 25 

Figure 2. 9: Microstructures of fractured cross section of CF/PLA composites with temperature in the 
printing head of 180°C (a, b, c) and 240°C (d, e, f), respectively: overall cross section (a and d), 
interface (b and e) and fracture pattern (c and f)  [77] ................................................................................. 26 

Figure 2. 10: Diagram of polymer distribution interfacial bonding during extrusion without laser  
assistance (a)  and with laser assistance (b) [78] ............................................................................................ 27 

Figure 2. 11: Schematic of a typical structure of the fiber-reinforced 3D printed composite part, Left: top 
view of the 3D printed test specimen. Right: Section A-A, cross-sectional view. Solid regions are 
represented as solid white rectangles, infill regions have a hatch pattern fiber-reinforced regions  
are represented as yellow [79] .......................................................................................................................... 28 

Figure 2. 12: Different view of CFF printed CF/N composite; top view (a), cross-sectional view (b) [52], 
single CF printed layer with fiber breakage at the curvature (c) [72], magnified cross-section  
showing porosity (d, e, f) [80] .......................................................................................................................... 29 

Figure 2. 13: Tensile fracture mechanism of CFF composites. Stress-stress relationship of CF and FG fiber-
reinforced Nylon composites (a), illustration of tensile fracture mechanism (b), fracture mode that 
consists of cracking and de-bonding for CF  and FG composites (c and d), matrix crack due to shear 



 

x 
 

rupture and fiber breakage due to tensile rupture (e) [73], SEM image showing fiber pull-out at  
the fractured surface for unidirectional (f) and cross-lay orientation of CF/N composite (g) [81] ..... 30 

Figure 2. 14: Bending fracture mode of CFF composite. Schematic of fracture mechanism (a), fiber  
breakage at the outer most layer (b), cross-sectional view of fractured surface (c), fracture 
phenomenon with gradual increment of bending load (d) for CF composite and schematic of  
fracture mechanism of FG composites under bending load (e) top view of bucked FG (f) [73] ......... 31 

Figure 2. 15: Double shear failure regions for Drilled (Top) and Tailor Woven (Bottom) specimen [56] ........ 32 

Figure 2. 16: SEM images of fractured fibers; carbon fibers showing brittle damage morphology (a) and 
Kevlar fibers showing significant elongation and distortion (b) [9] .......................................................... 32 

Figure 2. 17: Tensile strength versus fiber volume ratio of parts manufactured via various conventional  
and AM techniques [1] ...................................................................................................................................... 36 

Figure 2. 18: Comparisons of tensile and flexural strength of different FDM and traditional composites. 
Tensile strengths (a) and flexural strength (b) of ABS (FDM), ABS (injection molding), 10 Wt.% 
CCF(continuous carbon fiber)/ABS (3D printing for CFRTPCs-continuous carbon  
fiber-reinforced thermoplastic composites) and 10 Wt.% CCF/ABS (injection molding) [36], 

(c) Tensile strength unfilled Nylon (PA), short fiber-reinforced Nylon (SCFRPA) (15 wt% of SCF), 
continuous fiber-reinforced Nylon (CCFRPA) (41% FVF CCF) and short and continuous fiber-
reinforced Nylon with 4 reinforcing layers (S&CCFRPA(4L)) (30.1% FVF CCF) and short and 
continuous fiber-reinforced Nylon with 6 reinforcing layers (S&CCFRPA(6L)) (47.5% FVF) [85] ... 37 

Figure 2. 19: The increase in strength with increased fiber content for both patterns and number of layers  
(a) [57]. Tensile stress–strain curves for the stacking sequence of sample (4-1, continuous fiber-
reinforcing together and 4-2, reinforcing layers are distributed), where the gray layers refer to 
continuous carbon fiber-reinforced layers (CCFRL) and the white layers refer to short carbon  
fiber-reinforced layers (SCFRLs) (b) [85] ....................................................................................................... 39 

Figure 2. 20: Spline corrugated-core sandwich structure; X is cell length (a), spline corrugated-core path 
planning, printing strategy (b), comparison of the compression strength of various composite 
corrugated structures made by different methods (c) [92] .......................................................................... 41 

Figure 2. 21: 75 × 75 mm woven Carbon fiber laminate produced through tailored fiber placement.  
Detailed image of finished woven laminate and schematic representation of cross-sectional  
structure (a), fiber pathing in the Y-axis around the 6mm hole feature and fiber path in straight 
woven sections (red lines indicate fiber path and placement). Tailor Woven (Left) and Die  

Punched (right). Scale bar 1000 µm (b) [96] .................................................................................................. 43 
 
Figure 4. 1: Mark Two 3D printer (desktop series) (a) and dry box to store and supply plastic filaments (b) .. 60 

Figure 4. 2: Thermo-gravimetric analysis (TGA) spectra of composite filaments ................................................. 63 

Figure 4. 3: Different views of Onyx plastic filament: cross-sectional view from nano-CT scanning  

indicating fiber and void distribution (a), magnified (500×) microscopic view of the cross-section  

(b), longitudinal view from nano-CT scanning showing fiber orientation (c) and 3D view taken  

using nano-CT scanner (d) ............................................................................................................................... 66 



 

xi 
 

Figure 4. 4: Cross-sectional views of fiber filaments (for fiber supply); fiberglass at 200× (a), fiberglass  

500× (b), carbon fiber at 100× (c), carbon fiber filament tows shown as dots applying cell  

counting procedure using ImageJ (d), Kevlar at 200× (e) and high strength high temperature 

fiberglass (HSHT) FG at 200× (f) ................................................................................................................... 68 

Figure 4. 5: Interfaces of Eiger software for parameter setting and slicing: part view for parameter  

settings (a) and internal view for slicing as well as exploring different options for  

fiber-reinforcement (b)...................................................................................................................................... 70 

Figure 4. 6: Variation in weights between estimated (by software) and measured for different sample sizes ... 73 

 
Figure 5. 1: Schematic diagram of FDM deposition: rasters, layers, voids, orientation and partial bonding..... 80 

Figure 5. 2: Stress-strain curve for different fiber orientations, 0/0 (a), 0/90 (b), and ±45 (c) orientations ..... 86 

Figure 5. 3: Stress-strain curve for different cellular structures, solid (a), triangular (b), hexagonal (c), and 

rectangular (d) ..................................................................................................................................................... 86 

Figure 5. 4: Tensile strength: effect of fiber orientation on tensile strength (a) and effect of infill pattern on 

tensile strength (b) ............................................................................................................................................. 87 

Figure 5. 5: Comparisons of 3D orthogonal woven composites and 3DP composites: normalized tensile 

strength of fiberglass reinforced 3D orthogonal plain-woven fabric composites (a) [23] and 

normalized tensile strength of fiberglass reinforced 3DP composites (b) ................................................ 88 

Figure 5. 6: Composite structures (tensile specimens) - top view of 0/90 orientation (a) and top view of 

different fiber orientations (b) ......................................................................................................................... 90 

Figure 5. 7: Fiber weight and volume distribution (a) and fill density (b) ............................................................... 91 

Figure 5. 8: Cellular geometries and their contribution in tensile load direction .................................................... 92 

Figure 5. 9: Fractured tensile specimen ......................................................................................................................... 93 

 
Figure 6. 1: Layer stacking and experimental design with sample notations ......................................................... 101 

Figure 6. 2: TGA spectrum of fiberglass filament (composite filament) ............................................................... 104 

Figure 6. 3: Cross-section of composite filament at 200x (a) and 500x (b) magnifications ................................ 104 

Figure 6. 4: Composite structure (Izod specimen); cross-sectional view of S0/0 Izod specimen (a) and  

top view of different fiber orientations (b) .................................................................................................. 105 

Figure 6. 5: Direction of impact tests with respect to major axis of the specimens ............................................ 108 

Figure 6. 6: Peak Drop-weight impact force .............................................................................................................. 110 

Figure 6. 7: Drop-weight impact energy; total penetration energy (a) and normalized penetration  

energy by composite areal density (b) ........................................................................................................... 110 



 

xii 
 

Figure 6. 8: Load-deflection curves for different cellular structures at different fiber orientations;  

unreinforced (S) and unidirectional reinforced specimens (0/0) (a), cross-lay specimens  

(0/90) (b), and quasi-isotropic specimens (±45) (c) ................................................................................... 112 

Figure 6. 9: Izod impact energy; total energy (a) and normalized total energy by composite areal  

density (b) .......................................................................................................................................................... 113 

Figure 6. 10: Charpy impact energy; total energy (a) and normalized total energy by composite areal  

density (b) .......................................................................................................................................................... 114 

Figure 6. 11: Typical top, bottom and side views of punctured specimens by Drop-weight impact  

with major modes of impact; solid (printed with plastic only) (a), S0/0 (b), S0/90 (c) and  

S±45 (d) specimens ......................................................................................................................................... 117 

Figure 6. 12: Delamination of plastic layers from the fiber layers (a) from an S0/90 specimen and  

fiber bundle protruding out (b) from an S0/0 specimen .......................................................................... 118 

Figure 6. 13: Damaged specimens of Izod impact; plastic specimen (a), top view of S0/0 specimen (b), 

bottom view of S0/0 specimen (c), ductile fracture of S0/0 specimen (d), fiber pullout of S0/0 

specimen (e), S0/90 specimen (f), S±45 specimen (g) ............................................................................... 120 

Figure 6. 14: Damaged specimens of Charpy impact; plastic specimen (a), S0/0 specimen (b), damage 

initiation at S0/0 specimen (c), 0/90 specimen (d), damaged S0/90 specimen (e) and S±45  

specimen (f) ....................................................................................................................................................... 121 

 
Figure 7. 1: Experimental design .................................................................................................................................. 128 

Figure 7. 2: Different X-ray tomography images of an Izod 0/90 specimen showing the internal structure 

including fiber, plastic and void shape and distribution. The cross sectional (a) and longitudinal (b) 

views presents the stacking of layers, (c) and (d) exhibiting slices of 0 ⁰ and 90 ⁰ orientated layers, 

finally (e) and (f) are 3D images of the composite ..................................................................................... 132 

Figure 7. 3: Tensile properties of the printed composites; (a) tensile strength and (b) load-strain curves ....... 135 

Figure 7. 4: Fractography of tensile samples, (a) failure of a 0/0 specimen, (b) breaking of fiber as  

bundle and fiber bundle pullout, (c) magnified cross-sectional view of the fractured specimen,  

(d) failure of a ±45 specimen, (e) interlayer delamination of ±45 specimen, (f) magnified cross-

sectional view of the fractured ±45 specimen, (g) fiber pullout of a 0/90 specimen and (h) fiber 

pullout and interlayer delamination of a 0/45/90/-45 composite specimen ......................................... 137 

Figure 7. 5: Drop-weight impact properties of the printed composites; (a) Tub impact peak force, (b)  

total Tub impact energy and (c) impact load-displacement curves .......................................................... 139 

Figure 7. 6: Fractography of Drop-weight impacted samples; top (a, d, g and j), bottom (b, e, h and k)  

and side (c, f, I and l) views of unidirectional, cross-lay, angle-lay and quasi-isotropic composites .. 143 

Figure 7. 7: Pendulum impact properties of the printed composites (a) Izod impact energy and (b)  

Charpy impact energy ...................................................................................................................................... 145 



 

xiii 
 

Figure 7. 8: Fractography of pendulum impacted samples; (a) hinge break of a 0/45/90/-45 specimen  

(b, c and d) non-break of a Izod 0/0 specimen’s top and side views, and (e, f and g) non-break  

of a Charpy 0/45/90/-45 specimen’s top and side views ......................................................................... 146 

 

Figure 8. 1: Surface finish of ring spinning travelers; molded chopped fiber-reinforced G-77-C traveler (a), 

printed plastic G-77-C travelers (b), printed chopped fiber-reinforced G-77-C traveler (c), printed 

chopped and continuous fiber-reinforced J-102-C traveler (d and e), and molded chopped fiber-

reinforced J-102-C traveler (f and g) ............................................................................................................. 158 

Figure 8. 2: Wear profile of a Nylon ring spinning traveler [25] ............................................................................. 159 

Figure 8. 3: Worn out molded and printed ring spinning travelers after trial; wear on molded fiber filled 

traveler at entrance (a) and exit (b), wear on printed plastic (c) and printed fiber-filled plastic (d) 

travelers at exit, and wear on printed short and continuous fiber filled traveler at entrance (e) 

 and exit (f) ........................................................................................................................................................ 161 

Figure 8. 4: Fiber distribution in the short fiber-reinforced mold (a) and printing filament (b) ........................ 162 

Figure 8. 5: 3D images from slicer of short and continuous fiber-reinforced traveler; a and b show the 

continuous fiber path (yellow) around the structure that resides inside of the one surrounding  

plastic wall layer. However, the extruded portion at either side of the traveler could not be  

reinforced with continuous fiber (c) ............................................................................................................. 163 

Figure 8. 6: Proposed 3D model of the travelers that can explored to apply continuous fiber as  

reinforcement; overall 3D model with continuous fiber path of J-236-B (40.8 mm x 15.4 mm x 4 

mm) (a and b) and J-104-B (34.2 mm x 13.8 mm x 4.6 mm) (c and d) ................................................... 164 

 

Figure S. 1: Three bed leveling knobs at three concerns, two at the front in either ends and one at the  

back in the middle ............................................................................................................................................ 190 

Figure S. 2: An example of uneven print bed. Although the bed level test at three corners shows good  

sign of leveling, the middle one suffers from low bed level that indicates imperfection in the flatness

............................................................................................................................................................................. 191 

Figure S. 3: The effect of uneven bed (the images were taken after printing first layer, 0.1 mm thickness), 

printed good at some areas (a), with disjoint beads at some area (b) and with almost no materials  

at some area (c) (also a very good example of under extrusion due to printing with less material) ... 192 

Figure S. 4: First layer views at different layer heights indicating relative increment of coverage of gaps  

at the same bed level ........................................................................................................................................ 194 

Figure S. 5: Fiber and plastic paths for different layers with different fiber orientations (availed from the 

slicer, Eiger of Izod impact specimen with 63.5 mm x 12.7 mm dimension); (a) 0 ⁰ (b) 90 ⁰  

and (c) 45 ⁰ ........................................................................................................................................................ 195 

Figure S. 6: Fiber and plastic paths for different layers with different fiber orientations (availed from the 

slicer, Eiger of tensile sample with 152.4 mm x 35.6 mm dimension); (a) 0 ⁰ (b) 90 ⁰ and (c) 45 ⁰ .... 196 



 

xiv 
 

Figure S. 7: Void (red marked) between wall and infill rasters. This porosity is generated when the  

infill rasters do not completely cover the whole area (as raster density is fixed) or using 1 wall  

layer (as Eiger slicer recommends using two wall layers to obtain watertight surface finish). ............ 197 

Figure S. 8: Internal structure of composite filament; (a) cross-section showing dark background, white  

dots, and air pocket representing matrix (Nylon 6), fiberglass filament and void, respectively;  

(b) 3D longitudinal view of fiber in the composite filament exhibiting fibers are pretty straight. 

Additionally, the X-ray tomography analysis measured fiber content of approximately 33% (with 

approximately 10  µm diameter of individual filament), which are in agreement with the authors’ 

previous finding in [53]. Here, the authors followed the fiber content value obtained by thermal 

analysis (approximately 38%). ........................................................................................................................ 198 

 



 

1 
 

CHAPTER 1: INTRODUCTION 

1.1. Composite Materials  

“Composite materials” is one of the most frequently used engineering terms because of its wide range of 

applications in versatile fields. In a very crude definition, composite material is a combination of two or more 

components. People have been applying the concept of composite materials for thousands of years to obtain 

synergistic effect of the constituent materials. The idea is a breakthrough in terms of converting the weaknesses 

of the constituting materials into strength. A naturally inspired example could be the formation of wood (which 

is a composite) that is composed of cellulosic fibers (support/reinforcement material) held by a relatively weaker 

material called lignin. The combination of different materials performs together to provide unique 

characteristics for the resultant composite material. Composite materials have endless advantages over 

monolithic materials, when manipulation of mechanical properties, crafting a design, cost competitiveness, need 

based applications and so on are requirements [1, 2]. Also, it is very impractical to use single phase material for 

many modern applications due to its limited properties and design flexibilities; for instance, aerospace and 

automobile industries need lighter, stronger, and stiffer materials, with higher abrasion, corrosion, and impact 

resistance, which is impossible to achieve by any of the commonly known conventional monolithic engineering 

materials such as metals, ceramics, and polymers. In this regard, for strength purposes, metal could be a good 

choice, but its weight and poor ductility can limit the mentioned implications. Application of composite material 

is particularly important for such applications, when it requires selection of certain properties from specific 

materials, combining and engineering them to develop a distinct class of materials with the desired properties 

[3, 4].  

 The components in the composite materials have usually two phases: the continuous phase and discontinuous 

phase. The continuous phase is composed of binding material called matrix that surrounds the discontinuous 

phase to hold it in place. The discontinuous phase provides strength and modulus called reinforcement. 

Composites are classified based on structural and materialistic properties of these phases as shown in Figure 1. 
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1. One of the broad classes of the composite is fiber-reinforced polymer composite, where fiber is used as 

reinforcement and polymer serves as matrix.      

 

Figure 1. 1: Classification of composite materials [5]  

1.2. Composite Manufacturing 

Different techniques are available for manufacturing composites as shown in Figure 1. 2 [5]. While each of 

them has competitive advantages and disadvantages, the additive manufacturing is a very recent technology 

coupled with some unique features such as design flexibility, reduced process steps, waste minimization, rapid 

prototyping, developing a product on demand, that have put the technology at the fore front compared to other 

technologies. Additive manufacturing, also called three-dimensional printing (3DP) is an opposite concept of 

subtractive manufacturing process builds a structure by sequential deposition of building block i.e., layer. It 

does not require any mold to shape a structure [6, 7]. Also, it can develop a shape seamlessly that cannot be 

achieved by other technologies. Although, the perceived dimensional precision, accuracy and topological finish 

are not as good as achieved in subtractive process, it is expected that on-going research such as using Two-

Photon Polymerization (2PP) technique might be able to overcome these issues in the near future. Furthermore, 

from the sustainability perspective, 3DP has almost zero waste generation and huge potential in reducing 

environmental impacts [6].   



 

3 
 

 

Figure 1. 2: Composite manufacturing techniques [5] 

1.3. Three-dimensional Printing Technology 

The market of 3D printing is growing with an exponential rate even surpassing the forecast. Day by day new 

application fields (such as polymer composites, wood-based composite, building, food printing) are being 

discovered, and to date, different types of printing technologies have been developed based on different 

principles [8] and applications. A list of different 3D printing technologies is presented in Figure 1. 3. The 

present research used Fused Deposition Modeling (FDM) to print fiber-reinforced composites. In FDM 

technology, usually thermoplastic material is fed in filament form to the printer and fused at the nozzle in semi-

liquid (molten) state that deposits the fused polymer onto the print bed according to the CAD model. The 

application of 3D printing technology to fabricate composite is a decade old innovation starting with polymer 

filament containing short fibers that is added prior to printing, during polymer filament batch preparation. This 

innovation got momentum with a further advancement by incorporation of continuous filament as 

reinforcement material [7].    
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Figure 1. 3: 3D printing technologies [8] 

  



 

5 
 

1.4. References 

1. RSC. Composite materials 2020  [cited 2020 April 4]; 3]. Available from: 
https://www.rsc.org/Education/Teachers/Resources/Inspirational/resources/4.3.1.pdf. 

2. Williams, J., The science and technology of composite materials, in Technology & The Future, A.A.o. Science, 
Editor. 2020, Australian Academy of Science: Canberra, Australia. 

3. Midani, M.S., The Influence of Weave and Structural Parameters on the Performance of Composites from 3D 
Orthogonal Woven Preforms, in Fiber and Polymer Science. 2016, NC State University: Raleigh, NC, USA. 

4. Ince, M.E., Performance of Composites from 3D Orthogonal Woven Preforms in terms of Architecture and Sample 
Location during Resin Infusion. 2013. 

5. Rajak, D.K., et al., Recent progress of reinforcement materials: a comprehensive overview of composite materials. Journal 
of Materials Research and Technology, 2019. 

6. Paris, H. and G. Mandil, Process planning for combined additive and subtractive manufacturing technologies in a 
remanufacturing context. Journal of Manufacturing Systems, 2017. 44: p. 243-254. 

7. Kabir, S.M.F., K. Mathur, and A.M. Seyam, A critical review on 3D printed continuous fiber-reinforced composites: 
history, mechanism, materials and properties. Composite Structures, 2020: p. 111476. 

8. Liu, C., et al., 3D printing technologies for flexible tactile sensors toward wearable electronics and electronic skin. 
Polymers, 2018. 10(6): p. 629. 

 

 

 

  

https://www.rsc.org/Education/Teachers/Resources/Inspirational/resources/4.3.1.pdf


 

6 
 

CHAPTER 2: LITERATURE REVIEW 

A Critical Review on 3D Printed Continuous Fiber-reinforced Composites: History, Mechanism, 

Materials and Properties 

2.1. Abstract 

Three-dimensional printing (3DP), interchangeably termed as additive manufacturing, is an emerging 

technology for creating myriad objects with numerous design flexibilities by sequential layering. The research 

revolving 3DP to develop different high-performance materials is in its young stage and burgeoning 

exponentially throughout the globe. The widest applications of 3DP technology are found in automobile, 

aerospace, building, metal and alloy, electronic and biomedical fields. Recently, the opportunity to use fiber as 

reinforcement in the plastic resin of 3D printed model has contributed significantly to the improvement of 

mechanical performances of 3D printed composites. In the present review, along with introducing brief history 

of 3DP, mechanism of embedding different continuous fibers into different plastics and their microstructural 

and mechanical properties including predicting models have been critically reviewed. Additionally, based on the 

limitations of current technology future research directions have been defined. 

Keywords: 3D printing; continuous fiber; composites; mechanism; microstructure; mechanical properties 

Graphical Abstract 
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List of abbreviations 

3DP  Three-dimensional Printing 
AM Additive Manufacturing 
CAD Computer-Aided Design  
CF Carbon Fiber 
CFF Continuous Filament Fabrication 
CLPT Classical Laminate Plate Theory 
CSM Continuous Scaled Manufacturing 
FDM Fused Deposition Modeling 
FEA Finite Element Analysis 
FFF Fused Filament Fabrication 
FG Fiberglass 
FVF Fiber Volume Fraction 
ILSS Interlaminar Shear Strength 
K Kevlar 
N or PA Nylon 
ROM Rule of Mixing 
SEM Scanning Electron Microscopy 
SLA Stereolithography 
SLS Selective Laser Sintering 
STL Standard Tessellation Language 
VAS Volume Averaging Stiffness 

2.2. Introduction 

Three-dimensional printing (3DP) is a buzzword in material fabrication and recently has been a cynosure of 

research for material scientists. This technology has experienced a significant growth in the last few years, and 

it is predicted to bring revolution among the manufacturing industries for creating next generation high-

performance materials [1]. Surprisingly, tremendous market growth already has exceeded the forecast made 

lately; for instance, Grand View Research Inc. expected the world’s additive manufacturing (AM) market would 

be approximately $8.6 billion in 2020, but according to the Statista [2] the global revenue in 2018 from 3DP is 

$14.5 billion, which is close to double of the projected value in 2020. Customization, rapid prototyping, 

automatic fabrication and flexibility in designing intricate geometrics at relatively low cost and time due to 

reduction in process steps have spurred the remarkable advancement of 3DP and brought it into the spotlight.  

 
The performance of additively manufactured parts can vary based on the mechanisms and scopes of different 

assembling processes such as material extrusion, vat polymerization, powder bed fusion, material jetting, binder 

jetting and 3D plotting [3-5]. Currently, material extrusion principle, also referred to as fused deposition 

modeling (FDM) is considered as the most widely used technology among all types of 3DP technology around 
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the globe because of its cost convenience and simplicity [6]. The evolution of FDM begins with thermoplastic 

resin printing, which is known as fused filament fabrication (FFF). The FFF printed items show poor 

mechanical properties, hence are commonly used as prototype products or toys [7]. 

In order to enhance the performance of the plastic composite, different reinforcement; for instance, carbon 

black, platelets, chopped fibers, polymer fibrils are mixed with thermoplastic matrix and then extruded together 

during printing. The performance of these composites significantly depends on the fiber orientation in the 

plastic and fiber volume fraction (FVF). However, they still show inferior mechanical performance compared 

to traditional fiber-reinforced composites. Therefore, to widen the application of 3D printed FMD technology 

for designing high performance composites, continuous fiber-reinforced composite is of a pressing need. The 

technology available in the market with this feature is known as continuous filament fabrication (CFF) [8].  

Exponential research exposure over the last decade resulted in numerous research articles and patents. Figure 

2. 1 represents the trend of published patents based on 3DP technology (a) and continuous fiber-reinforced 

3DP (b) since their physical inceptions. In finding the published patents “((3D print*;)) ((continuous;)) ((fiber 

reinforce*;)) ((composite;))” were used as keywords in Google Patent search engine, titles containing ‘3D 

print*/additive* manufacture*’ were counted and reported in Figure 2. 1. The CEO of Continuous 

Composited, Coeur d’Alene, is credited for bringing the idea of printing continuous  composites, which he 

named Continuous Scaled Manufacturing (CSM) in 2012 based on SLA method [9]. However, the first recorded 

research article on continuous fiber-reinforced composite is found to be based on FDM method and reported 

by Matsuzaki et al. which later has laid the base of approximately a hundred research articles published. Along 

with these research articles, recently a number of review articles have also been published on the different 

contexts of AM as summarized in Table 2. 1. However, lack of review on additively manufactured continuous 

fiber-reinforced composites is quite obvious due to fairly a recent addition in the innovation of FDM process. 

Therefore, a compilation of those findings for rigorous understanding the scopes and limitations for future 

research is on demand. The flow of this article begins with history of 3DP, and mechanism of continuous fiber-

reinforced composite manufacturing followed by materials used, properties investigated, future outlook as well 

as our recommendations for future research direction.    
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(a)                   (b) 

Figure 2. 1: An overview of the number of published patents regarding 3DP (a) and continuous fiber-reinforced 
3DP (b) since their inceptions 

Table 2. 1: Published review articles on different aspects of 3DP 

3D printed 
composites 

Context of the review Ref. 

Polymer/fiber-
based composites 
by different 3DP 

technology 

Different 3DP technologies, modeling and analytical techniques [10] 

Different 3DP technologies, composites and nanocomposites from 
polymer and fiber and applications 

[5] 

Different 3DP technologies, materials, applications and challenges [11] 

Industrial and lab automation in 3DP, and polymer-based composite 
manufacturing by different 3DP technology 

[12] 

Composite manufacturing by different technologies, and properties 
and materials requirements to optimize composite performance 

along with potentials and challenges 
[1] 

FDM and stereolithographic technologies for fiber-reinforced 
polymers, and applications of fiber-reinforced composites 

[13] 

Materials, process parameter, fiber-based composite manufacturing 
technologies and different mechanical properties 

[14] 

Composites based 
on FFF 

Materials, modeling and future research suggestions [15] 

Mechanical properties of printed parts and physical phenomena 
associated to FFF including present and future research directions 

[16] 

Process parameters, detailed mechanical, quasi-static and dynamic 
properties with future research outlines 

[17] 

Overview, requirements and mechanism of FDM process, rheology 
of polymer melt, and effect of polymers, fillers, manufacturing 

method and process parameters on the properties of composites 
[18] 

Composites based 
on CFF 

Patents by different stakeholders with future potentials [19] 

History, mechanism, materials, properties and limitations Present work 

2.3. History and Evolution of 3DP 

The history of 3DP is only four decades old [20]. The revolutionary growth of research in science, engineering 

and technology has brought this innovation to its mature level. The chronological developments of 3DP 

technology might be portrayed from different contexts such as time [21], different characteristics [22] and 
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technology [23]. Some researchers have divided different stages of life history into few major segments; for 

instances, the infancy stage: 1981 to 1999, the adolescence stage: 1999 to 2010, the adult stage: 2011 to the 

present day [24]. Throughout the significant time of its history, 3D printers were not affordable, but now the 

price has decreased tremendously from about $20,000 (before 2009) to $500-$1000 [20]. To better understand 

the development of 3DP, this paper covers the history based on timeline along with titling remarkable stages 

of development. 

2.3.1. Conceptual stage: before 1980 

It is assumed that the foundation of the 3DP concept was laid in 1860 by a Parisian photographer, Francis 

Willene. He made an invention known as ‘mechanical sculpture’ to create 3D portraited sculpture by using 

camera, photograph and pantograph with more accuracy and less possible time (48 hours) than the traditional 

methods that used to require several months at that time [25]. In 1892, the idea of creating topographical map 

through layering method was proposed by Blancher, which was actually the conceptual base of modern AM. 

No further development of those ideas was found until 1940, while Pereyra also used similar method to make 

3D map by cutting and sticking contour lines on a sheet made of cardboard. The idea was then refined by Zang 

(1964) and Gaskin (1973), in which they described incorporation of transparent plates with topological 

explanations and 3D geological teaching device for designing map. In 1972, Matsubara of Mitsubishi Motors 

offered a topological method to create photo-hardening layered material using photopolymer resin coated onto 

refractory particles. DiMatteo (1974) discovered that this technique could be applied for other materials, which 

are tedious to fabricate by other machining process such as propellers, air foils, 3D cams and dies [26]. The 

application for patent of this idea was filed by Wyn Kelly Swainson in 1977. He used laser sensitive monomer 

that generated covalent cross-linking at the surface of the material being created [27]. Finally, the idea of 3DP 

came into notice in the name of rapid prototyping based on the continued concept of linking photopolymer 

with laser theorized by Hideo Kodama and Alan Herbert in 1981. They also filed a patent, but it was denied 

because of not being able to submit the full patent specification by the next one year of application [28]. 
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2.3.2. The physical inception of 3DP: 1981-1990  

This decade introduced official inauguration of a few popular and widely used 3D printers; Stereolithography 

(SLA), Selective Laser Sintering (SLS) and FDM [21]. The first patent titled “Apparatus for production of three-

dimensional objects of stereolithography’ was issued to Chuck Hull in 1986. He also developed Standard 

Tessellation Language (STL) file format that translates 3D digital file to 3D printed object. In the same year, 

Carl R. Deckard patented first SLS printer, nicknamed Betsy, which was able to fuse particles of plastic, metal, 

ceramic or glass powders and make 3D solid object using high-energy laser. The most commonly seen 3D 

desktop printer, FDM, was invented in 1989 by Scott Crump and commercialized by Stratasays. The use of 

computer-aided design (CAD) software for designing object of 3D printers was developed by EOS Company 

in Germany.   

2.3.3. The development stage I: 1991-2000 

This decade experienced a lot of developments of existing 3D printers, new printing technology as well as 

emerging new materials for those technology [29]. The initial printers had major technical limitations and flaws 

that restrict them for bulk production of 3D objects. Therefore, research was conducted to improve the 

technical performances of printers, which chiefly included laminated object manufacturing, solid ground curing, 

direct shell production casting and large-scale printing by SLS. Some new printers were also developed during 

this decade such as 3D wax printer, Z printers and 3D metal printer. This decade saw several landmark 

developments of a few amazing discoveries, including the most remarkable innovation such as developing 3D 

printed organ, a bladder created from a patient’s own cells and design flexibilities that enabled printing hard 

and soft materials with different aesthetics and functions.   

2.3.4 The development stage II: 2001-2010  

Functional flexibilities, mass customization, precision, high resolution, personal domestic printers, user 

friendliness, easy accessibility along with research boom to craft new materials with sophisticated product 

features are mentionable advancements happened throughout this decade [30]. Envisiontec launched Perfactory 

Machine in 2001, which is able to produce exceptionally large parts at high speeds with due precision and 

accuracy. In the following years, commercial electron beam melting system that melts metal powder and 

multicolor 3D printer by Z Corp were discovered. One of the breakthrough ideas of the decade was the RepRap 
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project that brought the 3D printer at home through easily accessible open source system and self-replicating 

nature [31]. Noteworthy, material developments of this decade were: first 3D-printed kidney by Chinese 

researchers, human blood vessel, 3D printed prosthetics without part assembling, creating consumer products, 

first ready-to-wear apparel (3D printed bikini), puppets for 3D animated movies and 3D printed furniture. 

Another significant event of this decade was expiring the patent of FDM method that widened the accessibility. 

Subsequently, thousands of stakeholders across the globe started using and experiencing the technology easily. 

Additionally, huge growth of materials during those times and wide adoption of this technology by stakeholders 

followed development of the first ASTM standard for additively manufactured products as quality and 

terminology reference [29].    

2.3.5. The mature stage: 2011- to-date 

The history of this era is mostly concerned about the affordability of 3D printers in terms of cost effectiveness 

and using this technology for emerging frontier materials with multidimensional purposes ranging from 

personal to industrial products such as foods, toys, jewelry, automobiles, building, aircraft, apparel and fashion 

accessories, biomedical and robotics [32]. The cost of FDM 3D printers dramatically plummeted in 2012-2013 

from five figures to four and even to three, which enhanced the affordability of this technology [31]. Increased 

research exposures regarding this amazing technology caused Urbee (the first 3D printed car), 3D food printer 

by Cornell University and NASA, making tools on demand, 3D printed rocket fuel injector, lunar habitation by 

European Space Agency (ESA) and life-saving 3D printed splint. President Obama declared $30 million 

research grant to the National Additive Manufacturing Innovation Institute in Ohio to motivate AM and 3DP 

research in his State of the Union Speech. In 2011, Time magazine presented the 50-best invention of the year, 

which included 3D printed flexible dress designed by Iris van Herpen’s [21, 29, 31]. In a featured article, The 

Guardian mentioned Chuck Hull as the father of 3DP and reported “Hull knew his invention would take up to 

30 years to find its way into people's homes. Today the possibilities appear endless.” As a result, many ‘wow’ 

factors are yet to come through 3DP technology [33]. For instance, the revelation of 3D printed continuous 

fiber-based composites in 2016 by Matsuzaki et al. is a wonderful addition to tune the mechanical properties of 

printed parts with complex topology that might lead future materials manufacturing.  
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2.4. Continuous Filament Fabrication 

2.4.1. Mechanism  

The fundamental working procedures of creating an object using 3DP technology are the same throughout all 

available technologies and consist of three basic steps viz. creating a 3D model, slicing and printing [5]. At first, 

it requires one to develop a virtual 3D object using CAD software, which is able to generate a comprehensive 

file format that is easily readable to the slicing software. Slicing software is designed to work on each 2D layer 

of the 3D model of an object, processes and transfers that information to the printer for printing into physical 

structure [34]. The printing technology differs from each other based on mainly the mechanism of printing and 

physical forms of starting materials.  

Figure 2. 2a shows a schematic presentation of continuous fiber fabrication method using traditional 3D 

printers with modified printing head. Unlike chopped fiber-reinforced composites, it has two separate material 

supply for matrix/plastic/resin and reinforcing filament. The extrusion nozzle receives both thermoplastic 

polymer and continuous fiber, and continuous fiber is made to pass through the core of the nozzle. As a result, 

when the nozzle is heated, matrix infusion occurs, and the molten thermoplastic material is deposited along 

with the reinforcing filament. The temperature of the nozzle is selected based on the thermal properties of the 

thermoplastic polymer. As soon as the material is deposited and reached to the printing bed, it solidifies quickly 

and sticks to the previous layer. The printing head is designed to move in 2D motions i. e. X-Y directions and 

responsible to design each layer according to trajectory of 3D CAD model transferred by slicing software. The 

third movement along the Z direction to a distance equal to the layer thickness is accomplished by the building 

platform after each layer is made, which is continued until the structure is completed [35].  
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(a) (b) 

 

c 

 

 

 

 

(d) (e) (f) (g) 

Figure 2. 2: Schematic representation of the FMD 3DP process using continuous filament with a printing head 
of single nozzle (a) [35] and dual nozzles (b) [36], a close look of Markforged dual nozzle system (c) robotic 
printing head with coaxial extruder (d), molding roller (e) [37], capillary injection method (f) [38] and printing 
head with multiple extruders (g) [37]  

A further stride has been noticed with development of the first ever commercial FDM based composite printer 

by Markforged in 2014, which offers printing head with two separate extrusion nozzles for plastic and 

reinforcing fiber supply [39]. This facility allows to design materials in more customizable manner. Here, unlike 
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the single nozzle system, individual layer can be selected to reinforce. Also, desired area can be fabricated 

enabling material engineers to achieve desired performance that also paves cost minimization approach. Two 

nozzles do not work simultaneously, rather one stops while other works, the continuous fiber is sized 

(integrated) with plastic so that it can stick to the previous layer during extrusion. Figure 2. 2b and 2c show 

schematic of printing mechanism of Markforged printer and the printing head with two nozzles, respectively 

[39]. Orbital Composites, a new startup company, claims that it overcomes the limitations encountered by 

Markfogred Inc. in terms of speed, delamination, minimizing void spaces, productivity and printability, 

although it is based on single nozzle principle, called coaxial extruder, where the continuous filament is passed 

through the core of matrix like the traditional modified printer. Additionally, it introduces robotic printing head 

(Figure 2. 2d) with multiple extruders to scale up productivity and perform light task of a robust composite part 

(Figure 2. 2g). The printing head is also integrated with molding roller to create pressure on the printed layers 

to minimize void space (Figure 2. 2e) and capillary injector to selectively inject epoxy containing fibers to fill 

infill patterns (Figure 2. 2f) [38, 40]. However, it does not clarify how to control the pressure of molding roller 

and FVF if matrix and continuous filament are deposited together. Also, there might be a tradeoff between 

print resolution and layer thickness, since the reported layer thickness is 0.4 mm, which can be as less as 0.1 

mm for Markforged Inc., which is capable of printing more precisely. Even though the molding roller 

contributes to deplete void space, it might deform printing part by flattening effect. Most of the proposed 

technologies of Orbital Composites are under development and if all the mentioned issues are addressed then 

these will be excellent additions. 

Apart from FDM CFF printers, there have been development of more sophisticated composite printers based 

on different technology such as SLA and direct energy deposition (DED), which offer high print resolution, 

high interlamellar bonding, printing along all dimensions (X, Y and Z) and exclude void formation and 

requirement of overhanging support. Table 2. 2 summarizes capacities and scopes of these technologies. 
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Table 2. 2: Current 3D printer manufacturers using continuous fiber as reinforcement [9, 38-41] 

Manufacturer Method Materials Special features Since 

Continuous 
Composites/CF3D™ 

SLA 

Matrix: Offer formulation 
based on requirements 

Reinforcement: any 
continuous fiber; most 

common are carbon fiber, 
fiberglass, Kevlar, fiber optics, 

copper wire, nichrome wire 

No support required, 
capable to print in all X, Y 

and Z directions, new 
design software to optimize 

design and topology, 
stronger layer bonding, no 

void space 

2012 

Arevo 

Direct 
energy 

deposition 
(DED) 

Matrix: 
PEEK, PAEK, PEKK, PEI 

and PPS 
Reinforcement: carbon fiber, 

aramid, fiberglass 

Free motion printing, six 
axis robotic manufacturing 

platform, 3D curves, 
stronger layer bonding, less 

void content 

2015 

Markforged FDM 

Matrix: Nylon (N), 
onyx (Nylon mixed with 
chopped carbon fiber) 

Reinforcement: carbon fiber, 
Kevlar, fiberglass, HSHT 

fiberglass 

Two extruders, 
customizable reinforcing 

facility, high precision and 
resolution 

2014 

Orbital Composites FDM 

Mostly under development, 
printed composite with 

continuous carbon fiber and 
Nylon thermoplastic as matrix, 

proposed materials include 
ceramic or metal 
matrix materials 

including thermosets, thermos-
plastics and silicon carbide 
with copper or aluminum 

• Coaxial extrusion process, 
curved surfaces, coated 

continuous fibers with a 
thermoplastic sheath, better 
bonding in Z direction due 

to capillary injection 
molding facility, less void 
space because of active 

molding roller 

2016 

2.4.2. Factors affecting the quality of 3D printed structures 

The quality and properties of printed parts depend on a large number of factors, which can be segmented into 

three major stages such as preparation, printing and finishing. Goh et al. [17] introduce the definitions of the 

terms involved in factors of 3DP. Detailed manufacturing factors that affect mechanical properties of 3D 

printed composite in FDM process are elaborated by Banjanin et al. [42]. Figure 2. 3 compiles and classifies 

almost all possible factor associated to the quality and performance of 3D printed composites found in the 

literature.  
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Figure 2. 3: List of preparatory, machine, process and environmental factors affecting quality of 3D printed 
composites  
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Preparatory factors 

As mentioned already, a 3D model needs to be designed before printing. A complex model involves much 

effort to achieve higher resolution than an ordinary model. The resolution and performance of a desired model 

significantly rely on the technology to be used for printing, and material preparation and print supply also vary 

accordingly [15, 17]. A number of different file formats (i.e., OBJ, AFM, FBX, COLLADA, 3DS, IGES, STEP 

and X3D) are available now to translate the 3D model to the printer besides the most widely accepted file 

format, STL. Other files are popular for special purposes; for example, for multi-color and high precision ready 

to use model, OBJ is preferred, so as AFM file formal for high resolution and complicated design [43]. Slicing 

software divides and designs the whole structure into unit print component, raster/bead. Depending on the 

capacity of the machine, design can be engaged to all dimensions, which eventually contribute to freedom of 

design, material and motion [41].   

Printing factors 

The most important factors to play with the performance and architecture of the printed composites are 

material, machine, process and environmental factors. It is obvious that the matrix and reinforcing materials 

are prime determinants of properties of printed parts. Machine factors are mainly related to the productivity of 

the printers. The nozzle temperature, heating mechanism, diameter and geometry influence the quality of 

printer. Temperature and calibration are set according to the materials to be processed. Markforged Inc. does 

not allow user to set temperature, rather the selection of the material automatically engages calibrated 

temperature by the manufacture. Also, conditioning matrix material is important to avoid any change in 

moisture and electrical property, hence dehumidification of print supply might be necessary. Nozzle diameter 

affects print resolution [39]. The selection of right temperature based on the material is very tedious and 

significantly influences the productivity and print quality. High temperature assists in better interlamellar 

bonding and less void space occupancy due to low viscosity and better rheological property; therefore, show 

improved mechanical properties [44]. Change in nozzle geometry from circular to square [45] or rectangular to 

skewed [46] improves mechanical characteristics to a considerable extend by curtailing void space, as it helps 

achieve better inter diffusional bond formation (Figure 2. 4).  
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(a) (b) (e) 

Figure 2. 4: Effect of nozzle geometry to minimize void formation rectangular (a), skewed (b) [46], circular (c), 
square (d), interdiffusion bond formation of two adjacent beads (e) [45] 

The most studied factors for FDM 3DP technology are process parameters. Print speed has minor effect on 

the tensile strength but significant on the cost of production; low feed rate helps increase interlamellar bonding, 

but negatively impacts the productivity and rises the product cost [47, 48]. Raster angle, the angle of deposited 

raster or bead relative to horizontal direction, is indicated to have higher impact on tensile strength, toughness 

and ductility. Ning et al. [47] studied 0, 90o and ±45o fiber orientation and find the latter having low tensile 

strength due to poor interfacial adhesion between matrix and reinforcing filament, but better toughness and 

ductility. The covering pattern of the raster modulates void space as in Figure 2. 4. The fiber orientation, infill 

patterns (honeycomb, hexagonal, triangular and solid) remarkably change interfacial adhesion, interlamellar 

bonding, tensile, compression, flexural and impact properties. For example, solid fill pattern might have low 

impact resistance than other patterns types, because free air gaps in those structures help absorb large impact 

shock [49]. Besides, they affect other mechanical properties. Hui et al. [50] investigated how the different infill 

types along with layering change tensile strength and elastic modulus of CF, FG and Kevlar reinforced Nylon 

composites, and it revealed that rectangular fill shows highest tensile strength followed by hexagonal and 

triangular infill respectively based on the maximum longitudinal load bearing capacity, but different behavior 

was noticed by another group of researchers [51]. The build orientation has been studied and shown in Figure 

2. 5 [48]. Figure 2. 5 illustrates three basic build orientations, and better mechanical properties are found for 

the most stable orientation, while the area of contact between the print bed and structure is higher. Lower layer 
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thickness providing good packing density and high inter-bonding strength leading to high interfacial properties 

[47]. Environmental factors (ambient temperature and humidity) dictate the viscosity, surface tension and 

solidification of the resin and eventually the printing performance [46].   

 
Figure 2. 5: Build orientation [48] 

 

Finishing factors 

After printing in the case of FDM, it is required to isolate the print parts from the print bed, which sometimes 

requires some careful efforts. For instance, Markforged Inc. recommends using special glue before printing, 

which causes the printed part stick very firmly to the print bed. Furthermore, overhanging parts involving 

support material requires watchful separation. Consequently, a secure separation process is important for both 

the user and printed parts. Papon et al. [45] discussed post printing (finishing) process to improve tensile 

strength, modulus and inter-bond strength by approximately 11.2% and 70% and 7.6%, respectively owing to 

annealing process contributing to the improvement of crystallinity of polymer and better interfacial bonding 

with reinforcing fiber as well as reducing void space. 

2.5. Materials 

Evidently, CFF involves both matrix and reinforcement, while reinforcing material is always a continuous fiber. 

Matrix is a base material that holds the fibers firmly for long term serviceability and protects fibers from external 

forces such as corrosion, degradation, abrasion, etc. Also, the role of matrix material is crucial to bear 

compression loading of composites. On the other hand, the incorporation of reinforcement in the plastic matrix 
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synergistically improves the ultimate properties of composites in terms of tensile, elastic and load bearing 

capacity. Fidan et al. in their review mentioned that while fabricating a composite, the selection of matrix and 

reinforcement must be compatible physically (good adhesion), chemically (matrix and fiber must not react 

chemically) and thermally (similar thermal behavior; coefficient of thermal expansion) [14]. The materials and 

their properties used for 3D printed CFF have been garnered in Table 2. 3. 

Table 2. 3: Materials used for continuous filament fabrication 

Materials 

Properties 

Ref. Density 
in g/cm3 

Diameter in μm 
(number of mono 

filaments, 
diameter) 

Tensile 
modulus 
in GPa 

Flexural 
modulus 

GPa 

Matrix 

Onyx 1.2 1750 1.4 2.9 [51, 52] 

Nylon 1.1 1750 0.94 0.84 [51, 52] 

PLA 1.25 1750 2.02 2.392 [53] 

ABS 1.04 1750 0.998 1.9 [53] 

Epoxy 1.54 1750 3.5  [54] 

PEEK 1.3 1750 3.6  [54] 

Continuous 
filament 

Carbon 1.4/1.3 400 (1000, 10) 54 51 [52, 55, 56] 

Kevlar 1.2 300 (1000, 12) 27 26 [52, 55] 

Fiberglass 1.5 300 (1000, 10) 21 22 [52, 55] 

HSHT GF* 1.5  21 21 [53] 

Jute 1.3–1.45 20–200 39.4  [7] 

HSHT GF*: High Strength High Temperature Fiberglass 

Besides, polymer filament preparations as well as polymer processing factors such as melting temperature, 

viscosity, rheology and solidification are as important as the mechanical properties of the polymers and play a 

significant role to the performance (mechanical properties, resolution and accuracy) of a printed part [57]. 

Fuenmayor et al. [58] and Rahim et al. [18] detailed the requirements of polymer preparation and process 

considerations for FDM 3DP system. Polymer filament preparations includes polymer morphology, filament 

stiffness, softness brittleness, dimensional consistency and proper winding on spool. The desired polymer 

morphology for FDM/FFF is amorphous so that it can undergo fast cooling that eventually helps achieve 

better dimensional accuracy of the printed parts. In this regard, polyamides are preferred over other semi-

crystalline and crystalline polymers as they possess amorphous structures. Semi-crystalline polymers with low 

degree of crystallinity (20-32%) such as PEEK can also be used depending on molecular structures and nature 
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of cooling, since polymers having high degree of crystallinity tend to shrink leading to part warping after printing 

[18]. Polymer filament should have even diameter (1.75 ±0.1 mm), be parallel wound on spool to minimize 

strain on filament, neither too brittle nor too soft to avoid slippage and make sure proper grip by the driving 

gears [18, 58]. As the polymer filament pressurizes the liquefier, it should be stiff enough to maintain extrude 

deposition rate [58]. 

Polymer processing factors are tuned based on the rheological behavior of the polymer melt and controlled by 

feedstock setting especially temperature and shear rate [59-63]. The viscoelastic properties of polymer melt and 

obtaining required dimensional accuracy of printed part with strong layer to layer adhesion are driven by the 

right selection of nozzle and bed temperatures. The polymer melt viscosity should be adjusted by controlling 

shear rate and nozzle temperature so that the polymer melt can easily pass through the liquefier and the nozzle 

[63].  A low shear rate is favorable for FDM process, because a high shear rate (> 100 s−1) can cause chain 

stretch and disentanglement leading to polymer degradation [58, 62]. Melt flow rate is determined using melt 

flow indexer depending on temperature and filler percentage; however, the determination of right melt viscosity 

as a function of temperature and back pressure from the driving gear to liquefier is very complex to understand 

and yet to explore [18, 58]. For solidification kinetics, two synchronized requirements (fast cooling and sticking 

adjacent layers) have to be ensured, which actually govern the shape of a printed part. Fast cooling is related to 

dimensional consistency and accuracy; on the other hand, slight glassy state is required to ensure strong 

interlamellar adhesion by sticking adjacent layers firmly [63]. During solidification, the internal stress should be 

minimum to avoid part warping and delamination from the print bed. Heated bed, washable glue, sticking tape, 

hard paper, phenolic cotton laminated plastics and printed circuit board used to minimize warpage [18]. Future 

studies for the estimation and optimization of melt viscosity are suggested for CFF system following coaxial 

nozzle assembly as well as fiber nozzle assembly for Markforged systems.  

2.6. Properties   

In order to investigate the performance of CFF composites, mechanical behaviors are studied extensively. 

Additionally, in case of 3D printed composite structures, it is also very important to explore surface topology, 
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cross-sectional view and fracture nature to understand if there are any structural defects such as void space and 

poor interlaminar adhesion. Some researchers also applied different mathematical models and composite 

theories to assess the consistency between model predicted and experimental values of different properties. 

Appendix A summarizes what attributes have been explored so far on various CFF composites and outlined 

the unexplored areas for future research considerations. Figure 2. 6 presents a bar diagram regarding the 

frequency of different mechanical properties explored by published peer-reviewed articles.  

   
Figure 2. 6: Mechanical properties studied on FDM CFF composites 

2.6.1 Microstructural properties 

The microstructures at difference scales such as nano, micro, meso are related to the precision of a printed part. 

Printing with an accuracy at nano and micro levels is particularly crucial for biomedical devices [64, 65]. Figure 

2. 7 provides general understanding of the precision of different 3DP methods obtained at different 

microstructural levels [66]. The manufacturing principle (printing a bead at a time and joining together to form 

a layer so as the whole structure) of FDM printing system actually limits to achieve high dimensional accuracy 

relative to other 3DP methods [67]. A very slight inaccuracy in a bead (due to different rates of cooling and 

internal stresses) can significantly affect the accuracy and precision of a final part. The average expected 

dimensional accuracy of FDM printed part should be less than ±0.5 mm, whereas 0.3 mm, 0.1 mm and 0.05 

mm for SLS, SLA and material jetting methods, respectively [68]. The only available commercial 3D printed 

fiber-reinforced composite printer (Markforged Inc.) provides precision of 0.16 mm [69]. The best technology 

32

17

5 5
3

Tensile Flexural Compression Shear Impact

N
o

 o
f 

ti
m

e
s 

e
x
p

lo
re

d
p

u
b

li
sh

e
d

 i
n

 p
e
e
r-

re
vi

e
w

e
d

 
a
rt

ic
le

s

Mechanical properties



 

24 
 

in terms of precision is provided by Two-Photon Polymerization (2PP); for instance, Vyatskikh et al. fabricated 

metal nano structure at 25–100 nm dimensions following 2PP technology [70]. 

 

Figure 2. 7: Dimensional accuracy of 3D printed parts [66] 

Meso and microstructure of reinforcement  

The meso and microstructural analyses of 3D printed structures include surface and cross-sectional architecture 

as well as graphics of failure modes due to tensile, flexural, compression, shear and impact loads. Optical 

microscopy, laser scanning confocal microscopy and scanning electron microscopy (SEM) are usually employed 

to capture those images. Besides, image analysis software (such as ImageJ software) [71] and μCT-scan images 

[72] are engaged to determine the porosity and FVF. In dual nozzle printing system, continuous filament used 

in CFF process is itself a composite, because the filaments are received as a bundle of many fibers (usually 1000 

filament strands) sized with plastic resin to hold them in place for the convenience of extrusion from the nozzle. 

The shape of the filament along the length and the distribution of fibers in the bundle are uneven as noticed in 

Figure 2. 8 [71]. Reporting different diameter values by different researcher on same material from the same 

supplier (e. g. Markforged) is also an obvious indication of this irregularity in diameter. Table 2. 4 shows a few 

different values found in literature. The uneven distribution of the fiber in the matrix causes polymer and fiber 

rich regions that limit the homogeneity. Consequently, filament rich region due to poor impregnation by the 
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matrix polymer leads to inferior adhesion, increases the internal porosity to about 2% and the probability of 

crack initiation and propagation [71].  

Table 2. 4: Variation in diameter of filament reported in literature 

Fiber content (FVF) Diameter filament (monofilament) in μm Ref. 

Carbon  (40% [73]) 

400 (10, 8) [56] 

379 (8) [71] 

370 [72] 

350 [36] 

360 [74] 

Glass (50% [73]) 

332 (10) [71] 

290 [72] 

300 [50] 

400 [75] 

 

 
Figure 2. 8: Cross-sectional optical images of fiberglass (FG) and carbon fiber (CF) filaments as received 
exhibiting irregular outer lines (a and d) regular circumference (b and e) and magnified views (c and f)  [71]  

 
On the other hand, in case of coaxial extrusion process, where filament tows are directly fed together with 

polymer matrix using single nozzle system, situation is more exacerbated due to insufficient impregnation as 
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noticed in Figure 2. 9 [76]. Also, it is very difficult to control homogeneous distribution of polymer and crucially 

subjected to nozzle temperature and viscosity of molten matrix polymer. Meng et al. [77] described the 

mechanism of impregnation process of CF prepreg, and how preheating temperature and achieving desired 

viscosity help achieve optimum lamination for CF/PEEK composite shown in Figure 2. 10. They proposed to 

use pre-impregnation by introducing in-situ laser heater similar to traditional hot-pressing technique to reduce 

viscosity of the polymer melt for easy penetration and diffusion. The amorphous molecular chain of PEEK is 

responsible for interlayer bonding. They mentioned the surface temperature of printed part before preheating 

was 110oC, much lower than the Tg of PEEK (143oC). In the succeeding layer deposition, a slight increment of 

temperature is truly not enough for sufficient interlayer bonding. Therefore, the incorporation of in-situ laser 

preheating system in 3DP raises the surface temperature above Tg, so that the molecular chain becomes more 

flexible to localize for better interlayer adhesion. Additionally, this preheating system contributes to form large 

crystals leading to improved mechanical properties by volume shrinkage and part warping.    

 

Figure 2. 9: Microstructures of fractured cross section of CF/PLA composites with temperature in the printing 
head of 180°C (a, b, c) and 240°C (d, e, f), respectively: overall cross section (a and d), interface (b and e) and 
fracture pattern (c and f)  [76] 

 



 

27 
 

(a) 

 

(b) 

Figure 2. 10: Diagram of polymer distribution interfacial bonding during extrusion without laser assistance (a)  
and with laser assistance (b) [77] 

Meso and microstructure of composites  

The structure of printed parts includes several structures; shell, solid content, infill and fiber [78] as in Figure 

2. 11. Shell is not a part of the composite rather an external structure of the printed specimen. Solid content is 

consisted of only matrix and usually default initial and terminating layers. The infill resides between top and 

bottom solid layers and may be different types cellular shapes based on printer scopes such as solid, hexagonal, 

triangular, honeycomb. The fiber layer/s (Kevlar) is/are the reinforcing layer/s, which is/are fabricated as per 

desired performance.     
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Figure 2. 11: Schematic of a typical structure of the fiber-reinforced 3D printed composite part, Left: top view 
of the 3D printed test specimen. Right: Section A-A, cross-sectional view. Solid regions are represented as solid 
white rectangles, infill regions have a hatch pattern fiber-reinforced regions are represented as yellow [78] 

 
The different meso and microstructures of different views of a 3D printed part are illustrated in Figure 2. 12. 

Figure 2. 12a and 2.12b represent the top and cross-sectional views of CF/Nylon (CN/N) composites. From 

the magnified image of cross-section, the sandwich like structure reinforcing filament and matrix layers is 

obvious. The in-plane view of single fiber layer of the composite presented in Figure 2. 12c, which shows loop 

creation on the edge due to the movement of printing head. Chabaud et al. [71] measured the radius of 

semicircular loop about 0.6 mm, which also might vary based on filament size. The local stress created on the 

edge might cause fiber breakage depending on the fiber toughness. Figure 2. 12d, e and f are closer images 

highlighting the porous structure residing in the printed material. The high porosity in 3D printed structure is 

for several reasons such as, heterogeneous diameter of filament, uneven matrix distribution, poor filament 

impregnation and fiber rich regions. Besides, the nature of FDM printing process is responsible for significant 

void generations [8]. The shape of the extruding layer depends on nozzle geometry, and poor overlapping 

between adjacent print beads and layers are identified as the major reasons for void content although after a 

bead deposition, it flattens to some extent than its original width depleting the inter-bead gap.   
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(a) (b) (c) 

 

(d) (e) (f) 

Figure 2. 12: Different view of CFF printed CF/N composite; top view (a), cross-sectional view (b) [51], single 
CF printed layer with fiber breakage at the curvature (c) [71], magnified cross-section showing porosity (d, e, f) 
[79] 

Meso and microstructure of failure under tensile load 

Microstructures of fractured composites under different mechanical loads have been conducted by different 

researchers such as tensile loads [80], flexural, compressive and shear loads [72]. Goh et al. [72] explained the 

mechanism of tensile and flexural failure behavior of CF and FG reinforced Nylon composites. It is apparent 

from Figure 2. 13a that both CF and FG composites shows linear stress-strain relationships up to abrupt fail at 

5.2% and 6.2% strain, and at 600 MPa and 12.99 MPa tensile strength, respectively due to their brittleness. 

Figure 2. 13b demonstrates failure mechanism under tensile load. The horizontal crack for tensile rupture and 

delamination and de-bonding between adjacent beads and layers for shear rupture indicate poor interfacial 

bonding attributed by insufficient consolidation process as illustrated in Figure 2. 13c, d and e. Additional cross-

sectional microstructural study for failure help improve understating of bonding nature of matrix and fibers 

[80]. Figure 2. 13f shows tensile fractured cross-section of unidirectional and cross-lay CF/N composite. A 
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large number of fiber breakage implies load transferring from matrix to fiber. Also, good interfacial adhesion 

is observed along with few holes and fiber pullout indicating improper impregnation or fiber rich region.    

 

(f)                                                                                       (g) 

Figure 2. 13: Tensile fracture mechanism of CFF composites. Stress-stress relationship of CF and FG fiber-
reinforced Nylon composites (a), illustration of tensile fracture mechanism (b), fracture mode that consists of 
cracking and de-bonding for CF  and FG composites (c and d), matrix crack due to shear rupture and fiber 
breakage due to tensile rupture (e) [72], SEM image showing fiber pull-out at the fractured surface for 
unidirectional (f) and cross-lay orientation of CF/N composite (g) [80] 

Meso and microstructure of failure under bending load  

Structure failure by flexural load of CF and FG fiber-reinforced Nylon composites are shown in Figure 2. 14, 

which were captured using high-speed camera. It is noticed in case of CF/N composite that crack initiates from 

the top-most layer as it experiences the direct localized compressive load first and propagates toward neutral 

axis leading to fiber breakage followed by eventual failure with continuous increment of bending load (Figure 

2. 14a, b and c). The increased bending load is distributed to the other layers, and eventually breakage happens, 
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as shown in Figure 2. 14d. The failure nature of FG/Nylon (FG/N) composite is different from CF/N 

composite; it fails not due to tension but rather to localized buckling causing shear kinking and matrix failure 

as described by Goh et al. [72] (Figure 2. 14e and f).  

 

 

(e)                                                                                                           (f) 

Figure 2. 14: Bending fracture mode of CFF composite. Schematic of fracture mechanism (a), fiber breakage 
at the outer most layer (b), cross-sectional view of fractured surface (c), fracture phenomenon with gradual 
increment of bending load (d) for CF composite and schematic of fracture mechanism of FG composites under 
bending load (e) top view of bucked FG (f) [72] 

Meso and microstructure of failure under shear load  

Microstructure of single and double shear bearing failure phenomena have been explored by Dickson and 

Dowling [55]. They proposed tailoring of CF/N composite by preparing woven carbon fiber prepreg using 

some special techniques such as ‘Gcode’ and Python script. In their investigation, they created holes by ‘Tailor 

Woven’ and Drilling and tested the bearing response. Bearing failure is caused by fastener travelling in the 
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testing direction because of surface buckling. The optical microscopy of drilled specimen revealed two types of 

failure, above the hole for compressive failure and on the flanking side for tensile failure. Larger buckling is 

found above the hole as a result of discontinued fibers (Figure 2. 15). On the other hand, Tailor Woven 

specimen exhibits minimized damage since the tensile loading is mainly responsible for majority of damage. 

However, the reasons of these responses are not well understood from their findings and have not been verified 

with due explanation.    

 

Figure 2. 15: Double shear failure regions for Drilled (Top) and Tailor Woven (Bottom) specimen [55] 

The fractured cross-section of CF and Kevlar (K) reinforced Nylon composite is shown in Figure 2. 16. It is 

obvious from the image that CF/N composite break brittle manner with sharp edge. In contrast, K/Nylon 

(K/N) shows ductile behavior when fractured; therefore, elongated and distorted ends at the failure interface 

are observed [8]. More research can be undertaken on the microstructural behavior due to impact damage, 

which has not been studied so far to the best of our knowledge.  

 

 

(a) (b)  

Figure 2. 16: SEM images of fractured fibers; carbon fibers showing brittle damage morphology (a) and Kevlar 
fibers showing significant elongation and distortion (b) [8] 

https://www.sciencedirect.com/topics/engineering/shear-failure
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2.6.2. Mechanical properties 

Study of mechanical properties includes both quasi-static and dynamic properties. Tensile, flexural/bending, 

shear and impact are considered as quasi-static properties, whereas creep, fatigue and crack growth are dynamic 

properties. In case of CFF composites, analysis on dynamic properties is hardly found. On the other hand, 

among the quasi-static properties, tensile and flexural/bending are most frequently explored. Figure 2. 6 

presents an overview of the frequency of different mechanical properties investigated in published peer-

reviewed articles. Attempts are involved using different continuous fibers and polymer matrices, geometrics of 

the structures, process conditions and printing parameters.   

Tensile and flexural properties 

Tensile properties are the most frequently addressed criteria followed by flexural properties to assess the 

performance of 3D printed parts as indicated in Appendix A and Figure 2. 6. It is needless to mention that 

different research consideration and experimental design among the published articles lead very divergent 

results to compare them and to reach a meaningful and structured conclusion. However, an effort has been 

made to correlate among the outcomes from different experimental designs considering different variables. 

Therefore, a compilation of relevant published data obtained from tensile and flexural studies is presented in 

Table 2. 5a and Table 2. 5b. In Table 2. 5a, composites are from Markforged dual nozzle printers, while Table 

2. 5b includes composites prepared by coaxial modified printers and conventional injection molding system. In 

Appendix A, there are some other composites, which have not been included in Table 2. 5 because of their 

significant disparity in properties and research design with hardly comparable data. Important composite 

information such as reinforcing fiber orientation, fill density, FVF, and process parameters have been 

considered to construct Table 2. 5 and are compared to investigate their influences on the tensile and flexural 

properties.   
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Table 2. 5: Tensile and flexural studies conducted on different CFF composites using Markforged printers (a) and other methods (b) 

Composite 

Important settings 

Research consideration 
Tensile 
strength 
(MPa) 

Flexural 
modulus 

(GPa) 
Ref. 

Orientation 
Fill 

Density 
FVF (%) 

CF/N 

0/0 100 14.1 Morphology and microstructure 250   [8] 

0°/45°/90° 
30°/45°/60° 
15°/45°/75° 

100 
9.01 
9.28 
10.92 

Effect of hot press (temperature, pressure and time) on 
mechanical properties 

79 
69 
64 

 [36] 

Concentric 100 11 FVF and fiber orientation 216 13.0 [81] 

Isotropic 100 41 Microstructural, comparing findings 600 4.3 [72] 

Isotropic 100 30 Thickness and number of fiber-reinforced layer (s) 534  [71] 

Isotropic 100 40 Detailed characterization of printed composites 701  [73] 

Concentric 100 NA 
Infill patterns (rectangular, hexagonal and triangular), 

concentric layer arrangement 

98 
83 
88 

 [50] 

0/0 
0/900 

0/90/±45° 
±45° 

100 27 Fiber orientation 

719 
217 
133 
48 

 [74] 

Concentric 100 40.97 Applying prediction model; FEA, VAS 300  [82] 

 Concentric 
100 

 

17.18 
32.19 
48.93 

Reinforcement pattern, reinforcement distribution, print 
orientation and percentage of fiber 

NA 
5.16 
8.89 
14.17 

[83] 

 Isotropic 100 50 
3 point bending for two 5 and 6 CF layers, and tailoring 

lug structure 
 

17.80 
29.91 

[75] 
 

FG/N 

Isotropic 
Concentric 

100 
10 
8 

FVF, fiber orientation (Concentric’ and ‘Isotropic) 
206 
194 

4.21 
3.87 

 
[81] 

Isotropic 100 35 Microstructural, comparing findings 450 1.49 [72] 

Isotropic 100 33.1 Thickness and number of fiber-reinforced layer(s) 382  [71] 

Isotropic 100 50 Detailed characterization of printed composites 574  [73] 

Concentric 100 NA 
Infill patterns (rectangular, hexagonal and triangular), 

concentric layer arrangement 

81 
70 
75 

 [50] 

0/900 100 40.08 Applying prediction model; FEA, VAS 165  64 
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Table 2. 5 (a) (continued) 

K/N 

0/0 
±45° 

100 
16.5 
16.7 

Morphology and microstructure 
150 
50 

 [8] 

Isotropic 
Concentric 

100 
10 
8 

FVF, fiber orientation (Concentric’ and ‘Isotropic) 
164 
150 

6.65 
4.61 

[81] 

Concentric 100 NA 
Infill patterns (rectangular, hexagonal and triangular), 

concentric layer arrangement 

66 
63 
56 

 [50] 

0/900 100 40.08 Applying prediction model; FEA, VAS 155  [82] 

C
F

/
O

 Nylon 
Onyx 
CF/N 
CF/O 

Isotropic 100 

0 
10.6 
41 

47.5 

Synergistic reinforcement of short and continuous CF 
including the effects of stacking sequence 

 

˜5 
˜20 
˜360 
˜520 

 [84] 

(b) 

Composite (manufacturing method) Density FVF 
Tensile 
(MPa) 

Flexural strength 
(MPa) 

Shear strength 
(MPa) 

Ref. 

CF/ABS (CFRTPC printer) 100 10 147 127 2.81 [35] 

CF/ABS ((injection molding) 100 10 200 140 24 [85] 

CF/PLA 100 27 NA 315 NA [76] 

CF/PLA (recycled) 100 8.9 256 263 NA [5] 

CF: Carbon Fiber; N or PA: Nylon; FG: Fiberglass; O: Onyx; K: Kevlar; FEA: Finite Element Analysis; VAS: Volume Averaging Stiffness
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Figure 2. 17 generalizes tensile strength behavior against FVF of composites manufactured by different 

technology. It is evident that the tensile strength increases, when plastic composite is reinforced with 

continuous fiber [1]. This observation can be bolstered from Figure 2. 18a and b that tensile and flexural 

strength increase several folds for fiber incorporation as reinforcement [35, 84]. Figure 2. 18c presents the 

tensile strength of unreinforced, short fiber, continuous fiber, short and continuous reinforced composites with 

different number of layers. At the same time, it is observed that conventionally prepared composite show pretty 

high tensile and flexural properties compared to additively manufactured composites by FDM method [35]. 

High porosity, poor interfacial bonding due to polymer and fiber rich regions, poor interlaminar bonding 

among adjacent printed beads and layers due to poor over lapping, poor matrix infusion, geometry of the 

nozzle, solidification and rheology of the plastic are responsible factors. As mentioned earlier, the fiber pullout 

is an obvious indication of poor infusion (Figure 2. 13f and g). Yang et al. compared interlaminar shear strength 

between ABS composite by inject molding and CF/ABS (10% FVF) composite by modified coaxial printer, 

and found the latter to have 8.5 times less strength and implicated the poor infusion for the occurrence [35].  

 

Figure 2. 17: Tensile strength versus fiber volume ratio of parts manufactured via various conventional and AM 
techniques [1] 
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(a) (b) 

 

(c) 

Figure 2. 18: Comparisons of tensile and flexural strength of different FDM and traditional composites. Tensile 
strengths (a) and flexural strength (b) of ABS (FDM), ABS (injection molding), 10 Wt.% CCF(continuous 
carbon fiber)/ABS (3D printing for CFRTPCs-continuous carbon fiber-reinforced thermoplastic composites) 
and 10 Wt.% CCF/ABS (injection molding) [35], (c) Tensile strength unfilled Nylon (PA), short fiber-

reinforced Nylon (SCFRPA) (15 wt% of SCF), continuous fiber-reinforced Nylon (CCFRPA) (41% FVF CCF) 
and short and continuous fiber-reinforced Nylon with 4 reinforcing layers (S&CCFRPA(4L)) (30.1% FVF CCF) 
and short and continuous fiber-reinforced Nylon with 6 reinforcing layers (S&CCFRPA(6L)) (47.5% FVF) [84] 

The ultimate mechanical performance of the printed composites is principally ruled by the mechanical 

properties of matrix and reinforcing materials, which is obvious from Table 2. 5 as well. As noticed from Table 

2. 3, CF showing the highest tensile and flexural modulus followed by K and FG, respectively for manufactured 

continuous reinforcing fiber, while epoxy and PEEK polymer exhibit the highest, and Nylon has the lowest 

modulus as matrix. Similar notion is observed from Table 2. 5, i.e. CF reinforced composites manifest highest 

https://www.sciencedirect.com/topics/materials-science/tensile-strength
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values due to inherent properties of CF [73, 86]. Although, composites made from the combination CF and 

ABS or PLA should have shown the highest, this might be attributed to coaxial printing process, where 

attainment of even distribution of matrix is more challenging [77]. Again, although Kevlar having better 

mechanical properties than fiberglass, in Table 2. 5a few fiberglass composites exhibit higher values because of 

very high fiber content [71-73]. 

The orientation of reinforcing layer and raster angle are also influential determinants of tensile and flexural 

performance. Isotropic orientation is somewhat more stable against tensile and flexural loads than the 

concentric. Dickson et al. explored it but did not justify these outcomes [81]. It might be explained that isotropic 

layer exerts its influence in the sample direction, thereby have more participation to bear the load applied. 

Besides, Figure 2. 19a supports the same trend, where the tensile strength was found higher all through the plot 

at different fiber content levels. Together with the values mentioned in Table 2. 5, it also reinforces the well-

established fact: the linear relationship between FVF and mechanical strength of composites [54]. While 

considering how many reinforcing layers and how they are stacked, it reveals that the number of layers is very 

significant regardless how they are stacked, since number of layers governs the FVF as shown in Figure 2. 19a 

and b) [78].  

Raster width and angle play a significant role to carry and transfer a load, as they influence interlayer bonding 

between adjacent rasters and layers. Highest strength for both tensile and flexural is perceived for isotropic 

layers at zero raster angle and gradually decreases with the increase in the raster angle up to 180° [8, 36, 81, 86]. 

As raster angle increases, the reinforced fiber deviates from the tensile axis and causes poor overlapping among 

the rasters leading to insufficient infusion at the boundary. In the reported research in Table 2. 5, 100% dense 

solid material with different infill patterns such as rectangular, triangular, hexagonal have been studied by Mei 

et al. however, future research should be explored to understand the effect of fill density along with different 

infill geometrics [50]. Mei et al. ended up with no solid conclusion about the effect of these infill patterns. Here, 

it is noted that they did not mention the FVF for different infill patterns, which might help explain the 

phenomena. However, it also requires further investigation considering other cellular geometrics as well. In 
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contrast, infill percentage was vastly explored for FFF, and it is found that there is a trade-off between the 

performances and cost by saving materials. The contribution of layer thickness is confounding for FFF, but in 

case of CFF it is related to FVF resulting in high performance [17].   

 

(a) (b) 

Figure 2. 19: The increase in strength with increased fiber content for both patterns and number of layers (a) 
[56]. Tensile stress–strain curves for the stacking sequence of sample (4-1, continuous fiber-reinforcing 
together and 4-2, reinforcing layers are distributed), where the gray layers refer to continuous carbon fiber-
reinforced layers (CCFRL) and the white layers refer to short carbon fiber-reinforced layers (SCFRLs) (b) [84] 

In addition, exploration of tensile and flexural properties of few distinct composites made from different 

materials include CF/PEEK, CF/epoxy and CF/polyimide by coaxial extruding method. CF/PEEK 

composite has been developed to provide superior thermal, corrosion as well as mechanical properties. In this 

study, the author addressed poor interlaminar bonding of CFF composite and proposed incorporation of laser 

preheating system to offer better interlaminar shear strength and flexural strength [77]. Both tensile and flexural 

properties were characterized for novel CF/epoxy thermoset composite using modified FDM printer and 

emerged with the highest values of 792.9 MPa and 202.2 MPa for both tensile and flexural strength, respectively 

[87]. The study also focused on poor strength and foam formation issue due to high temperature of the 

CF/polyimide composite. After studying drying time, it was revealed that increased drying time reduced amount 

of bubble formation, thus curtailed porosity and increased mechanical properties such as tensile and bending 

[88].    

 

 

https://www.sciencedirect.com/topics/engineering/increased-fiber
https://www.sciencedirect.com/topics/engineering/stress-strain-curve
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Compression properties  

Compression test, determined under crushing load, is considered slightly significant for the materials to be 

applied for engineering applications, as the materials are required to be completely flattened to experience 

compression failure. Therefore, limited published data is found addressing solely compression properties. 

Compression properties of CF/N and FG/N composites were evaluated along and perpendicular to the fiber 

direction [73] and by varying the configurations reinforcing system such as reinforcement pattern, 

reinforcement distribution, print orientation and FVF [83]. Among these configurations, the effect of 

reinforcement distribution was found to be significant to the compressional failure, the combination of 

concentric (in a layer) and equidistant (different layers across thickness) reinforcement resulted in maximum 

compressive modulus of 2.102 GPa at 24.44% FVF. However, this result is not encouraging as compared to 

Nylon matrix. A similar conclusion was made by Bettini et al. [89] that local fiber buckling effects, matrix 

yielding and de-bonding of fiber-matrix are involved for the phenomena. In order to analyze fracture behavior 

of curved composite structures, effect of compressive load was analyzed [83, 90, 91]. Hou et al. [90] proposed 

a novel method of integrating cross lap and panel-core lap design strategy (Figure 2. 20b) to fabricate complex 

K/PLA composite shape (heterogeneous lightweight sandwich structure) with the aid of a 6-degree of freedom 

robotic arm and relationships among different process variables including density and FVF were investigated. 

The cell length (Figure 2. 20a) is an important consideration for composite density and compression properties. 

Lower the cell length, bulkier the structure is, thereby higher the density and compressive strength are. 

However, the relationship thickness versus density and fiber content is not comprehensive and justified. They 

also compared their finding of maximized compressive strength with other commercial corrugated-core 

structures made by different methods with various core densities (Figure 2. 20c). The compressive strength was 

maximized, 17.17 MPa considering a 9 mm cell length, a hatch spacing of 1 mm, a printing speed of 

100 mm/min, a nozzle temperature of 210°C and FVF 11.15%. However, the maximized strength exhibited 

slightly lower performance, but the reason was not justified.  
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(a) 

 

(b) (c) 

Figure 2. 20: Spline corrugated-core sandwich structure; X is cell length (a), spline corrugated-core path 
planning, printing strategy (b), comparison of the compression strength of various composite corrugated 
structures made by different methods (c) [90] 

Shear and impact properties 

Poor interlaminar bonding is one of the major limitations of material extrusion-based 3DP process and dictates 

shear failure of a structure. Several studies have been reported to investigate and enhance the shear behavior of 

printed structure. Interlaminar shear strength (ILSS) of CF, FG and K reinforced isotropic Nylon composites 

have been studied by changing FVF and layer thickness [92]. Very little effect of layer thickness but considerable 

effect of FVF on the ILSS were found. Among these composites, CF/N composites showed the best followed 

by FG/N and K/N due to poor impregnation in Nylon plastic. Similar finding is supported by Justo et al. [73] 

with an improvement in ILSS for cross-lay fiber orientation (±450). To explain the reasons behind the poor 

ILSS of 10% FVF CF/ABS composite (2.81 MPa), Yang et al. [35] reported that the shear strength was 

influenced by fiber roughness and structure of the interface. Also, they suggested how to enrich this 

vulnerability: optimizing the process parameters, surface modification, modification of printing head, and pre 

and post treatment of prepregs and composites. Following these concept, 42.2% improved ILSS have been 
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found for CF/N composite by employing sizing treatment on CF and pressurized CF to develop good adhesion 

[93]. Laser preheating to augment impregnation and a good distribution of matrix was used by Meng et al. [77] 

CF/PEEK composite (Figure 2. 10).  

The effect of impact load on the 3D printed composites is least studied and therefore underscore the need for 

future research. Caminero et al. [53] analyzed the influence of build orientation, FVF and layer thickness on the 

impact resistance (charpy) of CF, FG and K reinforced Nylon composites. Two types of samples were prepared 

on-edge sample (reinforced at edge for all layers) and flat sample (combination fully reinforced and unreinforced 

layers). Generally, on-edge samples showed better impact strength than the flat samples. With the increase of 

layer thickness, impact strength increases for flat sample indicating ductile fracture and decreases for on-edge 

sample implying brittle fracture. FVF had positive impact on the impact strength for all types of specimen. Due 

to brittle nature CF, CF/N composite exhibited lowest impact strength followed by K/N and FG/N, 

respectively. Charpy impact test was also conducted on CF/PEEK composite [77] and CF/PLA composites 

[5]. Tian et al. [5] approached a novel method of recycling and remanufacturing composites from 100% recycled 

CF and recycled PLA plastic and showed recovery rate 100% and 73% and energy consumption 67.7 MJ/Kg 

and 66 MJ/Kg for continuous CF and PLA, respectively. The evaluations of mechanical properties including 

tensile, flexural and charpy impact tests were found not only comparable to the originally printed composites 

using virgin materials but showed higher performance in all three contexts. It assumed that the heat treatment 

during recycling process improved bonding and ensured better impregnation between fiber and matrix.   

Fracture and bearing properties  

Studies conducted on enrichment of bearing and fracture toughness CFF composites are very limited; few 

articles addressing each of the concerns are available. Dickson and his group proposed a novel technique to 

prepare a woven prepreg using continuous CF with a view to distributing stresses to minimize anisotropy 

behavior of 3DP system [55, 94]. They introduced utilization of ‘Gcode’ with the aid of Python script to imitate 

warp and weft components of the woven structure (Figure 2. 21a). The developed CF and FG reinforced Nylon 

composites having new pathing technique and integrated with notches were subjected to open hole tensile, and 

single and double shear test to assess the load bearing strength. It was revealed that the composite containing 
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auto layup hole showed comparable tensile strength, and 29% and 63% higher single and double shear bearing 

strength respectively than traditional drilled specimen in machining process (Figure 2. 21b), but holed regions 

are more vulnerable to the applied forces. The damage tolerance is highly related to fracture toughness and 

microstructure. Hybridization the filament at tow level is a new avenue to optimize those properties as reported 

by Swolfs and Pinho [95] from their experimental results and FEA modeling that shows relationship between 

minimized crack growth with increased toughness of CF/FG reinforced epoxy composite [95]. The flexibility 

of selective reinforcement in Markforged printing system around a notch is an amazing feature to fabricate 

machining items in order to improve fracture resistance by redirecting crack propagation. A CF hybrid 

composite using Onyx matrix (chopped carbon fiber in Nylon plastic) was explored including a 600C single 

edge notch wrapped with concentric continuous CF reinforcement to assess fracture toughness behavior as 

well as crack initiation and propagation [96]. Based on the concept of fracture damage, fractional change 

coupled with electrical resistance due to applied strain can be measured and effectively applied to monitor and 

detect damage and deformation of large structure [97].    

  

(a) (b) 

Figure 2. 21: 75 × 75 mm woven Carbon fiber laminate produced through tailored fiber placement. Detailed 
image of finished woven laminate and schematic representation of cross-sectional structure (a), fiber pathing 
in the Y-axis around the 6mm hole feature and fiber path in straight woven sections (red lines indicate fiber 

path and placement). Tailor Woven (Left) and Die Punched (right). Scale bar 1000 µm (b) [94] 

Although dynamic mechanical properties have not been explored with sufficient details yet, low cycle fatigue 

(LCF) experiment was conducted on CF/PLA composite under different load and strain conditions considering 

different infill densities, build orientations and FVF  [98]. It was found that fatigue behavior is almost 

independent of infill density and depends on other factors mentioned. An addition of 4% fiber content 

improved LCF by 42.8% and exhibited logarithmic load-cycle relationship. However, more research is required 

https://www.sciencedirect.com/topics/engineering/carbon-fiber
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to compare and boost up the performance encompassing other dynamic properties such as creep and crack 

propagation and work of rupture.  

2.6.3. Predicting models    

Application of different models for the purpose of simulation has been turned an integral part of structural 

analysis of composites. Those simulation processes are developed based on various algorithms and numerical 

techniques. Modeling is a good a way to compare between sample and bulk properties, predict bulk properties 

based on empirical data in order to eliminate impossible trials. For 3D printed composites by CFF process, 

Finite Element Analysis (FEA), Volume Averaging Stiffness (VAS), Park and Rodriguez models are applied for 

diverse mechanical and structural properties. Besides, applications of composite theory, Rule of Mixing (ROM), 

Hashin’s damage initiation theory and statistical analysis (such as ANOVA and Response Surface Modeling 

(RMS)) are found to be effective for performance analysis of composites. 

FEA simulation is employed to understand the structural behavior, predict and optimize mechanical properties. 

Al Abadi et al. [82] investigated elastic properties in terms of stress-strain response by varying two parameters 

(FVF and fiber orientations) of CF, FG and K reinforced composites. They concluded that the model is 

efficient to explain the specimens’ failure and damage considering fiber and matrix criteria, and shear stresses 

are responsible for matrix failure. They also assessed VAS model for estimating elastic modulus and Poisson’s 

ratio and found a good agreement with the experimental values. VAS method considers micromechanical 

models to estimate effective characteristics, a coordination system to analyze fill patterns and determination of 

volume averaging of matrix stiffness. Finally, they developed simple parametric models for the elastic property 

using axial and lateral elastic modulus and FVF as the modulators based on VAS model. A similar study using 

VAS model on the same composite types to predict elastic properties was previously ground by Melenka et al. 

[78]. To establish the connection between crack growth and translaminar fracture toughness of CF/FG hybrid 

composite through optimizing microstructure, validation of model FEA was found workable [95]. Failure 

modes of CF/N composite were analyzed using FEA as a function of geometry, infill pattern and FVF because 

of their impacts on failure strength and modes by distributing stresses. Specimens with partially and fully 

reinforced parts following a curved path were created to gain understanding of the failure models, and the 
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prediction of mechanical properties made by FEA simulation is attained close to experimental data. They also 

suggested that as an elementary design protocol, infill pattern can be ignored for tinny regions between matrix 

and reinforcement, with the increment of FVF stress concentration as the infill becomes more important for 

curved patterns. The FEA simulation provides more information particularly for 3D printed composites than 

conventional composites to identify locations of failures and propagation using variable stiffness. A similar 

conclusion is also made by Zhang and Sheng [99] from their investigation on three types of three CF/N 

composites: open-hole single ply lamina under uniaxial tension and an open-hole laminate under biaxial 

tension and normal pressure. Implementation of FEA simulation to overcome the limitations of 3D printed 

composites such as fiber breakage and loosening, and nozzle clogging is performed considering flow and 

temperature fields of the CF composites. Design modification based on the simulation results was proposed 

and applied named as ‘unicursal’ to achieve high reliability and superiority of printing system.  

ROM is a good way to estimate the performance of desired mechanical properties of 3D printed composites 

based on the properties of matrix and reinforcement and level of reinforcement, FVF. ROM has been applied 

to predict tensile behaviors [51, 53, 71, 81, 84, 89, 100]. It observed that ROM is typically a good tool to predict 

tensile property for low fiber content composite (11%), whereas VAS is much preferable for higher fiber 

content. It is assumed that anisotropic nature of 3D printed structures and inferior traverse property might be 

responsible for the inconsistent findings [51, 81]. On the other hand, Akhoundi et al. [100] found optimized 

performance at 50% FVF with a good agreement between experimental and predicted results, only 2.2 % for 

E-Glass/PLA composite. Therefore, it requires further research to gain more insight on the underlying reasons.  

Apart from the above predicting models, some other theories have been explored to examine other properties; 

for instance,  Chabaud et al. [71] researched on the hygromechanical behavior of CF and FG reinforced 

composites using Park model studying the change in moisture content as a function of relative humidity of 

those composites; Rodriguez introduced a model for the micromechanical properties considering the printed 

structure as a plastic/void composite [101]. Hashin and Rotem developed a theory for the modeling of damage 

initiation to predict failure due to tensile, compression and shear loads considering fiber and matrix in tension 

and in compression criteria [102]. Classical Laminate Plate Theory (CLPT) can applied in future studies to 

https://www.sciencedirect.com/topics/engineering/biaxial-tension
https://www.sciencedirect.com/topics/engineering/biaxial-tension
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present the orthogonal behavior of 3D printed CFF structures to identify its inhomogeneity across thickness 

[101].    

2.7. Limitations and Future Outlook 

As composite manufacturing by CFF method is a young technology and a growing field, it faces some challenges 

that preclude it to be a replacement of traditional composite manufacturing process. It would be certainly an 

appealing technology for material fabrication and research, when few of the following challenges will be 

overcome. 

2.7.1. Materials 

 The commercial 3D printer is not much adaptable to allow users to choose fibers or resin based on requirement 

beyond as specified by machine manufactures. Although coextrusion process enables stakeholders to pick the 

materials, the process control is very tedious that leads to inconsistent composite behavior.  

2.7.2. Delamination  

One of the greatest limitations of existing CFF is the inability to connect the 2D layers in 3D directions meaning 

that 3D printed composite in FDM process is not itself three dimensionally connected. Some developments 

are under progress using capillary injection system or robotic arm, but they are not very sophisticated. 

Therefore, delamination tendency is higher due to absence of connection to Z direction and poor interlayer 

adhesion.  

2.7.3. Anisotropy 

Due to layer-by-layer procedure, particularly in a single layer, the behavior is very anisotropic. It is though 

possible to print in cross-lay manner, which on the other hand might increase structural porosity.   

2.7.4. Fiber volume fraction 

It is widely known that mechanical performance of composites significantly depends on FVF. In 3DP system, 

it is difficult to control FVF and difficult achieve high (over 50%) FVF, especially for thinner composites. As 

the filament bundle is pre-sized, it already contains significant amount of resin, and commercially available 

printers do not allow to print with reinforcing fibers at the first and last few layers.       
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2.7.5. Hybrid composite 

If it is required to use multiple fibers as reinforcement to develop hybrid composite, the printer needs to be 

stopped to change the feed system, which is not only exasperating and time-consuming job but severely affects 

the productivity as well. Application of blended fiber and spun yarn needs to be further explored.     

2.7.6. Void formation 

Void formation in 3DP system is an intrinsic limitation of the printing principle. Strength is improved by 

introducing reinforcing materials, but again it is compensated by void formation. Layer by layer formation and 

shape of the printed bead cause poor overlapping of the beads and void formation between the adjacent beads 

and layers. Moreover, uneven distribution of the matrix and poor impregnation lead to create fiber and polymer 

rich regions and increase porosity. These voids act as structural defect and responsible for prospective structural 

failure. Fiber attrition is highly subjected to nozzle geometry and design, which should be improved to minimize 

void formation. 

2.7.7. Time and cost 

The greatest impedance of the commercial acceptance of 3DP technology is cost and time competitiveness. 

Despite 3DP technology is much appreciated for the flexibility to create complex design, it exceptionally takes 

too much time to develop into a part. Since it prints a bead/raster at a time, which is a very tiny part of a whole 

structure. The productivity can be increased by increasing printing speed and/or individual layer thickness; 

however, it negatively affects print resolution. Therefore, a good balance between the speed and layer thickness 

is worth investigation. 

2.7.8. Scalability and part size 

Each part requires same number of printing steps regardless the number of parts or pieces. As a result, total 

amount of printing time required for any number of pieces is the sum of the time required for each part. Also, 

each printing head is dedicated to work on single part at a time. Large-scale production has almost no effect on 

time or material saving, thereby limiting scalability. Limitation of build area compared to conventional 

composite manufacturing build area restricts to manufacture components with large size. 
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2.7.9. Limited customizability 

The only commercial CFF 3D printers, Markforged printing system, does not allow users to change operational 

setting such as material selection, temperature selection, printing speed and nozzle diameter. While offering a 

great deal of these flexibilities in terms of fiber placement, the system does not allow to manipulate the density 

of the beads in unit length/width within the same layer and the desired combination of the fiber and plastic to 

optimize desired fiber content. In coextrusion process, unsized filaments affect the velocity gradient of matrix 

flow, rheology of molted resin. During movement of printing head at different raster angles, achieving uniform 

distribution of resin is very challenging. 

2.7.10. Overhanging part 

FDM system uses support for overhanging parts to build exact shape, which is not a part of STL file and 

sometimes variation in shape actual and printed model is noticed. To minimize the divergence between the 

design and printed part, slicing into sufficient layer and removing support material are important. Furthermore, 

after printing, isolating the printed model from the support material is cumbersome and might affect the actual 

model. More prominently, introducing support materials generates process waste and is time consuming.  

2.7.11. Standardization of test methods 

A noticeable research gap in 3DP system is lack of acceptable standard test method to assess the quality of 3D 

printed model. Few standards are under development by combined efforts of ASTM and ISO: ISO/ASTM 

DIS 52903 “Standard specification for material extrusion-based AM of plastic materials” and ISO/ASTM NP 

52905 “Non-destructive testing of additive manufactured products” [17]. The mechanical properties of 3D 

printed composites are still evaluated following traditional composite testing standards. Test standards are 

required to develop for the machine shop items with complex geometrics.  

2.7.12. Hand of the structure 

Due to layer-by-layer deposition, irregular hand feel of the surface is perceived. Based on the application of the 

composites, to improve surface tactility mechanical or chemical surface finish may be applied.  

Besides, future research can be conducted on understanding the effect of infill pattern on mechanical properties, 

real-time monitoring of printing process for improved quality assessment to avoid defects, inconsistency among 
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the model predicted data of different models, assessment model verification for the mechanical properties that 

have not been explored yet, developing 4D printed model considering stimuli as fourth dimension. Markforged 

Inc. does not reveal detailed information of the supplies such as the FVF of sized continuous filament and 

chopped carbon in Onyx resin (Nylon containing chopped carbon fiber), which need to be identified as a part 

of complete investigation. The impact analysis (tub, izod and charpy) and dynamic properties (creep, fatigue 

and crack growth) should be considered in future research. The effect of different infill patterns on the impact 

resistance should be explored.  

2.8. Conclusions 

The embedment of continuous fiber into the plastic resin of 3D printed model is a very recent and promising 

innovation to dictate the next generation composites because of its signification contribution to the enrichment 

of mechanical properties such as tensile, flexural, compression and impact. The most amazing credential behind 

the wide acceptance of this technology is the ability to create intricate design at minimized process steps with a 

freedom to fabricate reinforcement as required. Remarkable improvement up to several folds compared to 

unreinforced composites might enable CFF composites to serve for high load bearing purposes. However, the 

commercial application is very narrow due to its anisotropic behavior, poor interfacial bonding, high porosity 

and limited materials (matrix and reinforcement) range to customize composite properties as per requirements. 

Apart from these, mechanistic procedure of the 3DP device and 3DP principle, meso and microstructural 

studies evidence poor mechanical performance compared to the traditionally prepared composites. Also, time, 

cost and scalability are big concerns. In fact, CFF composite research is still in exploratory stage underscoring 

mostly varying printing and process parameters as well as reinforcement configurations rather than finding a 

new application or a suitable replacement of currently used materials.  
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CHAPTER 3: RESEARCH MOTIVATION 

Additively manufactured composite structures have promising applications not only to fabricate prototypes but 

also high-performance composite materials, especially when long fiber-reinforcement capability has evolved. 

Every day, different new materials are being tried to manipulate composite performance. Also, printing 

parameters including pre- and post-processing as well as environment factors are associated and varied to obtain 

desired performance of the printed composites. In order to have full advantages of these factors, the printer 

needs to be well-equipped with these flexibilities too. For this purpose, efforts to develop printers with different 

print mechanism are underway. Markforged Inc. is still seen as the sole commercial 3D composite printer 

manufacturer that offers both desktop and industrial versions, but they are limited to process some selective 

recommended materials for both matrix and fibers, which are also specified by them. However, based on the 

literature reviewed, there are many identified avenues yet to be explored within the capabilities of the materials 

and printer. For instance, many of the technical specifications (such as Fiber Volume Fraction (FVF) of 

composite filament, filament diameter, number of filaments, fiber-matrix distribution) of the supplied materials 

are proprietary information. On the other hand, in order to understand properties of composite to be fabricated, 

details of the supplied materials are required. Also, properties of some unique structures such as fiber-reinforced 

lightweight cellular composites, and composites with maximum FVF are to be explored. Furthermore, 

scalability assessment of a commercial fiber-reinforced part as well as discovering new application arena 

deserves further attentions. Considering these incentives, the present research has been developed with three 

major milestones. 

Part 1: Evaluation of current fiber-reinforced 3DP technology 

Objectives 

• Characterization of supplies (plastic and fibers) 

• Scopes and limitations of slicer 

Part 2: Mechanics of continuous fiber-reinforced 3D printed composites 

Objectives 
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• Analysis of composite meso- and microstructure with cellular geometry and maximized FVF 

• Analysis of mechanical properties of 3D printed composites with cellular geometry and maximized 

FVF 

• Analysis of failure mechanism 

Part 3: Composite part developed by 3D printing technology versus traditional technology 

Objectives 

• Performance and quality analyses of an applied composite part developed by fiber-reinforced 3D 

printing technology and existing technology  
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CHAPTER 4: PART 1 (EVALUATION OF CURRENT FIBER-REINFORCED 3D PRINTING 
TECHNOLOGY) 

The Road to Improved Fiber-reinforced 3D Printing Technology 

4.1. Abstract 

Three-dimensional printing (3DP) is at the forefront of the disruptive innovations adding a new dimension in 

the material fabrication process with numerous design flexibilities. Especially, the ability to reinforce the plastic 

matrix with nanofiber, microfiber, chopped fiber and continuous fiber has put the technology beyond 

imagination in terms of multidimensional applications. In this technical paper, fiber and polymer filaments used 

by the commercial 3D printers to develop fiber-reinforced composites are characterized to discover the 

unknown manufacturing specifications such as fiber–polymer distribution and fiber volume fraction that have 

direct practical implications in determining and tuning composites’ properties and their applications. 

Additionally, the capabilities and limitations of 3D printing software to process materials and control print 

parameters in relation to print quality, structural integrity and properties of printed composites are discussed. 

The work in this paper aims to present constructive evaluation and criticism of the current technology along 

with its pros and cons in order to guide prospective users and 3D printing equipment manufacturers on 

improvements, as well as identify the potential avenues of development of the next generation 3D printed fiber-

reinforced composites. 

Keywords: 3D printing; fiber-reinforced composites; fiber filament; plastic filament; slicing software; design 

flexibility; fused deposition modeling 

4.2. Introduction 

Composite fabrication using three-dimensional printing 3DP technology is a booming area of research. 

Recently, this technology has gained enormous attention for building complex geometries with fiber-

reinforcement that has brought it into the spotlight [1, 2]. The application of 3DP is expanding everyday ranging 

from prototyping to high performance arenas such as building, aerospace, automobile and marine industries 

[3]. The idea of reinforcing 3D printed plastic with different physical forms of fillers (such as nanofiber, 

microfiber and chopped fiber) is a decade old, where the fillers are mixed with a polymer batch to prepare 
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plastic filament feed for the printer [4]. However, reinforcing the polymer particularly with continuous fiber at 

desired location/layer to form a part was a great challenge requiring a different feed system unlike simply short 

fiber contained in the plastic filament [5]. 

In the latter half of this decade (2016), 3DP technology has also experienced this great innovation, incorporation 

of the continuous fiber as reinforcement presented by Matsuzaki et al., [6]. Here, continuous carbon fiber and 

twisted jute fibers were impregnated with polylactic acid (PLA) polymer at the extrusion nozzle immediately 

before printing. This method used a modified nozzle receiving plastic and pristine fiber (fiber as it is) together 

from two separate feed systems, which is referred to as a coaxial extrusion process [7]. Although the coaxial 

extrusion system might offer the achievement of high fiber content (fiber at each layer), it often suffers from 

lack of desired fiber placement, poor control of fibers as well as insufficient matrix infusion, resulting in an 

inferior fiber–polymer interface. Dual-nozzle based 3D printers were then launched commercially in the market 

by Markforged Inc., currently the sole 3D printer supplier for continuous fiber-reinforced composite 

fabrication. The two nozzles deposit the plastic and pre-impregnated fiber separately, which provide a higher 

degree of freedom for localized fiber-reinforcement and improved fiber–polymer interface [8]. Mark Two is 

the most updated desktop version of a continuous fiber-reinforced composite printer offered by Markforged 

Inc. (Boston, MA, USA). Being the sole commercial composite printer, exploration of the capabilities and 

limitations of the printer in terms of the material processing and printing parameters is in demand for both 

ends of the supply chain (machine manufacture and user), not only for the improvement of the printer itself 

with regards to performance and design flexibilities, but also for the properties of the printed composites. 

Markforged printers (i.e., Mark Two) are designed to use specific materials (plastic and fiber) defined by them 

[8, 9]. The two plastic filaments developed and sold by Markforged are Nylon White (previously Nylon End-

of-Life, also called Tough Nylon, was used, which is no longer available now) and Onyx (Nylon mixed with 

chopped carbon fiber, a composite plastic filament). There are four fiber filaments including fiberglass, carbon, 

Kevlar, and high strength high temperature fiberglass (HSHT FG) that are composed of continuous fiber 

bundles and sized with Nylon matrix (considered as composite filament) in order to provide strong interfacial 

bonding between fiber and plastic. The mechanical properties of these supply materials provided by the 
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manufacturer are mentioned in Table 4. 1; however, other important specifications such as diameters of 

composite filaments, number of fibers in the composite filaments, diameter and density of the fiber, and fiber 

volume fraction, fiber–matrix distribution in the composite filaments were considered to be their manufacturing 

secrets and therefore, were not disclosed. On the other hand, all this information is very important for designing 

and characterizing a composite part as well as predicting the mechanical properties. A number of research 

works have been published that used the Mark Two printer, and few of them examined only a few of these 

issues that were related to their respective work [10-17]. 

Similarly, for setting print parameters and subsequent print execution, this commercial printer requires use of 

a supplier-defined cloud-based slicing software known as Eiger. Through this slicer, the movement of the fiber 

and plastic nozzles are controlled based on the design and localized fiber-reinforcement requirements. Design 

flexibilities and limitations of their slicer (Eiger) compared to other popular slicers (such as Cura, PrusaSlicer, 

Simply3D, etc.) need to be explored to better understand the capabilities of the printer and identify future 

research avenues to widen composite fabrication flexibilities and improve the quality of the printed parts. 

Moreover, the part building mechanism using the printer follows some recommended and default settings that 

often limit the freedom of design that need to be identified prior to designing and developing the composites 

to acquire desired quality of the printed parts. For instance, evidence of misrepresentation of the composite 

structure is found in the literature due to not including the in-depth mechanism of building a part [18]. In the 

present work, characterization of the supply materials and capabilities of the commercial printer along with 

limitations and inappropriateness of part building due to software limitations are covered for potential 

improvements and development of the printer configuration with sophisticated freedom of design. 

4.3. Materials and Methods 

4.3.1. Printer and materials 

Mark Two is the desktop version 3D printer for fiber-reinforced composite fabrication commercialized by 

Markforged Inc. (Boston, MA, USA). Figure 4. 1a shows different views of the printer including important 

machine parts. The front and the other two sides of the printer have a movable transparent plastic shield as a 

protective cover to help maintain envelop temperature during printing. A small touch monitor located at the 
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front is used for user interface to operate the printer for updating, loading and unloading material, leveling the 

beds and calibration. The gantry of the printer displays filament routing through extruder and Bowden tube to 

the print head and its driving motions (X-Y-Z directions). 

The materials (plastic and fiber filaments) for the research came with the Mark Two composite printer. Their 

mechanical properties are mentioned in Table 4. 1. The fiber filament spool is placed on the holder attached 

inside the printer, while the plastic filament spool is always kept in a separate dry box to prevent moisture 

absorption from the surrounding environment (Figure 4. 1b) and placed right next to the printer. 

Table 4. 1: Material specifications provided by Markforged Inc. [19] 

Properties 

Materials 

Matrix Continuous fiber filament composites 

Nylon Onyx Carbon Fiberglass Kevlar HSHT FG 

Density (g/cm3) 1.1 1.2 1.4 1.5 1.2 1.5 

Tensile Strength (MPa) 51 36 800 590 610 600 

Tensile Modulus, (GPa) 1.7 1.4 60 21 27 21 

Flexural Strength (MPa) 50 81 540 200 240 420 

Flexural Modulus (GPa) 1.4 3.6 51 22 26 21 

Compressive Strength (MPa) N/A N/A 320 140 97 192 

Compressive Modulus (MPa) N/A N/A 54 21 28 21 

Izod Impact—notched (J/m) 110 330 960 2600 2000 3100 

Heat Deflection Temp (°C) 41 145 105 105 105 150 

 

  
(a) (b) 

Figure 4. 1: Mark Two 3D printer (desktop series) (a) and dry box to store and supply plastic filaments (b) 
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4.3.2. Material assessment 

Thermal Analysis 

Thermal analysis was performed to characterize thermal behavior of the polymer as well as to estimate fiber 

volume fraction in the composite filaments. Thermo-gravimetric analysis of the composite filaments was 

conducted using a thermal instrument (TGA 550, New Castle, DE, USA). The composite filament samples 

were placed in Platinum HT pan, and the thermal instrument was operated in a N2 atmosphere at 20 °C/min 

through 20 °–550 °C. 

Microstructural Analysis 

Microstructure analysis of the composite filaments (Onyx and fiber filament) was performed to disclose the 

fiber–polymer distribution and determine the diameters of the composite filaments including their constituting 

filament tows. One of the challenges was to prepare a clean cross-section of the high-performance composite 

filaments; a Focus Ion Beam (Thermo Fisher Quanta 3D FEG, Hillsboro, OR, USA) was used to achieve the 

clean and sharp cut. Afterwards, a Nikon Eclipse L150 Industrial Microscope (Minato, Tokyo, Japan) as well 

as Zen 2.3 lite software (Carl Zeiss Microscopy GmbH, Jena, Germany) were engaged to capture the cross-

sectional views. In addition, in order to investigate the fiber distribution in the Onyx filament, nano-CT 

scanning (Zeiss Xradia 510 Versa, Jena, Germany) was conducted using binning mode: 2, pixel size: 1.93 µm, 

objectives: 4×, exposure: 2 s, and projections: 2000 that are able to capture features up to 8 µm. The captured 

images were analyzed using Fiji ImageJ to measure the dimensions (diameter, chopped fiber length) of the 

filaments and to count the number of filament tows in the composite filaments. 

4.3.3. Technology assessment 

While the user interface monitor installed at the printer is used for printer calibration, the Eiger slicing software 

is used to set print parameters and execute the printing process. The most amazing feature of the slicer involves 

flexibility to reinforce a plastic part with fibers in different orientations, stacking sequencing, and allowing 

localized fiber placement by controlling the fiber and plastic nozzles. A close comparison of this slicer relative 

to a popular open-source free slicing software, (Cura, because its popularity and free availability) was developed 

to identify the strength and limitations for potential improvement of the software system. 
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4.4. Results and Discussion 

3.4.1. Material assessment 

Thermal Characterization 

The Markforged Eiger slicing software estimates “final part mass (g)”, “plastic volume (cm3)” and “fiber volume 

(cm3)” for a part to be printed based on the design. Here, ‘fiber volume’ is a misleading software output, which 

has already been used to calculate fiber volume fraction of the resultant composite by some researchers. As a 

matter of fact, the ‘fiber volume’ is essentially the volume of the composite filament (not the fiber only). To 

confirm this, a specific composite part (i.e., a 60 mm × 60 mm Drop-weight impact sample with eight 

reinforcing layers of unidirectional isotropic orientation) was used to measure the amount of fiber in length (m) 

and its respective weight including the size (in Tex) of the composite filament (Table 4. 2), which was then 

compared with the weight determined from the estimated “fiber volume (cm3)” and fiber density, given by the 

software and material specification sheet, respectively. Therefore, thermal analysis was performed to obtain 

approximate fiber content in the composite filaments. 

The nature of TGA data (Figure 4. 2) demonstrates that the plastic material for all composite filaments is same 

and belongs to Nylon, of the sixth category, as the thermal degradation temperature was recoded at 472 °C 

[20]. Using the spectra for different composite filaments in Figure 4. 2, the fiber: plastic compositions (by 

weight) are tabulated in Table 4. 2. The fiber volume fractions of the composite filaments and fiber densities 

were also calculated using Equations (3) and (4), respectively. The calculated densities of the fibers are plausible, 

since their properties are within the range of the engineering grade [21-23]. Moreover, it appears that the 

chopped carbon fiber in the Onyx plastic filament is different than that in the carbon fiber composite filament, 

having different densities. The measured information (especially fiber volume fractions and fiber densities) is 

crucial for the users of the printer to estimate and manipulate the mechanical properties of the fabricated 

composite for specific end use applications. 

From the obtained fiber volume fraction of the composite filaments, it is clear that composite fabrication with 

more than 45% fiber is impossible according to the Markforged printing technology even if all the layers are 

reinforced with fiber. The fiber content becomes even a bit low due to at least one unavoidable floor and roof 
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plastic layer, since the engagement of plastic and fiber nozzle are dependent on each other (when one works, 

other does not) based on the stacking sequence of the prospective composite. In this regard, apparently, the 

coaxial extrusion technology may be favored as it can employ fiber at each layer along with polymer extrusion 

[24]. However, the amount of fiber to be used with plastic in each layer is a critical concern to ensure perfect 

and void-free adhesion between adjacent layers and beads, otherwise, it may again limit maximization of the 

fiber volume fraction. 

 
Figure 4. 2: Thermo-gravimetric analysis (TGA) spectra of composite filaments 
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Here,  

Composite filament weight (g) = 𝑊 

Composite filament volume (cm3) = 𝑉  

Composite density (g/cm3) = ρ = 
𝑊

𝑉
 (acquired from material specification data) 

Plastic weight (g) = 𝑊𝑝 

Plastic volume (cm3) = 𝑉𝑝  

Plastic density (g/cm3) =  ρ𝑝 = 
𝑊𝑝

𝑉𝑝
 = 1.1 (acquired from material specification data) 

Plastic weight content ratio in the composite = 𝑅𝑝 (acquired rom TGA) 

Fiber weight (g) = 𝑊𝑓 

Fiber volume (cm3) = 𝑉𝑓 

Fiber density (g/cm3) = 

 ρ𝑓  =  
𝑊𝑓

𝑉𝑓
          (4) 

For example, in case of the Onyx composite filament, from the TGA curve, we have the plastic weight 

content ratio in the composite filament, 𝑅𝑝 = 0.82, and the composite and plastic densities are 1.2 and 1.1 

g/cm3, respectively. Now, the fiber volume fraction using Equation (3) is given by, 1 − [(1.2 * 0.82)/1.1] ≈ 10.5 

 
Microstructural Characterization 

Microstructural study of the plastic and fiber filaments was intended to divulge the fiber–matrix distribution, 

evaluation of the diameters of the composite filaments including the constituting fibers and the number of 

fibers in the composite filaments. While it was observed that the continuous fibers in the fiber filaments are 

unidirectional along the length, the orientation of chopped fiber in the Onyx plastic filament was unclear and 

hence was of interest. Nano-CT scanning was utilized as it is recognized to provide insightful information 

regarding a material’s internal structure (such as distribution of the materials, defects, voids) without destructing 

the sample [25]. The cross-sectional nano-CT scan of Onyx (Figure 4. 3a) indicates homogeneous distribution 

of fibers (the white dots) with some dark spots that might attribute voids creating poor interface. A similar 

notion is also evident in the magnified microscopic image shown in Figure 4. 3b. Figure 4. 3c (2D view) and 

3d (3D view) present longitudinal views of the filament showing uniform fiber distribution with almost 

unidirectional fiber alignment and persistent voids along the length. The chopped fiber has pretty high variation 

in length (168 ± 37 µm) within the micrometer range.
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Table 4. 2: Specifications of fiber filament 

Information provided Information measured and revealed 

Filament 
type 

Plastic 
density, 
g/cm3 

Filament 
density, 
g/cm3 

Linear 
density, tex 

Composition, 
fiber: plastic 

Fiber 
volume 
fraction, 

% 

Fiber 
density, 
g/cm3 

Filament 
dia, µm 

No. of 
fibers 

Fiber dia, 
µm 

Onyx 1.1 1.2 2730 ± 60 18:82 10.5 2.10 1750 ± 5 R * 6.5 ± 0.3 

Fiberglass 1.1 1.5 127 ± 1 54.5:45.5 38.0 2.15 317 ± 6 393 ± 3 9.5 ± 0.6 

Carbon 1.1 1.4 147 ± 0.5 57:43 45.0 1.76 393 ± 2 998 ± 2 8 ± 0.1 

Kevlar 1.1 1.2 104 ± 0.57 42:57 37.0 1.37 320 ± 7 271 ± 4 12 ± 0.1 

HTHS GF 1.1 1.5 128 ± 0.57 53:47 36.0 2.21 330 ± 5 388 ± 1 9.6 ± 0.5 

R * = Random, and the average length of chopped fiber in Onyx = 168 ± 37 µm 
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(a) (b) 

       
(c) (d) 

Figure 4. 3: Different views of Onyx plastic filament: cross-sectional view from nano-CT scanning 
indicating fiber and void distribution (a), magnified (500×) microscopic view of the cross-section (b), 
longitudinal view from nano-CT scanning showing fiber orientation (c) and 3D view taken using 
nano-CT scanner (d) 

Figure 4. 4 exhibits different cross-sectional views of fiber filaments at different magnifications 

demonstrating a general finding that fibers (dots) and polymer are not uniformly distributed, forming fiber and 

polymer rich regions. The few dark spots as observed in the figure might be formed due to either poor interface 

or cracking during sample preparations. Image analysis with ImageJ was performed to measure the fiber and 

filament diameters (Figure 4. 4a and b) and count the number of dots (representing filament tows) as shown in 

Figure 4. 4d, and the results have been reported in Table 4. 2. As seen from the cross-sectional images in Figure 
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4. 4, the diameters of the fibers and the filaments are uneven, therefore, measurements were taken from 

different directions within the same cross-section as well as from different cross-sections (several cross-sections 

were prepared for different fiber filaments). For counting the number of fibers, both ImageJ counting system 

and manual counting was performed. The values in Table 4. 2 were obtained by applying cell counting procedure 

in ImageJ. The number of fibers can also be calculated using Equation (5) which bolsters the approximation of 

the measured values. The carbon filament has the highest number of fibers (≈1000) in the cross-section and 

largest diameter with smallest diameter of the constituting fiber, while the Kevlar filament has the lowest 

number of fibers (≈270) and smallest cross-section with highest diameter of the constituting fiber. 

No of fibers in the composite filament, 

𝑁 =  
𝑉𝑓

𝑣
=  

𝑉 ∗  𝑉𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑣
 

=  
𝜋 ∗  𝑅2  ∗ 𝐿 ∗  𝑉𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

 

𝜋 ∗  𝑟2 ∗  𝐿
=  

𝑅2 ∗  𝑉𝑓𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑟2 
 

(5) 

Here,  

Volume of single fiber (cm3) = 𝑣  

Composite filament radius (cm) = 𝑅 

Length of the Filament (cm) = 𝐿 

Single fiber diameter (cm) = 𝑟 

The poor interface in terms of voids in the plastic filament and heterogeneous fiber–polymer distribution in 

the fiber filaments, if it continues to persist, the resulting composites might potentially experience premature 

failure under catastrophic load. However, these pre-impregnated filaments might offer much better 

performance than the coaxially extruded filaments (where pristine fibers are used, and matrix infusion occurs 

at the nozzle level) due to already having a good fiber–polymer interface that can further be improved during 

printing. 
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(a) (b) 

 
.  

(c) (d) 

  
(e) (f) 

Figure 4. 4: Cross-sectional views of fiber filaments (for fiber supply); fiberglass at 200× (a), fiberglass 500× 
(b), carbon fiber at 100× (c), carbon fiber filament tows shown as dots applying cell counting procedure using 
ImageJ (d), Kevlar at 200× (e) and high strength high temperature fiberglass (HSHT) FG at 200× (f) 
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4.4.2. Technology Assessment 

Slicing Software 

This technological assessment principally deals with the allowance of the Eiger slicing software in terms of 

designing the composite parts and setting print parameters with contrast to an open-source slicing software 

(Cura), as well as customizability of the printer to improve the quality of the printed parts. In addition, the 

dimensional and weight accuracy of the printed part were assessed. 

The power of the Eiger slicer is its ability to deal with two nozzles for fiber and plastic filaments associated to 

the printing of a part, while the Cura deals with a single or dual nozzle (one for the printing of a part, and other 

for the printing of the support materials if required), with plastic or plastic containing short fibers only. The 

Eiger slicer is straightforward and easy to follow. The user interface of the part setting has two views: part view 

and internal view (Figure 4. 5). The part view offers three main settings with some options as illustrated in 

Figure 4. 5a such as: General (for material and printer selection; highlighted with red color), Setting (layer height 

and other support features such as raise part, brimming and thin features; highlighted with blue color), Infill 

(fill pattern, density and number of walls, floor/roof layers; highlighted with green color), while the internal 

view allows the selection of each layer of preselected thickness to reinforce and design with different fiber 

orientation types (isotropic and concentric) and angles (Figure 4. 5b). 
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(a) 

 
(b) 

Figure 4. 5: Interfaces of Eiger software for parameter setting and slicing: part view for parameter settings (a) 
and internal view for slicing as well as exploring different options for fiber-reinforcement (b) 

The authors experienced some facts and limitations during fabricating composites and operating the printers 

that are tabulated in Table 4. 3. Figure 4. 5 and Table 4. 3 demonstrate the flexibilities and restrictions to 

fabricate a composite part. The limited available options to change process parameters restrict the freedom of 

design. For instance, void formation was observed at ±45° crossover points in printing with plastic and weak 

connections between adjacent layers in printing with fibers, even for a well-leveled print bed [8]. A plan to 

increase nozzle or envelop temperature to adjust melt viscosity could have been an approach to address void 

mitigation; unfortunately, the unavailability to control temperature impedes such implementation, along with 

trials with different materials, modification of current materials. In contrast, the Cura slicer offers a wide range 

of options to control parameters that are absent in Eiger such as temperature, materials, print speed, build plate 

adhesion, post processing and so on. It has as many as 400 settings (Attachment S. 1) to tune print quality and 



 

71 

 

properties of the printed parts [26]. One might find it very challenging to play with these overwhelming options. 

In this regard, based on the requirements and experience of users, it exhibits settings at different levels such as 

basic, advanced and expert. Apart from these, to impart exclusive control on the print head and determine the 

print path, it allows the editing of the G-code, which is not offered by the Eiger. 

Table 4. 3: Observations on the Eiger slicer 

Category Issues related to Description 

General 
observation 

Default settings 

Roof/floor, wall, and infill pattern layers are always plastic. 
For a selected roof/floor layer, the same number of plastic layers is used 

before fiber layer/s and one plastic layer thereafter, (for more details 
please see reference [8]). 

In case of solid infill, the floor/roof layers are fixed to 4. 
Printing with different layer thicknesses together is not possible. 

Anomaly 

Rectangular 
infill pattern 

While triangular and hexagonal cells are formed in a layer, rectangular 
cells are formed by superimposing of subsequent less dense ±45 o plastic 

layers. 

 

Layer height 
Changing the layer can only be applied when printed with plastic. When 
reinforcing, the layer height freezes to 0.100 mm for fiberglass, Kevlar 

and HSHT FG, and 0.125 mm for carbon fiber. 

Software 
limitation 

While using 
‘raise part’ 

option from 
‘use support” 

‘Raise part’ option is used to achieve good quality of a part that uses 20 
plastic layers before it starts printing the main model to avoid any defects 
of initial layers (floor). Unfortunately, the first two layers give something 

completely different from the original model (see the supplementary 
information for details) (Attachment S. 2: Table S. 2 and Table S. 3). 

Some 
limitations 

Materials Materials other than listed in Table 4. 1 cannot be used 

Operating 
temperature 

The slicer only allows the selection of the material (no option to set 
temperature) that automatically sets operating temperature of the nozzles, 

which are 275 ℃ for the plastic nozzle, and 255 ℃ for fiber nozzles 
irrespective of the materials being processed. 

Envelop 
temperature 

Option is not available 

Print speed Option is not available 

Orientation of 
plastic layer 

Option is not available, and always ±45 o 

Infill pattern 
cannot be 
reinforced 

Option is not available 

Changing bead 
density and 
degree of 
overlap 

Option is not available 
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Table 4. 3 (continued) 

 

Fiber placement 
in Z (vertical) 

direction 
Option is not available; Eiger is not configured to edit G-code 

Post processing Option is not available 

Table 4. 4 demonstrates that there is a subtle difference between Markforged’s industrial (X7) and desktop 

printers (Mark Two) from the slicer perspective; the industrial printer is configured to process Onyx FR (flame 

retardant) and achieve a layer height up to 0.05 mm. Architecturally, the industrial version has a larger build 

platform providing a wide working area that enables the fabrication of larger parts. Other features include 

relatively a well-leveled printed bed and ease of leveling using a laser. 

Table 4. 4: Differences between the Markforged advanced desktop (Mark Two) vs. industrial series (X7) 
printers [27, 28] 

Category Mark Two X7 

Build platform 320 × 132 × 154 mm 330 × 270 × 200 mm 

Levelness of print 
bed 

Flat to within 160 μm Flat to within 80 μm 

Leveling system Manual 
Uses laser system to smoothen leveling 

(adaptive bed leveling) 

Materials 
Plastic: Onyx, Nylon White 

Fiber: fiberglass, carbon fiber, 
Kevlar, HSHT FG 

Plastic: Onyx, Onyx FR, Nylon White 
Fiber: fiberglass, carbon fiber, Kevlar, HSHT 

FG 

Layer height 100 μm default, 200 μm maximum, 
100 μm default, 50 μm minimum, 250 µm 

maximum 

Print Accuracy 

Print accuracy includes precision in the dimension and weight of the printed parts relative to the dimension set 

in the computer-aided design (CAD) system and expected weight estimated by the slicer based on the materials 

used. For dimensional accuracy, the length, width and thickness were measured for the samples prepared for 

the evaluation of mechanical properties of 3D printed fiber-reinforced cellular composites used in our previous 

research [8, 9] with 0.1 mm thickness, and found negligible variation from the expected dimensions, within a 

tolerance limit defined by the manufacturer: one tenth of a layer (0.01 mm). However, in the case of weight, 

the measured weights after printing of the parts were found to be less than the estimated weight by the Eiger 

slicer. Figure 4. 6 illustrates the differences between measured and estimated weights for different sizes of 

sample with 3 mm thickness (tensile specimen: 152 mm × 35.54 mm; Drop weigh (Tub) impact specimen: 60 

mm × 60 mm; Charpy impact specimen: 127 mm × 12.7 mm; and Izod specimen: 65.5 mm × 12.7 mm), which 
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illustrates the weight difference is higher for smaller samples. Usually, underweighting might happen for several 

reasons such as under-extrusion (supporting attachment) due to lack of uniformity of the supply materials, 

improper gripping by the driving rollers or underfeeding by the nozzle [8]. In addition, requirements of relatively 

more frequent movements for smaller samples might exert higher stress on the nozzle that may eventually 

affect the amount of material extruded and therefore, it might be responsible for printing with relatively less 

material. 

 
Figure 4. 6: Variation in weights between estimated (by software) and measured for different sample sizes 

Print integrity 

Print integrity represents the connectivity between the tiny units of printed material, print bead. In fused 

deposition modeling of the 3D printing process, achieving improved print integrity is a big challenge, since it 

develops a shape in a layer-by-layer fashion that is composed of many print beads. Therefore, in addition to the 

persistent void in the material (before printing), a significant amount of extra void becomes prominent in the 

printed material between adjacent beads and layers that is often termed an inherent manufacturing defect in 

fused deposition modeling of 3D printing process [8, 29]. On the other hand, having these voids in a composite 

material is undesirable and responsible for initiating cracks and potential premature failure [30, 31]. At this 

juncture, print bed leveling and print bead density are important to understand and manipulate void formation 

at macro level with a view to maintaining part integrity. 

In order to minimize void formation (through no disjoint bead/s in a layer), maintaining a constant distance 

between the print bed and nozzles (both plastic and fiber) is needed which eventually ensures the integrity of a 
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layer. In this regard, both topology (flatness as perfect as possible) and leveling of the print bed are important. 

An example of such a case (uneven bed) was experienced and its following impact on the quality of the printed 

parts has been demonstrated in the Attachment S. 3 (Figure S. 1, Figure S. 2, and Figure S. 3). 

Additionally, the required coverage area by a print bead was assessed to evaluate bead density for different 

materials and layer heights just to ensure if the different layer heights (thicknesses) and printing with different 

materials (having different diameters, especially for fiber filaments) affect void creation. It was observed from 

the 2D views of fiber and plastic layers from the Eiger software and its respective printed condition, bead 

density along with bed leveling (the distance between print bed and nozzle tip) is same regardless of the layer 

heights and materials used as shown in Attachment S. 4 (Table S. 4 and Table S. 5). Although the bead density 

for plastic floor/roof layer (103/41.447 mm) is little bit higher than the infill plastic layer (99/41.447 mm). 

Furthermore, it proves from Attachment S. 4 (Figure S. 4) that the same bed level for different print heights 

might have an effect either on the void formation (poor connectivity for low layer height) or the amount of 

material to be extruded (less material for higher thickness because of under-extrusion). Consequently, the bead 

densities and bed leveling of the technology for the different fiber diameters and layer heights should be 

adjusted to control void formation. In this regard, to better understand the phenomena, an in-depth 

microstructural analysis for the printed parts with different materials and layer heights using the same bed 

leveling is recommended. 

4.5. Implications and Recommendations 

The present assessment revealed substantial information about the materials and technology used for a 

commercial 3D printer for fiber-reinforced composite fabrication that has many significant practical 

implications. Thermal and microstructural analyses divulged important specifications (that were not provided 

by the manufacturer) critical to estimation, prediction and modeling (simulation) of the resulting composite 

materials. The technological assessment on the slicing software demonstrated the state-of-the-art technology 

of a dual nozzle based composite printer in a very well-synchronized manner, more so than a coaxial composite 

printer. However, the limited available options to manipulate print parameters with respect to an open-source 

slicer (Cura, although it is not configured to print fiber-reinforced composites as the commercial printer does) 
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extremely limit the scopes of innovation to improve quality and properties of the printed parts. Moreover, it 

can be concluded that the straightforward and user-friendly options of Eiger software could be a very good 

choice for general users to print parts with reliable quality. However, for research and innovation purposes to 

explore and construct new experimental designs, a wide range of flexibilities of the software to control the 

printer are required. Therefore, future efforts should include updating the Eiger slicer and the configuration of 

the commercial printers with more flexibilities especially trying with new polymer and fiber materials, 

controlling temperature, print speed and ease in bed leveling. In addition to controlling each layer, more 

sophistication may be incorporated through evolving control on each print bead. Hybrid composite 

development facility, still a barely explored area in case of material extrusion-based 3D printing, may be a 

consideration for future software and printer development. Furthermore, an integrated software system 

coupled with CAD and slicing facility may be developed to enable improved communication and transfer 

flexibility using a single platform. Structural integrity with minimized void content is very important but remains 

challenging for fused deposition modeling of the 3D printing process [29, 32, 33]. Additionally, the discussion 

and demonstrations in the present work signified how to acquire and optimize the quality and integrity of the 

printed parts from meso- and macro- structural levels. 
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CHAPTER 5: PART 2.1 (TENSILE PROPERTIES OF CONTINUOUS FIBER-REINFORCED 
3D PRINTED CELLULAR COMPOSTIES) 

Tensile Properties of 3DP Continuous Fiberglass Reinforced Cellular Composites 

5.1. Abstract 

Recent advancements in 3D printing involve reinforcing the polymer matrix with high-strength fibers offer 

improved mechanical properties over unreinforced polymeric materials. The fiber-reinforcement offers a great 

potential to customize fiber-reinforced 3DP (3DP) polymer composites for complex shapes and high-

performance parts for diverse end use applications.  The advance capabilities also allow to vary the weight of 

3DP composite without compromising the mechanical properties. The aim of this research was to investigate 

unique macrostructures of 3D printed (3DP) samples developed by varying the printing parameters, and their 

influence on the tensile behavior. Samples developed for this study comprised of nylon matrix reinforced with 

continuous fiberglass with three varying fiber orientations and four different infill geometries. Tensile 

properties of the unreinforced and reinforced 3DP samples were evaluated to investigate the impact of fiber 

orientation and infill geometries and further benchmarked with traditional 3D orthogonal woven (3DOW) 

composites. The results indicated that the tensile properties due to fiber orientation mainly dictated the tensile 

properties more than the cellular structure. The analyses from this study showed that the macrostructure (hence 

tensile properties) of 3DP specimens were directly related to the printing parameters that include fiber amount 

and orientation, void formation and the bonding between individual raster/layers.  

Keywords: 3D printing, continuous fiber-reinforced composites, cellular geometry, tensile properties 

5.2. Introduction 

3D printing also referred as additive manufacturing technology is considered as one of the most significant 

modern innovations that allows rapid prototyping of complex structures. The technology has gained a 

significant popularity over the number of years by showing advantage over traditional technologies in terms of 

time, small set-ups, and quick design change, along with reduced process steps, waste, and production cost. As 

a result, the 3D printing market share has been growing very rapidly resulting in exceeding the projected forecast 

in last few years [1]. 
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Additive manufacturing utilizes layer-by-layer deposition technology to create 3D structures using Fused 

Deposition Modeling (FDM), Selective Laser Sintering, Laminated Object Manufacturing, and 

Stereolithography [2]. FDM, also known as fused filament fabrication, is one of the widely used 3D printing 

technology for fabricating composites with complex geometries. This technology utilizes a material extrusion 

process and therefore allows a wide range of metallics and thermoplastic polymers that melts upon the 

application of heat and solidifies when cooled. The molten material is injected through nozzles onto a platform, 

which then trace layer by layer pattern [3].   

Traditionally, applications of 3D printing extend from medical and dentistry, musical instrument, toys, 

houseware and many more that mainly use plastic only. In case of thermoplastics, the properties are significantly 

poor and therefore limits its suitability for the high-performance application [4, 5]. The tensile properties of 

3DP structures greatly depend on the feed material [6]. Several authors have demonstrated variances in the 

tensile properties of 3DP structures due to the material properties [7-10]. 

Recent development in the area of 3D printing with improved mechanical properties involves reinforcing the 

polymer matrix with high-strength fibers. The mechanical properties of the composites developed from FDM 

technology are mainly governed by the bonding between the layers and amount of void  [1]. The bonding 

quality and void quantity are determined by various FDM parameters such as nozzle diameter and temperature, 

envelope temperature, layer height, extrusion width, air gap between adjacent and successive rasters, build 

direction, print orientation, raster orientation, raster angle, filling pattern, and filling percentage (Figure 5. 1) 

[11]. However, further understanding of 3DP microstructures is still required with regards to the interfaces and 

voids between the layers, fill density, cellular structure and fiber orientation. 
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Figure 5. 1: Schematic diagram of FDM deposition: rasters, layers, voids, orientation and partial bonding 

Since its development, several researchers have already studied and published significant information related to 

the mechanical properties of 3DP polymers and composite structures by introducing reinforcing materials (such 

as nanofiber, microfiber, chopped fiber and continuous fiber) into polymer matrix to form composites [2]. Use 

of continuous fiber as reinforcement is a very recent addition enabling 3DP composites with a view to 

expanding to high performance applications. Continuous fiber-reinforcement provides distinct advantages in 

mechanical properties compared to short fiber-reinforcement. Several recent research papers cover significant 

understanding of the unique microstructures of 3DP continuous fiber-reinforced composites and their 

mechanical properties [1]. 

Tensile, flexural and bending strength have been frequently addressed attributes of 3DP continuous fiber-

reinforced composites [12-18]. However, very limited research works introduced lightweight approach by 

incorporating different infill structures [19-21]. Inconsistency in the finding of the literature warned the present 

research. Also, there are some confounding and insufficient information such as 10 and 70% infill structure for 

triangular structure (using Markforged system as the researchers stated, it is out of the scope of the software, 

which is limited to 28-55% [22])  [20] , 100% fill density for the cellular structure (also beyond the software 

scope), and not mentioning fiber volume fraction (FVF) [19] that limits to make a constructive conclusion. 

Hence, this paper focuses to further investigate the tensile properties of continuous fiber-reinforced 3DP 

composites, specifically using different fill patterns and fiber orientations.  
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The aim of this paper is to investigate the tensile properties of continuous fiber-reinforced 3DP composite 

structure developed using fiberglass filament embedded in Nylon matrix. Tensile properties of the unreinforced 

and reinforced 3DP samples were evaluated to investigate the influence of fiber orientation and infill 

geometries. To benchmark these results, the tensile data obtained was further compared with the performance 

of fiberglass reinforced 3DOW composites fabricated through VARTM (Vacuum Assisted Resin Transfer 

Molding) [23]. The results of this study will guide designers to customize continuous fiber–reinforced 3DP 

polymer composites for complex shapes and high-performance parts.  

5.3. Materials and Methods 

5.3.1. Specimen fabrication 

For this research, 3DP samples were fabricated using the Mark Two printer manufactured by Markforged Inc. 

(Boston, MA, USA) in combination with its custom proprietary slicing software, Eiger. Two sets of samples 

were prepared: unreinforced 3DP sample as control and continuous fiber-reinforced composite as test samples 

using the printer control parameters depicted in Table 5. 1. 

Table 5. 1: Printing parameters 

Parameter Value 

Plastic nozzle temperature 275 °C 

Fiber nozzle temperature 255 °C 

Build plate temperature Room temperature 

Print speed (mm/s) Not revealed by the manufacturer 

Built plate size 12”X5” 

Time between each layer 
Not calculated; depends on the structure of the 
sample at a particular layer, size and number of 

samples being printed at a given time 

The feedstock materials used were fiberglass filament with approximately 400 monofilaments (diameter 320 

μm) [24] and Nylon filament (diameter 1.75 mm) as plastic supplied by Markforged Inc. (Boston, MA, USA). 

The print parameters that were tested and printed on the Mark Two were layer height, fiber orientation, infill 

density, and cellular structures. These parameters and experimental design are shown in Table 5. 2.  

All the control and test samples were printed with 3 mm thickness composed of total 30 layers, 0.1 mm 

thickness each layer. Based on the default settings of Eiger application, the first and last four layers of plastic 
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are recommended as floor and roof layers. Also, the Eiger system by default follows the same number of plastic 

layers as floor or roof layers before the fiber layers and one plastic layer thereafter. The system also does not 

allow to change plastic orientation, which is always ±45 degrees. Therefore, all the fiber-reinforced test samples 

followed the same sample design for floor and roof layers forming a sandwich structure with different cellular 

structure in between. Four different cellular structures used in this research were: solid, triangular, hexagonal 

and rectangular. In case of rectangular infill cellular structure consists of layers of linear paths which rotate 90 

degrees after each layer. In triangular and hexagonal infills, the infill paths stack directly on top of one another. 

Triangular and hexagonal infill layers overlap themselves exactly on each layer. The infill cellular structures 

shown in Table 5. 2 were developed to keep the weight fraction of the fiber constant.  

Table 5. 2: Print parameters for test specimen printed on the Mark Two and experimental design 

Method of fabrication Geometry Variables 

Layer Height (mm): 0.1 mm 
Number of Walls: 2 

Number of floor Layers: 4 
Number of roof Layers: 4 

Number of reinforced Layers: 
8 

Number of infill pattern 
layers: 9 infill pattern and 

percentage (%) 
Solid (S) at 100%, 

Triangular (T) at 30% 
Hexagonal (H) at 62% 
Rectangular (R) at 32% 
FVF: constant in all the 

samples (approximately, 9%) 

 

Total 12 test samples with 4 different infill cellular structures (solid, triangular, hexagonal and rectangular) and 

3 isotropic fiber orientations (0/0, 0/90, ±45) with no concentric rings in each group of fiber layers were 

developed for the research. For control sample, only plastic material (Nylon) with solid infill structure was used. 
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5.3.2. Tensile testing 

Samples were tested for their tensile properties using MTS Servo hydraulic 370 load frame equipped with 250 

kN load capacity located at the Composite Core Facility, Wilson College of Textile, NC State University. The 

testing was performed in accordance with the ASTM D3039 standards and guidelines; at a constant crosshead 

speed of 1 mm/min. The gauge length was 72 mm. The gripping pressure of 1000 psi was used to mount the 

sample between the grips. The test direction was in the 0 ° fiber orientation.   

The weight and dimension of the printed specimens were measured to check the accuracy of the software. 

There was difference between the estimated (provided by software) and measured weight of the printed 

specimens. The measured dimensions (length, width, and thickness) were within the tolerance provided by the 

manufacturer (0.01mm, or one tenth of a layer thickness). Based on the specimen dimension, volume of the 

composite was calculated. This information along with the volume of the materials used in each specimen (fiber 

and matrix), was then utilized to calculate percent void (Table 5. 3). 

Table 5. 3: Average sample weight and void amount 

Sample ID 
Areal weight of Specimens, kg/m2 Void, % 

Calculated Estimated Measured (Std. Dev.) 

S0/0 3.59 3.59 (0.017) 1.85 

S0/90 3.59 3.54 (0.023) 1.85 

S±45 3.59 3.49 (0.052) 1.79 

T0/0 3.05 2.92 (0.055) 18.21 

T0/90 3.05 2.96 (0.002) 18.23 

T±45 3.05 2.93 (0.0143) 18.11 

H0/0 2.98 2.85 (0.0736) 20.26 

H0/90 2.98 2.87 (0.034) 20.32 

H±45 2.98 2.86 (0.067) 20.20 

R0/0 3.05 2.98 (0.005) 18.21 

R0/90 3.05 3.00 (0.014) 18.21 

R±45 3.05 2.92 (0.051) 18.11 

In present research, since the thickness and fiber areal density were fixed parameters because of using cellular 

infill structure, the areal density of the composite varied. Therefore, to make the fair comparison among the 

specimens, the tensile data was normalized by composite areal density.  
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5.3.4. Analysis of filament composite microstructure  

The amount of fiber has a direct correlation with the mechanical properties of the composite which is indicated 

by fiber volume fraction [25]. Markforged slicing software (Eiger) estimates final part mass (g), plastic volume 

(cm3) and fiber volume (cm3) of each part to be printed. Several researchers [22]  used this software provided 

fiber volume data to calculate the fiber volume fraction of the composite. However, in this study, it was found 

that fiber volume provided by the software is the volume of composite filament including the matrix, and 

therefore is not a true correct fiber volume fraction. This was confirmed by comparing the measured and system 

given weight (estimated) of the composite filament consumed to form a particular layer. Additionally, other 

critical technical parameters such as diameter of composite filament, number of fiberglass (fibers) in the 

composite filament, diameter and density of fiber, type of fiberglass and Nylon and actual fiber content were 

also measured, since this information was not provided by the manufacturer. Thermal (TGA) and 

microstructural (optical microscopy) analyses were employed to characterize the structure of fiber filament 

composites and revealed the information summarized in Table 5. 4.  From the microscopic analysis, non-

uniformity in the filament composite was also observed in terms of fiber distribution in the matrix of the 

continuous filaments. More details on the TGA images of microstructural cross section and fiber distribution 

are published in [24].  

Table 5. 4: Manufacturer’s and measured specifications of fiberglass filament 

Parameters Values 

Markforged Inc. provided information: 
Polymer density (Nylon 6) 

Fiber filament density (Nylon sized fiberglass) 

 
1.1 g/cm3 (provided by Markforged Inc.) 
1.5 g/cm3 (provided by Markforged Inc.) 

Measured parameters: 
Fiber filament linear density 
Fiber filament composition 
Fiber filament composite diameter 
Fiber volume fraction of the composite filament 
No. of fibers 
Fiber diameter 
Fiber density 

 
127±2 tex  
Fiber: Plastic, 54.5:45.5  
317±24 µm 
38% 
393±3 
8.9±0.06 mm 
2.15 /cm3 

 
5.3.5. Statistical Analysis 

A two-way ANOVA test was conducted to assess the effect of variables including their interaction on tensile 

properties followed by a post-hoc multiple mean comparison (Tukey’s HSD) for the 12 interactions (samples). 
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Also, a one-way ANOVA was run to identify the main effects of each variable followed by a Tukey post-hoc 

test to deem statistical difference in means of tensile properties among test samples within each variable. All 

the tests were performed at 95% confidence level for tensile strength and normalized tensile strength. 

5.4. Results and Discussion 

The tensile test results are divided into two parts to evaluate the effect of different fiber-reinforced composite 

specimens with varied Nylon filled infill cellular structure and fiber orientation. Whereas each part discusses 

the relationship between tensile properties and printing parameters. The printing parameters dictated the 

proximity of fiber layers among each other and the total amount of fiber layers in a unit area. Since each of 

these variables had different effects on the mechanical properties of the tensile specimen [1, 11], so the results 

were divided into two distinct sections to discuss the effects of these variables independently. 

Figure 5. 2 and Figure 5. 3 demonstrate the stress-strain results from fiber orientation and cellular structures, 

respectively. It was observed from these figures that the stress-strain characteristics both were impacted by the 

presence of fiber that changed material behavior significantly. The variability in the peak load as shown in 

Figure 5. 2 indicates the modulus of the composites, which was governed by the fiber modulus present in the 

tensile test direction (0/0). However, these figures show similar tensile behavior through all cellular structures 

for same fiber orientation.  
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(a) (b) 

 

(c) 
Figure 5. 2: Stress-strain curve for different fiber orientations, 0/0 (a), 0/90 (b), and ±45 (c) orientations 

 
 

(a) (b) 

  
(c) (d) 

Figure 5. 3: Stress-strain curve for different cellular structures, solid (a), triangular (b), hexagonal (c), and 
rectangular (d) 
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To further compare the tensile data fairly among the samples, the tensile data was normalized using composite 

areal density (Table 5. 3). Since in this research, the thickness and fiber areal density were fixed parameters, the 

areal density of the composite varied due to different cellular infill structure; and therefore, normalization by 

composite areal density was used for fair comparison.  The average tensile strength and corresponding 

normalized tensile strength for all the samples are shown in Figure 5. 4 and Figure 5. 5b, respectively along with 

their values as relates to the variables cellular structure and fiber orientation. It is clear from the figures that 

fiber orientation mainly dictated the tensile strength more than the cellular structure.  

  
(a) (b) 

Figure 5. 4: Tensile strength: effect of fiber orientation on tensile strength (a) and effect of infill pattern on 
tensile strength (b)  

Table 5. 5: Specifications of 3DOW composites, tensile strength in warp (Y-yarn) direction [23] 

Sample 
ID 

FVF of 
Y-yarn 

 
Composite 
thickness, 

mm 

Areal 
density, 
kg/m2 

Z:Y-
yarn/
layer 
ratio 

Other 
specifications 

4-layer 3D 
orthogonal plain-
woven preform 

1 

22.5 % 

 2.76 4.9 1:1 

Plain weave, 3 
Y-yarn layers, 4 
X-yarn layers, 

5.48 pick 
density (X-

yarn/layer/cm)  

2  2.89 5.0 1:2 

3  2.69 4.8 1:3 

4 

 

2.45 4.2 0:1 
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(a) (b) 

Figure 5. 5: Comparisons of 3D orthogonal woven composites and 3DP composites: normalized tensile 
strength of fiberglass reinforced 3D orthogonal plain-woven fabric composites (a) [23] and normalized tensile 
strength of fiberglass reinforced 3DP composites (b) 

Statistical analysis showed fiber inclusion in the Nylon plastic significantly improved the tensile strength of the 

composites up to several folds. Two-way ANOVA results for tensile and normalized tensile strength revealed 

that the effects of the two variables (fiber orientation and infill structures) as well as their interactions are 

significant. While looking at the different levels within a factor, it was found the effect of fiber orientation was 

more impactful (p-value < 0.001) than the cellular structure (p-value 0.0011) for normalized tensile strength. In 

lettered Tukey grouping, samples covered by a letter have no significant difference in them. Here, four infill 

structures fell into three letter groupings (solid in the first group followed by rectangular in the second group, 

and triangular and hexagonal in the third then group) and two groups (solid and rectangular in the first group, 

and triangular and hexagonal in the second group) for tensile and normalized tensile load, respectively. Multiple 

mean comparison of the twelve samples fell into 5 and 6 subsections for the mentioned responses, respectively.   

Traditional 3D orthogonal plain-woven composites are one of the well-established composite structures due 

to their superior mechanical performance. So, to benchmark the results, 3DP fiber-reinforced composites were 

compared with 3DOW as specified in Table 5. 5 [23]. For this comparison, the considered 3DOW samples 

tested in Y-direction (in warp direction as shown in Figure 5. 5a) have been compared with 3DP unidirectional 

(0/0) samples, as they both have fibers oriented in the test direction. For this purpose, the fiber contribution 
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(FVF) in the test direction for 3DOW samples was measured to be approximately 22.5 % [26]. 3DP samples 

show slightly low tensile strength compared to 3D orthogonal woven composites, while normalized by areal 

weight and thickness. Nonetheless, while considering fiber volume fraction, 3DP samples relatively have better 

performance.  

5.4.1. Effect of fiber orientation 

As shown in Table 5. 2, there are two sets of fiber layers, 4 layers after floor and 4 layers before roof layers. 

The fiber layers are used as reinforcement and therefore the analysis here is focused on the contribution by 

these 8 layers in the composite structure. Figure 5. 4 indicates that the highest strength is exhibited by samples 

with 0/0 orientation followed by 0/90 orientation and then ±45 orientation. This behavior supports that the 

fiber orientation influence tensile strength. The obvious reason is the contribution of the fiber material content 

that was present to support the load-extension as demonstrated in Figure 5. 2. 

For 0/0 orientation, all the fibers in these 8 layers are aligned with the loading direction. This arrangement 

attributed higher strength compared to the other two orientations. In 0/90 orientation, out of 8 layers every 

other fiber layer is in the test direction, which means 50% fibers are contributing to the load-extension. For 

±45 orientation, 2 fiber layers are aligned in the test direction and the fiber layers at ±45 are only partially 

contributing in the test direction (Table 5. 2).  

With the fiber orientation, the bonding between rasters also play an important role in the final mechanical 

properties. This behavior was observed visually by comparing the pictures captured by using a digital 

microscope (Figure 5. 6). Figure 5. 6a and b show the top views of different orientations. In the 0/0 orientation, 

since the nozzle travels mostly in one direction back and forth, the rasters are deposited next to each other. 

The gap between the one raster to another is minimized as the deposited raster experience much less 

temperature drop before coming into contact with the next adjacent deposited raster, which lead them to fuse 

well before hardening.  As a result, the adjacent rasters created a stronger bond. Similarly, the rasters deposit 

on top of each other from layer to layer creating stronger bonds from fusion between the layers which ultimately 

creates less voids in the composite structure as compared to other orientations. In case of 0/90 and ±45 
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orientations, within each layer the rasters create strong bonds from fusion, but in successive layers the only 

bonding points are at the cross-over points which could be responsible for poor interlamellar bonding and void 

formation. Another potential reason for these voids within these layers could be the inability to achieve desired 

viscosity level and insufficient fusion between the rasters. The dominant effect of fiber orientation in loading 

direction was evident in analyses and support the earlier discussion of its influence on tensile strength. In 

addition, the raster bonding was assumed to contribute to the tensile strength, which was also influenced by 

the fiber orientation. The void formation was also obvious at the curvature in each specimen as shown in Figure 

5. 6. Moreover, it was highest in case of ±45 samples, followed by 0/90 and then 0/0 samples. 

             (a)                                                        (b) 

Figure 5. 6: Composite structures (tensile specimens) - top view of 0/90 orientation (a) and top view of different 
fiber orientations (b) 

5.4.2. Effect of cellular structure 

To demonstrate the effect of cellular geometries, composite samples with varying cell geometries were created 

as shown in Table 5. 2.  As shown in Figure 5. 7, the fiber volume fraction (FVF) was kept constant for all the 

specimens in order to investigate the impact of cellular geometries. The idea of incorporating cellular structure 

in the composite configuration is to manipulate composite weight without compromising the mechanical 

behavior, which is understood when the strength is normalized by areal weight as demonstrated in Figure 5. 

5b.  
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(a) (b) 
Figure 5. 7: Fiber weight and volume distribution (a) and fill density (b) 

It can be observed in Figure 5. 4b that there is a specific trend between solid and rectangular geometries, solid 

followed by rectangular for each fiber orientation configuration. On the other hand, there was no specific trend 

observed between triangular and hexagonal cells. This can be explained by the amount of the materials 

consumed to build the samples and the direction of raster. As the amount of material is higher for solid samples 

and also the consecutive layers are in a close contact which create good adhesion with reduced void formation 

(Figure 5. 7a), therefore, the highest tensile performance was observed for them. Also as shown in Figure 5. 8, 

in the Nylon filled solid cell, layers are formed by superimposition of ±45⁰ successive layers contributing more 

load bearing (cos 45⁰ of the applied load) capacity to the test direction. Formation of rectangular cells resembles 

solid samples but raster density (relative distance between adjacent rasters is higher) is lower leading to form 

gap in between. Thus, rectangular shape is not formed in the same layer as hexagonal and triangular cells do 

but formed while the successive layers are superimposed by ±45⁰. Therefore, the contribution of the raster to 

the test direction are relatively higher than triangular and hexagonal cells.  

In case of triangular and hexagonal, the matrix is stacked layer by layer forming hollow structure from starting 

of the layer to the top. Therefore, these two configurations form a hollow structure and offer more space and 

less in-fill density compared to solid. However, between these two configurations, although the infill density of 

hexagonal is higher, its overall areal weight is lower. Interestingly, Tukey’s HSD lettered grouping assigned 

triangular and rectangular cells in same subsection meaning not significant difference between them, which is 

contradictory. Therefore, the tensile properties of cellular structures (as shown in Figure 5. 4b) might not 
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depend on their fill density as shown in Figure 5. 7, rather it depends on material properties, cellular architecture 

(build and form) and test direction. It is also evident from the data (Figure 5. 4) that the hexagonal structures 

having 62% in-fill density has less weight than the triangular structures; therefore, here in-fill densities across 

different structures cannot be compared. However, reducing the in-fill density could produce lighter weight 

composite that offers lower costs in terms of time and material, without significantly compromising tensile 

properties of the composite. To better understand the effect of infill density, future research can be construct 

considering different size of unit cell, orientation of unit cell, fill density for a given structure as well as across 

different structures. 

 
Figure 5. 8: Cellular geometries and their contribution in tensile load direction 

5.4.2. Fracture Analysis 

Visual inspection of the fractured specimens was conducted to characterize the macrostructure contribution of 

the printed composites. Figure 5. 9 shows the fractured specimen which demonstrates poor interface between 

fiber and matrix as well as poor bonding in between layers. Poor bonding was more apparent at two interfaces: 

a) between the fiber and nylon matrix within the fiber filament composite (nylon sized fiber filament), and b) 

between the nylon matrix layers and fiber layers within the composite configuration. The weak bonding between 
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these two interfaces was very obvious and as a result of which fiber pull-out and delamination occurred at the 

failure point. Ideally, the fiber pullout should happen individually, but in this case, it was mostly pulled in 

bundles. This behavior could be due to poor infusion between fiber and matrix layers. However, the bundles 

indicate fairly good bonding within the composite fiber. This delamination phenomenon also supports this 

behavior and was mostly obvious at the interface of matrix and fiber layers. This failure behavior was observed 

across all the specimens including different fiber orientations and cellular geometries. 

 

Figure 5. 9: Fractured tensile specimen 

5.5. Conclusions 

Through this research, tensile performance of 3DP continuous fiber-reinforced composites was investigated, 

focusing mainly on macrostructure contribution by the fiber orientation and cellular geometries. A total 12 test 

samples with four different infill cellular structures (solid, triangular, hexagonal and rectangular) and three 

isotropic fiber orientations (0/0, 0/90, ±45) were developed. The results from this study showed that the 

macrostructure and tensile properties of 3DP specimens were directly related to the printing parameters (fiber 

orientation and cellular structure at practically constant fiber volume fraction). From the comparison between 

specimens, it was seen that the arrangement of fibers has an effect on tensile properties, higher for specimens 

that have more fibers contributing to the test direction (0/0 orientation followed by 0/90 orientation and then 

±45 orientation). The tensile properties due to fiber orientation mainly dictated the tensile properties more than 

the cellular structure. It was found that the tensile properties of cellular structures were not dependent on their 

fill density, but mostly depended on material properties, cellular architecture (build and form) and test direction 

(0/0). That means reducing the in-fill density could produce lighter weight composite that offer lower costs in 

terms of time and material, without significantly compromising tensile properties of the composite. When 
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comparing these results with the traditional 3DOW, it was found that 3DP samples had slightly low tensile 

strength compared to 3D orthogonal woven composites, while normalized by areal weight and thickness, and 

better performance when comparing fiber volume fraction. These findings are promising for 3D printing as it 

can help the designer to define the printing parameters required to design for specific end use applications, and 

also grow as a potential alternative to traditional techniques. However, in order to fully investigate the 

relationship between macrostructures and mechanical properties of these 3DP fiber-reinforced composites, the 

future research can consider investigating different size of unit cell, orientation of unit cell, fill density for a 

given structure as well as across different structures. 
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CHAPTER 6: PART 2.2 (IMPACT PROPERTIES OF CONTINUOUS FIBER-REINFORCED 3D 
PRINTED CELLULAR COMPOSTIES) 

Impact Resistance and Failure Mechanism of 3D Printed Continuous Fiber-Reinforced Cellular 
Composites 

6.1. Abstract 

The present research investigated previously unexplored attributes of 3D printed continuous fiberglass 

reinforced Nylon composites, Drop-weight and pendulum (Charpy and Izod) impact resistance including their 

failure mechanism with a view to assessing their suitability for prospective high-performance applications such 

as aerospace, automobile and building industries. The composites were printed with different cellular structures 

(triangular, hexagonal, rectangular and solid as a control) and three distinct fiber orientations (0/0/0/0, 

0/90/0/90 and 0/45/90/-45). Results of the impact assessment of the developed composites exhibited 

substantial performance when compared to traditional 3D orthogonal plain-woven composites indicating 3D 

printing process as a promising composite fabrication technology. The effect of fiber orientation was very 

dominant towards dictating mechanical properties; cross-lay samples (0/90/0/90) absorbed the highest Drop-

weigh impact energy followed by quasi-isotropic (0/45/90/-45) and unidirectional (0/0/0/0) composites, while 

the highest pendulum impact energy was showed by unidirectional composites, followed by cross-lay and quasi-

isotropic samples. Incorporation of cellular structure had some effect on the properties measured and 

composite weight reduction; however, relative contribution of different structures was confounding associating 

a lot of factors that warn further research.  

Keywords: 3D printing; continuous fiber-reinforced composites; lightweight cellular structure; impact 

resistance; failure mechanism 

6.2. Introduction 

3D printing technology building a structure in layer-by-layer fashion has created huge impact in the way of 

fabricating composites with complex geometries. Rapid prototyping of intricate structures, mass customization, 

reduced process steps and zero wastage approach have spurred the popularity of the technology and made it a 

promising cynosure of research. As a result, according to business analysts, the market share of 3DP has been 

growing very rapidly resulting in exceeding the forecast projected lately [1]. Different printing techniques such 
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as Stereolithography (STL), Fused Deposition Modelling (FDM), Laminated Object Manufacturing (LOM), 

and Selective Laser Sintering (SLS) from plastic or metal powders are available. FDM is one of the most favored 

technique considering cost competitiveness, reduced wastage generation, potential recyclability, and user-

friendliness [2]. FDM, also known as fused filament fabrication (FFF), fuses plastic filament into a semi-liquid 

state at the nozzle that extrudes and deposits the plastic following to the trajectory of 3D virtual model and 

slicing commands [3].    

A great stride in the development of FDM technology is the ability to reinforce the plastic composites with 

nanofiber,  short microfiber or continuous fiber, which has triggered the wide acceptance of the technology 

from prototyping to high-performance arena due to significant improvement in mechanical properties [4]. The 

most frequently addressed attributes to evaluate the quasi-static mechanical properties of composites include 

tensile, flexural/bending and interlaminar shear strength [1]. However, for high-performance applications such 

as aerospace, automobile and building industries, assessment of impact resistance is crucial from both 

theoretical and practical perspective, which has been barely covered in the literature. Study of impact resistance 

is particularly important to understand dynamic behavior of material under sudden loads or catastrophic failure 

and determines important characteristics such as dynamic elastic modulus, load-deflection distribution, 

absorbed energy, deceleration peak, impact time, maximum deformation, etc. Among the three major types of 

impacts, Charpy and Izod based on pendulum impacting system provide information about material’s 

toughness (brittleness and ductility) and absorbed energy at break, while the other impact based on drop-weight 

system (Tub impact) is more informative in terms of longitudinal wave transmission, load distribution, peak 

force, peak energy and total energy absorption [5].    

A very few articles discussed pendulum impact resistance such as Izod [6-8] and Charpy [9-11] impacts of fiber-

reinforced 3D printed parts. Roberson et al. [7] investigated Izod impact resistance of FDM printed polymeric 

composites (ABS, PC, PC-ABS) of notched samples to concentrate stress made by printing and machining 

process at varying build orientations. They concluded no significant difference between printed and machining 

notched samples and a need to develop a test standard for 3D printed parts. Patterson et al. [6] considered an 
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elaborate experimental design consisting of 210 FDM printed samples of different polymers (10) with and 

without reinforcements at varying hatch angles (7) and print orientations (3). Shell orientation and raster angle 

were found to be the determinant of impact properties that influence crack length and path during fracture. 

Tasch et al. [8] approached fractographic analysis of Izod impact resistance along with other mechanical tests 

for laser-sintering, multijet fusion and hot lithography printed polymer fuel tanks of motorcycle. Tian et al. [11] 

introduced recycling and remanufacturing of continuous carbon fiber-reinforced thermoplastic (PLA) 

composites and discovered them showing improved mechanical performances in terms of tensile, flexural and 

Charpy impact strength while comparing these with the composites from virgin materials due to improved 

infusion property of recycled materials. Luo et al. [10] dealt with improvement of interlaminar shear strength 

using laser preheating system and investigated Charpy impact strength of continuous carbon fiber-reinforced 

semi-crystalline thermoplastic (PEEK) composites. Caminero et al. [9] studied the influence of build 

orientation, fiber content and layer thickness on the Charpy impact resistance of FDM printed nylon 

composites reinforced with carbon, Kevlar and glass fibers. Fiber content and layer thickness showed positive 

correlation with impact strength for on-edge oriented samples, and carbon fiber-reinforced composites had 

lower impact resistance due to brittle nature than Kevlar and fiberglass composites. However, failure modes of 

these impacts on 3D printed fiber-reinforced composite parts are yet to be discussed with more attention. Also, 

elaboration of other important class of impact, Drop-weight impact (Tub) is often overlooked for fiber-

reinforced 3D printed composites and thereby needs to be explored too.   

Most of the Drop-weight impact assessments were conducted on nature inspired (nacre) 3D printed parts with 

hierarchical design architecture considering different stiff and flexible plastic composites [12-16] over stacking 

single material monolithically. Designing in this manner enable these composites to achieve significant energy 

absorption capacity. However, following this idea (different cellular geometry and lattice structure), inclusion 

of continuous fiber in the plastic composites system still needs attention. Although, Caminero et al. [17] 

investigated low velocity nondestructive impact damage of 3D printed continuous fiberglass reinforced nylon 

composites with triangular cellular structure, their focus was on the evaluation of the barely visible damage (due 

to low velocity nondestructive damage) using phased array ultrasonic testing to trace and characterize the 
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embedded defects rather than the explanation of failure behavior. Consequently, the present study included all 

three modes of impacts (Tub, Charpy and Izod) in a single platform of fiberglass reinforced nylon sandwiched 

composites with different cellular structures at varying fiber orientations. For benchmarking purposes, the 

results were compared with fiberglass reinforced 3D orthogonal plain-woven composites prepared by vacuum 

assisted resin transfer molding technology (VARTM). 

6.3. Materials and Methods 

6.3.1. Continuous filament fabrication and experimental design 
 
Mark Two (acquired from Markforged Inc., Boston, MA, USA) desktop printer having two separate nozzles 

for fiber (running temperature, 230 °C) and plastic (running temperature, 275 °C) deposition from separate 

fiber and plastic filament supply, respectively was used to print the composites. The materials used in the 

present research were Nylon white (Nylon 6) plastic filament (diameter 1.75 mm) as matrix and nylon sized 

fiberglass filament bundle (can be referred to as composite filament) as reinforcement supplied by Markforged 

Inc. The experimental design is presented graphically in Figure 6. 1. The samples along with a solid Nylon 

plastic (control) sample were printed following the dimension of test specimens with 3 mm thickness comprised 

by 30 layers (layer thickness 0.1 mm). The first and last 4 nylon layers surrounded by 2 wall layers were 

recommended floor and roof layers by Eiger (a cloud slicing software for Markforged Inc. users). Also, by 

default it followed the same number of plastic layers as floor or roof layers before each group of fiber layer/s 

and one plastic layer thereafter. In this regard, the stacking sequence presented by Camineroa et al. [17] does 

not represent the Eiger slicing system, as they missed to show four and one plastic layers before (as they selected 

four floor layers) and after fiber layers, respectively. Therefore, the total 8 fiber layers in the present research 

were not distributed across the thickness of composites, rather fiber layers were stacked in two groups in same 

way at either end forming sandwich structure with different cellular geometries in between. The experimental 

design was constructed considering two variables; 3 fiber orientations (noted by 0/0 for 0/0/0/0, 0/90 for 

0/90/0/90, and ±45 for 0/45/90/-45) with no concentric ring and 4 different infill cellular structures (solid, 

triangular, hexagonal and rectangular) consisting of 12 samples with 3 specimens for each sample. The infill 
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densities for different cellular structures were optimized and selected to maintain consistent fiber weight and 

volume fraction. It should be noted that the orientation of plastic layers was always ±45 °, by default.  

 

 

Figure 6. 1: Layer stacking and experimental design with sample notations 

6.3.2. Analysis of composite structure 

Structure of the fabricated composites were analyzed to verify print precision and accuracy as well as internal 

defects. The Markforged slicing software (Eiger) estimates few attributes of a part to be printed such as ‘final 

part mass (g)’, ‘plastic volume (cm3)’ and ‘fiber volume (cm3)’. A misleading information in this regard is the 

‘fiber volume’, which is actually volume of composite filament, and it was confirmed by comparing the 

measured and system given weight of the composite filament consumed to form a particular layer. Some 

researchers [17] used this software provided ‘fiber volume’ to calculate the fiber volume fraction of the 

composite, which does not represent the true fact. It must be noted that unfortunately, supplier does not reveal 

the composition of the composite filament including many other important technical details such as diameter 

of composite filament, number of fiberglass (fibers) in the composite filament, diameter and density of fiber, 

type of fiberglass and Nylon. Consequently, the estimation of actual fiber content in the composite filament is 
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very crucial to determine the fiber volume fraction of the final composite part. Therefore, thermal and 

microstructural analyses were performed to divulge the industrial secrecy. Also, the measured weight of each 

part was measured in the same room temperature after printing to evaluate the accuracy of software estimation.  

 In thermo-gravimetric analysis (TGA 550, New Castle, DE, USA), 10.394 mg fiberglass composite filament 

was placed in Platinum HT pan. The thermal instrument was operated in N2 atmosphere at 20 °C/min through 

20 -550 °C. The layer-by-layer structure of the printed composite was acquired by Nikon SMZ100 

stereomicroscope (Minato, Tokyo, Japan), and the microstructure of the composite filament was taken using 

Nikon Eclipse L150 Industrial Microscope (Minato, Tokyo, Japan) as well as Zen 2.3 lite software (Carl Zeiss 

Microscopy GmbH, Jena, Germany). 

6.3.3. Analysis of impact resistance 

Mechanical, statistical and fractographical analyses were performed to explore impact resistance of fiberglass 

reinforced nylon composites in terms of total energy absorption, peak puncture force, load distribution curves 

and failure mechanism. Three different modes of impacts were considered for the research.  

Drop-weight impact system, also called Tower-drop or Tub impact test was performed according to ASTM 

D3763 standard using Instron Drop Tower Impact CEAST 9350 (Norwood, MA, USA). The selected size of 

the test specimen was 60 mm X 60 mm with 3 mm thickness. At first, few trials were made with the strongest 

specimens to find the required energy to gain full puncture/penetration, which was obtained loading 5 kg (total 

impact energy 45 J) dead weight over a hemispherical striker of 12.7 mm thickness with maintaining 3 m/s 

impact velocity, and the specimens were placed according to build orientation. 

The Charpy and Izod impact assessments of unnotched samples were conducted using CEAST 9050 Pendulum 

Impact System (Norwood, MA, USA) according to the ASTM D6110 (specimen dimension 127 mm X 12.7 

mm X 3 mm) and ASTM D256 (specimen dimension 63.5 mm X 12.7 mm X 3 mm), respectively. The energy 

used for Charpy and Izod tests were 21.6 J and 22 J, respectively, which were selected based on the striking 

energy required to achieve complete breakage of the strongest specimens. 
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The energy data was normalized to make fair comparison among the samples. There are several normalization 

approaches such as by composite thickness, preform/fiber areal density, composite areal density [18]. In the 

present research, the thickness and fiber areal density were fixed parameters, but because of using cellular infill 

structure, the areal density of the composite varied; hence, normalization by composite areal density was used.   

A two-way ANOVA test was assigned to assess the main effects of the variables including their interaction, 

followed by a post-hoc multiple mean comparison (Tukey’s HSD) for the 12 interactions (samples). Also, a 

one-way ANOVA was run for each variable to identify the main effects followed by a Tukey post-hoc test to 

deem statistical difference in means of impact energies among test samples within each variable. All the tests 

were performed at 95% confidence level. The statistical analysis was applied for all three types of impact 

energies including normalized data. 

Fractographic analysis was performed by taking images of fractured samples at different magnifications using 

Celestron's 44360 Infiniview LCD Digital Cordless Microscope digital microscope (Torrance, CA, USA), and 

analyzing those images by Fiji ImageJ. 

6.4. Results and Discussion 

6.4.1 Analysis of composite structure 

The structural analysis of the developed composites involves study of constituting materials especially the 

fiberglass filament, as it is itself a composite. Consequently, structural characterization of both final composite 

and constituting composite filament was considered.  

Thermal and microstructural analysis were employed to characterize the structure of composite filament and 

reveal the manufacturing secrets as discussed earlier. The nature of TGA data (Figure 6. 2) reflects that Nylon 

plastic belong to Nylon, 6 category, as the thermal degradation temperature was recoded at 472 °C [19] resulting 

in 54.5% fiber at the end [20-22]. Details of the revealed information regarding composite filament are in Table 

6. 1. The obtained fiber density, 2.15 g/cm3 indicate the fiberglass should be D-glass [23]. Figure 6. 3 shows 

uneven cross-section of composite filament and heterogeneous fiber-plastic distribution distinguished as fiber 

and polymer rich regions. Also, the distribution of fiber and plastic is random, which was confirmed by taking 
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several cross-sectional pictures, and heterogeneity was found there too. Few dark spots in the cross-section 

may be voids or fractured fiberglass. The diameter of composite filament and fibers including the number of 

fibers were availed by analyzing the images (Figure 6. 3) with Fiji ImageJ.   

 

Figure 6. 2: TGA spectrum of fiberglass filament (composite filament) 

Table 6. 1: Revealed specifications of fiberglass filament 

 

 

 

(a) (b) 

Figure 6. 3: Cross-section of composite filament at 200x (a) and 500x (b) magnifications 
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A typical structural hierarchy of a composite is demonstrated in Figure 6. 4. Top views of different orientations 

(Figure 6. 4b) show lack of overlap between adjacent fiber raster/bead, which becomes more obvious at the 

curvature causing insufficient matrix infusion between adjacent beads. The cross-sectional images in Figure 6. 

4a captured for S0/0 specimen illustrate stacking sequence of fiber and plastic layers as in the virtual design 

(Figure 6. 1). Also, it shows other structural defects of the composites more clearly such as the voids formed at 

the crossover points of ±45 ° successive plastic layers, poor interlamellar bonding and poor overlapping 

between plastic-plastic, plastic-fiber and fiber-fiber layers and beads. Insufficient covering by the beads due to 

low melt viscosity may be responsible for creating these voids within beads and layers, respectively [10, 24, 25].       

 
(a) 

 
(b) 

Figure 6. 4: Composite structure (Izod specimen); cross-sectional view of S0/0 Izod specimen (a) and top view 
of different fiber orientations (b) 
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The dimensional precision and accuracy were checked and found within the limit of the printer specifications 

(1/10 of a layer height). However, the estimation of the weights of the final parts by the slicing software was 

higher than the measured weights of those parts after printing as it can be observed from Table 6. 2. Principal 

causes of printing less materials mainly include under-extrusion, topology of build plate, leveling of build plate, 

inherent variability in the supply materials (fiber and plastic), and/or overestimation by the software system. 

Under-extrusion may occur (which was experienced during printing the composites developed for the present 

research) due to unevenness of the supplies, insufficient gripping or poor feeding by the feed rollers and other 

moving parts responsible to route the materials to the extruding nozzles. The average differences between 

estimated and measured weight were 0.112, 0.199 and 0.372 kg/m2 for Drop-weight, Charpy and Izod 

specimens, respectively might be related to the dimension of the specimens. It is seen that the differences get 

reduced as the dimensions of the specimens are increased. The degree of movements by the nozzles relative to 

areal dimension for smaller specimens (by area) is higher and might be responsible for this phenomenon, since 

relatively higher frequent movement exerts excessive stress on the nozzles and affect the amount of materials 

being deposited.  

Table 6. 2: Estimated weight vs measured weight 

Sample ID 

Average areal density of 
Drop weight specimens, 

kg/m2 

Average areal density of 
Charpy specimens, kg/m2 

Average areal density of 
Izod specimens, kg/m2 

Estimated Measured Estimated Measured Estimated Measured 

S0/0 3.622 3.552 3.726 3.514 3.993 3.644 

S0/90 3.625 3.541 3.67 3.482 3.943 3.552 

S±45 3.625 3.520 3.664 3.462 3.931 3.568 

T0/0 3.081 2.899 3.255 3.025 3.522 3.116 

T0/90 3.077 2.950 3.199 3.0192 3.472 3.121 

T±45 3.077 2.965 3.193 2.955 3.459 3.116 

H0/0 2.936 2.811 3.181 2.956 3.435 3.074 

H0/90 2.933 2.835 3.117 2.953 3.385 3.016 

H±45 2.933 2.708 3.112 2.913 3.372 2.906 

R0/0 2.953 2.863 3.249 3.067 3.521 3.145 

R0/90 2.953 2.905 3.193 3.037 3.472 3.132 

R±45 2.95 2.875 3.187 2.975 3.4596 3.122 
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6.4.2. Analysis of impact resistance  

Drop-weight impact resistance  

Drop-weight impact response represents out-of-plane properties (Figure 6. 5) that provides a wide range of 

information regarding impact behavior of composite in terms of peak load, peak energy, load-deflective curves 

as well as total penetration energy.  

Results of the peak force and energy showed that introducing fiber in the polymer system significantly improved 

energy absorption capacity and resistance against impact forces up to several folds (Figure 6. 6 and Figure 6. 

7). Two-way ANOVA results for the impact force showed the main effect of the variables (fiber orientation 

and infill structure) were highly significant but not their interaction. From Figure 6. 6, it is clear that the fiber 

orientation is more dominant variable than infill structure. Tukey post-hoc analyses of the main effects supports 

the observation; every level of the fiber orientation was significantly different from other, while 4 infill 

structures belonged to two subsets. Regarding the results of the total penetration energy and normalized total 

penetration energy (Figure 6. 7), the main effects including the interactions were significant, and the Tukey 

multiple mean comparison for the main effects revealed similar conclusion as for the impact force. The 

difference in case of total energy was that the solid structure absorbed the highest energy on average was 

significantly different from the rectangular structure. On the other hand, in case of normalized data, hexagonal 

structure absorbed maximum energy was significantly different from the solid and rectangular structures. 

Finally, the multiple mean comparison of the interactions for both data belonged to six subsets, which was 

mainly dictated by the fiber orientation.   

The stiffness difference between fiber and plastic layers made the fiber-reinforced samples to endure more than 

the plastic sample against impact force. For fiber-reinforced samples, three stacking sequences were considered 

for the present research such as unidirectional (0/0), cross-lay (0/90) and quasi-isotropic (±45) orientations 

(Figure 6. 1). Cross-lay composites had the best impact resistance in terms of both peak force and total energy 

followed by quasi-isotropic and unidirectional composites, respectively, and it maintained consistent results 

within same and across different cellular structures for a given fiber volume fraction, approximately 8.75% 

(Table 6. 3). When the fibers are orientated in different directions, the impact load is distributed accordingly.  
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In case of unidirectional fiber, fiber had hardly any contribution to the impact energy of the composite, the 

matrix component absorbed the total energy impacted due to the absence of fiber in other direction. A similar 

result had been observed by Ahmad, Hong [26] for carbon fiber-reinforced polymer composites, although the 

evidence of different observations for cross-lay and quasi-isotropic lay is available. For instance, Zhu, Njuguna 

[27] found quasi-isotropic lay showing a bit better performance than cross-lay for flax/tannin composite, and 

they argued that the uniform distribution of applied force for quasi-isotropic sample caused it. However, 

Ahmad, Hong [26] justified from the classical laminate theory of strain energy stored in a laminated composite 

plate having non-zero coupling matrix, high curvature formation and rebounding effect in case of cross-lay 

(0/90) than quasi-isotropic orientation made 0/90 samples to achieve better impact resistance [26]. Also, from 

Figure 6. 11c and d, one can perceive rigid structure of ±45 specimen, since it has smaller impacted area than 

0/90 at the top involving less fiber participation in energy absorption and early perforation due to insufficient 

load transferring from matrix to fiber. 

 

Figure 6. 5: Direction of impact tests with respect to major axis of the specimens 
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Table 6. 3: Unit cell length, fill density, and fiber volume and weight fraction of samples for different impact 
tests 

Name 
of tests 

Unit cell length, mm (fill, %) 

Fiber volume and weight fraction, % 
Solid 

Triangul
ar 

 

Hexagonal 

 

Rectangula
r 

 

Drop-
weight 

0 (100) 4.53 (30) 4.65 (20) 2.69 (15) 

 

Charpy 0 (100) 4.53 (30) 2.53 (62) 1.34 (30) 

 

Izod 0 (100) 4.53 (30) 2.53 (62) 1.16 (35) 

 
 

While looking at the effect cellular structure, although the main effect of the infill structure was statistically 

significant, lack of consistency in the results was noticed along different orientations. Consequently, actual 

effect of the cellular structure was hardly understood and confounding. The inconsistent data trend for the 

cellular structure in different orientations may also be due to inherent variability in supplies (heterogeneity) and 

print variation caused by under extrusion including other obvious factors such as fiber weight fraction and fill 

density. For example, the high weight difference (measured vs estimation) for T0/0 suggest that the sample 

was printed with less material (Table 6. 2) as it was supposed to do. The unexpectedly low impact energy of 

T0/0 sample relative to other orientations (0/90 and ±45) for same structure might imply that the sample might 

suffer from the under-extrusion (a print fault). As a result, a relatively lower average energy value of T0/0 

sample might be responsible for the main effect of cellular structure to be statistically significant. The observed 

minor and inconsistent variation in different structures also might be due to different infill density (%) coupled 

with cell length of each structure (Table 6. 3), load distribution in the unit cell, the location of puncture (such 
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as cell center, cell wall, and cell intersection), and the interactions of these factors [28]. In this regard, a future 

research is suggested to better understand the effect of cellular structure by changing cell length, infill density 

(%), and cell density for a given structure and impact location. 

 

Figure 6. 6: Peak Drop-weight impact force 

 
 

(a) (b) 

Figure 6. 7: Drop-weight impact energy; total penetration energy (a) and normalized penetration energy by 
composite areal density (b) 

The difference in the trend of peak force and total energy absorption depends on the failure mechanism in 

Figure 6. 8 (details will be discussed in the next section); for example, rectangular samples had the highest peak 

force within each fiber orientation level but not the total energy because of the abrupt drop of force after 

reaching the peak (indicating major interlayer delamination of plastic layers), and consequently, the resultant 

area (measure of total energy) under the curve is less. 
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The data for the normalized impact energy by composite areal density (kg/m2) presents material weight versus 

performance relationship overlooking the effect of weight on the impact resistance. It is evident from Figure 

6. 7b that incorporation of cellular structure provided better relative impact performance implying materials 

saving approach. Also, normalization reduced the effect of cellular structure, which bolsters that the differences 

in the impact strength for different cellular structure might be due to the differences in weight of the samples 

rather than the cellular structure.   

To compare the performance between 3D printed fiber-reinforced composites and 3D orthogonal plain-woven 

composites (sample ID 1, 4, 10, 13, 16, 19, 22 and 25) fabricated by VARTM from Midani’s work [18], 3D 

printed cross-lay samples have been considered for fair comparison, as it resembles plain weave design 

orthogonally. Normalization by the composite areal density revealed comparable performance of the 3D 

printed and 3D orthogonal plain-woven composites. Normalization by thickness of the woven composites 

performed better than 3D printed composites. However, while the absorbed energy is normalized by the fiber 

weight content or fiber volume fraction (approximately 8.75% versus 50%), 3D printed samples showed 

excellent performance concluding that for equal fiber volume fraction, 3D printing should be the preferred 

fabrication technology. The fabrication nature of these two technologies is mainly responsible in this regard. 

3D printing fabrication can be considered as a laminated structure of various stiffness for fiber and plastic 

layers. Moreover, 3D printed structure has some invisible gaps due to poor interlamellar bonding between 

successive layers and beads (as seen in Figure 6. 4) that may be considered as a hollow structure. On the other 

hand, 3D orthogonal plain-woven composites can be considered as a single and solid structure. It is known and 

established fact that hollow structures provide better impact properties compared to solid structures [29]. 
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Figure 6. 8: Load-deflection curves for different cellular structures at different fiber orientations; unreinforced 
(S) and unidirectional reinforced specimens (0/0) (a), cross-lay specimens (0/90) (b), and quasi-isotropic 
specimens (±45) (c) 

Pendulum impact resistance 

Pendulum impact resistance measures toughness of a material and is expressed by the total amount of kinetic 

energy that a material can absorb. Among different types of pendulum impacts testing, Charpy and Izod are 
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the most popular methods. Both tests are useful to determine hardness of material and differs in terms of test 

configuration (position of specimen and notch, types of notch, specimen dimension) and test setup (test speed, 

hammer types, striker position, temperature etc.) [30].  Unnotched samples were considered in the present 

study, as they are configured to measure the energy of crack propagation along with initiation, whereas the 

notched samples mainly represent crack propagation energy only [31].  

Like Drop-weight impact test, pendulum impact resistance of composite significantly improved when 

reinforced with continuous fiber (Figure 6. 9a and Figure 6. 10a). Two-way ANOVA results disclosed that fiber 

orientation and cellular structure but not their interaction had significant effect on the Charpy impact energy, 

while for Izod impact energy, the effect of both variables and their interaction were significant. However, in 

case of the normalization of both impact energies, only the effect of fiber orientation variable was significant. 

Also, the Tukey post-hoc analysis for the fiber orientation exposed that all three levels are significantly different 

from each other in terms of both modes of impact energy as well as their normalized impact energy. Conversely, 

the cellular structure fell into two subsets for both responses; solid and triangular in one group and the rest 

(triangular, hexagonal and rectangular) are in another subset. Finally, the interactions for Izod impact energy 

maintained 6 subsets again mainly dictated by fiber orientations. 

  

(a) (b) 

Figure 6. 9: Izod impact energy; total energy (a) and normalized total energy by composite areal density (b) 
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(a) (b) 

Figure 6. 10: Charpy impact energy; total energy (a) and normalized total energy by composite areal density (b) 

The effect of fiber orientation being significant was related to amount of fiber layers being impacted during 

pendulum impact tests. The all 8 fiber layers participated in impact energy absorption for unidirectional 

composites, while it was 4 and 2 layers for cross-lay and quasi-isotropic composites. In case of quasi-isotropic 

samples, the horizontal effect of 45 ° layers were neutralized by -45 ° layers; hence, the actual participation in 

energy absorption was by two unidirectional layers. Meanwhile, the statistical analysis proved that the effect of 

internal structure on the pendulum impact resistance is very negligible. However, there is some inconsistent 

variability in the data trend of both Charpy and Izod impact strength for different structures among different 

fiber orientation levels. This might be attributed to the position of the local unit cell (at the join of neighboring 

cells or at the side of the cell) being impacted (Table 6. 3), the fiber weight density and density of the cells. 

Again, in this context to better understand this variability, future research could be designed for a given structure 

with different cell length, infill density (%), cell density and hitting at different selected position with respect to 

cell orientation. One might notice from Figure 6. 9 and Figure 6. 10 that the difference in the fracture energy 

for both responses; Izod impact strength is higher in most of the cases than that of Charpy, which has also 

been experienced by other researchers [18, 32]. The reason for that is the nature of the test and the way of 

mounting the specimen on the instrument.  In Chirpy, specimen is positioned horizontally without clamping, 

while in Izod, the specimen is firmly held by inserting and clamping into jigs [30]. The total energy values 

provided by the instrument are mainly the sum of energy required to initiate and propagate the fracture as well 

toss energy (energy required to throw or toss the broken end of the specimen). Rigid material like composite 
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usually breaks in brittle manner consuming a very small fraction of total energy to propagate the fracture; hence, 

the energy required to initiate fracture principally governs the total energy absorption. In case of Izod specimen, 

the toss energy to throw the broken end needs to be considered, because here the clamped end being rigidly 

fixed consumes more energy than the Charpy specimen [18].  The normalization of the absorbed energy (Figure 

6. 9b and Figure 6. 10b), neutralizing the effect of weight change due to different infill % (Table 6. 3 diminished 

the significant effect of cellular structure on the impact energy. Furthermore, Figure 6. 9b and Figure 6. 10b 

bolster the weight saving approach by incorporating cellular structure.    

Comparison of 3D orthogonal plain-woven composites from Midani’s work [18] and 3D printed composites 

in the present research has brought the same conclusions as the Drop-weight impact resistance; normalization 

by thickness favored 3D woven composites for both pendulum impacts, normalization by composite areal 

density (kg/m2) are more or less comparable (3D woven composites were often favored for Izod response, and 

3D printed composites for Charpy response), and finally normalization by fiber areal weight (kg/m2) or FVF 

(approximately 7.5% versus 50%, 3D printed composites had about 5 folds higher impact energy for both 

impacts. This can be ascribed with the same justification developed for Drop-weigh impact (layer formation 

along the build orientation, Z direction can be viewed as the layer formation in X-Y directions too) plus with 

one more point. As there has been evidenced to have some disjoined layers/beads, the breaking of the structure 

might not be continuous like 3D woven composites (being a single structure) rather intermittent for 3D printed 

composites. Also, the 2 recommended plastic wall layers around the main structure in case of 3D printing 

protected the composite structure to endure more and contributed to absorb more energy, which was not the 

case for 3D woven composites.      

5.4.3. Failure mechanism and analysis 

Drop-weight impact 

Failure analysis was performed using fractography of impacted specimens and the load-deflection curves. 

Failure mechanism is a complicated process including matrix micro- and macro-crack, surface buckling, 

delamination, core failure, fiber breakage and splitting depending on the design and constituting material of the 

composites [15, 26, 32, 33]. The fractographies of the specimens were carefully observed, and it was 
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apprehended that all fractographies represented the effect of fiber orientation more evidently. The evidence of 

effect of the infill structure was barely understood from the fractography. However, similarity in load-deflection 

curves for same infill structure at different orientations provides some insight about the load transfer and 

distribution mechanism in the cell, eventually the effect of infill structure. The pattern of the spectra does not 

differ much across different orientation except the amplitude (since they had different peak force and energy 

absorption) and slope of linear portion of the spectrum due to the relative stiffness of the composites for 

different fiber orientations (±45>0/90>0/0). Figure 6. 11 presents typical fracture such as specimen for plastic 

sample (Figure 6. 11a) and fiber-reinforced samples with different orientations (Figure 6. 11b, c and d). 

Delamination of the layers was quite evident and the most common mode of fracture damage; for instance, an 

S0/90 specimen is presented in Figure 6. 12a. Delamination takes place due to mismatch in bending stiffness 

of the layers during high interlamellar stresses under concentrated loads and fiber breakage, follows the 

direction of fiber stacking sequence and is higher at the outer layers (back side of impact) that are in tension 

[34]. A crack occurred from delamination propagates through matrix rich area than fiber rich portion [26, 35]. 

The condition of delamination between fiber-plastic layer interface was the worst denoting poor interlamellar 

strength due to insufficient matrix infusion mainly from the plastic layers.  
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Top view Bottom view Side Nature of failure 

  

  

Micro- and macro- matrix 

crack, massive delamination 

of plastic layers 

(a)  

  
 

Micro-matix crack, surface 

bucking, interlayers 

delamination, fiber spliting 

(b)  

  
 

Micro- and macro-matrix 

crack, interlayers 

delamination, core failure 

(for hexagonal and 

triangular cells), fiber 

spliting and prograssive 

fiber breakage 

(c)  

  

 

Macro-matrix crack, 

interlayers delamination, 

core failure(for hexagonal 

and triangular cells), fiber 

spliting and prograssive 

fiber breakage  

(d)  

Figure 6. 11: Typical top, bottom and side views of punctured specimens by Drop-weight impact with major 
modes of impact; solid (printed with plastic only) (a), S0/0 (b), S0/90 (c) and S±45 (d) specimens 
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The impact force punctured the plastic sample fatally. As there was no supporting reinforcement material in 

the plastic composite, the puncture was random, and the failure was governed by massive and abrupt 

delamination of the plastic layers (Figure 6. 11a and b). For the plastic specimen, the successive delamination 

of layers in through thickness is noticed from Figure 6. 8a that indicates the load reached to the peak and 

dropped to some extend by breaking few layers along with evidence of minor delamination, mostly the outer 

layers. Due to the toughness of layers at the point of impact and in the middle, there was no significant change 

in load up to 7 mm displacement, and complete breakage of those layers occurred by next 1 mm displacement.  

In unidirectional fiber-reinforced specimens, spectra are initially linear suggesting almost no delamination, 

although the solid specimens showed a little bit fluctuation meaning starting of damage already through micro-

matrix cracking (Figure 6. 8a, b and c). All the unidirectional (0/0) specimens (Figure 6. 8a) were slit along the 

fiber direction, principally due to matrix fracture (Figure 6. 11b) and possibly some fiber splitting. Also, coming 

out of fiber bundle from the structure was experienced for some unidirectional specimens (Figure 6. 12b), while 

the striker hit the fiber bundle directly and catastrophic failure happen rapidly thereafter due to significant crack 

of plastic layers. The absence of oscillation (Figure 6. 8a) in the spectra for unidirectional specimens evidence 

no fiber breakage, but surface bucking was observed for every specimen of 0/0 samples. The nature of breaking 

mechanism of solid and rectangular specimens across different orientations are somewhat similar (Figure 6. 8a, 

b and c), since the fundamental principal of building solid and rectangular structure is same as demonstrated in 

Figure 6. 1, except the density of solid lines. Table 6. 3 presents the length of unit cell depicting rectangular 

infill structure had the highest cell density, followed by triangular and hexagonal, respectively among the cellular 

structures that measures their relative rigidity, so as the trend of peak force (R>H>T>S) (Figure 6. 5). 

 
 

(a) (b) 
Figure 6. 12: Delamination of plastic layers from the fiber layers (a) from an S0/90 specimen and fiber bundle 
protruding out (b) from an S0/0 specimen  

The cross-lay (0/90) specimens were perforated in both directions with a larger slit in one direction than other 

that had four broken ends composed of both fiber and plastic (Figure 6. 11c). The solid and rectangular 
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specimens (Figure 6. 8b) reached to the peak, while solid specimen experienced some micro- and macro-matrix 

crack, and then failed suddenly with huge interlayer delamination followed by progressive fiber breakage at the 

end as evidenced by large undulations. In contrast, for H0/90 and T0/90 specimens, along with interlayer 

delamination of outer plastic layers, failure of triangular and hexagonal cellular core was more prominent than 

fiber breakage. 

Finally, the quasi-isotropic samples (±45) were punctured with fiber and plastic in several ways; sometimes 

creating two major protruding pieces along 45 or -45 directions (Figure 6. 11d), sometimes four major pieces 

of protruding ends as 0/90 samples or in ±45 directions, and sometimes more than 4 pieces in multiples 

directions based on the position of local fiber at the point of impact for a particular specimen. Figure 6. 8c 

indicates interlayer delamination was major and common damage mode along with some macro-matrix cracks. 

However, large oscillation denoting progressive fiber breakage for triangular cells and failure of cellular core 

for all cellular structures were also observed.      

The area of delamination from out-of-plane is also considered as an indication of impact resistance. Plastic 

having very poor resistance, the material in the impacted region was completely crushed out into multiples 

pieces in brittle manner along with spreading the impact to the whole specimen (Figure 6. 11a). Unidirectional 

punctured samples had the least resistance to impact energy among fiber-reinforced composites that slit more 

than 70% of the sample length, formed curvature (surface buckling) about the slit with some deflection. On 

the other hand, in case of cross-lay and quasi-isotropic samples, surface buckling was not much obvious; 

however, they punctured with full penetration with substantial height of deflection so as the area of 

delamination. ImageJ analysis of delaminated area revealed that the average punctured area of ±45 samples (6 

mm2) was a higher than the area 0/90 samples (5 mm2) suggesting that the latter had better impact resistance.  
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Pendulum impact 

Similar to the Drop-weigh impact test, in case of pendulum impacts, fiber orientation dominated the failure 

mechanism with minor influence of the infill structure. Both Charpy and impact specimens damaged in same 

manner expect type of breaks. Four types of failure are to be reported as suggested by ASTM standard such as 

complete break, hinge break, partial break and non-break [36]. Almost all Izod specimens achieved complete 

break with few hinge breaks for 0/0 specimens (Figure 6. 13). In contrast, for Charpy, only ±45 specimens got 

complete break (Figure 6. 14f), rest were non-break, although the striker had enough energy (22 J) to cause the 

break. Since in Charpy test configuration, the specimen is not held firmly, specimen might have flexed and lost 

support before receiving full striker energy and formed kink followed by interlayer delamination (Figure 6. 14b, 

c, d and e).  

Top and bottom views Nature of failure 

 
(a) 

 
Complete break, brittle fracture 

 
(b) 

 
(c) 

 
(d)                                 (e) 

Complete break with few hinge breaks, 
macro-matrix crack with interlayer 
delamination, fiber pull-out, fiber 

breakage 

 
(f) 

Complete break with few hinge breaks, 
macro-matrix crack with interlayer 
delamination, fiber pull-out, fiber 

breakage 

 
(g) 

Complete break with few hinge breaks, 
macro-matrix crack with interlayer 
delamination, fiber pull-out, fiber 

breakage 
Figure 6. 13: Damaged specimens of Izod impact; plastic specimen (a), top view of S0/0 specimen (b), bottom 
view of S0/0 specimen (c), ductile fracture of S0/0 specimen (d), fiber pullout of S0/0 specimen (e), S0/90 
specimen (f), S±45 specimen (g) 
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Top and side views Nature of failure 

 
(a) 

 
Complete break, brittle 

fracture 

 
(b) 

 
(c) 

Non-break, macro-matrix 
crack with interlayer 

delamination 

 
(d) 

 
(e) 

Non-break, macro-matrix 
crack, major delamination, 

large matrix damage 

 
(f) 

Complete break, matrix failure, 
with significant delamination, 
fiber pull-out, fiber breakage 

Figure 6. 14: Damaged specimens of Charpy impact; plastic specimen (a), S0/0 specimen (b), damage initiation 
at S0/0 specimen (c), 0/90 specimen (d), damaged S0/90 specimen (e) and S±45 specimen (f) 

Plastic specimens of both tests damaged severely in brittle manner and separated into multiples piece following 

the orientation plastic layers (±45) (Figure 6. 13a and Figure 6. 14a). Most of the fiber-reinforced specimens 

failed in brittle manner too with few exceptions in case of 0/0 specimens (Figure 13d) that showed ductile 

behavior. This was the case for hinge specimens where plastic was deformed after the major plastic and fiber 

breakage. The effect of cellular structure came into play somewhat in directing the crack propagation line. 

Generally, breaking mechanism for all reinforced specimens were same including fiber-matrix deboning, 

interlayer delamination, fiber pull-out and fiber breakage. Here, it is important to mention that due to composite 

filament usage, there were two fiber-matrix interfaces; one at the composite filament and next was the fiber and 

plastic layer interface. Between the interfaces, fiber-plastic layer interface was very weak, which is clearly 
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understood from the broken specimens as in Figure 6. 13e, g and Figure 6. 14f. The interlayer delamination 

was first noticed at the fiber-plastic layer interface. In the same way, fibers (Figure 6. 13b, c and e) were pulled 

out in bundle as they were in composite filament.      

6.5. Conclusions 

The present research involved 3D printed continuous fiberglass reinforced Nylon composites at varying fiber 

orientations and infill structures to investigate their potential high-performance applications. Fiber orientation 

influenced the impact resistance of the composites more than the cellular structure, since the energy absorption 

and distribution pattern are predominantly dictated by the fiber stacking sequence. This finding allows to design 

the composites with specific stacking sequence at a particular cellular structure to tailor and optimize the 

performance. The effect of cellular structure across the different orientation was inconsistent making it less 

significant parameter; however, implementation of cellular structure evidenced material saving approach 

without compromising the performance. Future research may be constructed considering varying unit cell 

length, cell density, fill density, localized position of impact for a particular cellular structure to better 

understand the effect of cellular structure. The impact resistance of 3D printed and 3D orthogonal plain-woven 

composites were comparable when normalized by composite areal weight (kg/m2) and thickness, but in case 

of normalization by fiber areal weight (kg/m2), 3D printed composite structures are highly preferred exhibiting 

4-5 folds more impact energy, which indicates that 3D printing is very promising as next generation material 

fabrication technology. 
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CHAPTER 7: PART 2.3 (MECHANICAL PROPERTIES OF CONTINUOUS FIBER-
REINFORCED 3D PRINTED COMPOSTIES WITH MAXIMUM FIBER CONTENT) 

Maximizing the Performance of 3D Printed Fiber-reinforced Composites 

7.1. Abstract 

Fiber-reinforced 3D printing technology offers significant improvement in the mechanical properties of the 

resulting composites relative to 3D printed (3DP) polymer-based composites. However, 3DP fiber-reinforced 

composite structures suffer from low fiber content compared to the traditional composite such as 3D 

orthogonal woven preforms solidified with Vacuum Assisted Resin Transfer Molding (VARTM) that impedes 

their high-performance applications such as in aerospace, automobile, marine and building industries. The 

present research included fabrication of 3DP fiberglass reinforced Nylon composites with maximum possible 

fiber content dictated by the current 3D printing technology at varying fiber orientations (such as 0/0, 0/90, 

±45 and 0/45/90/-45) and characterizing their microstructural and performance properties such as tensile and 

impact resistance (Drop-weight, Izod and Charpy). Results indicated that fiber orientation with maximum fiber 

content have tremendous effect on the improvement of the performance of the 3DP composites even though 

they inherently contain structural defects in terms of voids. Benchmarking the results with VARTM 3D 

orthogonal woven (3DOW) composites revealed that 3DP composites had slightly lower tensile strength due 

to poor matrix infusion between adjacent fiber layers/raster and delamination due to lack of through-thickness 

reinforcement, but excellent impact strength (224% more strong) due to favorable effect of structural voids 

and having laminated structure developed in layer-by-layer fashion.    

Keywords: Fiber volume fraction, 3D printing, fiber-reinforced composites, fiber orientations, tensile 

properties, impact resistance, failure mechanism 

7.2. Introduction 

Fiber-reinforced 3D printing technology to develop high performance composites has been a bourgeoning 

research focus in recent times due to promising applications in multidimensional fields such as automobile, 

aerospace, naval and building industries [1]. Among the different technologies of 3D printing process (such as 

at stereolithography, vat polymerization, powder bed fusion, material jetting, binder jetting, etc.), material 

extrusion-based printing, especially fused deposition modeling (FDM) is the most favored technology because 
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of its cost convenience and process simplicity to incorporate fiber in the composite structure [2]. Reinforcing 

with short fibers involves simple process, mixing fiber during polymer filament batch preparation. However, 

reinforcing with continuous fiber posed serious challenge requiring change in printer configuration; either two 

separate supply systems for polymer and fiber but single extrusion process (also called coaxial extrusion process) 

or supplying and extruding polymer and polymer-pre-impregnated fiber separately using dual nozzle system [3]. 

The latter is preferred for its improved fiber-polymer interface and desired fiber placing facility, although the 

coaxial extrusion configuration can have high fiber content with relatively poor interfacial bonding between 

fiber and polymer that resulted in poor mechanical performance and premature failure of composites [3-5]. 

It is an established fact that the fiber content (i.e. fiber volume fraction, FVF) has significant positive impact 

on the mechanical properties of the composite [6, 7]. Consequently, maximizing fiber content is of an interest 

to maximize the mechanical performance. The intrinsic nature of 3D printing process developing a structure 

in layer-by-layer fashion involves relatively more matrix material than traditional composite manufacturing 

technology such as injection molding, resin transfer molding and compression molding to ensure good adhesion 

between adjacent print beads and layers for improved structural integrity [8]. While conventional composites 

might easily have more than 60% FVF [9], 3DP composites with 40% FVF is hardly possible [6, 8, 10, 11]. 

Although some researchers reported 3DP composites with more than 40% FVF [12-16], they actually did not 

consider the amount of matrix in the fiber filament (also can be referred as composite filament); therefore, the 

amount of fiber has been over estimated. Dual nozzle-based printers use pre-impregnated fiber filament to 

supply fiber material. Thermal analyses of the mostly used commercial fiber filaments revealed to have 45% or 

less fiber (such as carbon~45%, fiberglass~38%, Kevlar~37%, and high temperature and high strength 

fiberglass~36%) inferring that the composites cannot be fabricated with 45% fiber even if the number of fiber 

layers are maximized. In fact, the fiber content becomes further a bit low, since there are some unavoidable 

plastic/polymeric layers, at least 1 for wall around the composite structure, 1 floor layer and 1 roof layer [3].  

A great deal of factors associating 3DP composites have been studied; however, fabrication of composite with 

maximum fiber content and investigating the mechanical properties still remain as a special interest. Although 

few works reported development of composites with maximum fiber layers [6, 8], their studies are limited to 
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the widely explored mechanical properties, tensile strength. The present research involved maximizing 3DP 

fiberglass reinforced composites at different fiber orientation levels and exploring the barely investigated 

properties such as impact properties (Drop-weigh, Izod and Charpy impacts) including tensile behavior with a 

focus on the failure mechanism. Impact resistance and its failure mechanism are very crucial to understand the 

dynamic behavior of materials. Among the three major types of impacts, Charpy and Izod impacts are called 

pendulum impact providing information about material’s toughness, while the Drop-weight impact provides 

more information about the behaviors of material such as longitudinal wave transmission, load distribution, 

peak force, peak energy and total energy absorption [17]. 

 
7.3. Materials and Methods 

7.3.1. Composite fabrication with maximum FVF 

Polyamide filament (Nylon 6) and fiberglass filament pre-sized with Nylon 6 have been used to print the 

composites using Mark Two 3D printer (Markforged Inc., Boston, MA). The properties of fiber and plastic 

filaments can be availed from Kabir et al., [3, 17]. The composite samples were printed according to the 

dimension of the test specimens with 3 mm thickness comprised of 30 layers (height of each layer is 0.1 mm). 

To maximize FVF, the samples were printed with 28 isotropic fiber layers, and number of floor/roof (at either 

ends) and wall layers were set to 1 (which are always plastic layers as default set by the printer software system), 

although the recommended number of floor/roof and wall layers are 4 and 2, respectively. Other print 

parameters were followed as in Mathur et al., [18]. The schematic of the composite structure along with the 

experimental design considering fiber orientation as a variable with four levels, namely 0/0, 0/90, ±45 and 

0/45/90/-45 is illustrated in Figure 7. 1. As the amount of the plastic and the fiber change with the size of the 

test specimen and fiber orientation, the FVF of the composite changes accordingly (Table 7. 1). The slicer of 

the printer (Eiger) provides the estimated volumes of fiber and plastic filaments as well as the weight of final 

composite part. Using the information, the FVF of the composite can be obtained from the Equation 1. 
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Figure 7. 1: Experimental design 

Table 7. 1: Weight and FVF of the composites  

Test (specimen 
size): Test 
Standard 

Fiber 
orientation  

Volume of 
fiber 

filament, cm3  

Volume of 
plastic 

filament, 
cm3

 

FVF of 
composite 

(𝐕𝐟𝐫𝐚𝐜𝐭𝐢𝐨𝐧)from 
Equation 1   

Estimated 
weight 

(by 
Eiger), g  

Measured 
weight* 

(std. dev.), 
g 

Tensile (152.4 
mm x 35.6 mm): 
ASTM D3039 

0/0 13.47 2.95 31.45 24.80 
22.99 
(0.46) 

0/90 13.52 2.65 31.56 24.58 
22.61 
(0.04) 

±45 13.57 2.42 31.68 24.38 
21.97 
(0.08) 

0/45/90/-45 13.54 2.54 31.61 24.47 
21.89 
(0.05) 

Drop-weight 
impact (60 mm 

x 60 mm): 
ASTM D3763 

0/0 9.12 1.48 32.09 16.23 
14.82 
(0.25) 

0/90 9.12 1.48 32.09 16.23 
14.52 
(0.03) 

±45 9.04 1.67 31.81 16.3 
14.84 
(0.04) 

0/45/90/-45 9.08 1.58 31.95 16.27 
14.73 
(0.13) 

Izod (63.5 mm x 
12.7 mm): 

ASTM D4812-
19 

0/0 2.01 0.6 31.57 3.88 6.48 (0.01) 

0/90 1.92 0.62 30.16 3.76 6.24 (0.05) 

±45 1.83 0.75 28.74 3.75 6.17 (0.02) 

0/45/90/-45 1.87 0.69 29.37 3.75 6.22 (0.02) 

Charpy (127 mm 
x 12.7 mm): 

ASTM D6110 

0/0 3.95 0.94 31.02 7.35 3.37 (0.03) 

0/90 3.76 1.01 29.53 7.12 3.32 (0.01) 

±45 3.6 1.2 28.27 7.08 3.28 (0.01) 

0/45/90/-45 3.68 1.11 28.90 7.10 3.24 (0.05) 

Measured weight* is the average weight of the printed specimen for a given composite sample, which is 
usually less than the estimated weight (the explanation for the discrepancy between estimated and 

measured weights has been covered in [3, 17]) 
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FVF of composite, 

 𝑉𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  𝑣𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ 
𝑉𝑓

𝑉
∗ 100            (Equation 1) 

 

Here, 

𝑣𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐹𝑉𝐹 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 = 38% 

𝑉𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟 𝑓𝑖𝑎𝑙𝑒𝑚𝑛𝑡 (𝑐𝑚3) 

𝑉 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 (𝑐𝑚3) 

7.3.2. Properties evaluation  

Microstructural analysis 

Microstructural studies of the composite fiber filament and printed composite were performed using X-ray 

computed tomography (nano-CT), which is an excellent non-destructive method to image the internal structure 

of a material. Nano-CT scanning (Zeiss Xradia 510 Versa, Jena, Germany). The settings for composite filament 

and printed composite were somewhat different as high-resolution scanning was performed for composite 

filament to obtain more detailed information; binning mode: 2, pixel size: 2.01 µm, exposure: 4 s, and projection: 

1600 for composite filament and binning mode: 1, pixel size: 9.57 µm, exposure: 20 s, and projection: 1600 for 

printed composite. Seven consecutive scans with the same settings for composite filaments were performed 

and stitched together using Dragonfly 2020.2 software (Object Research Systems Inc, Montreal, Canada, 2020) 

to cover large field of view (12.5 mm).  

Mechanical properties (tensile properties, drop-weight impact properties and pendulum impact properties) 

Samples were tested for their tensile properties using MTS Servo Hydraulic 370 Load Frame (Eden Prairie, 

MN, USA) equipped with 250 kN load capacity. The testing was performed in accordance with the ASTM 

D3039 standards and guidelines at a constant crosshead speed of 1 mm/min. The gauge length was 72 mm 

with gripping length of 40 mm from either end. After preliminary set of trials, the gripping pressure of 1000 

psi to mount tensile specimens was selected to avoid slippage and damage of specimens at the grip. The test 

direction was in the 0 ° fiber orientation. The tensile strength was availed from the stress values obtained from 

testing instrument. It is noted that since there was no slippage observed, laser extensometer to track strain was 

not used, and % strain was calculated from the actuator movement and gauge length. 

Drop-weight impact system, also called Tower-drop or Tub impact test was performed according to ASTM 

D3763 standard using Instron Drop Tower Impact CEAST 9350 (Norwood, MA, USA). Initially, strongest 

samples were placed over vertical cylinder to find required energy to gain full puncture/penetration, which was 
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obtained by loading 15 kg dead weight (creating 150 J total impact energy) over a hemispherical striker of 12.7 

mm thickness with maintaining 3.88 m/s impact velocity. 

The Izod and Charpy impact assessments of unnotched samples were conducted using CEAST 9050 Pendulum 

Impact System (Norwood, MA, USA) according to the ASTM D4812-19 and ASTM D6110, respectively. The 

energy used for Charpy and Izod tests were 50 J, respectively, which was selected assuming this striking energy 

would break the strongest samples. 

7.4.3. Statistical analysis 

A one-way ANOVA test was assigned to assess the effects of fiber orientation followed by a post-hoc multiple 

mean comparison test (Tukey’s HSD) for the 4 levels of orientation. The tests were performed at 95% 

confidence level using JMP Pro statistical software.  

7.4. Results and Discussion 

7.4.1. Microstructural analysis 

The structural unit of a 3DP composite is the print bead/raster. Apart from the void of the inherent supply 

materials, a significant amount of voids found in case of FDM 3DP part due to its fashion of building a part 

[3]. To assess the internal structure of additively manufactured parts, X-ray computed tomography is considered 

as an established technique [19]. The internal structure of a 3DP composite specimen has been analyzed by 

nano-CT imaging to reveal and explain the pattern of fiber orientation including their connection to the 

variation in weight and FVF in different samples. Additionally, the internal structure influences the performance 

characteristic of the final composite part.   

Figure S. 5 and Figure S. 6 show the fiber and plastic routes for the layers of different fiber orientations 

indicating the variations in the coverage pattern that eventually make a difference in the amount of fiber and 

plastic for differently oriented layers with same dimension, although each layer was attempted to optimize with 

maximum fiber content. The amount of fiber and plastic depends on area of the specimen and the nearest 

integer number of the rasters to cover the area. For instance, in case of Izod samples, the number of 0 ⁰ fiber 

rasters is optimized having relatively more fiber than 90 ⁰ followed by 45 ⁰ rasters; while the scenario is opposite 
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for the tensile samples (Figure S. 5 and Figure S. 6). Here, all impact samples (Drop-weight, Izod and Charpy) 

follow similar trend for FVF (0/0 > 0/90 > 0/45/90/-45 > ±45), and for the same ground reason, the tensile 

sample have different trend (±45 > 0/45/90/-45 > 0/90 > 0/0) as realized from Table 7. 1 (column 3 and 5), 

as the respective weighs are adjusted accordingly (column 6).  

The X-ray tomography images in Figure 7. 2 exhibit the extent of covering a layer by fiber and plastic rasters 

with an attempt to ensure structural integrity of the layer, so as the whole composite part. Although the supply 

materials (fiber and plastic filaments) might have some voids [3], it was not evident in the printed composite 

because of diminishing the void as a consequence of fusing and subsequent crystallization during printing or 

potential incapability of scanner to capture high resolution images. However, the structural voids are quite 

obvious from the figure which are possibly originated from (1) imperfect joining, and attachment of adjacent 

rasters and layers marked with red and blue spots, respectively (Figure 7. 2a, b and d) due to in-plane waviness, 

potentially from locking the filament tow during composite filament preparation or the movement of the 

extruding nozzle during printing; (2) the unavoidable gaps created inside and outside of the raster’s turn (light 

blue and orange spots) (Figure 7. 2d) due to the bending rigidity of the composite filaments; (3) and gap between 

the wall and infill rasters (Figure 7. 2a, d and Figure S. 7) due to the nature of covering pattern of a layer for a 

given fiber/plastic orientation. Figure 7. 2d also shows a portion of super imposition (upper side of the image) 

of 0 ⁰ and 90 ⁰ layers, which bolster how 0 ⁰ can have more fiber coverage area (11.87 mm vs 11.10 mm) than 

90 ⁰ (it can also be felt by contrasting Figure 7. 2c and 2d). The images e and f in Figure 7. 2 illustrate the overall 

situations shown in red color in 2D slices and 3D structure, respectively. Additionally, Figure 7. 2e presents 

some notion of void formation due to the out-of-plane waviness of the rasters; a narrow channel of void along 

the rasters, which has also been experienced by other researchers [20, 21]. To minimize the void formation due 

to out-of-plane waviness, geometry of the extruding nozzle could play a significant role [22, 23]. Reduction of 

the bending rigidity is possible by controlling the composite filament structural parameters (reduce size of 

individual filament and amount of matrix material) is another approach to reduce waviness. Additionally, cutting 

tool may be introduced to cut the material after formation of each raster. Thus, the total amount of void of this 

specimen quantified by image analysis from X-ray nano-CT scans was 6.23%.   
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To assess the source of the in-plane waviness if it is due to locking fiber during composite filament preparation 

or the movement of extruding nozzle during printing process, X-ray tomography of the composite filament 

was performed to view the waviness of the fiber in the composite filament. Figure S. 8 shows that the fibers 

are pretty straight with a slight notion of twist in the composite filament implying that the in-plane waviness is 

potentially for the movement of nozzle probably due to uneven build platform and/or improper belt tension 

guiding the print head. It may be also as a result of force that the print head experiences right at the sample 

edges after the formation of each raster by the bending rigidity of the filament composite. 

   
                                               a                                                                                          b 

 
c                                                  d 

 
                                                      e                                                            f 

Figure 7. 2: Different X-ray tomography images of an Izod 0/90 specimen showing the internal structure 
including fiber, plastic and void shape and distribution. The cross-sectional (a) and longitudinal (b) views 

presents the stacking of layers, (c) and (d) exhibiting slices of 0 ⁰ and 90 ⁰ orientated layers, finally (e) and (f) 
are 3D images of the composite 
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7.4.2. Mechanical properties 

Tensile properties (tensile strength and failure mechanism) 

Investigation of tensile properties is the most crucial and often explored criteria of composites [24, 25]; 

therefore, discussion of this significant aspect of the developed composite comes first. Results of one-way 

ANOVA statistical analysis showed significant effect of fiber orientation (p-value < 0.0001) on the tensile 

strength of the fabricated composites. A further run of Tukey post-hoc multiple mean comparison test revealed 

the fiber orientation level was significantly different from each other with highest value for unidirectional (0/0) 

sample followed by cross-lay (0/90), quasi-isotropic (0/45/90/-45) and angle-lay (±45) samples (Figure 7. 3). 

Tensile strength of the composites is predominantly led by the contribution of fibers aligned to the test direction 

than the matrix component due to the higher mechanical properties of fibers [18, 26-28]. Therefore, based on 

the principle that the load share by the fiber is proportional to Cosine angles (0 ⁰, 45 ⁰ and 90 ⁰), the predicted 

tensile strength of the composites should be highest for 0/0 orientation (28 fiber layers having Cos 0 ⁰), followed 

by ±45 (28 fiber layers having Cos 45 ⁰), 0/45/90/-45 (14 fiber layers having Cos 45 ⁰ + 7 fiber layers  having 

Cos 0 ⁰ + 7 layers having Cos 90 ⁰), and 0/90 (14 fiber layers  having Cos 0 ⁰ + 14 layers having Cos 90 ⁰), 

respectively. However, the tensile strength obtained for ±45 composite was the least, the reason for this unusual 

phenomenon lies in the failure nature of ±45 composite (Figure 7. 4d, e and f) that failed due to the 

delamination of fiber and/or plastic layers before the fiber breakage (in fact, fibers did not break at all). As a 

result, the load share by fibers in ±45 ⁰ orientation was very insignificant; and the apparent tensile strength of 

the composites with fibers in ±45 ⁰ direction had largely been contributed by the matrix component. The load-

strain curves in Figure 7. 3b demonstrates the same conclusion; the samples having more fiber in the tensile 

direction showed higher modulus and low % strain, as contributed by the high modulus rigidity of the fiber. 

The largest % strain for ±45 composite was mainly attributed by the plastic matrix material (which is highly 

extendable) that had little contribution of fiber [18]. 

Comparison of the obtained results (Table 7. 2) with the 3D Orthogonal Woven (3DOW) composites having 

about similar structures indicated 3DP composites had better tensile strength. However, while considering the 

fiber contribution in test direction, 3DOW structure having 22.5% of Y-yarn and 23.5% of X-yarn in the test 
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direction showed slightly better performance than 3DP structure (fiber in the test 31.5% for 0/0 composite) 

[18, 29]. It can be described from the properties of matrices and fibers used in both composites as in Table S. 

6 matrix and fibers in 3DOW composites had higher tensile strength. Additionally, poor structural integrity of 

the 3DP composites having more voids that might have played a pivotal role for crack initiation and 

propagation, eventually caused premature failure of the composites [30, 31]. It can be understood from the 

load-strain curves of these composites; 3DOW specimens failed suddenly (broke at a time) [29], whilst 3D 

specimens experienced break in different time (as there is seen undulations after the peak force) indicating 

progressive fiber breakage (Figure 7. 3b). The difference in the load-strain behavior of 3DOW and 3DP 

composites is attributed to the through-thickness z-yarn in 3DOW that prevented delamination and caused all 

the fiber to break simultaneously. When comparing the results among the Markforged printer-based composites 

(Table 7. 2) that used same type of fiber filament (fiberglass), the present result seems somewhat lower than 

obtained by other researchers as well as the authors’ previous findings [18] (Table S. 7). It might have been 

happened for the same underlying reason; due to the waviness and poor matrix infusion (as there more fiber) 

resulting in poor interface with voids among the adjacent printed composite filament (causing poor connection), 

the 3DP composites in this study failed prematurely by individualizing composite filaments (Figure 7. 4c) and 

breaking at different times. Here, Justo et al. [32] in their paper did not mention the number of reinforcing fiber 

layers and the results obtained by them seems less plausible and overestimated, as the authors of the present 

research including other researchers (who used same material) realized that the fiberglass filament had 

approximately 38% FVF (([8] and [33]) observed 35%). In this sense, composite with 50% fiberglass as 

mentioned by Just et al., is unrealistic when there are already two unavoidable floor/roof plastic layers.  
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a 

 
b 

Figure 7. 3: Tensile properties of the printed composites; (a) tensile strength and (b) load-strain curves 

Table 7. 2: Comparison of maximum tensile strength of different fiberglass reinforced composites fabricated 
by 3D printing and traditional technology 

Fabrication 
technology 

Fiber/matrix 
Design criteria 

(Composite thickness, number of 
reinforcing layers, FVF and others) 

Tensile 
strength, 

MPa 
Ref. 

VARTM* 
E-glass / Epoxy 

resin from 3DOW 
prepreg 

2.89 mm, 3 Y-yarn layers, 47% 
Others: 5 kg/m2 areal weight, 5.48 pick 

density 
382 [29] 

3D printing 
(FDM) 

Fiberglass/Nylon 
from Markforged 

Inc. 

2.5 mm, 23, 35% 

Other: Unidirectional, isotropic orientation 
450 [33] 

1 mm, not mentioned, 50% 

Other: Unidirectional, isotropic orientation 
574 [32] 

2 mm, 18, 30% 

Other: Unidirectional, isotropic orientation 
384 [8] 

3 mm, 28, 31.5% 
Other: Unidirectional, isotropic, 

orientation, 4.25 kg/m2 areal weight 
391.5 

Data 
obtained 
for this 
paper 
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Figure 7. 4 presents two distinct natures of tensile failure; one was led by fiber breakage including some notion 

of interlayer delamination (Figure 7. 4a, b and c of 0/0 specimen), while other was interlayer delamination (due 

to interlaminar shear) only (Figure 7. 4d, e and f of ±45 specimen). Fiber bundle breakage with interlayer 

delamination was noticed in case of unidirectional, cross-lay and quasi-isotropic samples and significant 

interlayer delamination was seen in angle-lay composite. A closer look at the fiber breakage (4a and b) illustrates 

fiber pullout phenomenon in bundle format rather than individual fiber breakage indicating that the fiber 

composite filament had good fiber-polymer interface (before printing, in the fiber filament state) but poor 

interface between the filament bundles after printing. Consequently, a substantial debonding between the 

adjacent filament bundles (or yarn) is observed as seen in Figure 7. 4c, where the printed filament bundles have 

been individualized due to very side weak interface. Use of plastic layer between fiber layers helps improve the 

interface as observed by Kabir et al., [17] and Chabaud et al., [8]. While failure of unidirectional and cross-lay 

composites occurred mainly due to progressive and massive fiber breakage (Figure 7. 4a, b, c and h), respectively 

as evidenced by filament pullout (Figure 7. 4a, b and e), the angle-lay composite failed due to interlayer 

delamination of both fiber and plastic layers (Figure 7. 4d, e and f) with no evidence of filament breakage. On 

the other hand, the failure mechanism of quasi-isotropic composite included both filament pullout and 

interlayer delamination due to the presence of fiber filament in both 0/0 and ±45 directions.  
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g h 

Figure 7. 4: Fractography of tensile samples, (a) failure of a 0/0 specimen, (b) breaking of fiber as bundle and 

fiber bundle pullout, (c) magnified cross-sectional view of the fractured specimen, (d) failure of a ±45 specimen, 

(e) interlayer delamination of ±45 specimen, (f) magnified cross-sectional view of the fractured ±45 specimen, 

(g) fiber pullout of a 0/90 specimen and (h) fiber pullout and interlayer delamination of a 0/45/90/-45 

composite specimen  
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Drop-weight impact properties (impact force, energy and failure mechanism) 

Impact resistance of 3DP composites by Drop-weight system has been summarized in Figure 7. 5 in terms of 

Tub impact peak force (a), Tub impact total energy absorption (b) and Tub impact load-displacement curves 

(c). Results from statistical analysis revealed that the fiber orientation had significant effect on peak impact 

force (p-value < 0.0001) and total energy absorption (p-value < 0.0001). However, Tukey multiple mean 

comparison exhibited the fiber orientation level is not significantly different from each other and distinguished 

three in subsections for four levels; the cross- and angle-lay composites remained in the first section, A (meaning 

no significant difference between them) for both force (p-value = 0.55) and energy (p-value = 0.104), although 

the cross-lay (0/90) composite seems to have better (Figure 7. 5) impact resistance than angle-lay (±45) 

composite; followed by quasi-isotropic composite (0/45/90/-45) in section B and unidirectional composite 

(0/0) in section C.     
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a b 
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Figure 7. 5: Drop-weight impact properties of the printed composites; (a) Tub impact peak force, (b) total 
Tub impact energy and (c) impact load-displacement curves  

The stacking sequence of the fiber dictates the stiffness and load-transfer mechanism of the composites. The 

lowest impact resistance of unidirectional composite is because of the inability of fiber component to participate 

in impact energy absorption. Here, the impact energy was mainly resisted by the matrix material, regardless of 

the amount of fiber loaded. For instance, Kabir et al., [17] found almost the same impact properties (force and 

energy), although the FVF fraction in their composites was very low compared to the present study (9% vs 

32%), when other parameters are same. In contrast, loading fiber in different directions causes phenomenal 

change in the improvement of impact resistance as evidenced by other composites, as the fibers in this regard 
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contribute to transfer the applied impact load more than that of matrix component. The reasons behind the 

differences in the impact properties among the cross-lay, angle-lay and quasi-isotropic composites include the 

differences in the stiffness, rebounding effect and curvature formation. Due to having more variations in fiber 

orientation in case of quasi-isotropic sample, its relative stiffness is higher than cross- and angle-lay composites 

[17, 34], as seen from Figure 7. 5c. The cross-lay composite showed rebounding effect causing surface buckling 

(an indication of less stiff composite) that eventually contributed to some energy absorption. Although cross- 

and angle-lay composites have no statistically significant difference in the impact performance, the former 

showed better impact resistance than the latter. Cross-lay composite had uniform and balanced fiber 

distribution extending the length and width of the composite allowing it to form curvature as well as slightly 

higher fiber volume fraction; consequentially, cross-lay composite showed better impact resistance than the 

angle-lay composite.  

The authors experienced lack of literature to compare the obtained results with 3DP structures except our 

previous research concluding that maximizing fiber content from 8 to 28 layers (of 3 mm thick composite) 

tremendously improved impact resistance (from ~ 29 J to ~100 J) [17], and both results (present and previous) 

were pretty consistent as outlined in Table S. 7. Benchmarking the impact properties with the same 3DOW 

composites (Table 7. 3) revealed the developed 3DP composite (0/90 as it resembles to the 3DOW structure) 

is highly resistant to impact force (53.4 J vs 99 J). Normalizing the impact energy by the composite areal weight 

(J/kg/m2), fiber weight (J/kg/m2), composite thickness (J/mm) and FVF (J/FVF) demonstrate that 3DP 

composite is 130%, 207%, 79% and 179% stronger than 3DOW composites, respectively. The nature of the 

fabrication technology of 3DP and 3DOW composites is mainly responsible for this phenomena that creates 

some unintentional and structural void in 3DP composites acting an auspicious role to absorb more energy 

than stiff and solid structures, following the principal to enhance impact resistance by incorporating cellular 

[17, 31]. Besides, the layer-by-layer structure of 3DP composites can be considered as a laminated structure 

with many layers unlike 3DOW composites (an integrated structure due to the presence of the through the 

thickness reinforcement) might have been fractured intermittently involving relatively more energy absorption 

[17].     
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Understanding failure behavior is a complicated process involving a wide variety of factors such as matrix 

micro- and macro-cracks, surface buckling, delamination, core failure, fiber breakage and fiber splitting based 

on the composite design and constituting materials [17, 34-37]. Load-deflection curves (Figure 7. 5c) and the 

fractographies (Figure 7. 6) are useful to explain the failure mechanism of the composites. Figure 7. 5c and 6, 

suggest that the fiber orientations dominate the breaking mode of the composites.  

Table 7. 3: Tub impact properties of 3DOW ((sample 28 from Midani et al. [29]) and 3DP (sample 0/90) 
composites 

Attributes of composites 3DOW 3DP 

Composite 
properties 

Composite areal weight, kg/m2 5 4.03 

Fiber areal weight, kg/m2 3.42 2.07 

FVF, % 48 32 

Composite thickness, mm 2.89 3  

Total Tub impact 
energy 

Total Tub impact energy, J 53.4 99.2 

Normalized total 
Tub impact 

energy 

By composite areal weight, J/kg/m2 10.68 24.62 

By fiber content (areal weight), J/kg/m2 15.6 47.93 

By fiber content (FVF), J/FVF 1.113 3.1 

By composite thickness, J/mm 18.47 33.07 

Figure 7. 5c denotes the composites having fibers in different directions (0/90, ±45 and 0//45/90/-45) are 

very stiff, while the unidirectional composite shows ductile behavior. It makes sense, as in case of unidirectional 

composites, the matrix (Nylon 6) component of the composite which is very pliable mainly managed the impact 

force. Additionally, evidence of no undulation is obvious for 0/0 composite indicating no fiber breakage 

occurred, which can also be perceived from Figure 7. 6a, b and c. Failure of the composite was led by the matrix 

cracking that propagated along the fiber direction (0 ⁰) until it reached any of the ends followed by massive and 

multiple slitting (Figure 7. 6a, b and c) in the fiber direction before transferring the load to the fiber, and 

therefore, no fiber breakage happened.  

However, for other composites, oscillations in the curves are observed indicating progressive fiber breakage. 

Here, initially the load increased linearly with displacement until it achieved the peak force except for 0/45/90/-

45 composite that experienced some micro- and macro-cracks before reaching the peak force (Figure 7. 5c). 

For this sample, the peak force is seen in the middle of the curve and a significant (almost half) amount of 

impact energy was absorbed after the peak force, which is a typical behavior of ductile fracture. However, this 

might be attributed to the variable stiffness and different mode of failures of the fiber layers with different 



 

142 

 

orientations that enabled the composite to absorb energy after reaching the peak force, although the resultant 

stiffness of the composite is higher. To better understand the phenomenon, a future in-depth research involving 

different quasi-isotropic and cross-lay composites is suggested considering high resolution fractured images.  

On the other hand, cross- and angle-lay composites showed similar fracture behavior; abrupt failure after 

reaching the peak force due to interlayer delamination and rapid fiber breakage. The fractured images of these 

composites (Figure 7. 6d, e and f for cross-lay and Figure 7. 6g, h and i for angel-lay composites) testimony 

interlayer delamination, fiber breakage, surface buckling and slitting into four pieces along the fiber orientations 

of respective composites. In case of quasi-isotropic composite, in Figure 7. 6j, k and l, interlayer delamination 

is seen in the outer most layers (Figure 7. 6k, which are the floor layers) that were in tension during impacting 

(this might potentially be initiated from the micro- and macro matrix cracks). Again, the delamination including 

matrix fracture followed the fiber orientation (the very first layer after floor layer is 0 ⁰). The deflection height 

and area are often considered to explain the impact resistance of the composite; the lower the deflected area, 

the better the impact resistance is [29] that also supports the findings of this research (0/90 > ±45 > 0/45/90/-

45).  
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Top view Bottom view Side view 
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j k l 
Figure 7. 6: Fractography of Drop-weight impacted samples; top (a, d, g and j), bottom (b, e, h and k) and 
side (c, f, I and l) views of unidirectional, cross-lay, angle-lay and quasi-isotropic composites  
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Pendulum impact properties 

Pendulum impact (Izod and Charpy) properties evaluate toughness of a material through measuring the total 

amount of kinetic energy that a material can absorb during impacting [17]. Figure 7. 7 presents the results of 

both impact energies. According to ASTM test standard, four types of breaking mode (complete break, hinge 

break, partial break and non-break) should be observed, and the results of complete or hinge break are 

reportable only. Also, samples having different breaking modes should not be compared [38, 39]. In the present 

research, only 0/45/90/-45 Izod composite sample achieved hinge break (Figure 7. 8a), no other sample from 

both tests gain any break (non-break). Therefore, the results obtained are not plausible and interpretable (hence 

no statistical analysis was performed too). One is supposed to expect that the trend of impact energy should be 

0/0 > 0/90 > 0/45/90/-45 > ±45 based on amount of fiber being impacted, which is not reflected from 

Figure 7. 7. At this juncture, painstaking and reasonable explanation is deserved for the non-break 

phenomenon.    

Although, the samples of the research are expected to be very strong due to high fiber content, the authors 

based their experience believe that the energy of the pendulum used here (50 J) is more than sufficient to break 

the strongest composites (0/0). It can be apprehended from the maximum energy obtained from the tested 

samples is 11.3 J, which is less than 25% of the impactor’s capacity. Also, in our previous research, we had a 

0/0 sample with 30 layers includes 8 reinforcing fiber layers that achieved complete break with 22 J impactor 

and absorbed approximately 30% of the impactor’s energy (8 J) [17]. Here, the samples avoided breaks by 

flexing, twisting and/or receding from the sample holder and thus they avoid confronting the whole impact 

energy applied. Consequently, the absorbed energy is too low. The sample placement configuration of Izod and 

Charpy differs; the Izod test involves holding the test specimens firmly at one end (and other end is impacted), 

while in Charpy test the test specimen is loosely supported, and often specimens lose support before receiving 

full impact force as experienced and discussed by Kabir et al., [17] and Hetrict et al., [40]. Having firm support 

for Izod test, specimens remained in the sample holder after the test seemingly to receive impact energy, but 

they twisted as seen in Figure 7. 8b, c and d. It happened due to weak connection between the printed adjacent 

composite filament rasters as a result of insufficient matrix infusion. Consequently, when the impactor hit a 
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specimen, the printed fiber filament rasters inside the outer plastic layer individualized breaking the weakly held 

connection and migrated from the impacting side that resultantly caused the specimens to twist and thus avoid 

receiving full impact energy. This explanation (individualization of fiber bundle) can be provisioned from the 

cross-sectional fractured image of 0/0 tensile specimen in Figure 7. 4c. In contrast, all Charpy test specimens 

lost support absorbing a small portion of applied impact energy, and therefore, experienced non-break mode. 

  

a b 

Figure 7. 7: Pendulum impact properties of the printed composites (a) Izod impact energy and (b) Charpy 
impact energy 
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a 
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c                                                        d 

 
e 

 
f                                     g 

Figure 7. 8: Fractography of pendulum impacted samples; (a) hinge break of a 0/45/90/-45 specimen (b, c 
and d) non-break of a Izod 0/0 specimen’s top and side views, and (e, f and g) non-break of a Charpy 
0/45/90/-45 specimen’s top and side views  

7.5. Conclusions 

Low fiber content compared to traditional composites is a drawback of fiber-reinforced 3DP composites. The 

present research fabricated and characterized continuous fiberglass reinforced 3DP composites with maximum 

fiber content orientated in different directions (0/0, 0/90, ±45, 0/45/90/-45). Although the achieved FVF is 

still low (~32%) compared to traditional composites, the results of the investigated properties (tensile and 

impact) are encouraging. While apparently the tensile strength of 3DP composites was slightly low because of 

poor structural integrity causing failure of the composite by progressive fiber breakage due to the absence of 

through-thickness reinforcement. On the other hand, this poor structural integrity of 3DP composites 

accompanied with void played an auspicious role to improve impact resistance indicating preference of 3DP 

over 3DOW structures in high-performance end use applications that are potentially subjected to impact force. 
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The effect of fiber orientations was highly significant on both tensile and impact properties investigated; the 

highest tensile properties was exhibited by 0/0 composite followed by 0/90, 0/45/90/-45 and ±45, 

respectively, while in case of Drop-weight impact properties, 0/90 composite was the most impact resistant, 

followed by ±45, 0/45/90/-45 and 0/0, respectively. However, poor structural integrity due to insufficient 

matrix infusion impeded to conduct successful pendulum impact tests (Izod and Charpy) suggesting future 

research consideration.      
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CHAPTER 8: PART 3 (COMPOSITE PART DEVELOPED BY FIBER-REINFORCED 3D 
PRINTING TECHNOLOGY VERSUS TRADITIONAL TECHNOLOGY) 

Comparing Performance of 3D Printed and Injection Molded Fiber-reinforced Composite Parts in 

Ring Spinning Traveler Application 

8.1. Abstract 

Fiber-reinforced 3D printing (3DP) technology is a recent addition to the material extrusion based 3DP process 

unlocking huge potential to apply this technology for high-performance material fabrication with complex 

geometries. However, in order to take the full advantage of this technology, a comparative analysis with existing 

technologies targeting a particular application is necessary to understand its commercial applicability. Here, an 

applied composite part, ring spinning travelers, have been developed using unique design features of fiber-

reinforced 3DP technology that is beyond the capability of the currently used technology, injection molding, 

and quality and performance of the printed and molded travelers were investigated and compared. Results 

demonstrated that fiber-reinforced 3DP is a promising technology that offers a lot of flexibilities regarding 

reinforcement patterns and materials including both short and continuous fibers to tailor the performance, 

although the printed travelers showed poor surface characteristics and wear resistance than the molded 

travelers. Based on the present analysis, a number of recommendations have been proposed on the design of 

the traveler to apply the technology effectively and printer to improvise and manipulate the performance of the 

travelers. 

Keyword: 3D printing, fiber-reinforced composites, ring spinning traveler, wear and abrasion, surface finish, 

Nylon 

8.2. Introduction 

Additive manufacturing also called 3D printing is at the vertex of widely accepted advanced manufacturing 

technologies because of its unique ability to develop intricate geometric structures with numerous design 

flexibilities in a single setup, and involving minimum process steps and waste generation [1, 2]. Recent advent 

of reinforcing 3D printed structures with fillers (short and long fibers) has brought a phenomenal improvement 

in the performance of the printed part and put the technology far forward with regard to high-performance 

applications [3, 4].  
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While 3D printed plastic part is extensively used commercially for prototyping and fabrication of different 

devices such as sensors, electric circuits, batteries, capacitors and micro-channels [5-7], current research on 3D 

printed fiber-reinforced plastic parts includes fabrication of test samples according to the dimensions (often a 

rectangular bar) of test standards and outlining the potential applications based on the investigated attributes 

[1, 8]. However, commercial application of 3DP for fiber-reinforced composite parts is barely found 

highlighting quality and performance analysis of printed composite part with respect to the part fabricated using 

current technology. On the other hand, this study is very important to guide potential commercial users 

regarding whether to adopt of this technology as well as the printer manufacturers to consider further 

customization of printers from user perspective to widen its mass applicability.      

Most high-performance applications of 3D printed composite functional parts include automobile and aircraft 

body parts [9-13]. Tasch et al. [11] developed motorcycle fuel tank using different types of 3DP technologies 

(laser sintering, multijet fusion and hot lithography) and investigated the impact behavior with fractographical 

analysis. However, these technologies could not incorporate reinforcing material in the structure, hence resulted 

in low mechanical performance. Fused deposition modeling (FDM) of 3DP is a favorable technology that 

involves both fiber and polymer to fabricate composites [1, 14]. FDM printed composite part have been 

developed for aircraft applications including propellers for aerial vehicle, side panel element and sub-structures 

for morphing aircraft, among which propeller was fabricated using thermoplastic polymers (polylactic acid) 

without reinforcement leading to poor impact strength [13]. The side panel element for rocket and space 

structures have been developed by Azarov et al., [9], where the researchers used continuous carbon fiber pre-

impregnated in thermoset polymer as the fiber component and thermoplastic polymer as the matrix 

component. They proposed an algorithm combining proportional topology optimization and fiber steering 

technique to design lightweight side panel element. Rajs et al. [10] fabricated 3D printed sub-structures with 

chopped carbon reinforced polyamide (Nylon 6) and examined their mechanical properties (flexural) along with 

validation through finite element modeling. These studies did not include side-by-side comparisons between 

the composite parts developed using 3DP and currently used technology from different viewpoints such as 

design flexibility, quality and performance of resulting parts, time and cost. On the other hand, these analyses 
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are essential to understand the feasibility of fiber-reinforced 3DP technology and discover its limitation for 

prospective improvement.   

In the present research, an applied composite part, namely, ring spinning traveler used in yarn manufacturing 

process from short staple fibers has been fabricated using fiber-reinforced 3DP technology. Ring spinning 

traveler, a tiny dynamic part in ring spinning, spins around the ring at very high speed (up to 38 m/s with 

respective spindle speed (or traveler speed) of 18,000 rpm) principally to impart twist and wind the yarn onto 

bobbin. This high speed generates tremendous frictional force between the ring and travelers that causes high 

wear on the traveler requiring frequent replacement [15]. Therefore, this part needs to be smooth, highly 

abrasion resistant, strong and lightweight so that it becomes long lasting, and generates minimum heat from 

high frictional forces with subsequent fast heat dissipation [16, 17]. Nylon and Nylon-based composite travelers 

characterized with high abrasion resistance is one of the ideal materials commercially used for manufacturing 

travelers to process both natural (short staple fibers, such as cotton and their blends) and synthetic (continuous 

filament fibers, such as polyester, Nylon and acrylic) yarns [18]. Industrially, Nylon-based travelers are 

fabricated by injection molding technology that necessitates separate mold for every structural variation of the 

part [18, 19] involving process complexity, while 3DP is a simple one-step process featured without any mold. 

The present research aims to assess potential commercial viability of the 3DP with respect to injection molding 

technology using Nylon traveler as an example case of high-performance application of a functional composites 

part.  

8.3. Materials and Methods 

8.3.1. Research design 

Two types of travelers with different designs (Table 8. 1) have been selected for this research that were 

fabricated using current technology (injection molding) from AB Carter Inc. (Gastonia, NC, USA), the industry 

partner of the research and fiber-reinforced 3DP technology from Mark Two printer (Markforged Inc., Boston, 

MA, USA, which is the only commercial fiber-reinforced 3D printer manufacturer at the time of developing 

the current research). The travelers were designed by AB Carter and fabricated with different materials within 
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the scope of the printer. Details of the scopes and capabilities of the printer are reported in [4] s. Commercially, 

AB Carter use Nylon 6:6 plastic mold (density 1.14 g/cm3) to manufacture unreinforced travelers and chopped 

fiberglass reinforced Nylon 6:6 mold (mold density: 1.4 g/cm3, fiber length: 263±27 µm, and fiber density: 2.59 

g/cm3, fiber weight fraction: 33%) for reinforced travelers. Between the traveler types, G-77-C was developed 

with plastic and fiber-reinforced plastic following both technologies (injection molding and 3DP). However, 

based on the scopes of the 3D printer, the compatible plastic filaments are Nylon 6 (density 1.1 g/cm3) and the 

chopped carbon fiber-reinforced Nylon 6 (density: 1.2 g/cm3, fiber length: 168 ± 37 µm, fiber density: 2.10 

g/cm3, fiber weight fraction: 18%). Additionally, the used 3DP technology allows to incorporate continuous 

fiber (bundled with hundreds of filaments, pre-impregnated by Nylon 6) in the plastic or short fiber containing 

plastic material with huge flexibilities in terms of customized fiber orientation and placement, which is very 

tedious and often beyond capability of traditional technology. Hence, it is justifiable to investigate the effect of 

continuous fiber with unique fiber orientation on the performance of travelers. Nonetheless, to place 

continuous fiber, the printing part need to have a substantial dimension, which was beyond the size of G-77-

C. Therefore, relatively a larger traveler, J-102-C, was selected to apply continuous fiberglass (print filament 

density: 1.5 g/cm3, fiberglass filament density: 2.15 g/cm3, number of fibers in the print filament: ~400, and 

fiber weight fraction: 57%), which was compared with that of short-fiber-reinforced molded traveler.  
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Table 8. 1: Specifications of developed ring spinning travelers 

Ring spinning 
travelers 

G-77-C J-102-C 

Elaboration of 
nomenclature 

Three parts, where the first part is a letter indicating shape of the ring height 
around which the traveler rotates, the second part is number indicating the weight 

in grains per 10 Nylon travelers, and the last part is again a letter indicating the 
shape of traveler   

3D image 

 
 

Dimension, mm 
Length (L): 27.11 
Width (W): 13.14 

Thickness (T): 3.556 

Length (L): 38.98 
Width (W): 14.88 

Thickness (T): 4.4958/2.921 

Application in yarn 
manufacturing  

Polyester yarn Nylon and Polyester yarns 

8.3.2. Fabrication of ring spinning travelers by 3DP 

The technology of Markforged composite printer (Mark Two) has two printing nozzles for plastic filaments 

(either Nylon 6 or short carbon fiber containing Nylon 6, commercially know as Onyx) and continuous fiber 

filament (such as carbon fiber, fiberglass, Kevlar, high strength high temperature fiberglass). The CAD designs 

of the travelers in STL (standard tessellation language) file format is obtained from AB Carter, which were then 

transferred to Eiger (the designated slicer for the printer, Markforged Inc.) to set the printing parameters as 

mention in Table 8. 2. A note is worth mentioning about the orientation of the continuous fiber during slicing 

and setting print parameters. The purpose of using continuous fiber was to improve the abrasion resistance, 

and it could be achieved when the continuous fiber (which is composite with fiber and matrix as explained in 

[4]) might come into direct contact with the ring during functioning. In this regard, the best consideration would 

be to put the continuous fiber as wall layer, however, the Eiger slicer does not allow to do so and is limited to 

use plastic for bottom (floor), top (roof) and wall layers. Therefore, the number of wall layers was minimized 
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to one (although two layers are recommended for good part quality) and concentric orientation with one 

concentric ring (to maintain optimize target weight) were chosen to proximate the potential contact with ring. 

8.3.3. Quality and performance evaluation 

The quality and performance were assessed following the practice of AB Carter that they apply for their own 

material including assessment for surface finish and wear due to friction and abrasion between ring and traveler. 

Additionally, dimensional accuracy and variation in weight of the printed travelers were assessed to deem the 

print precision. The trial setup to evaluate wear resistance included a spinning frame (Meera Heavy Duty Ring 

Twister (R-250) 4 Spindle, Meera Industrial Limited: Surat, Gujrat, India) running with 100% polyester yarn at 

4,000 rpm, twists per meter of 400 turns, and ring diameter and height of 165 mm and 17 mm, respectively.       

Table 8. 2: Materials and process parameters of 3DP ring spinning travelers 

Attributes (materials and 
process parameters) 

Ring spinning travelers 

G-77-C  G-77-C (reinforced) J-102-C (reinforced) 

Materials Matrix Nylon 6 Onyx (Nylon 6 containing 
short carbon fiber) 

Onyx (Nylon 6 containing 
short carbon fiber) 

Reinforcement N/A Chopped carbon fiber Chopped carbon fiber and 
continuous fiberglass 

Fiber weight fraction, % N/A 18 24 (11% for chopped 
carbon fiber and 23% for 

continuous fiberglass) 

Print 
parameters 

Build orientation Flat* Flat  Flat 

Layer height, mm 0.1 0.1 0.1 

Operating 
temperature, ºC 

275 275 275 (plastic nozzle) 
255 (fiber nozzle) 

Fiber orientation N/A Along the print direction Along the print direction 
(for short fiber) 

One concentric ring (for 
continuous fiber) 

No. of wall layers 
(plastic) 

2 2 1 

No of plastic and 
fiber layers 

36 plastic 
layers 

36 plastic layers containing 
short carbon fiber  

Total 45: 9 plastic layers 
containing short carbon 

fiber + 27 fiber layers with 
one concentric fiber ring + 
9 plastic layers containing 

short carbon fiber 

Use support Yes Yes Yes 

Flat*: the orientation at which the contact between the printed part and build plat is the highest, considered as 
the most stable orientation 
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8.4. Results and Discussion 

8.4.1. Print precision 

Print precision includes accuracy in dimension and weight of the printed parts. There are three type of 

dimensions and weights to be considered here, such as target, estimated and measured; while target is the actual 

value to be achieved based on the model of the traveler (as in molded parts), estimated is the value given by 3D 

printing software, and finally measured is the value taken from the printed parts. The target values for 

dimensions are mentioned in Table 8. 2 and Table 8. 3. Generally, when the CAD model is loaded to the slicer, 

it transfers the dimensions to closer multiplications of the raster width (raster density) and layer height [4]. Here, 

there is almost no change in dimension in X-Y direction (hence negligible variation in length and width 

direction), which is controlled by the movement of print head with the extruding nozzles. As the length and 

width coverage is defined by the raster (print bead) density, the ignorable change in printed length and width 

might be due to the variation between the given area and the area covered by integer number of rasters. 

However, the relative discrepancy in thickness (Z direction) was observed to be higher, controlled by the layer 

height, which is eventually governed by the movement of build plate along with printed parts. Build plate is 

subjected to leveling by the screw in addition to its inherent degree of flatness [4]. Consequently, among the 

dimensions, the thickness varied the most, which has also been reported by other researchers [20], but overall 

the dimension of the printed and molded parts are almost same.  

Controlling the weight of the traveler for a given dimensions is a significant consideration having considerable 

impact on the performance of traveler itself (such as abrasion, generated heat and rate of heat dissipation) as 

well as the quality of the manufactured yarn (such as twist and hairiness of yarn) [21-23]. The achieved weights 

(measured) of printed travelers were close to the molded travelers (target weight) for reinforced parts (less than 

1.5% variation), while there was relatively a large variation (10%) for the plastic part. Although, based on the 

properties of materials of printed and molded plastic parts, the weight of printed traveler with Nylon 6 was 

expected to be lower, and the minor change in dimension might be responsible for that. On the other hand, 

the estimated weight was always higher than the printed weight, which has been elaborated in [2-4]. 
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Table 8. 3: Accuracy in dimension and weight of the printed parts 

Criteria for print precision  

Ring spinning travelers 

G-77-C 
G-77-C 

(reinforced) 
J-102-C 

(reinforced) 

Dimensions, 
mm 

Width (W) 13.06 (±0.023*) 13.198 (±0.047) 14.877 (±0.0647) 

Thickness (T) 3.537 (±0.017) 3.604 (±0.0164) 4.49 (±0.029) 

Weight, mg 

Estimated 
weight (by 

Eiger) 
620 670 890 

Measured 
weight 

552 (±4.15) 620 (±7.33) 838 (±11.34) 

Target  500 622 826 

*  Here, ±value in the parenthesis for measured width, thickness and weight is standard deviation 

8.4.2. Surface finish 

The working life of both ring and traveler largely depend on their surface characteristics, which also affect the 

yarn properties (i.e. hairiness). The smoother the surface is, the lower the friction is, and the longer the life of 

the dynamic component is, so is the yarn quality [21, 24]. Consequently, some researchers approach surface 

modification of both ring and traveler to improve wear resistance [24]. Figure 8. 1 presents the images of the 

traveler that show 3D printed parts have poor surface properties compared to the molded ones. Due to using 

a smoother surface of mold, the molded traveler is very smooth (Figure 8. 1a), although it has very light marks 

at the joint of the mold and at the opening through which the material is made to pass. In case of printed parts, 

for the G-77-C travelers (Figure 8. 1b and c), top and bottom sides (X-Y plane) have relatively smooth surface 

with somewhat out-of-plane waviness between adjacent rasters; however, the finish on the side is not good due 

to gradual increment and decrement in the area covered by layers, creating step like ridges. For example, from 

the structures of the travelers as seen in Figure 8. 1, it can be attributed that the middle layers have larger area 

than the top and bottom layers. Conversely, J-102-C traveler has raised parts (Figure 8. 1d and e) on either sides 

that makes a different scenario of smoothness on the top and bottom X-Y planes. Due to having raised part, 

the development of the parts extensively depended on the ‘use support’ feature (used for overhanging part 

development), as the raised part initially remained in contact with build platform, while the rest of the part was 

not. The support needs to be removed from the printed part after printing that resulted in poor surface finish 
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on the bottom side of J-102-C traveler. In contrast, molded J-102-C traveler has no distinct finished on both 

side because of using polished mold and no support as in 3D printing process (Figure 8. 1f and g).  

 
  

(a) (b) (c) 

  
(d) (e) 

  
(f) (g) 

Figure 8. 1: Surface finish of ring spinning travelers; molded chopped fiber-reinforced G-77-C traveler (a), 
printed plastic G-77-C travelers (b), printed chopped fiber-reinforced G-77-C traveler (c), printed chopped and 
continuous fiber-reinforced J-102-C traveler (d and e), and molded chopped fiber-reinforced J-102-C traveler 
(f and g) 
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8.4.3. Wear resistance 

Wear resistance is the most important and practical assessment for the performance of ring spinning traveler, 

practiced by the industry [25, 26]. During spinning process, traveler moves around the ring along with yarn. As 

a result, traveler has tribology with both ring and yarn involving a complex wear profile as mentioned in Figure 

8. 2 [25, 27, 28]. Between two components, ring is stationary and yarn is moving; hence, the friction between 

the moving components (traveler and yarn) is exceptionally high [27, 28]. Also, yarn is a thin strand having 

higher relative speed than the traveler due to the dragging tension of winding by spinning bobbin, and there is 

a lag of speed of traveler than spinning bobbin due to friction with ring. This altogether makes friction between 

yarn and traveler very prominent causing severe and sharp wear on the traveler (Figure 8. 2, case 1), thus it is 

mainly responsible for short life of traveler [25, 26, 28]. 

 
Figure 8. 2: Wear profile of a Nylon ring spinning traveler [25] 

In Figure 8. 3, images of ring spinning travelers after the trial on spinning frame are presented that were worn 

out at different cycles (also called doff/doffing, the process of unloading/collecting full package and replacing 

it with an empty one); molded chopped fiber-filled (Figure 8. 3a and b), printed plastic (Figure 8. 3c), printed 

chopped fiber-filled plastic (Figure 8. 3d), and printed chopped and continuous fiber-filled plastic travelers 

(Figure 8. 3e and f) after 4, 1, 2 and 1 doffs, respectively. The poor performance of 3D printed travelers than 
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the molded travelers are because of the differences in the material properties and poor surface finish of printed 

travelers leading to high friction and abrasion. Nylon 66 has improved properties than Nylon 6 such as, higher 

mechanical strength, high crystallinity, and high abrasion resistance, for instance, study presents Nylon 66 fiber 

is 33% more resistance to abrasion and withstands 20,000 more cycles of load than Nylon 6 [29, 30]. In addition 

to different materials and surface finishes, between the chopped fiber-filled printed and molded travelers, 

printed one had void and low fiber content (33% versus 18%) with relatively shorter fiber size (363±27 µm 

versus 168±37 µm) (Figure 8. 4) resulting in low contribution of fiber to the wear performance. Figure 8. 3 also 

shows the wear of both molded and printed travelers at the yarn path including entrance and exit. It is observed 

that the wear at exit is higher than the entrance; in fact, no noticeable wear was obtained at the entrance for 

both molded and printed travelers with an exception for printed J-102-C traveler. Generally, the phenomenon 

of high abrasion at exit than entrance can be described by the Capstan Law of Friction as follows- 

𝑇2 = 𝑇1 𝑒µ𝛽 

Here, T2 and T1 are tension at exit and entrance, µ is coefficient of friction between the traveler’s surface and 

yarn, and β is the wrap angle. As the materials are fixed; hence, no change in coefficient of friction, but the 

wrap angle. The higher the wrap angle is, the higher the friction is at the exit than entrance [31].  
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(a) (b) 

 

 
(c) (d) 

 
 

(e) (f) 
Figure 8. 3: Worn out molded and printed ring spinning travelers after trial; wear on molded fiber filled 
traveler at entrance (a) and exit (b), wear on printed plastic (c) and printed fiber-filled plastic (d) travelers at 
exit, and wear on printed short and continuous fiber filled traveler at entrance (e) and exit (f) 
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Among the printed travelers, the short fiber-reinforced one showed the best performance in term of 

withstanding the number of cycles and the damage encountered, although one should expect to have better 

performance in case of short and continuous fiber-reinforced traveler. However, even though one wall layer 

after the outermost layer was reinforced with continuous fiber with concentric orientation, its effect did not 

come into play to resist the rigor of abrasion, as the raised part of the traveler was not possible to reinforce 

with continuous fiber due to the limitation of the Slicer as demonstrated in Figure 8. 5. As in Table 8. 2, the 

initial and last 9 layers (total 18) involving for raised area did not have continuous fibers. On the other hand, it 

is perceived that the most abrasion and subsequent wear occurred in that unreinforced area (Figure 8. 3e and 

f). The justification for the worst performance of this traveler among all also lies in the structural variation that 

affect the tribology behavior; the raised part having sharp edges create more localized force by concentrating 

stress and increase the wrap angle [31] resulting in tremendously frictional force and heat generation causing 

early end of life. The heavy wear of printed J-102-C traveler on exit and entrance supports this phenomenon.    

However, similar to molded travelers, the printed travelers did not show noticeable wear at other five places of 

wear as mentioned in Figure 8. 2 that came into contact with ring.  Nonetheless, the printed travelers gained 

weight, while the molded travelers lost weight after the trial. This might be due to potential accumulation and 

buildup of oil along with other micro-nano debris in the ridges between layers.  

  
(a) (b) 

Figure 8. 4: Fiber distribution in the short fiber-reinforced mold (a) and printing filament (b) 
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(a) (b) (c) 

Figure 8. 5: 3D images from slicer of short and continuous fiber-reinforced traveler; a and b show the 
continuous fiber path (yellow) around the structure that resides inside of the one surrounding plastic wall layer. 
However, the extruded portion at either side of the traveler could not be reinforced with continuous fiber (c) 

8.5. Conclusions and Recommendations 

This research demonstrated a qualitative comparative analysis of 3D printed and injection molded functional 

composite parts in terms of performance and quality. For this purpose, travelers of ring spinning machine used 

in yarn manufacturing process have been chosen as an example case that were developed by current fiber-

reinforced 3D printing technology. The printed composite ring spinning travelers were subjected to industrial 

trial for quality (surface finish) and performance (wear resistance) assessments compared to molded travelers. 

Results showed effective application of fiber-reinforced 3DP technology for traveler fabrication with 

encouraging outcomes, even though the performance and quality are not at desired level. This study is very 

important to understand the viability of fiber-reinforced 3DP technology for commercial application to 

fabricate a real-life, applied and functional composite part. Additionally, this analysis demonstrated discovery 

and utilization of the strength of the technology. Based on this research, following considerations specific to 

the present case and in general are recommend exploring in future investigations. 
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8.5.1. Design consideration of the traveler 

As explained, to designate certain layer/s to reinforce in different patterns considering infill and wall layers, the 

layer/s need/s to have substantial area to put reinforcing material. Therefore, for this particular application 

given the current 3DP limitations, relatively larger traveler should be considered. Also, fabrication of a traveler 

with small extruding area that cannot be reinforced with continuous fiber, but playing a crucial role related to 

performance, should be avoided. Considering these, example travelers (J-236-B and J-104-B) that can 

potentially be fabricated using 3DP are shown in Figure 8. 6, in which the contribution of continuous fiber 

might come into effect.     

 

 
(a) (b) 

 
 

(c) (d) 
Figure 8. 6: Proposed 3D model of the travelers that can explored to apply continuous fiber as reinforcement; 
overall 3D model with continuous fiber path of J-236-B (40.8 mm x 15.4 mm x 4 mm) (a and b) and J-104-B 
(34.2 mm x 13.8 mm x 4.6 mm) (c and d) 

 



 

165 

 

8.5.2. Post processing of traveler 

As the achieved surface finish of printed traveler is poor, post processing by implementing different surface 

modification approaches such as sanding, spraying, coating and lubricating may be applied for smoothening 

surface as well as reducing friction to improve both quality and performance of printed travelers.   

8.5.3. Flexibility of the technology 

Although, the used fiber-reinforced 3DP technology offers a great deal of opportunities with respect to material 

selection, controlling weight by introducing cellular structure, controlling fiber content, fiber orientation, more 

flexibilities are required to enhance design and performance properties of printed composites. For example, for 

more fair comparison between the two technologies (3D printed and injection moldering), the materials should 

be same; however, the printer is not configured to use Nylon 66 as plastic and chopped fiberglass as 

reinforcement. Further study is recommended by the extending the martial list including Nylon 66 and chopped 

fiberglass. Also, the slicing software should be updated to be able to use continuous fiber as wall layers and 

initial (floor) and final (roof) layers.  

8.5.4. Profitability analysis 

This research included quality and performance analysis of the parts using both technology; however, a more 

comprehensive study should be performed including profitability analysis through side-by-side comparison of 

cost, time and labor required for each process step involving both manufacturing technologies.  

8.5.5. Sustainability 

Sustainability analysis involving economic, environmental and social aspects addressing this particular 

application should be considered including profitability analysis, return on investment, environmental impact 

assessment of both technology, waste generation, management of worn-out parts, life cycle assessment of 

printed and molded parts, recyclability and chemical usages and so on.   
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CHAPTER 9: OVERALL CONCLUSIONS AND RECOMMENDATIONS 
 

The present research focuses on the fiber-reinforced composites using advanced manufacturing technology, 

material extrusion based 3D printing (3DP) process, involving (1) discovering of the capability of fiber-

reinforced 3DP technology from materials and their composite design perspectives, (2) fabrication and 

investigation of the mechanical properties of printed composites with distinct structures, and (3) comparative 

analysis of quality and performance of an applied composites part developed using 3DP and traditional 

technology. The significant findings of the research along with their potential applications are addressed. 

• Exploration of the technology revealed the properties of currently used materials as 3D printing 

filaments and provided guides regarding the technology of printer to fabricate composite with 

improved properties. The disclosed information regarding materials are very critical to understand 

properties of resulting composites along with their estimation, prediction and modeling (simulation). 

The noted capabilities and limitations of the technology could be a very useful guide for both 

prospective users and 3D printing equipment manufacturers to include issues in developing of the next 

generation fiber-reinforced 3D printed composites technology.  

• Two types of 3D printed composites were developed (cellular composites and composite with 

maximum fiber content at varying fiber orientations), and their microstructural and structure-property 

relationships related to mechanical performance (tensile and impact) were investigated. Fiber-

reinforced lightweight cellular composites demonstrated material saving approach without conceding 

mechanical properties, while composites with maximum fiber content showed huge improvement in 

mechanical performance. Performance of composites varied significantly with fiber orientation. 

Benchmarking the results with an established composite structure, 3D orthogonal plain-woven 

composites, revealed that the printed composites showed comparable tensile strength, but excellent 

impact (Drop-weight) resistance. These findings are very promising for 3D printing as it can help the 

designer define the printing parameters required to design for specific end-use applications, and also 

grow as a potential alternative to traditional techniques.  
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• Fabrication of an applied printed composite part (ring spinning traveler) demonstrated that 3DP is an 

effective technology for fiber-reinforced composite development. It could be more useful and 

advantageous, if few design considerations regarding material and printer are implemented to 

improvise the apparent low performance of printed composite parts. Additionally, with a view to taking 

full advantages of this technology, some potential design considerations have been suggested based on 

the current analysis that could grow interest among the respective industries such as ring spinning 

traveler industry and printing industry. 

The technology is very young, but very promising, and hence it deserves significate attention. There are huge 

scopes of improvement including many avenues that have not been considered yet; for instance,  

• The current fiber-reinforced 3DP technology covers a limited class of materials to be able to use as 

printing filament. New materials specifically naturally derived bio-based materials, thermos-set 

materials and semi-crystalline polymers could be of an interest. 

• A great limitation of 3D printed composites is low interlaminar shear strength due to the absence of 

fiber in through-thickness and poor attachment between adjacent layers. The technology should be 

updated to minimize void between layers and rasters as well as introducing reinforcement in Z direction 

(through-thickness).  

• The achieved maximum fiber content is still low compared to traditional composites such as 3D 

orthogonal woven fabrics that limits the use of this technology in many high-performance applications. 

Maximization of fiber content maintaining good fiber-matrix interface and significantly reduce rein 

rich areas that are the cause for premature failure (as there is a limited scope for sufficient polymer 

infusion in case of fiber rich filament). 

• Hybrid composites involving multi-materials to engineer mechanical properties and meet certain end 

use applications should be considered. This requirement involves changing printer configuration 

together with the slicing software responsible to control multi-material extrusion. 
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• Comprehensive profitability analysis should be performed addressing applied composite parts 

involving side-by-side comparison of cost, time and labor required for each process step related to the 

respective currently used manufacturing technologies (such as injection molding, VARTM, pultrusion, 

and compression molding) and this 3DP technology.  

• More customization in terms of controlling every print bead/raster and fiber and plastic nozzle to meet 

specific design requirement should be addressed.  

• Due to worldwide growing environmental concern, use and development of sustainable technology 

have garnered tremendous attention and spurred the research of 21st century. Sustainability analysis of 

this technology compared to traditional technologies (such as injection molding, VARTM, pultrusion, 

and compression molding) should be considered with respect to chemical usages, product life cycle 

analysis and waste generation. 

• Modeling of the properties is another promising area to be explored. While a significant number of 

approaches are found for tensile strength, very limited information is available to predict other 

properties such as bending, flexural, shear and impact.     
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Appendix A: Supporting Materials for Chapter 2 

Table S. 1: Published works addressing different contexts of continuous fiber-reinforced composites 

3D Printers Composites 

Mechanical properties 

Microstructural 
properties 

Predicting 
model/analysis 

Other 
improvements 

Tensile 
and 

elastic 

Bending
/Flexure 

Compr
ession 

Fracture 
and 

bearing 

Impact 
and 

shear 

Markforged 

CF/N 

Tensile 
[1-12] 

elastic [9, 
13] hole 
tensile 
[14] 

[2, 3, 5, 
15, 16] 

[5, 6, 
15] 

Bearing 
[17, 18] 
Fracture 

[19] 

Shear 
[6, 20] 
impact 

[21] 

Fracture [3-5, 
10, 17, 18], 

tensile failure [2, 
3, 10], bending 
[3], shear [3], 
delamination 

[3], layer 
microstructure 
[1], voids [22], 
surface [23], 
surface and 

cross-section 
[24], DIC image 
of hole tensile 

[14] 

Fracture by FEA 
[19], elastic by 
ROM [2, 24], 

statistical 
(ANOVA) [15], 
elastic by VAS 
[13, 23], elastic 
by FEA [13], 

tensile by ROM 
[1], moisture 

uptake by Park 
model [1], tensile 

by FEA [22], 
stress and 

stiffness by FEA 
[25] 

With Prusa i3 
printer chassis, 
tailored woven 

by ‘Gcode’ 
using 

Python script 
[17, 18], strain 

sensor 
embedment by 
Bragg grating  
and real-time 

monitoring [26] 

FG/N 

Tensile 
[1-4, 6-8, 
27] elastic 

[13] 

[2, 3, 16] [6] 

Fracture 
[19] 

 
 
 
 
 
 
  

Shear 
[6, 20] 
impact 

[21] 

Fracture [4], 
tensile failure [2, 
3], bending [3], 

shear [3], 
delamination 

[3], surface [23] 

Fracture by FEA 
[19], Elastic by 

ROM [2], elastic 
by VAS [13, 23], 
elastic by FEA 
[13], tensile by 

ROM [1], 
moisture uptake 
by Park model 

[1] 

Sensor 
embedment by 
Bragg grating 
and real time 

monitoring [26] 
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Table S. 1(continued) 

 

K/N 

Tensile 
[2, 7, 8, 

10] elastic 
[13] 
[28] 

[2] 
[28] 

  

Shear 
[20], 

impact 
[21] 

Fracture [10], 
tensile failure [2, 
10], surface [23] 

Elastic by ROM 
[2], elastic by 
VAS [13, 23],  

elastic by FEA 
[13] 

Corrugated 
sandwich 
structure 

developed to 
subject acoustic 

emission 

CF/O 

Tensile 
[29-31] 
elastic 

modulus 
[31] 

  
Fracture 

[29] 
 

Tensile fracture 
[29-31] 

Tensile and 
elastic modulus 
by ROM [31] 

 

Blue Tek Srl AF/PLA 
Tensile 

[32] 
 [32]   [32] 

Tensile by ROM 
[32] 

 

Bonsai Lab 
BS01 3D 
Printer 

CF/PLA [33] [33]      
Gcode to 

operate 3D 
printer [33] 

CFRTPC 
printer 

CF/ABS 
Tensile 

[34] 
[34]   

Interla
mellar 
shear 
[34] 

   

 CF/PLA 
Tensile 
[35-37] 

[35, 37, 
38] 

  
Impact 

[37] 

Fracture [38], 
surface 

morphology 
[35] 

 
Recycling and 

remanufacturing 
[37] 

Modified 
FlashForge 

JF/PLA 
Tensile 

[36] 
       

Mendel 
 

CF/PLA  [39]     
Flexural RSM 

[39] 
 

MakerGear 
M2 

CF/PLA 
Tensile 

[40] 
   

Fatigue 
[40] 

   

Kossel 
Rostock 

Delta Dforce 
CF/PLA 

Tensile 
[41] 

[41]       

Velleman 
K8400 printer 

CF/PEEK        
Temperature 
PID control 
system [42] 
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Table S. 1(continued) 

Shaanxi 
Fibertech 

K/PLA   [43]      

CF/PEEK  [44]   

Impact 
and 

shear  
[44] 

Cross-section 
[44] 

  

 CF/N  [45]   
Shear 
[45] 

Shear [45]   

 CF/PLA [46] [46]      

Performance 
evaluation of 
3D printed 

structure for 
electromagnetic 

interference 
shielding 

applications 

Not 
mentioned 

CF/Epoxy 
Tensile 

[47] 
[47]       

 EG/PLA 

Tensile 
[48], 

elastic 
[48] 

     
Tensile and 

elastic modulus 
by ROM [48], 

 

 CCF/PLA    
Fracture 
damage 

[49] 
   

Gcode for SHM 
[49] 

 
CF or 

FG/PLA or 
ABS or Nylon 

      
FEA by ANSYS 
CFX software 

[50] 

Process 
improvement 

[50] 

 CF/polyimide [51] [51]       

 CF/PLA [52] [52]      

New design and 
molding process 

to enhance 
mechanical 
properties 

JF: Jute fiber, CCF Conductive carbon fiber, AF= Aramid fiber, Digital Image Correlation= DIC, EG= E-glass, SHM = Structure health monitoring, 

PID: Proportional-integral-derivative
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Appendix B: Supporting Materials for Chapter 4 

Attachment S. 1: Cura slicer’s setting options 

Settings of Cura software including options found from the dropdown menu ( ).  

 



 

176 

 

 



 

177 

 

 



 

178 

 

     



 

179 

 



 

180 

 



 

181 

 



 

182 

 



 

183 

 



 

184 

 



 

185 

 

 

 

 

 

 

 

 

 

 



 

186 

 

List materials 
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Attachment S. 2: software bug 

The thickness of original model was 3 mm composed of 30 layers using 0.100 mm thickness option. Using 

‘raise part’ option that uses 20 plastic layers (50 layers now) before it starts printing the main model to get better 

part quality (just in case, sometime if first few floor layers may not be of desired quality). Unfortunately, the 

following Figures demonstrate how the first two plastic layers experienced undesirable topology, which as not 

the part the model, and therefore, it negatively impacts the part quality.  

Table S. 2: 2D layers view availed from the Eiger slicer 

Category 
Stacking of the 

layers 
2D views from the slicing software 

First 20 layers for 
‘raise part’ 

Layers 1-16 

 

Layers 17-18 

Now these two layers are same as 1-16 layers. Previously, they 
were like the following image, 

 

Layers 19-20 

Previously it showed nothing, now it shows following, 
respectively 
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Table S. 2 (continued) 

Main part 

Two undesirable layers, 
which was not planned to 
associate to the main part 
1-21 (first two layers of 

the main part) 

 

 

Rest are as planned (±45 
o plastic layers and other 

planned fiber layer 
orientations) 

45 plastic layers 

 
 

Table S. 3: Different views of the printed part using raise part option and regular part (without using ‘raise 
part’ option) 

Category Top (roof) Bottom (floor) Side 

Using ‘raise part’ option 

   

Regular part, without 
‘raise part’ option 
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Attachment S. 3: importance of flatness of the print bed  

Bed leveling knobs: 

 

Figure S. 1: Three bed leveling knobs at three concerns, two at the front in either ends and one at the back in the middle 
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Bed level test print:   

 

Figure S. 2: An example of uneven print bed. Although the bed level test at three corners shows good sign of leveling, the middle one suffers from low 
bed level that indicates imperfection in the flatness 
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Example of effect of uneven bed 

 

Figure S. 3: The effect of uneven bed (the images were taken after printing first layer, 0.1 mm thickness), printed good at some areas (a), with disjoint 
beads at some area (b) and with almost no materials at some area (c) (also a very good example of under extrusion due to printing with less material) 
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Attachment S. 4: print bead density for different materials layer heights 

How is bead density; if the print layer height and using different materials affect the bead density so as the 
integrity of printed composites. Printed beads were counted by intentionally lowering the print bed so that it 
prints disconnected print beads  

Table S. 4: Plastic layer bead density for 30 mm X 30 mm sample with 1 wall layer 

Views 
Layer height (0.1, 0.125 and 0.2 mm) 

Eiger software Printed layer 

For floor/roof 

 

For floor/roof layer 

 

For infill 
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Table S. 5: Fiber layer bead density for 30 mm X 30 mm sample with 1 wall layer 

Fiberglass (0.1 mm layer height) Carbon fiber (0.125 mm layer height) 

  
 

  
 

0.1 mm layer height 0.125 mm layer height 0.2 mm layer height 
Figure S. 4: First layer views at different layer heights indicating relative increment of coverage of gaps at the 
same bed level   
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Appendix C: Supporting Materials for Chapter 7 

Figure S. 5: Fiber and plastic paths for different layers with different fiber orientations (availed from the slicer, 

Eiger of Izod impact specimen with 63.5 mm x 12.7 mm dimension); (a) 0 ⁰ (b) 90 ⁰ and (c) 45 ⁰ 

 

 

  

 
a 

 
b 

 
c 
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a 

 
b 

 
c 

Figure S. 6: Fiber and plastic paths for different layers with different fiber orientations (availed from the 

slicer, Eiger of tensile sample with 152.4 mm x 35.6 mm dimension); (a) 0 ⁰ (b) 90 ⁰ and (c) 45 ⁰ 
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Figure S. 7: Void (red marked) between wall and infill rasters. This porosity is generated when the infill rasters 
do not completely cover the whole area (as raster density is fixed) or using 1 wall layer (as Eiger slicer 
recommends using two wall layers to obtain watertight surface finish). 
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a 

 
b 

Figure S. 8: Internal structure of composite filament; (a) cross-section showing dark background, white dots, 
and air pocket representing matrix (Nylon 6), fiberglass filament and void, respectively; (b) 3D longitudinal 
view of fiber in the composite filament exhibiting fibers are pretty straight. Additionally, the X-ray tomography 
analysis measured fiber content of approximately 33% (with approximately 10  µm diameter of individual 
filament), which are in agreement with the authors’ previous finding in [53]. Here, the authors followed the 
fiber content value obtained by thermal analysis (approximately 38%).   
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Table S. 6: Tensile properties of 3DOW (sample 28 from Midani et al. [29])) and 3DP (sample 0/0) composites 

Attributes 3DOW 3DP 

Composite properties 

Matrix tensile strength, MPa 76 54 

Fiber tensile strength, MPa 2230 (both X and Y)a 590 

Composite areal weight, kg/m2 5 4.25 

Fiber areal weight, kg/m2 
1.6841475 (Y-yarn) 
1.697875 (X-yarn) 

2.028405 

FVF, % 
22.5 (Y-yarn) 
23.5 (X-yarn) 

31.5 

Composite thickness, mm 2.89 3 mm 

Tensile strength of composites Tensile strength of composites, MPa 
382 (Y-direction, Warp) 

347 (X-direction, Filling) * 
392 (0/0, test 

direction) 

Normalized tensile strength of 
composites 

By composite areal weight, MPa/kg/m2 
76.4 (Y-direction, Warp) 
68.4 (X-direction, Filling) 

92.23 

By fiber content (areal weight), MPa/kg/m2 
227 (Y-direction, Warp) 
204 (X-direction, Filling) 

193.255 

By fiber content (FVF), MPa/FVF 
17 (Y-direction, Warp) 

14.77 (X-direction, Filling) 
12.44 

By thickness, MPa/mm 
132.18 (Y-direction, Warp) 
120.07 (X-direction, Filling) 

130.66 

 aHybrid Anisotropic Materials for Wind Power Turbine Blades (Page 61) and  
https://www.900gpa.com/en/product/fiber/GF_009729965F?u=metric 
https://www.900gpa.com/en/product/fiber/GF_00C1F65E75?u=metric 
 *Comparison of 3DP with 3DOW composite in X-direction is more reasonable as Y-direction has some effect of Z-yarn.   

https://www.900gpa.com/en/product/fiber/GF_009729965F?u=metric
https://www.900gpa.com/en/product/fiber/GF_00C1F65E75?u=metric
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Table S. 7: Comparison of tensile and impact properties between authors present and previous research [17] 

Attributes of composites 

Tensile sample Impact sample 

This paper 
(0/0 

composite) 

Previous research 
(S0/0 composite 

[54]) 

This paper 
(0/90 

composite) 

Previous research  
(S0/90 composite) 

[55] 

Composite 
properties 

Thickness, mm 3 3 3 3 

 Number of fiber layers 28 8 28 8 

 Composite areal weight, kg/m2 4.25 3.64 4.03 3.55 

 Fiber areal weight, kg/m2 2.03 0.583 2.07 0.565 

 FVF, % 31.5 8.94 32 8.75 

Tensile and impact 
properties 

Tensile strength (in MPa) and 
impact energy (in J) 

392 225 99.2 29 

Normalized tensile 
and impact 
properties 

By composite areal weight, J/kg/m2 92.23 61.81 24.62 8.17 

By fiber content (areal weight), 
J/kg/m2 

193.255 386 47.93 51.327 

By fiber content (FVF), J/FVF 12.44 25.16 3.1 3.31 
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