
ABSTRACT 

KEARNS, ALEXA JO. Cotton Cellulose Fibers for 3D Print Material. (Under the direction 

of Dr. Jesse S. Jur and Dr. Richard Venditti). 

 

Consumers often desire clean, energy efficient and sustainable solutions to many societal 

obstacles, including the production of consumer good from the manufacturing sector. New 

products advocating environmental consciousness and supporting modern consumerism must 

maintain consistent mechanical and optical properties aligned with those found in petroleum-

based materials while lowering energy consumption and retaining biodegradable properties. 

Manufacturing typically uses subtractive techniques where raw material is milled into the 

desired product shapes. However, the additive manufacturing sector has garnered attention for 

its ability to generate products with a range of materials and surface finishes while minimizing 

use of raw materials. The structures developed with additive manufacturing allow for 

customization and localized printing, along with reducing costs and transportation energy. This 

research focuses on fused deposition modeling (FDM), where products develop by layering 

molten filament upon previously laid and cooled material. Neat polymers, such as poly(lactic) 

acid (PLA), are frequently used as filament and have virtuous mechanical properties, such as 

tensile and compressive strength, that allow for substitution with petroleum based products. 

Adding reinforcing fibers to bridgeable polymer filaments has the potential to increase 

mechanical properties and expand the prospective applications of additive manufacturing.  

 

Initial research considered filaments with plant-based fiber reinforcement as benchmark 

materials to compare against neat PLA polymer filament and prints. Filament is the material 

used for FDM printing and can be found a wide variety of materials. Through compression and 

tensile testing with cross sectional x shapes, filament segments, and dog-bone prints, each 



filament varied in strength and showed a difference in mechanical properties with the same 

fiber reinforcement but different manufacturers. Predictably, neat PLA proved to have the 

strongest mechanical properties, further confirmation with SEM images show more uniformed 

cross sections as compared to the plant-based filaments.  

 

This research focused on the utilization of recycled cotton t-shirts as fiber reinforcing elements 

for polymer filaments. The first experiment compounded pulverized cotton cellulose fibers 

(pCot) with low density polyethylene (LDPE). Extrusion at 185 ℃ into filament form left a 

brittle and rough material with low mechanical properties that easily broke when used with a 

Lulzbot TAZ 5 3D printer. At 210 ℃ the filament could extrude through the 3D printer, but 

was not able to adequately bond with the print bed or subsequent layers of material.  

 

Research continued with poly(lactic) acid (PLA) pellets, after LDPE/ pCot composite filament 

was deemed an inadequate 3D print material. Compounding of PLA and pCot occurred in a 

twin screw extruder, and then developed into filament with a Noztek pro HT extruder. A 

maximum loading of 31 weight percent (wt%) cotton extruded, but was judged too brittle for 

3D printing. c2renew developed a cotton loaded filament with of 10 wt%, 15 wt%, and 20 wt% 

and 1% lubrication. These filaments could consistently extrude through the 3D printer and 

bond on the print bed and subsequently extruded material. Mechanical analysis showed the 

PLA/ pCot being substantially weaker than benchmarked materials, but stronger than the 

LPDE/ pCot filament.  

 



Filaments for fused deposition modeling can be constructed using biodegradable polymers and 

plant-based fibers with the intention of replacing petroleum based manufacturing materials and 

practices. Cotton fibers from pulverized waste cotton t-shirts can be compounded with PLA as 

a reinforcing agent. This research explored compounding with PLA and LDPE to create a 

professional grade filament. The loading content and the ability to dissolve polymer for 

recycling were also investigated.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2017 Alexa Jo Kearns 

All Rights Reserved



Cotton Cellulose Fibers in 3D Print Material 

 

 

by 

Alexa Jo Kearns 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

Textile Engineering 

 

Raleigh, North Carolina 

2017 

 

APPROVED BY: 

 

 

_______________________________  _______________________________ 

Dr. Jesse S. Jur     Dr. Richard Venditti 

Committee Co-Chair     Committee Co-Chair 

 

 

 

_______________________________ 

           Dr. Russell E. Gorga     



 

ii 

BIOGRAPHY 

Alexa Kearns was born and raised in Portland, Oregon. She was involved in cross country, 

swimming, and track, eventually earning a scholarship to Northern Arizona University in 

Flagstaff, Az. After a year, Kearns switched focus from athletics to her engineering degree. In 

2014, she graduated with her Bachelor of Science degree in mechanical engineering from 

Northern Arizona University. In August of 2015, Kearns entered the NC State University 

College of Textiles under the direction of Dr. Jesse Jur and Dr. Richard Venditti. She studied 

the 3D printing capabilities, parameters, and sustainability of cotton and graduated in May 

2017 with her MS in textile engineering. In her spare time, Kearns enjoys participating in the 

NC State club triathlon team and exploring North Carolina. 



 

iii 

ACKNOWLEDGMENTS 

I would like to sincerely thank Dr. Jesse S. Jur from NC State’s College of Textiles for his 

advisement and financial support. His guidance and encouragement were paramount in 

accomplishing my research. Additionally, I would like to acknowledge my appreciation for 

Dr. Richard Venditti from NC State’s College of Natural Resources. His encouragement and 

belief in my research helped overcome many obstacles and challenges. I also am grateful for 

Dr. Russell Gorga for his continual support and opening his lab for testing.  

This project would not be possible without the financial support and guidance of Janet O'Regan 

of Cotton Incorporated. I would like to express my gratitude to the Cotton Incorporated team 

working with NC State on this project. 

Finally, I would like to thank and acknowledge my research group, Amanda Myers, Wade 

Ingram, Raj Bhakta, Hasan Shahariar, Nate Weiner, Cemile, Aksu, Lanjun Yin, Allison 

Bowles, and Jack Twiddy. I will forever cherish their unwavering support and friendship. 

 



 

iv 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................. vi 

LIST OF FIGURES ............................................................................................................. viii 

1.0 INTRODUCTION........................................................................................................ 1 

2.0 LITERATURE REVIEW ................................................................................................ 4 

2.1 3D PRINT OVERVIEW ................................................................................................. 4 

2.1.1 ADDITIVE MANUFACTURING TECHNOLOGY .............................................. 5 

2.1.2 SUSTAINABILITY ............................................................................................... 15 

2.1.3 THE SOCIETAL IMPACT OF ADDITIVE MANUFACTURING ..................... 19 

2.2 COTTON ...................................................................................................................... 20 

2.2.1 COTTON MOTIVATION ......................................................................................... 20 

2.2.1 INTRODUCTION TO CELLULOSE ................................................................... 24 

2.2.2 COTTON CELLULOSE ....................................................................................... 25 

2.2.3 COTTON MORPHOLOGY .................................................................................. 28 

2.2.4 COMPOUNDING WITH COTTON ..................................................................... 30 

2.3 3D PRINT POLYMERS ............................................................................................... 31 

2.3.1 PRINTING WITH POLYMERS ........................................................................... 31 

2.3.2 GREEN POLYMERS ............................................................................................ 32 

2.3.3 PLA ........................................................................................................................ 33 

3.0 PREVIOUS EFFORTS IN THE FIELD....................................................................... 38 

4.0  3D PRINTING OF PLANT-BASED COMPOSITE FILAMENTS .......................... 40 

4.1 SUMMARY .................................................................................................................. 40 

4.2 INTRODUCTION ........................................................................................................ 40 

4.3 EXPERIMENTAL DESIGN ........................................................................................ 43 

4.4 RESULTS AND DISCUSSION ................................................................................... 45 

4.5 CONCLUSION ............................................................................................................. 52 

5.0 PCOT FIBERS IN 3D PRINTING ................................................................................ 54 

5.1 SUMMARY .................................................................................................................. 54 

5.2 INTRODUCTION ........................................................................................................ 54 

5.3 EXPERIMENTAL DESIGN ........................................................................................ 55 

5.4 RESULTS AND DISCUSSION ................................................................................... 57 

5.5 CONCLUSION ............................................................................................................. 60 

6.0 COTTON/ PLA COMPOSITES FOR 3D PRINTING ............................................... 62 



 

v 

6.1 ABSTRACT .................................................................................................................. 62 

6.1 INTRODUCTION ........................................................................................................ 62 

6.2 EXPERIMENTAL DESIGN ........................................................................................ 64 

6.3 RESULTS AND DISCUSSION ................................................................................... 68 

6.4 CONCLUSION ............................................................................................................. 82 

7.0 SUMMARY AND CONCLUSION ............................................................................... 83 

8.0 RECOMMENDATION FOR FUTURE RESEARCH ................................................ 86 

REFERENCES ...................................................................................................................... 87 

APPENDICES ....................................................................................................................... 94 

Appendix A ......................................................................................................................... 95 

 

 



 

vi 

LIST OF TABLES 

Table 1. Index of content from common cellulose fiber sources. Cotton has the highest 

amount of cellulose compared to other common cellulose fiber sources [35]. ...................... 25 
Table 2. The textile properties of cotton sourced in different environments around the world. 

Cotton's mechanical properties are dependent on the environment and humidity in which it is 

gown [36]. ............................................................................................................................... 29 
Table 3. Materials collected for benchmarking. All sample costs were obtained from their 

respective websites. Each filament contains PLA and a weight percentage of natural fiber.. 42 
Table 4. Mechanical testing results from benchmarking material filaments from 

NatureWorks (PLA), Colorfabb (PLA/Bamboo & PLA/Woodfill), and SainSmart 

(PLA/Woodfill). ...................................................................................................................... 49 
Table 5. Mechanical testing results from dogbone shapes 3D printed from the benchmarking 

material from NatureWorks (PLA), Colorfabb (PLA/Bamboo & PLA/Woodfill), and 

SainSmart (PLA/Woodfill). .................................................................................................... 50 
Table 6. Loading test results for cross sectional shapes. The top and bottom plate of the 

printed prototype was 25 mm x 31.75 mm. ............................................................................ 52 
Table 7. Diameters of filaments extruded with Noztek pro HT. The diameter needs to be as 

close to 2.85mm as possible. 2.85 mm is the optimal diameter for extrusion from the 3D 

printer. However, a reasonable range can print with a lesser quality. Neat PLA and LDPE 

with pCot can print, but with low resolution. ......................................................................... 59 
Table 8. Results from mechanical testing completed on c2renew filaments. The results 

indicate similar strengths with 20 wt% being the strongest. This is due to the load being 

transferred from the polymer matrix to the fibers. .................................................................. 71 
Table 9. Diameters for temperature variation with Noztek extruder at 160 ºC  and a ±0.2mm 

error. Neat PLA was compared against c2renew 10 wt%, 15 wt%, and 20 wt% pellets. This 

process outlined the variability found when developing filament with the Noztek pro HT 

extruder. The neat PLA had the largest variability, which is due to a lack of elastic additive 

and changed melting temperature. .......................................................................................... 75 
Table 10. Diameters for temperature variation with Noztek extruder at 170 ºC and a ±0.2 mm 

error. Neat PLA was compared against c2renew 10 wt%, 15 wt%, and 20 wt% pellets. This 

process outlined the variability found when developing filament with the Noztek pro HT 

extruder. The neat PLA had the largest variability, which is due to a lack of elastic additive 

and changed melting temperature. .......................................................................................... 76 
Table 11. Diameters for temperature variation with Noztek extruder at 180 ºC and a ±0.2mm 

error. Neat PLA was compared against c2renew 10 wt%, 15 wt%, and 20 wt% pellets. This 

process outlined the variability found when developing filament with the Noztek pro HT 

extruder. The neat PLA had the largest variability, which is due to a lack of elastic additive 

and changed melting temperature. .......................................................................................... 77 
Table 12. Tensile testing results for dogbone shapes from c2renew material. ...................... 80 
Table 13. Results from load testing with c2renew test shapes. As expected, the compressive 

strength of the filament with the least amount of cotton (10 wt%) performed better than the 

filament with the most (20 wt%). The top and bottom plate of the printed prototype was 25 

mm x 31.75 mm ...................................................................................................................... 80 



 

vii 

Table 14. Results from solvent testing combining PLA and chloroform to isolate cotton 

previously compounded in the filament. ................................................................................. 81 
 



 

viii 

LIST OF FIGURES 

Figure 1. The flow chart above demonstrates the process for creating 3D printed parts. 

Beginning with 3D computer aided drafted (CAD) model, and STL file is created from the 

drawing. The geometry converts to a physical prototype from the computer to the printer [8].

................................................................................................................................................... 5 
Figure 2. Each technology classified as an additive manufacturing process develops a unique 

prototype. The AM processes involve different materials and machinery to achieve the 

desired results [8]. AM processes are as follows: laminated object manufacturing (LOM), 

fused deposition modeling (FDM), stereolothography (SL), polyjet printing, selective laser 

sintering (SLS), electron beam manufacturing (EBM), laser engineered net shaping (LENS), 

three-dimensional printing (3DP), and prometal. ..................................................................... 6 
Figure 3. Schematic of the FDM process. Demonstrated above it the single nozzle 

configuration. Recent updates to FDM printers incorporate two nozzle heads and the ability 

to use multiple types of filaments during a single print [3]. ..................................................... 7 
Figure 4. The schematic of the PP process shows the different mechanisms involved with 

each print. This technology has the ability to use two materials in one print, a rigid and a gel 

material [3]. ............................................................................................................................... 9 
Figure 5. Schematic of LOM print interface. Heated rollers and resin used in conjunction 

with polymer material [3]. ...................................................................................................... 10 
Figure 6. The LENS AM process demonstrated above fabricated metal parts directly from 

CAD files. With a laser beam, the metal melts to form the print prototype [3]. .................... 11 
Figure 7. Demonstration of the apparatus used for stereolithography. This system uses a vat 

of liquid monomer resin and a laser to develop each prototype. After each layer cures, the 

elevator lowers the product into the resin coating the next layer [3]. ..................................... 12 
Figure 8. The 3DP sequence above demonstrates the processed used for this additive 

manufacturing technology. The compact resin allows for more complicated geometries and 

limited external support structures [3]. ................................................................................... 13 
Figure 9. The SLS processes in the schematic above uses a wide selection of thermoplastic 

polymers that compact in the print bead allowing minimal external supports for complex 

geometries. However, the high cost and abrasive surface finished associated with this method 

deter major industry acceptance [3]. ....................................................................................... 14 
Figure 10. The EBM process uses a vacuum environment to avoid oxidation of materials. 

This requires a larger energy consumption than other forms of AM, but has a higher level of 

accuracy with faster prints [3]................................................................................................. 15 
Figure 11. Drawing of the cotton fiber structure. The primary wall typically contains 30% 

cellulose material, whereas the secondary wall is almost 100% cellulose [36]...................... 26 
Figure 12. Scanning electron Micrographs of cotton fibers shows the ribbon like structure 

with a helical twist. This unique shape is ridged and can cause fracture as the fiber 

straightens under tension (bar= 18.9µm) [36]. ....................................................................... 27 
Figure 13. a. The structure of cellulose molecules comprises oxygen and carbon atoms. 

Dotted lines represent hydrogen bonds and the hydrogen atoms complete the valencies. b. A 

schematic of the crystal lattice structure of cellulose [36]. ..................................................... 27 



 

ix 

Figure 14. a. SEM of the rupture point on a cotton fiber. b. Schematic of the break point in 

(a) shows that the break due to the helical shape and curved edges, both of which are 

characteristics of cotton fibers [36]......................................................................................... 30 
Figure 15. The flowchart of green composites shows the origin of natural fibers and various 

options when selecting a biodegradable polymer [42]. .......................................................... 33 
Figure 16. The polymerization of PLA [42]. ......................................................................... 35 
Figure 17. The life cycle of PLA. The circular life cycle produces net zero emissions and 

cultivates more material used in the production of polymer [42]. .......................................... 38 
Figure 18. SolidWorks model of dogbone tensile test shape with all units in inches. ........... 43 
Figure 19. SolidWorks CAD drawing of compression shape with all measurements in inches.

................................................................................................................................................. 44 
Figure 20. Normalized tensile testing of benchmark materials. The large variation of 

strengths within the filament indicate that more than PLA polymers are being compounded 

with natural fibers. .................................................................................................................. 46 
Figure 22. SEM and filament tensile testing of NatureWorks Ingeo Biopolymer. ................ 47 
Figure 21. SEM and filament tensile testing of Colorfabb woodfill. ..................................... 47 
Figure 23. SEM and filament results for Colorfabb bamboo. ................................................ 48 
Figure 24. SEM and filament tensile testing of SainSmart woodfill. .................................... 48 
Figure 25.SainSmart woodfill cross sectional print shape results from load testing. The break 

occurring in between layers indicates that the bonding strength is a weak point and further 

optimization of print temperature is need for this filament material. ..................................... 51 
Figure 26. Schematic of the process to develop a filament from LDPE and pCot. ............... 56 
Figure 27. (Top) Comparison of the LDPE filament with 25 wt% pulverized cotton (pCot) 

extruded at temperature range of 145-200 °C in a Noztek pro HT. These filaments varied in 

diameter throughout the filaments, but could extrude through the 3D printer. ...................... 57 
Figure 28. Tensile test results for LDPE and LDPE + pCot pellets. The results indicate 

LDPE without pCot is a stronger material. ............................................................................. 59 
Figure 29. a) Image of the printing process of LDPE pCot. The bed of the printer has a layer 

of adhesive to aid with sticking and allowing layers align properly. b) An image of the final 

printed sample after the second layer of printing.................................................................... 60 
Figure 30. Schematic of experimental process used to develop filament at NC State. ......... 64 
Figure 31.Schematic of process used to create filament with product from c2renew. .......... 65 
Figure 32. SEM image of 31 wt% loading of cotton. A few individual fibers of visible in this 

image of the breakage point. Additionally, there is uniformity throughout the filament and 

minimal air gaps. Air gaps and a non-uniform filament causes errors and ultimately lower 

mechanical properties. ............................................................................................................ 69 
Figure 33. Images of filament with a reduction of extrusion temperature from 175 to 210 °C. 

The color does not alter throughout the temperature changes. ............................................... 70 
Figure 34. Tensile testing of dried filament vs. undried filament. The dried filament had 

twice the tensile strength of the non-dried filament................................................................ 71 
Figure 35. Cross section SEM and tensile results from 10 wt% c2renew filament. .............. 73 
Figure 36. Cross section SEM and tensile results from 15 wt% c2renew filament. .............. 73 
Figure 37. Cross section SEM and tensile results for 20 wt% c2renew filament. ................. 74 
Figure 38. Schematic of the process to develop and test the diameter of filament. Neat PLA 

and c2rew pellets were used in this process............................................................................ 74 

file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603304
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603305
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603306
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603307
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603309
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603310
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603310
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603310
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603311
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603311
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603312
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603312
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603312
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603313
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603314
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603318
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603319
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603320
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603321
file://///Volumes/lockers/Next_Research/Group%20Backups/Alexa%20Kearns/My%20Documents/Thesis/Thesis%20parts/Thesis%20draft%205.0.docx%23_Toc479603321


 

x 

Figure 39. Cotton Incorporated logo samples created at a. 10 wt% b. 15 wt% and c. 20 wt%. 

The filament with 10 wt% cotton extruded a print with many errors, the layers were 

completely bonded together, which allowed for little holes to develop. The 15 wt% filament 

produced the best print. This has solid sides and a clear logo. ............................................... 78 
Figure 40. SEM images of filament with a. 10 wt% b. 15 wt% and c. 20 wt% at fracture 

point. Each fracture point shows full fibers along with air pockets where errors develop. The 

fibers were on average 20 µm in diameter. ............................................................................. 79 
Figure 41. Example of test shaped used for compression testing. Each shape is 1 inch in 

length and width and 1.25 inches high. The materials of the samples starting with the top 

sample and moving in a clockwise movement are c2renew 15 wt% cotton, Colorfabb 

Bamboo, and SainSmart Woodfill. ......................................................................................... 79 



 

1 

1.0 INTRODUCTION 

Motivation for most technological progression involves incentives for saving money or 

protecting the environment. Therefore, incorporating aspects of both sustainability and 

streamlining manufacturing processes orients research in a focused direction that can be 

embraced by industry. Cost savings allow businesses to create more products with lower 

overhead investments and allocate more money into future endeavors. Environmental 

concerns, often originating from the consumer, demonstrate market values accounted for 

during manufacturing. These standards are often associated with buzzwords such as "green" 

and "sustainable", but have no tangible meaning [1]. Over the last few decades, "green and 

sustainable" products have been interpreted as those with minimal environmental impact from 

the moment of conception through the product’s disposal. The cradle-to-grave approach has 

an ideal gold standard of achieving a net zero waste and gaseous emission, but this caliber of 

conservancy is challenging to achieve. Adjusting manufacturing practices to incorporate both 

additive manufacturing techniques and biodegradable polymers compounded with natural 

fibers can add further solutions to developing more environmentally conscious consumerism 

[1]. 

 

Additive manufacturing, 3D printing, or rapid prototyping describe a technology developed in 

the 1980's. Unlike subtractive manufacturing, additive manufacturing (AM) relies on 

developing a product or prototype from a resin or liquid base. Each feature sequentially builds 

upon another, creating a printed object layer by layer. Subtractive manufacturing develops an 

object by cutting and milling away sections of raw material. With 3D printing, molding an 

object in the print space allows for less raw material waste. Cost savings develop from using 
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only the material needed and leaving the remainder for subsequent products. Additionally, 

through changes in digital files, customers have the option of customizing their final designs. 

Savings occur when customers can print their products locally and specific design constraint 

needs are met. Finally, 3D printing occurs on a demand and print basis, further limiting the 

amount of material needed to fill orders and customer desire while extinguishing the need for 

overstock storage [2], [3]. 

 

Environmentally, AM utilizes less energy than traditional manufacturing during production of 

a single object. The energy consumption is higher for AM when considering the whole process 

of heating and cooling the 3D print space, as this takes more time. Printing can occur locally, 

eliminating most transportation emissions and drastically reducing the product’s carbon 

footprint. Furthermore, recycling of the polymer powder or filament reduces the amount of 

product used. This process becomes more challenging when compounded with other polymers 

and fibers, often creating a non-biodegradable or recyclable product. The biodegradability of 

3D print materials moves the manufacturing sector closer to achieving net zero emissions for 

products and limiting the negative environmental impact [4]. 

 

Cost savings associated with incorporating cotton into the manufacturing sector begins with 

the development and use of cotton. As the primary object of this research is to incorporate 

cotton into 3D print filament, adding economic savings would increase industry interest. 

Cotton, a cellulose based fiber, is a pure fiber with high strength when compared to fibers with 

similar diameters. Cotton’s limited defects allows the fiber to have a higher cellulose content 

and crystallinity than other common cellulose sources, including commonly manufactured 
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fibers such as wood, bamboo, and jute. Stresses are transferred from the polymer matrix onto 

the fibers, developing a strong composite [5]. A higher strength allows for more applications 

and a larger market potential. Additionally, with high fiber content, less resin is utilized, 

lowering productions costs. 

 

While cotton is a pesticide intensive crop, the plants’ ability to withstand droughts allows 

growth in remote locations that are not typical agricultural areas. Additionally, cotton linters 

are common and an economically advantageous source of cellulose fibers. Manufacturers 

routinely discard cotton linters and repurpose fibers as fillers in polymer composites. The 

cotton industry would not have to allocate more land to agriculture for cellulose fibers. 

Research has shown favorable results with cellulose fibers derived from recycled cotton t-shirts 

compounded with polymers. Having multiple avenues for gathering cotton fibers adds to the 

sustainability of a cellulose/polymer compound, as the addition of cotton fibers into 

poly(lactic) acid (PLA) does not decrease the biodegradability. Compounded polymer and 

cotton fiber combined with additive manufacturing increases cost savings and lowers the 

environmental impact of the energy intensive and expensive manufacturing industry [5], [6]. 
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2.0 LITERATURE REVIEW 

2.1 3D PRINT OVERVIEW 

3D printing, rapid prototyping, or additive manufacturing (AM) is an emerging field garnering 

more attention in its ability to transcend typical manufacturing [7]. AM can be used for 

prototyping and product development from the automotive and aerospace industries to research 

development in academia. Beginning in 1981, Hideo Kodama ventured into AM while working 

in the Nagoya Municipal Industries Research Institute in Nagoya, Japan with an interest in 

technology creating products through layered forms [2]. Until the 1980’s manufacturing used 

subtractive techniques, meaning a base material block initiated the process and whittles into 

the desired shape through cutting and milling. This process can be labor and energy intensive 

while using more material than needed for the final design. Additionally, the development of 

these products usually happens in a manufacturing plant and ships to the location of use. 

However, AM offers the ability to exchange ideals and prototypes through digital files and 

print using a desired material at a local location. Each file can be manipulated, leaving more 

possibilities in customization [7]. 

 

Files of models developed for 3D printing originate as STL (standard triangular language or 

standard tessellation language) files. Initially developed in 1987 by 3D systems Inc. for 

stereolithography, this format is the standard for AM. As the name suggests, the software takes 

computer aided drafted (CAD) designs and generates a representation with triangular facets. 

The smaller the triangles, the more detail the image will transfer to the physical model, 

however, this will increase the file size, print time, and material used. Triplet coordinates of x, 

y, and z locations orient each triangle point in space with normal vectors [3].  The use of 
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triangles adds an element of inaccuracy with the software's inability to create smooth curves. 

Triangles are inherently straight and angular, therefore, with poor resolution, a curvature can 

be a string of flat surfaces connected with a large angle [8]. The development of a 3D printed 

product from inception of prototype is visible Figure 1.   

 

Figure 1. The flow chart above demonstrates the process for creating 3D printed parts. 

Beginning with 3D computer aided drafted (CAD) model, and STL file is created from the 

drawing. The geometry converts to a physical prototype from the computer to the printer [8]. 

 

2.1.1 ADDITIVE MANUFACTURING TECHNOLOGY  

Using the basic steps for developing a 3D print, there are eight main forms of AM available 

on the market. As seen in Figure 2, each form of printing is best suited for different applications 

based on the end use and the processing material [8]. AM's advantages over traditional 

manufacturing include the lower cost in machine, materials, and product, the effortlessness of 
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duplicating products, and the ability to better manage privacy and security concerns through 

the exchange of secure files [9].  

 

Figure 2. Each technology classified as an additive manufacturing process develops a unique 

prototype. The AM processes involve different materials and machinery to achieve the 

desired results [8]. AM processes are as follows: laminated object manufacturing (LOM), 

fused deposition modeling (FDM), stereolothography (SL), polyjet printing, selective laser 

sintering (SLS), electron beam manufacturing (EBM), laser engineered net shaping (LENS), 

three-dimensional printing (3DP), and prometal.  

  

Fused deposition modeling (FDM) 

Developed in 1991 by Stratayas, fused deposition modeling uses nozzles to heat filament and 

deposit the molten material onto a cooler substrate in thin lines. Each line is built on top of 

different layers as the product is created [7]. Having the bed be at a lower temperature than the 

nozzle allows for faster cooling and hardening of the thermoplastic. Figure 3 shows a schematic 

of the FDM process with one nozzle head. Recent advancements have allowed the use of more 

than one nozzle at a time, with each nozzle containing different materials. This will allow for 

more applications and flexible filaments to be combined with ridged materials [10]. Both 
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synthetic and natural polymers are used in FDM. Popular filaments include nylon, ABS, 

elastomers, photosensitive resins, high density polyethylene and PLA [7]. 

 

Figure 3. Schematic of the FDM process. Demonstrated above it the single nozzle 

configuration. Recent updates to FDM printers incorporate two nozzle heads and the ability 

to use multiple types of filaments during a single print [3]. 

Advantages of FMD are the large variety of materials available for printing, the lower cost of 

operation, materials, and machine (as compared to other forms of printing), no need for resins 
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to cure the product, and no post-production chemicals. However, FDM has difficulty creating 

smooth surfaces and has a slow build speed [3], [8], [10]. Production times are low for two 

reasons. Primarily, the accuracy of the print decreases as the speed increases. The nozzle must 

follow the same path each pass of the filament and limit errors by moving slowly and with 

precision. Additionally, the previous layer must have time to harden and set before the next 

layer application, insuring integrity of the final product. 

 

Polyjet printing (PP) 

Polyjet printing was patented in 1994 and was influenced by MIT's ink jet technology 

involving manufacturing physical models [3]. Using x and y coordinates the inkjet head 

deposits layers of photosensitive polymers (Figure 4). Each layer cures with ultraviolet light 

before the next layer of polymer is laid. Highlights of PP include the ability to produce high-

resolution parts with a layer thickness of 16 µm and the ability to print parts with multiple 

colors. The supporting material is easily removable from the part with no extra necessary 

treatments beyond removal of the supports. PP printing does create finished material with 

lower mechanical properties than other forms of AM [3], [8].  
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Figure 4. The schematic of the PP process shows the different mechanisms involved with 

each print. This technology has the ability to use two materials in one print, a rigid and a gel 

material [3]. 

 

Laminated object manufacturing (LOM) 

Laminated object manufacturing procured a patent in 1988 and contains both additive and 

subtractive forms of manufacturing. This process can incorporate ceramics, paper, metals, 

composites, and polymers, but manufacturing parameters are heavily reliant on the material 

selection [3], [8]. Each product develops by creating an outline with CAD software and 

utilizing a laser to cut the shape from thin sheets of the selected material that have been stacked 

and glued together. Post-production seals are incorporated with moisture sensitive materials. 

This process is shown in Figure 5 [3], [8], [10]. 
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Figure 5. Schematic of LOM print interface. Heated rollers and resin used in conjunction 

with polymer material [3]. 

 This form of AM is beneficial because there are no toxic fumes created, it is inexpensive, no 

needed supports, and large and the development of complex parts. Nevertheless, LOM is not 

ideal for humid environments where moisture can damage the material of part. The final 

product will have a poor surface finish due to the stacked layers, and there will be material 

discarded after manufacturing [3].  

 

Laser engineered net shaping (LENS) 

The laser engineered net shaping technique uses powdered metal particles to create a solid 

product and can be used to create a whole new product or to preform repairs on previously 

created parts [10]. A high-powered laser moving on a xy coordinate melts the powder into a 

molten mixture forming the desired configuration delivered from a CAD file, as seen in Figure 

6.  Once a layer has been developed, the next layer of powered metal is distributed using 

pressurized carrier gas or gravity [3]. While this process is favorable because of its ability to 

create a fully dense metal object, all processing must occur in a closed chamber with specific 
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parameters. Additionally, the materials tend to be more expensive than the materials for other 

forms of AM and there are postproduction processes that must occur before the product is 

ready to be utilized [10].  

 

Figure 6. The LENS AM process demonstrated above fabricated metal parts directly from 

CAD files. With a laser beam, the metal melts to form the print prototype [3]. 

 

Steriolithography (SLA) 

Figure 7 shows a schematic of the steriolithography system. This from of AM was one of the 

first commercially available forms of rapid prototyping and is still a very commonly used 

process. SLA utilizes a liquid vat of monomer resin and an ultraviolet helium-cadmium laser 

or an argon ion laser to develop the print. To recoat the surface with the monomer, a recoating 

blade is used as the model is submerged in the liquid. Submersion occurs after each layer to 

ensure an even coating of monomer on the surface. This allows for a more even and consistent 
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print. Once complete the supports are removed and post-production curing solidifies the 

prototype. Even and consistent prints with a smooth surface and high accuracy are all 

advantages that have helped make this process so popular. The disadvantages are that the vat 

of liquid monomer tends to be toxic and the whole process is expensive and time consuming. 

When the supports are removed, post curing the prototype can be damaged and limits the 

geometries available for this form of manufacturing [3].  

 

Figure 7. Demonstration of the apparatus used for stereolithography. This system uses a vat 

of liquid monomer resin and a laser to develop each prototype. After each layer cures, the 

elevator lowers the product into the resin coating the next layer [3]. 

 

Three-dimensional printing (3DP)  

The three-dimensional printing process is similar to polyjet printing while using a liquid resin 

and a large variety of materials [8]. With an inkjet nozzle head, a binder material is sprayed in 

a pre-selected geometry. Powder is then distributed over the print bed adhering to the 

previously laid binder. The process repeats until the print is complete as shown in the Figure 8 

schematic. The compressed powder provides enough support for complex geometries to be 
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developed without supporting structures like many of the other AM technologies. More 

mechanical strength can be added post production with epoxies, waxes, resins, and other 

strengthening materials. While this technology has inexpensive material costs and creates a 

prototype in less time than other forms of AM, the poor surface finish, availability of the 

materials and the lowered mechanical properties are disadvantages that keep this process from 

being ideal for many applications [3].  

 

Figure 8. The 3DP sequence above demonstrates the processed used for this additive 

manufacturing technology. The compact resin allows for more complicated geometries and 

limited external support structures [3]. 

 

Selective laser sintering (SLS) 

Developed at the University of Texas at Austin, selective laser sintering (Figure 9) utilizes 

powdered forms of materials ranging from nylons, waxes and composites to metals and metal-

polymers. Each layer is developed with a carbon dioxide laser beam fusing the powdered 

materials in layers. The build bed is heated to just below meting temperature and a roller 
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distributes powder across the substrate following each layer. The powder can then be recycled 

for the rest of the print. Similar to the 3DP technology, SLS does not need a support system; 

however, this form of AM has geometric shape options. Disadvantages of SLS include an 

abrasive surface, high cost, and the difficulty or switching to a different powdered material [7], 

[3], [8]. 

 

Figure 9. The SLS processes in the schematic above uses a wide selection of thermoplastic 

polymers that compact in the print bead allowing minimal external supports for complex 

geometries. However, the high cost and abrasive surface finished associated with this method 

deter major industry acceptance [3].  

 

Electron beam melting (EBM) 

The electron beam melting process is relatively new and very similar to SLS technology. An 

electron laser beam with a voltage 30 to 60 KV and uses a vacuum chamber (Figure 10). The 

materials used in EBM process can be three different types of titanium and cobalt chromium, 
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and are therefore used in the vacuum to avoid oxidization during production [3]. Other than 

the changes in production location, materials and laser, this process is performed similarly to 

SLS. For future use of EBM it has been predicted that this will be an ideal form of 

manufacturing in outer space [8].  

 

Figure 10. The EBM process uses a vacuum environment to avoid oxidation of materials. 

This requires a larger energy consumption than other forms of AM, but has a higher level of 

accuracy with faster prints [3]. 

2.1.2 SUSTAINABILITY  

3D printing sustainability  

Additive manufacturing can change the way in which goods are developed and exchanged 

throughout the world. A more sustainable approach involves utilizing less material and energy 
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in production and transferring goods around the world. Designs and STL files can be 

electronically sent to new locations and printed wherever the design specifications can be met. 

Furthermore, the carbon footprint of the production itself would be reduced, as there is no 

longer a great need for larger machinery and supply chain parts produced on a large scale. Each 

part can be created individually as demand requires [11]. Over time, there has been an 80% 

reduction in the cost and time over traditional methods. This proves to be more sustainable as 

more products can be created in the same amount of time, limiting the need for more energy 

usage for the run time. Additionally, on average, there is a 40% reduction of waste raw material 

after production [3]. Limiting the amount of raw materials also reduces the general amount of 

product needed with more products being created from one delivery of material.  

 

The industrial sector has a total consumption of one-third of the energy demand in the United 

States. Over the past 35 years, the demand has dropped 50% due to efficiency improvements 

and changes in the industry. A contribution to that reduction is the energy intensive 

manufacturing production that have been sent to overseas locations. While many sources say 

a more comprehensive study of AM techniques and their reduction of energy is needed, it has 

been predicted that AM will have a positive impact on US energy consumption [10]. However, 

set backs of poor repeatability could increase the number of trials needed to create a consistent 

product and the use of energy from the AM machine would increase [7]. AM is still in the 

development stages and has not been fully embraced by industry, citing that the strength and 

surface finishes need improvements before adoption [9]. In a study conducted by Baumers et 

al., the measured rates of energy consumed by SLS technology were higher than anticipated. 

This was due to the time used for warming and cooling of the apparatus, not just the time used 
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to create the product. While the actual print time might use a lesser amount of energy, the 

whole process must be considered when monitoring the total energy consumption [10]. 

 

Filament sustainability  

Simply, being able to reduce the amount of raw materials increases sustainability of a 

manufacturing process [10]. Common filaments used for FDM printing are polymers and 

composites, which can either be made of raw or recycled material. Recycled material typically 

has lower mechanical strengths, but applications for FDM created product generally do not 

demand higher strength materials. Although, recycling polymer composites proves to be such 

a challenge that it is often preferred and less energy and labor intensive to dispose or incinerate 

the product. However, when using recycled neat polymer, research indicates that there is not 

significant reduction in Young's modulus or tensile strength [12]. Literature on sustainable 

composites show a higher prevalence of wood compounded with a polyolefin and produced 

using extrusion followed by injection molding of compression molding. The filler materials 

(such as wood) are typically found as no more than 50-60 wtu of the total compound, but can 

be found up to 70-80 wt%. Plant based filler products are typically hydrophilic which creates 

problems when compounding with polymers. The hydrophilic nature makes fiber dispersion 

difficult, creates low thermal resistance, and lower mechanical properties. With the uptake of 

moisture, a higher prevalence of weaker segments throughout the filament generates a lower 

general strength. While strength is not the most important feature, it is important that the 

filament can remain a solid and transition easily through liquid and solid phases [13]. 

Lubricants are often added to increase the strength and ductility of filaments. A shift from 
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general composites (petroleum-based) to biodegradable polymers because a desire for 

increased recyclability and developmental sustainability. 

 

Biodegradable polymers can be classified by their origin (argopolymers, microbial-derived, 

chemically synthesized, or conventional monomers) and include polymers such as Poly(lactic) 

acid (PLA), Polyhydroxyalkanoates (PHA), and synthetic polyester. Huda et al. found a 

compound of PLA and recycled cellulose of 30 wt% had improved rigidity with no affect to 

crystallinity or thermal stability when processed with exclusion and ingestion molding [13]. 

Processing at higher temperature can occur with biodegradable polymers, thus benefitting AM 

because production typically occurs above the 200 ℃. Biodegradable fibers are often more 

desirable simply due to a reduced reliance on fossil fuels. However, for a full sustainability 

analysis a "cradle to grave" approach must be applied. The "cradle to grave" approach means 

understanding the environmental impact of the filament from the first moments of production 

all the way to disposal [1]. 

 

Joshi et al. investigated the differences between utilizing glass fibers and natural fibers in 

composites [6]. Natural fibers were found to be favorable in most situations. In terms of 

production, natural fibers rely on solar energy for growth, whereas glass fibers use thermal 

energy derived from fossil fuel sources. The lower emissions required to produce natural fibers 

proved less energy intensive and therefore more sustainable. For a direct comparison of 

mechanical properties, each composite weight percent was manipulated. Natural fibers 

required a higher volume fraction, which then incorporates less polymers derived from fossil 

fuels. Additionally, natural fibers have a lower specific weight, creating a lighter composite. 



 

19 

Overall, this generates lower emissions during product life and generally lower energy 

consumption (for automotive applications). Finally, for the end-of-life analysis, natural fibers 

have a net zero emission release when incinerated [13], [6].  

 

Further exploration of the end-of-life implications of biocompatible fibers was conducted by 

Vidal et al. who investigated incineration and landfill disposal of polyolefin/ biodegradable 

waste with polypropylene (PP) and  HDPE compounded with rice husks and recycled cotton 

[4]. The study considered the impact of the composites on global warming over the next 100 

years, depletion of non-renewable energy sources, acidification, and eutrophication. While 

other environmental impacts were beyond the scope of the investigation, it was found that the 

composites had a significantly reduced environmental impact as compared to the neat polymers 

throughout the life of the products though landfill and incineration [13], [4].  These results 

show that added natural fibers to biocomposites increases the sustainability of the product in 

both use and end-of-life disposal. 

 

2.1.3 THE SOCIETAL IMPACT OF ADDITIVE MANUFACTURING 

Additive manufacturing has many advantages over traditional manufacturing. AM can cut 

costs and time by 80%, use less material, improve the quality of basic prototypes and initial 

product development, add more complex geometries by changing CAD files, and no extra-

large tools, mills, and drills are needed [3]. Additionally, customers can customize their designs 

for multiple applications while printing in remote locations [2]. These qualities are unique to 

the new manufacturing sector and are changing society’s perception of the supply chain. 

Traditionally, products are made in a predetermined quantity, produced remotely, and then 
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distributed to various locations within a country or throughout the world. AM provides more 

direct contact between the manufacturers and the consumers. Furthermore, products can be 

tailored to a specific need or field through the material or changes in the design [13]. With 

physical products being represented by digital files, supply chains can be dramatically shorted. 

Local manufacturing can occur on a demand and supply basis with production happening 

within a few miles of the storefront. Surpluses of supplies will become obsolete. For example, 

if an airplane needs an uncommon replacement part, rather than waiting for the parts arrival, 

maintenance can occur as soon as the part is finished printing [11]. This rapid manufacturing 

is able to create a faster paced manufacturing environment and an unlimited amount of 

customization and rapid experimentation. 

 

2.2 COTTON 

2.2.1 COTTON MOTIVATION 

The motivation behind the use of cotton derived from recycled t-shirts and further 

compounding the material into 3D print material stems from four main ideas: 1) utilizing no 

extra components processed with petroleum based materials, 2) incorporating recycled 

material, 3) biodegradability of cellulose fiber, and 4) the mechanical enrichment found with 

fiber reinforcement. Cotton cellulose differs from other cellulose sources because of cotton’s 

high crystallinity and natural high purity. These factors create a stronger fiber when 

incorporating into filament composites [14].  

 

Natural fibers have been used in manufacturing for centuries, including the building of the 

Great Wall of China, which used a combination of natural materials including fibers to make 



 

21 

stronger building blocks [15]. In the present manufacturing sector, using a natural fiber as a 

filler in a composite eliminates the need for synthetic fiber in many applications. Cotton, in 

particular, has shown favorable results as a filler in thermoplastic composites [14]. Synthetic 

fibers composites are often found in the automotive industry and can be used to create the 

flooring mats. A shift from synthetic fibers, which are derived from non-renewable sources, 

reduces a dependence on foreign oil and can create a new economic venture for agriculture 

based communities [15]–[17]. Additionally, mats with natural fibers only use 17% of the 

energy required to create the same mats with synthetic fibers [17]. The energy used for 

production can be further reduced by utilizing the abundant stock natural fibers found around 

the world, including the waste products of the industry [16]. Cotton gins produce 2-3 million 

metric tons of waste a year that typically end up in the landfill, therefore using cotton waste 

can reduce the need for creating new material and further incorporating petroleum based 

materials into the manufacturing sector [14].  

 

A concern with using recycled cotton in the composite is a potential reduction in the integrity 

of the cotton mechanical properties. However, research into cotton composites has shown to 

have a statistically significant difference in using recycled cotton as compared to virgin cotton 

[18]. Cotton has a low market potential for being recycled into the clothing industry, and 

therefore the industry needs another way to repurpose the garments [18]. While there might be 

a reduced environmental impact with the implementation of recycled cotton because there is 

no need to cultivate more of the plant, questions still exist in the understanding of compounding 

that material with a polymer and the influence this process has on an end use product.  

Furthermore, while plastic polymers have been used and optimized for biodegradability, 
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composites with natural fibers are still working to achieve the same level of biodegradation 

efficiency [4]. In general, cotton’s hydrophilic nature has the ability to transfer water into the 

polymer, and thereby increase biodegradability [19].  

 

Overall, the manufacturing sector accounts for 22% of global energy usage and 20% of global 

CO2 emissions [20]. It is important to conduct a life cycle analysis (LAC) of the technology 

and how different components can alter the degradation process when investing a new form of 

manufacturing. For example, incorporating cotton in polymer composites can reduce the 

amount of CO2 emissions because, rather than releasing gas, it is retained and collected in the 

fiber [21]. Experts have predicted that the localized production of 3D printed parts increases 

the efficiency and reduced energy consumption [20]. The derivation of the material can also 

change the LCA because when the material used in the printing production is reused material 

there is an 80% energy use saving as opposed to the recycling of said material [22].  

 

Additionally, the makeup of the components fabricated with the composites can affect the 

biodegradability. Specific to 3D printing, when fabricated objects made from poly(lactic)acid 

have higher fill percentages (the infill amount in the prototype), the biodegradability speed 

decreases from 4-8 weeks to 3-4 weeks [23]. With a fill under 79%, the speed dramatically 

increases [24]. However, because 3D printing is not produced at a large scale like the 

subtractive manufacturing sector, it is still difficult to accurately estimate long-term effects. 

Still, some studies have been promising.   For example, Li et al. have demonstrated that 

inclusion of cotton fabric has the ability to provide 8.5% degradation of fibers after 25 of 

enzymatic hydrolysis [25].   
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The final motivation behind the use of cotton in 3D print composites is the potential mechanical 

enrichment associated with the addition of natural fibers. When natural fibers are added to 

composites, the mechanical strengths are lowered from breakage of the fibers in the interfacial 

region due to fibers bridging a polymer matrix crack. Therefore, the strength of the fiber itself 

becomes less important than the collative strength of the fiber bundle [26]. Still, natural fibers 

in composites remain important because of their low weight, low cost, quick renewability, and 

global abundance, which have been adapted into the automotive, construction, and packaging 

industries [27], [28].  

 

A reduced specific weight of the composites with bridgeable polymer and natural fibers shows 

that the flexural strength and modulus can be increased with the correct conditions and proper 

bonding [27]. However, as commonly seen, the reduced strength of natural fiber fillers is 

attributed to integrity changes in the fiber cell walls during production of the filament.  Physical 

and mechanical treatments that improve the interfilament and interlayer interactions has 

demonstrated to restore some strength [29]. Additionally, it has been noted that fibers with a 

larger aspect areas tend to have increase higher mechanical strengths than those with smaller 

aspect ratios, especially nano-sized fibers [30].  Within a PLA composite, natural fibers have 

shown increased crystallinity and bending strength, however low aspect ratios of the fiber 

reduces the elongation at break and increases the brittleness of the composite [23], [31]. 

Likewise, high aspect ratios of fibers in composites have been shown to have a significant 

effect on the modulus, increasing the mechanical properties [32].  
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2.2.1 INTRODUCTION TO CELLULOSE  

Cellulose fibers originate from natural sourced such as wood, algae, bacteria, and plants (e.g. 

cotton flax, jute, and banana rachis, among others) [33]. This review investigates the use of 

cellulosic fibers in compounds, with emphasis on cotton cellulose. Naturally, cellulose is tough 

material with water insoluble properties designed to maintain the plant wall structure [34]. 

Wood based cellulose is commonly derived from conifers and deciduous tree species with only 

30-35% of processed wood generating usable fibers. At this rate 8.3-9.7, million tons of trees 

need to be produced each year to fill the fiber demand. With deforestation and other natural 

considerations, the longevity of using trees as a primary form of cellulosic fibers is unrealistic 

[35]. 

 

Cotton Linter, or cotton industry waste, can provide high quality cellulose fiber without the 

environmental impact of wood cellulose. With approximately 16 million tons produced each 

year, cotton is an annually renewable and drought resistant plant. Cotton has a high crystallinity 

and low rate of impurities, resulting in 80-85% of processed cotton having usable fibers. A 

high concentration of 𝛂-cellulose and a minimum concentration of contaminants is important 

when considering the requirements of a high-quality fiber. As seen in Table 1, cotton has the 

highest percentage of cellulose over other cellulosic fibers [35]. With cotton's high 

crystallinity, orientation, and fibrillar, making it one of the highest structural order among 

plants [36].  
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Table 1. Index of content from common cellulose fiber sources. Cotton has the highest 

amount of cellulose compared to other common cellulose fiber sources [35]. 

 

2.2.2 COTTON CELLULOSE 

Cotton consists of proteins, waxes, pectin, inorganics, and cellulose (Figure 11). The cellulose 

portion is the largest percentage of the pant and is located in the second cell wall, whereas the 

non-cellulosic areas reside in the cuticle and primary cell wall. About 30% of the primary cell 

wall is cellulose; however, the cellulose has a lower degree of polymerization than what is 

found in the secondary cell wall (2,000 to 6,000). The secondary cell wall is almost 100% 

cellulose, has a more evenly distributed molecular weight, and a typically degree of 

polymerization of about 14,000. When a cotton plant is not fully developed (30 days or under) 

the percentage of cotton throughout the plant is significantly lower. Figure 12 shows a scanning 
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electron micrograph of cotton fibers displaying the helical ribbon shape and curved edges of 

the fiber. Cotton's has a six-ringed structure with covalent bonds and internal hydrogen bonds 

(Figure 13). The hydrogen bonds stiffen the fiber and when in parallel and oxygen bonds form 

between each ring. However, when tension is applied, the rigidity is increased leading to higher 

strength and modulus [36]. 

 

 

Figure 11. Drawing of the cotton fiber structure. The primary wall typically contains 30% 

cellulose material, whereas the secondary wall is almost 100% cellulose [36]. 
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Figure 12. Scanning electron Micrographs of cotton fibers shows the ribbon like structure 

with a helical twist. This unique shape is ridged and can cause fracture as the fiber 

straightens under tension (bar= 18.9µm) [36]. 

 

 
Figure 13. a. The structure of cellulose molecules comprises oxygen and carbon atoms. 

Dotted lines represent hydrogen bonds and the hydrogen atoms complete the valencies. b. A 

schematic of the crystal lattice structure of cellulose [36]. 
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2.2.3 COTTON MORPHOLOGY 

The strength of the cotton fiber has a complicated relationship between the crystallinity and 

strength. Strength of a cotton fiber comes from two of the main fiber parameters: length and 

fineness. The crystallinity of a mature cotton fiber can range from 50% to 100% and not have 

a direct correlation to strength. Which, in addition to fineness and length, is impacted by the 

environment factors, location, and the variety of cotton. For example, with the same 

crystallinity of 30 to 58%, Maxxa fibers take more force to break than SJ-2 fibers. This is 

attributed to the type of cotton fibers, as well as the conditions in which they were developed. 

However, a positive relationship between specific strands of cotton and crystallinity and crystal 

size have been observed [36].  

 

Moisture regain is the ratio of mass moisture absorbed by the fibers to dried mass of fibers. On 

the other hand, the moisture content is the ratio of the mass of absorbed water to the total mass 

of the fibers. Cotton is very much influenced by the environment and humid climates increase 

the rates of absorption. Gordon noted that with 85% relative humidity (RH) the moisture regain 

of the cotton decreased as the temperature rose from 50 ℃ to 110 ℃. This emphasizes the 

importance of temperature and RH control with respect to the cotton fibers [36].  

Cotton, typically, is associated with weaker and brittle fibers in comparison to other textile 

fibers Table 2 shows the different strength values of cotton fibers around the world. As 

previously stated, a portion of cotton's strength is determined by the environment, however, 

longer and finer fibers tend to have a higher tenacity. Additionally, fibers with a higher 

molecular weight have been shown to have higher strength properties, but the general strength 
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of cotton is challenging to measure due to the variability between fibers within each bundle 

[36].  

Table 2. The textile properties of cotton sourced in different environments around the world. 

Cotton's mechanical properties are dependent on the environment and humidity in which it is 

gown [36]. 

 

 

The final factor in the strength of the cotton is the morphology. The helix rotation of the ribbon 

fiber provides points of weakness where the fiber is more inclined to break. Figure 14 shows 

the collapse of the fiber due to morphological changes that occur during drying. As seen in the 

image the line between zones A and B initiate the breakage as the fiber untwist [36]. 
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Figure 14. a. SEM of the rupture point on a cotton fiber. b. Schematic of the break point in 

(a) shows that the break due to the helical shape and curved edges, both of which are 

characteristics of cotton fibers [36]. 

2.2.4 COMPOUNDING WITH COTTON  

Compounding with cellulosic fibers offers many benefits; low cost, low density, and limiting 

abrasion to testing and processing equipment. This can lengthen the life of equipment and 

make testing more consistent between experiments. Compared to glass fibers and natural 

fibers, cellulose fibers are less toxic, reducing health risks to consumers and researchers while 

maintaining biodegradable qualities [33]. However, as with other natural fibers, cotton has 

lignin and pectin components with lower degrees of polymerization than the cellulosic region 

and must be removed before processing. This ensues when the cotton bundles are separated 

from the stem and soaking and beating the fibers loose [37]. Once the lignin and pectin are 

removed, the fiber can benefit a biopolymer by increased mechanical and thermal properties, 
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and potentially (depending on the cellulose source) increasing the crystallinity of the 

compound [38].  

 

2.3 3D PRINT POLYMERS 

2.3.1 PRINTING WITH POLYMERS  

Additive manufacturing materials include a broad range of metals, ceramics, composites, and 

polymers [7]. The focus for this review will be polymers, of which the most commonly found 

3D printing polymers of FDM are poly(lactic acid), acrylonitrile butadiene styrene (ABS), 

thermoplastic elastomer (TPE), and nylon. 

 

ABS 

Each polymer has a unique set of characteristics that are more appropriate for different 

applications. Along with PLA, ABS one of the most common and well known polymers used 

for FDM. Unlike PLA, ABS is not biodegradable or bio-compatible [39]. The non-water 

soluble polymer has adequate toughness and strength for most situations where ABS is 

typically applied. During printing, there is often deformation during cool following extrusion 

from the 3D printer, however, once cooled ABS can maintain mechanical properties at a wide 

range of temperatures [40]. 

 

TPE  

TPE filaments are known for their strength and flexibility, but are slow at extruding through 

printer. With a high toughness, they can be bent and return to the original shape. Many 

researchers are investigating the potential applications for this polymer [41]. 
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Nylon 

Nylon filament is most typically found in functional applications. When printed on a small 

scale, the product is more flexible, but when used in larger applications the results produced 

are ridged and strong. Nylon filaments require high heat and that some printers cannot 

accommodate [41]. 

 

2.3.2 GREEN POLYMERS  

Traditional polymers are non- biodegradable and developed using fossil fuels. To create a 

polymer that has desirable sustainable properties, the fibers and matrices need to decompose 

under natural conditions. Per Bajpai et al., under loads, matrices that follow the biocompatible 

guidelines can easily deform and can transfer said load to the fibers within the composite [42]. 

In fact, the main materials of the matrix may not necessarily be of traditionally sustainable 

products, such as polypropylene, but can be made of biopolymers such as PLA and 

polyhydroxyalkanoates (PHA). However, to create what is known as a truly biodegradable or 

"green" composite both the polymer and the fiber reinforcement must be made of natural fibers 

and biodegradable polymers [42]. Figure 15 shows the different categories of biodegradable 

polymers and natural fibers, or green composites.  
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Figure 15. The flowchart of green composites shows the origin of natural fibers and various 

options when selecting a biodegradable polymer [42]. 

 

2.3.3 PLA  

The natural world heavily influences future development of biopolymers researcher, with an 

emphasis on cellulose. Between 2005 and 2009 the global demand of biopolymers doubled in 

size [43]. Half of the world's organic carbon is retained by cellulose with an acetal functional 

group connecting monomers. In one investigation, Miller added acetal functional groups to 

PLA that are not found in traditional petroleum-based polymers to PLA. With the addition of 

the functional groups, PLA can degrade at an accelerated rate in distilled water and seawater. 

Finding an water-degradable PLA polymer is important because one of PLA's methods of 

degradation is due to enzymes, which are challenging to achieve in landfills [44], [45]. Having 

a more polymer more reactive with water can increase the amount of applications for PLA, 
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and allow a better understanding the degradation process of polymers creating more 

sustainable products and polymers. Other forms of degradation for PLA are chemical 

hydrolysis and microbial degradation [43]. 

 

Among commercially available biopolymers, poly(lactic acid) (PLA) is the only one created 

at large scale comparable to petroleum-based polymers. Approximately 140,000 tons of PLA 

is produced annually, frequently making it the subject of investigations for comparison to 

traditional polymers [46]. Made from annually renewable starch products, PLA is a high 

strength and modulus thermoplastic. It can be easily processed on a wide range of equipment 

that produces plastic and disposed of through compositing and biodegradation. In addition to 

the size and shape of the product, the isomer ratio and temperature of the hydrolysis are factors 

in the rate of degradation, which occurs through hydrolysis of the ester bond above 200℃ [43]. 

The solubility of PLA changes depending on the crystallinity of the polymer. While amorphous 

(the more natural state), PLA is soluble with chlorinated and most organic solvents. This 

includes tetrahydrofuran (THF), benzene, and chloroform. Crystalline PLA is soluble with the 

same chemicals, but at raised temperatures [42], [45]. 

 

Development 

Through the fermentation process of starch agricultural products (e.g. corn, sugar beets, 

potatoes, rice, tapioca roots, and agricultural waste) lactic acid is made, and thus fabricating 

PLA. As seen in Figure 16, PLA is prepared in two ways, through condensed lactic acid and 

though cyclic lactic polymerization. First, the starch products are processed into dextrose and 

fermented into lactic acid. With the addition of catalyst, lactide is formed. Under vacuum 
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distillation and polymerization with one of the two pre-selected catalyst, the PLA polymer 

converts from lactide. End-of-life processing for PLA is composting, where the polymer 

degrades into carbon dioxide and water. This life cycle of PLA begins from an annually 

renewable source and returns into growing more agricultural crops (Figure 17). With 

comparable mechanical properties to polyethylene terephthalate (PET) and PP and the ability 

to be processes within the temperature ranges of standard processing equipment, PLA is a 

suitable material for many applications such as the automotive industry. As a hydrophobic 

polymer, PLA can be compounded with natural fibers, as they do not degrade at the high 

temperatures required for processing. These factors make PLA an ideal candidate for being 

used in green composites [42].  

 

 

Figure 16. The polymerization of PLA [42]. 

When blended with natural fibers, the process is like the fabrication of traditional matrix 

composites. The mechanical properties of plant-based composites depend on fiber and matrix, 

along with the fiber aspect ratio, fiber content, and surface modifications. These factors can be 
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customized for the needed applications and adjusted for the best-fit situation. However, when 

testing the mechanical properties, the following are observed and analyzed: tensile strength, 

young modulus, compressive strength, impact strength and loading, and flexural modulus and 

strength [42]. The amount of natural fiber and the angle at which fibers are situated are the 

main to factors in mechanical testing results. However, for PLA specifically, it is important to 

note that the fiber strength is inversely proportional to the diameter of the fiber, meaning that 

the small the fiber diameter, the more strength it will add to the composite [46]. The tensile 

and compressive strength are the most frequently studied properties of plant-based composites, 

with wettability and fiber loading being the variables responsible for increasing tensile stiffness 

[42]. For the specific application of AM, Christ et al. stated that fibers aligned in the x direction 

were more beneficial to the flexural stress than those oriented in the y direction. Additionally, 

prints of plant-based fiber reinforced filaments generally have increased the flexural strengths 

and were better able to withstand compressive tests due to distributing force from the matrix 

to the fibers [47]. 

 

The brittle nature of PLA leaves possibility for improving mechanical properties with the 

addition of plant-based fibers. Literature has shown that popular fibers include "kenaf, flax, 

jute, abaca, and a cordenka rayon fiber" [46]. When PLA was compounded with condenka at 

a 30 wt%, the impact strength was reported to be 4.5 times higher than with neat PLA. 

Additionally, studies have suggested that mechanical properties improve even more with the 

use of cellulose fibers [46]. The implication of this study suggest that stronger polymers can 

be developed with the addition of natural fibers, increasing the situation where PLA 

composites can be applied. Some adhesion challenges found with PLA include a slight polarity 
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in the oxygen atoms that have the potential to form hydrogen bonds with the hydroxyl groups 

of the plant-based fibers. However, literature has found only a small impact on the adhesion 

between polymer and fibers. Fiber pull out and air pockets between the fiber and polymer have 

been found while taking Scanned Electron Microcopy (SEM) images. This could be due to 

debonding during the mechanical testing phase or fibers not bonding with the polymer during 

the development of the composite. To combat the fiber/ polymer voids, Mukherjee et al. noted 

that using a two-step extrusion process allows for a more even dispersion of the fibers and 

better bonding manufacturing and testing. The two-step process involves the initial use of a 

twin screw extruder followed by the final sample preparation, such as injection molding or 

extrusion into a filament. PLA high moisture sensitivity must be addressed more carefully 

during this process as there are more opportunities for moisture degradation [46].   
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Figure 17. The life cycle of PLA. The circular life cycle produces net zero emissions and 

cultivates more material used in the production of polymer [42]. 

 

3.0 PREVIOUS EFFORTS IN THE FIELD 

Prior work has been conducted work that has served as a motivation for the research to be 

presented in this thesis, specifically to the investigation of the sizing of cotton-based cellulose 

materials for use in polymer film composites [48].  This work, completed by Nasim 

Farahbakhsh et al, provided an analysis of the mechanical properties and composite 

characteristics of micro and nano- sized filaments in composite films to offer insight into the 

advantages of cotton based cellulose. In this work, Farahbakhsh investigated the use of 
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recycled t-shirts in the form of pulverized cotton (pCot).  By further mechanical and chemical 

treatments, the cotton particle size can be reduced to the micro and nano-scale (referred to as 

microfibrillated cellulose (MFC) and nanofibrillated cellulose (NFC) from cotton). The 

evaluation of morphology, crystallinity, and specific surface area allowed for a greater 

understanding of the physical and mechanical properties of these materials. Farahbakhsh 

further developed film composites with the use of these materials through melt extrusion with 

low density polyethylene (LDPE) and pCot before and after mechanical treatments to compare 

thermal, mechanical and morphological properties. Results indicated good interactions 

between polymer and plant-based fiber and improved mechanical and thermal properties with 

up to 10 wt% of MFC cotton filler. Additionally, processing ranges were determined for 

extruding thin films that retained similar transparency with and without cotton fillers.   

 

Farahbakhsh et al. finally compared LDPE composites with MFC cotton and NFC cotton to 

similar composites with bleached and unbleached softwoods. The results showed that NFC 

cotton had a higher crystallinity and thermal stability than the bleached and unbleached 

softwood fibers. Additionally, the LDPE/NFC cotton nanocomposite displayed higher optical 

transparency and mechanical properties than other compounds. Specifically, NFC cotton  had 

a 62.5% higher ultimate strength than the wood composites due to the higher crystallinity found 

in cotton material.  
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4.0 3D PRINTING OF PLANT-BASED COMPOSITE FILAMENTS 

 

4.1 SUMMARY 

This work examines poly(lactic) acid (PLA) based filaments compounded with plant-based 

fibers through the use of tensile and compression testing as well as analysis of the fracture 

points using scanning electron microscopy.  PLA, a biodegradable starch derivative, is a 

common material used in fused deposition modeling (FDM) and provides suitable mechanical 

properties for most 3D print applications. The addition of a natural plant-based material 

provided the opportunity for further reduction of the material’s carbon footprint.  Specifically, 

this effort examines the use of commercial filaments that have plant-based fillers such as wood, 

coffee grounds, hemp, jute, algae, and bamboo compounded with PLA. Collecting a 

benchmark analysis of these materials allows for an understanding of the range of materials 

properties that are acceptable in the commercial 3D print market and a prospective on intended 

applications of these materials.  

 

4.2 INTRODUCTION   

Additive manufacturing is a form of manufacturing that builds objects through sequential 

layers rather than subtracting from a larger block of raw material. With technologies such as 

selective layer sintering, polyjet printing, and fused deposition modeling (FDM), there are 

many opportunities for customization based off desired surface finish and material [3]. 

Additionally, the ability to digitally transfer files of the desired 3D print structure of products 

allows for new advanced concepts in customized, localized manufacturing. These benefits are 

increasing the popularity of additive manufacturing techniques and opening the market to new 

materials in fashion, healthcare, and electronics [2]. Due to the ease of operation and low cost 
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associated with machinery, FDM is one of the most common used and popular forms of 

additive manufacturing [49]. Developed in the late 1980’s, FDM uses filament derived from 

polymers to deposit lines of the melted on a print bed. The nozzle moves in an xy coordinate 

to accurate place each new layer.  As layers build up, the z direction moves by vertical 

displacement of the print bed.  A key attribute of FDM is the print bed temperature.  A lower 

bed temperature allows for quick hardening of the heated filaments, solidifying the object and 

allowing the process to proceed at a quickened pace. Still, in comparison to other 3D printing 

techniques, FDM has a lower speed and has a lower dimensional accuracy [7].  The benefit of 

the FDM is the low cost necessary for the tooling and the ability to print a wide range of 

polymer filaments, including those with unique fillers. 

 

Filament material can be derived from many sources, with the two main polymers used in FDM 

being poly(lactic) acid (PLA) and acrylonitrile butadiene styrene (ABS) [7]. As industry shifts 

to increase sustainability, plant-based fibers are added into polymers with the hope of reducing 

the amount of polymer in the matrix while maintaining or potentially increasing the filament 

mechanical properties. Plant-based fibers such as jute, woodfill, bamboo, and hemp have been 

compounded with polymers (typically PLA) to form filaments [50].  A selection of the 

filaments are provided in Table 3. The purpose of this research is to investigate the range of 

properties within a selection of plant-based filaments and demonstrate how the material 

characteristics compare to a neat PLA filament.  
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Table 3. Materials collected for benchmarking. All sample costs were obtained from their 

respective websites. Each filament contains PLA and a weight percentage of natural fiber.  

Product name Base polymer Supplier Cost per 

600g 

Ingeo 100% PLA (Corn) NatureWorks $46.00 

Woodfill 30% recycled wood fibers/70% 

PLA 

Colorfabb $45.22 

Laywood PLA/ wood fiber mix CC-Products $50.00 

Woodfill Recycled wood and PLA Gizmo Dorks  $32.95 

Woodfill 40% recycled wood/ 70% PLA SainSmart $35.99 

Timberwood PLA/ recycled wood fiber mix Fillamentum $56.90 

Corkfill PLA/ cork mix Colorfabb $44.00 

Bamboo 20% recycled bamboo fiber/80% 

PLA 

Colorfabb $65.00 

Algae PLA/ algae mix Algix $75.00 

Hemp PLA/ hemp mix 3Dom USA $59.00 

Extrudr Green-

TEC 

Bio-organic composition, CO2 

neutral (Not PLA, ABS, or PETG) 

Extrudr $63.39 

Aromatic 

Coffee 

Coffee grounds and PLA Proto-Pasta $34.00 

Biome3D Plant based mix 3Dom USA $49.00 

Willoflex Compostable raw material  BioInspiration $34.00 
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4.3 EXPERIMENTAL DESIGN   

Materials were gathered to examine the differences between plant-based filaments currently 

on the market and neat PLA.  This work focused on studying the materials characteristics of 

the three plant-based composites to compare them to a neat PLA polymer.   Specifically  

bamboo (20 wt%) and woodfill (30 wt%) filaments were obtained from Colorfabb and a 

woodfill (40 wt%) filament was obtained from SainSmart.  The wt % balance for all of the 

filaments is PLA.  For the control PLA filament, Ingeo biopolymer was obtained from 

NatureWorks.  All of the filament samples were purchased with the diameter of 2.85 ± 0.1 mm 

(advertised) and used as received.  Printing occurred on a Lulzbot TAZ 5 printer with a 0.5mm 

nozzle head diameter.  

 

 

Figure 18. SolidWorks model of dogbone tensile test shape with all units in inches. 

 

Mechanical testing was performed for all samples to evaluate the tensile properties of the 

filament as well as the tensile and compressive properties of the 3D printed structures.   For 

tensile testing a MTS Criterion Model 43 was used on filament samples of 125 mm in length 
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at a common extension rate of 50.82 mm/min. All samples were subjected to conditioning at 

70 °F and 65% relative humidity (RH) for 24 hours prior to tensile testing.  Tensile testing was 

also performed on the 125mm dogbone samples printed at 210 ºC and a 45 ºC print bed, 

fabricated using a Lulzbot 3D printer.  A CAD drawing of the dogbone is seen in Figure 18. 

Compression testing occurred using MTS Alliance RF/300 and a cross sectional shape (Figure 

19). This shape was selected because it will demonstrate bonding points and weaknesses within 

the print during compression. During testing, the rate of compression was 25 mm/min with the 

machine detecting a break with 20% compression.  It is noted that the compression rate follows 

ASTM D4761 for wood samples, which was necessary due to the elastically of the 3D printed 

designs 

 

 

Figure 19. SolidWorks CAD drawing of compression shape with all measurements in inches. 

 



 

45 

4.4 RESULTS AND DISCUSSION  

Table 3 shows the wide variety of the filaments on the market. All involve PLA and have a 

varying range of natural fiber compositions and types of natural fibers. During tensile testing 

Proto-pasta’s coffee ground filament has a higher strength value than the other filaments, 

however there was a very large range of values, indicating that there are more polymers each 

filament than PLA (Figure 20). It is important to note that some benchmark materials did not 

provide substantive detail as to the amount of additive added to the filament during production  

that potentially strengthen the filament against brittle breakage. 

 

Table 4 provides a summary of the tensile results of the filament samples chosen from the 

sample set in Table 3 for analysis.  The choice of these materials is due to the known wt % of 

the filler in the PLA filament and a fiber that is presumed to have similar structure as the cotton 

filament studied in this thesis work.  In comparison to the PLA samples, the woodfill samples 

show a higher ultimate tensile strength, strain at break, and Young's Modulus.  The bamboo 

sample results in a decreased ultimate strength 
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Figure 20. Normalized tensile testing of benchmark materials. The large variation of 

strengths within the filament indicate that more than PLA polymers are being compounded 

with natural fibers. 



 

47 

.  

50 m 0 2 4 6 8 10 12

0

20

40

60

80

100

120

140

F
o
rc

e
 (

N
/m

m
^2

)
Strain (%)

 Run2

 Run3

 Run4

 Run5

50 m 0 1 2 3 4 5

0

20

40

60

80

100

F
o
rc

e
 (

N
/m

m
^2

)

Strain (%)

 Run1

 Run2

 Run3

 Run4

 Run5

Figure 21. SEM and filament tensile testing of NatureWorks Ingeo Biopolymer. 

Figure 22. SEM and filament tensile testing of Colorfabb woodfill. 
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Figures 20-24 show the cross section SEM and tensile results for the selected benchmark 

materials. The Ingeo Biopolymer was the strongest filament as expected because there is no 

possibility for fiber pull out or reduced strength from poor interfacial binding between polymer 
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Figure 24. SEM and filament tensile testing of SainSmart woodfill. 

Figure 23. SEM and filament results for Colorfabb bamboo. 
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and fiber. The Colorfabb bamboo filament was the weakest filament compared to the other 

three. It is evident in the SEM image that much of the weakness is due to air pockets in the 

filament’s cross section. The Sainsmart filament was stronger than the Colorfabb filament 

because the matrix was able to efficiently transfer the tensile load from the polymer onto the 

fibers.  

 

 

Table 4. Mechanical testing results from benchmarking material filaments from 

NatureWorks (PLA), Colorfabb (PLA/Bamboo & PLA/Woodfill), and SainSmart 

(PLA/Woodfill).  

Product  

Base 

polymer Supplier 

Ultimate 

Tensile 

Strength 

(kN/mm2) 

Strain at 

break 

(mm/mm) 

Young’s 

Modulus 

(kN/ 

mm2) 

Filament 

Diameter 

(mm) 

Ingeo 
100% PLA 

(Corn) 

Nature 

Works 

0.067 (+/- 

.056) 

0.127 (+/- 

.016) 

0.148 

(+/- .008) 
2.90 

Woodfill 

30% recycled 

wood 

fibers/70% 

PLA 

Colorfabb 
0.093 (+/- 

.002) 

0.079 (+/- 

.007) 

0.129 

(+/- .004) 
2.90 

Woodfill 

40% recycled 

wood/ 60% 

PLA 

SainSmart 
0.111 (+/- 

.001) 

0.090 (+/- 

.003) 

0.133 

(+/- .011) 
2.92 

Bamboo 

20% recycled 

bamboo 

fiber/80% 

PLA 

Colorfabb 
0.049 (+/- 

.030) 

0.081 (+/- 

.003) 

0.115 

(+/- 

007) 

3.00 
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Table 5. Mechanical testing results from dogbone shapes 3D printed from the benchmarking 

material from NatureWorks (PLA), Colorfabb (PLA/Bamboo & PLA/Woodfill), and 

SainSmart (PLA/Woodfill).  

  

Material  

Base 

polymer Supplier 

Ultimate 

Tensile 

Strength 

(kN/mm2) 

Strain at 

break 

(mm/mm) 

Young’s 

Modulus 

(kN/mm2) 

Ingeo 100% 

PLA 

(Corn) 

Natureworks 0.253 (+/- 

.022) 

0.292 (+/- 

.395) 

0.419 (+/- 

.025) 

Woodfill 30% 

recycled 

wood 

fibers/70% 

PLA 

Colorfabb 0.145 (+/- 

.003) 

0.057 (+/- 

.003) 

0.412 (+/- 

.008) 

Woodfill 40% 

recycled 

wood/ 

60% PLA 

SainSmart 0.195 (+/- 

.007) 

0.071 (+/- 

.003) 

0.438 (+/- 

.006) 

Bamboo 20% 

recycled 

bamboo 

fiber/80% 

PLA 

Colorfabb 0.140 (+/- 

.002) 

0.058 (+/- 

.002) 

0.403 (+/- 

.011) 

 

The tensile properties of dogbone shapes fabricated by 3D printing from the chosen filaments 

is provided in Table 5, showing that the filament without fiber reinforcement had the strongest 

tensile strength. The results for the dogbone shapes are similar to the filament tensile test 

results. Much of the results for the natural fiber filament depends on the matrices ability to 

transfer the load from the polymer to the fibers. Therefore, the strength of the SainSmart 

filament is highest. 
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Figure 25.SainSmart woodfill cross sectional print shape results from load testing. The break 

occurring in between layers indicates that the bonding strength is a weak point and further 

optimization of print temperature is need for this filament material.  

A summary of the compression testing of the 3D printed X-shaped structures to determine their 

load capabilities are provided in Table 6. The results indicate that the sample containing only 

PLA could withstand the most amount of compression. Two samples containing woodfill 
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exhibited a noticeable difference in strength. Figure 25 shows the a sample of the break location 

from load testing. This shows a weakness in bonding between layers and that the temperature 

was not optimized for the cooling speed of the filament. 

 

Table 6. Loading test results for cross sectional shapes. The top and bottom plate of the 

printed prototype was 25 mm x 31.75 mm. 

Product Average Peak Load (lbf) 

Ingeo  2072 

Colorfabb Bamboo 1121 

SainSmart Woodfill 1708 

Colorfabb Woodfill 1198 

 

4.5 CONCLUSION  

The objective of this analysis to understanding the variability in the 3D print filament market 

in the effort to define the specifications for future plant-based filaments.  Significant variation 

in the filaments with plant-based fillers was observed, suggesting that standard practices for 

production are not yet defined and the properties for these materials are of less importance.  

Furthermore, most samples provide little information regarding the filler content.   Filaments 

from Ingeo PLA from NatureWorks, PLA/40 wt% woodfill from SainSmart, PLA/30 wt% 

woodfilll from Colorfabb, and PLA/20 wt% bamboo from Colorfabb were studied further to 

define the effect of moisture content, as well as the translation of the tensile testing from the 

filament state to the 3D print state.  Compression testing was also performed on printed 
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materials. The Ingeo PLA proved to be the most elastic of the four polymers having the highest 

ultimate tensile strength, strain at break, and Young’s modulus. The filaments with the lowest 

mechanical properties both originated from Colofabb. SainSmart’s woodfill contained 40 wt% 

plant based fibers while maintaining higher mechanical strengths than the Colorfabb filaments.  

This is likely due to variation processing or materials used in production, which is proprietary 

to the manufacturer.  For example, the quality and molecular weight of PLA, as well as the use 

of additives used in manufacturing may influence the mechanical behavior of filaments.  
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5.0 PCOT FIBERS IN 3D PRINTING 

 

5.1 SUMMARY  

The goal of this effort is to explore the material challenges of the use of pulverized cotton in 

combination with low density polyethylene in filament production and 3D printing.  

Specifically, the use of compounded polymer pellets with 25 wt% pulverized cotton fillers 

(~10-15 aspect ratio) in LDPE is demonstrated.  Considerations to processing challenges from 

a sustainable and practical viewpoint are provided.    

 

5.2 INTRODUCTION  

Freeform fabrication and rapid prototyping by additive manufacturing (AM) is an emerging 

field for creating products and parts for specific applications that have the potential to reduce 

manufacturing costs. The importance of reducing the consumption of energy becomes evident 

when as much as one third of U.S. energy cost are devoted to the manufacturing sector [51]. 

Reducing the amount of energy consumed lessens the reliance on fossil-based fuels and other 

forms of energy harvesting that can negatively affect the environment. However, because of 

the time necessary to create a product, the energy consumption between AM and traditional 

manufacturing remains relatively equivalent [1]. 

 

Labs in Europe have shown favorable results when using recycled LDPE as a form of filament 

[52]. The created filament had flexible properties what would compound well with the brittle 

nature of the cotton fiber, creating a more ductile composite. Being able to use recycled LDPE 

would add another sustainable aspect to the filament (LDPE Stuff). 
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Adding different plant-based or cellulose-based materials into traditional filaments can create 

unique properties that add to the sustainability of advanced manufacturing. As outlined in 

Chapter 4 of this thesis, 3D filaments with plant-based filler materials such as algae, bamboo, 

coffee grounds, hemp, and woodfill are commercially available (Table 3).   Our analysis has 

shown that the mechanical properties tend to be weaker than the traditional neat polymer 

filaments, such as poly(lactic acid) (PLA).   

 

Cotton based filaments provide a unique set of properties that makes it of interest in 3D 

printing.  For example, cotton is a good conductor of heat, which would allow for a uniform 

heating of the filament during printing. Unlike wood, cotton gains strength when wet and 

therefore can be used in more applications where moisture is involved [53]. The purity and 

molecular weight are both higher in cotton than in wood products and the crystallinity of 

cellulose does not decrease with processing [54]. Finally, the size of cotton can be scaled to 

larger extents compared to wood pulp, thus allowing for a high aspect ratio of sized cotton to 

achieve a composite-like enhancement in the printed freeform.   

 

5.3 EXPERIMENTAL DESIGN 

In this work cotton material is compounded with LDPE to analyze the ability to fabricate a 

filament and 3D print with that filament.  Cotton materials was obtained as pulverized cotton 

(pCot) from Solvaira Specialties. The pulverized cotton is derived from recycled clothing and 

ground into micro-sized fibers, 350 m in length and 20-40 m in width.  



 

56 

 

Figure 26 shows a schematic of the experimental process involved in creating filament at NC 

State with LDPE and pCot.  Compounded pellets of 75 wt% LDPE and 25% pCot were 

purchased from Techmer PM and subsequently dried in a VWR Gravity Convection Incubator 

oven at 90 ºC for two hours. The Noztek pro HT extrudes the pellets into filament at 160 ºC. 

The filament is then ready for printing with the Lulzbot TAZ 5 printer with a 0.5mm nozzle 

head diameter.  

 

The tensile testing of the filament was performed to compare the LDPE filament with and 

without the addition of pCot.  Following ASTM D368-14, 125 mm segments of filament were 

pulled in tension at extension rate of 50.82 mm/min. The filament was also examined for its 

ability to be used in a Lulzbot TAZ5 3D printer, with an 190C to create a 127 x 5.1 x 35.6 

mm dogbone shape.  

 

Compounded pellets of 

75wt% LDPE and 25 

wt% pCot are purchased 

from Techmer PM  

Filament is 

extruded through 

Lulzbot TAZ 5 

3D printer at 210 

ºC and a 45 ºC 

print bed 

Pellets are 

extruded through 

Noztek pro HT at 

160 ºC 

Pellets are dried 

at 90 ºC for two 

hours in an oven 

Prototype is 

produced 

Figure 26. Schematic of the process to develop a filament from LDPE and pCot. 
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5.4 RESULTS AND DISCUSSION  

 

4.57 mm 

4.25 mm 3.86 mm 

110 ∘C 
120 ∘C 130 ∘C 

4.58 mm 4.34 mm 3.30 mm 3.30 mm 

Figure 27. (Top) Comparison of the LDPE filament with 25 wt% pulverized 

cotton (pCot) extruded at temperature range of 145-200 °C in a Noztek pro 

HT. These filaments varied in diameter throughout the filaments, but could 

extrude through the 3D printer. 

(Bottom)Comparison of LDPE filament extruded at temperatures of 110-130 

°C in a Noztek pro HT. 
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Filament Extrusion.  The effect of extrusion temperature on the diameter of the filament was 

examined for LDPE using the Noztek pro HT with and without the addition of pCot filler 

material.  In these experiments, the initial filament extruded (~1 min worth of processed 

material) was discarded prior to collecting samples to examine the diameter.  Microscope 

images of the LDPE extruded at 110C, 120C, and 130C are provided in Figure 27.   The 

results of the average diameter of the filament is provided in Table 7. For 3D printing it 

important to have a consistent diameter for the filament as designed by the manufacturer. As 

the filament extrudes, if the filament has too small of a diameter the pressure applied will not 

be sufficient to produce an even line of molten material causing low interlayer bonding. In 

comparison to the neat LDPE filament, the pCot/LDPE composite filament is demonstrated to 

have a rougher surface and similar diameter. The similar diameter is due to the nozzle head on 

the Noztek pro being the same size. The neat LDPE was slightly larger due to having no 

particles impeding the flow.  The mechanical strength compared of neat LDPE compared to 

the LDPE/ pCot composite was higher. However, both were weaker than the previously tested 

benchmark composites with a base polymer of PLA. It was predicted the LDPE would be more 

flexible than tests indicated, and combined brittle properties with cotton fibers. The high load 

of the cotton fibers (25wt%) contributed to the lower mechanical strengths because the polymer 

was not able to fully bond with the fibers, and therefore allowed for fiber pullout in void areas 

where air pockets were prevalent.  
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Table 7. Diameters of filaments extruded with Noztek pro HT. The diameter needs to be as 

close to 2.85mm as possible. 2.85 mm is the optimal diameter for extrusion from the 3D 

printer. However, a reasonable range can print with a lesser quality. Neat PLA and LDPE 

with pCot can print, but with low resolution. 

Virgin LDPE LDPE with pCot 

Temperature 

(C) 

Diameter 

(mm) 

Temperature 

(C) 

Diameter 

(mm) 

145 4.58 110 4.57 

165 4.34 120 5.25 

185 3.30 130 3.86 

200 3.30 
  

 

Mechanical analysis of filaments was performed, with the stress-strain curves presented in 

Figure 28. With respect to a normalized diameter, the filament was optimized and extruded 

145 C (LDPE) and 190 C (LDPE + pCot). This temperature had the highest strength value 

but proved to be inconsistent with regards to the extruded diameter and quality, failing at about 

15 N/mm2 for LDPE pellets and 13 N/mm2 for LDPE + pCot. However, all the extruded 

filaments with an LDPE pCot mixture were weaker and could withstand less strain than the 

neat LDPE filaments.   
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Figure 28. Tensile test results for LDPE and LDPE + pCot pellets. The results indicate LDPE 

without pCot is a stronger material. 
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3D printing of LDPE/pCot.   

3D printing was attempted using the LDPE/pCot filament.  The typical print temperatures of 

LDPE is between a range of 160-180 °C.   However, thermal degradation of the cotton limited 

the upper printing range to 210 C, as above this temperature the sample was observed to 

brown.  The best success of the 3D printing was observed at a temperature of 190 C (Figure 

29) as printing at 180 ˚C was too viscous and printing at 200 ˚C was too molten and could not 

cool in an adequate amount of time for the next layer to be deposited.  During printing, the 

print surface was unheated and an adhesive was applied to assist in bonding. The result of the 

printing showed a successful initial layer of printing, but a multiple layered-structure was 

unable to be fabricated. Additionally, the LDPE/pCot pellets made popping sounds when 

heated, indicating signs of containing moisture, which can detract from the strength.  

 

5.5 CONCLUSION 

With the help of were compounded to create a pellet. 3D print filament of compounded 

LDPE/pCot pellets was able to be extruded a at temperature of 185C.  The LDPE/pCot the 

filament created was strong enough to be printed in a Lulzbot TAZ5 3D printer at a temperature 

a. b. 

Figure 29. a) Image of the printing process of LDPE pCot. The bed of the printer has a 

layer of adhesive to aid with sticking and allowing layers align properly. b) An image of the 

final printed sample after the second layer of printing. 
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of 190 C, but was limited in producing a multi-layered structure.  This work shows that 

printing with a cotton cellulose material is possible with LDPE, but the optimal operating range 

for 3D printing is too high (>190 C) for stability of the cotton material.   Above this 

temperature, the cotton material began to degrade and discolor the filament. Moving forward, 

alternative polymer materials will be explored that have a lower melt temperature (i.e. PLA).   
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6.0 COTTON/ PLA COMPOSITES FOR 3D PRINTING 

 

6.1 ABSTRACT   

This research investigates the use of cotton cellulose fibers derived from recycled cotton t-

shirts compounded with PLA for the intended purpose of fused deposition modeling (FDM). 

3D printing with FDM is an easy to use and popular form of 3D printing where uses can 

customize the design and material of their products. PLA and pulverized cotton fibers (pCot) 

were compounded, developed in filament, and printed using FDM. Analysis of the PLA/ pCot 

compound with the use tensile and compression tests and SEM images showed lower 

mechanical properties of plant-based filaments when compared to neat PLA polymer filament. 

However, this process demonstrates the material versatility of 3D printing and sustainability 

potential of the additive manufacturing industry.  

 

6.1 INTRODUCTION 

Poly(lactic) acid (PLA) is an easily processed thermoplastic with high strength and 

biocompatibility. PLA is typically associated with AM because of the biodegradable properties 

that edge to a more sustainable manufacturing sector. PLA, a starch based derivative from plant 

products, such as corn and sugar beets,  has been demonstrated to be loaded with cellulosic 

materials to form 3D prints using FDM. In previous studies, surface modification of a PLA 

and cellulose composite demonstrated surface modification that decreases the water absorption 

of the filament. This indicates that the combination of cellulose fibers and PLA can create a 

biocomposite that can be used in future FDM applications that involve fully biodegradable 

prototypes [34]. 
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Plant-based filaments offer an alternative to petroleum-based polymer filaments for FDM 3D 

printing. These filaments incorporate biodegradable elements of plants that can enhance 

mechanical properties or add an element of intrigue. Cotton, in particular, is a good conductor 

of heat, allowing for more uniform heating and melting throughout the filament. Additionally, 

unlike other cellulose materials, cotton gains strength when wet and therefore can be used in 

applications where moisture is a factor [53]. The crystallinity of cotton does not decrease 

during processing, unlike wood, which has a lower purity and molecular weight [54].  Finally, 

cotton has a higher aspect ratio in comparison to other cellulosic materials and can be sought 

to improve the composite strength. In FDM, the larger aspect ratio allows for composite like 

encasements. The aim of this work is to understand the effects of cotton when used as a plant-

based filler in 3D print polymers. Investigation into compounding PLA and cotton microfibers 

will demonstrate 3D print parameters and the sustainability of FDM additive manufacturing.  
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6.2 EXPERIMENTAL DESIGN  

Materials  

PLA used in these experiments was used as received from Hisun Biomaterials CO., LTD. 

(195984). The variety of PLA has a melting temperature of 170-185 °C and molecular weight 

of 70,000- 110,000 g/mol and was purchases in the pellet form. Figure 30 shows a schematic 

of the experimental process involved in creating filament at NC State with PLA and pCot. PLA 

was purchased form Husin Biomaterials and pCot was purchased from Solvaria Specialties. 

Polymer pellets and powdered fibers were dried in the VWR Gravity Convection Incubator 

oven at 90 ºC for two hours then compounded in the Xplore Twin screw extruder at 180 ºC 

and 120 RPM. The polymer was first inserted and recycled for five minutes, and then the pCot 

was inserted and recycled for three minutes. Once compounded, the pellets subsequently dried 

in a VWR Gravity Convection Incubator oven at 90 ºC for two hours. The Noztek pro HT 

extrudes the pellets into filament at 160 ºC. The filament is then ready for printing with the 

Lulzbot TAZ 5 printer and a 0.5mm nozzle head diameter. 

PLA is purchased 

from Husin 

Biomaterials and 

pCot is purchased 

from Solvaria 

Specialties 

Filament is 

extruded 

through Lulzbot 

TAZ 5 3D 

printer at 210 ºC 

and a 45 ºC print 

bed 

Pellets are 

extruded 

through Noztek 

pro HT at 160 

ºC 

Pellets are dried 

at 90 ºC for two 

hours in an oven 

Prototype is 

produced 

Polymer pellets 

and powdered 

pCot are dried at 

90 ºC for two 

hours in an oven 

PLA and pCot 

are compounded 

in twinscrew 

extruder at 180 

ºC and 120 RPM 

Figure 30. Schematic of experimental process used to develop filament at NC State. 
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c2renew experiments used Ingeo Biopolymer 4043D 2.85 ± 0.1 mm diameter filament from 

NatureWorks. The rationale behind the PLA selection was the ease of access and comparable 

properties to the investigated benchmarked materials. With a reported 524,000 psi tensile 

strength and 210 °C print temperature, this PLA proved to print consistently and have an 

average print temperature that would be applicable for all other filaments used [55]. Figure 31 

shows a schematic of the experimental process involved in creating filament. Each step is 

repeated 15 wt% and 20 wt% c2renew pellets. The pCot and PLA were collected and sent to 

c2renew in Fargo, North Dakota. Once compounded into 10 wt%, 15wt%, and 20 wt%, the 

pellets were returned to NC State and subsequently dried in a VWR Gravity Convection 

Incubator oven at 90 ºC for two hours. The Noztek pro HT extrudes the pellets into filament at 

160 ºC. The filament is then ready for printing with the Lulzbot TAZ 5 printer.  

 

PLA and pCot 

derived from 

cotton t-shirts are 

send to c2renew 

Pellets of 10, 15, 

and 20 wt% are 

compounded at 

c2renew and 

delivered to NC 

State 

Filament is 

extruded through 

Lulzbot TAZ 5 

3D printer at 210 

ºC and a 45 ºC 

print bed 

Pellets are 

extruded through 

Noztek pro HT at 

160 ºC 

Pellets are dried 

at 90 ºC for two 

hours in an oven 

Prototype is 

produced 

Figure 31.Schematic of process used to create filament with product from c2renew. 
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Purchased cotton from Solvaria Specialties arrived with an average fiber length of 350 µm and 

20 µm diameter. The processing of cotton fibers originated from recycled t-shirts then 

underwent bleaching, grinding into microfibers, and drying. Being able to work with a 

cellulose material that is biodegradable and does not rely on the manufacturing of a new 

product was important to the sustainable aspects of the project.  

 

Testing 

Tensile testing occurred using MTS Criterion Model 43. All samples were subjected to 

conditioning at 70 °F and 65% relative humidity (RH) for 24 hours prior to tensile testing. For 

filament testing, 125 mm segments were cut and tested at a rate of 50.82 mm/min. drying of 

the samples VWR Gravity Convection oven at 90 °C for two hours prior to twin screw 

extrusion and Noztek extrusion was done to determine the importance of pre-extrusion drying. 

Finally, the Lulzbot printer extruded dogbone shapes from filament with same parameters as 

the filament segments.  

 

Compression testing occurred using MTS Alliance RF/300. Subjected samples entered 70 °F 

and 65% relative humidity (RH) conditioning for 24 hours prior to tensile testing. During 

testing, the rate of compression was 1in/min with the machine detecting a break with 20% 

compression. The ASTM standard of 1.3 mm/min deviation occurred because the MTS 

Alliance RF/300 used for compression testing could not compress the sample at the slower 

rate. The elasticity in the 3D printed samples did not effectively emulate the rigid plastic 

written for the standard and therefore detected a break when the samples elastically deformed. 
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The wood ASTM standard better represents the properties of 3D printed plastic due to the 

elasticity in wood products. 

 

Materials for this experiment include filament containing only PLA, PLA with 10 wt% of 

cotton and PLA with 30 wt% of cotton. For solvent experiments, powdered forms of filament, 

along with rods gathered directly after extrusion were used to understand the degradation 

process. Samples dried in an over 90 °C for two hours prior to chloroform exposure. The 

materials were then added to .05 g of chloroform in a glass beaker on an 80 °C hotplate. The 

solution stirring occurred every five minutes for one hour then filtered through a 110-mesh 

size silkscreen and again dried for two hours at 90 °C.  

 

The final experiment is designed to investigate the variability of the diameter as filament is 

extruded from the Noztek pro HT extruder. 3D printers rely on a consistent filament diameter 

when extruding to ensure the extrusion pressure remains constant and the flowrate remains the 

same. Challenges with interlayer bonding occur when filament diameter changes. C2renew 

PLA/ pCot pellets of 10 wt%, 15 wt%, and 20 wt% of cotton and neat PLA were dried at 90 

ºC for two hours in the VWR Gravity Convection Incubator oven. Noztek pro HT filament 

extruder was heated to 160 ºC and the 10 wt% pellets were inserted into the extruder. One foot 

of filament was extruded and cooled for 30 minutes. Once cooled, the diameter was measured 

with a caliper in three-inch increments along the filament. This process is repeated for all the 

weight percentages. Followed by repeating the process with all weight percentages at 170 ºC 

and 180 ºC. The results are reported in mm on a graph to show the diameter variation 

throughout the filament.  
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6.3 RESULTS AND DISCUSSION  

Filament Creation- NC State Material  

A MTS Criterion Model 4 twin screw extruder compounded PLA and pCot extruding into a 

long rod shape. This research intended on optimizing of filament loading capacity and 

extruding at the lowest temperature. Additionally, because cotton degrades rather than melt, 

the temperature during productions would be lower than the cotton degradation temperature to 

ensure a retention of mechanical properties. As the temperature rises, cotton will burn and 

mechanical properties will decrease. PLA melts extrudes more efficiently from the 3D printer 

at higher temperatures and cotton retains more mechanical properties at lower temperatures, 

therefore the investigation focused on finding a temperature where both components could 

function with the maximum mechanical properties. PLA polymer and pulverized cotton fibers 

inserted into the twin screw extruder at 210 °C extruded in increments of 2 to 3 g to a loading 

of 31 wt%, at which point polymer did not fully encompass the cotton fiber deeming the 

filament too brittle for 3D printing. Loading into the twin screw extruder occurred in 

increments of 1.5g of PLA followed by a mixing period of five minutes. The powdered pCot 

was then at 0.8- 1.0 g increments and cycled through the system for three minutes before 

extrusion. Figure 32 shows an SEM image of the 31 wt% filament. This filament was too brittle 

to extrude into a testing piece, and therefore no further mechanical testing was performed.  
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Figure 32. SEM image of 31 wt% loading of cotton. A few individual fibers of visible in this 

image of the breakage point. Additionally, there is uniformity throughout the filament and 

minimal air gaps. Air gaps and a non-uniform filament causes errors and ultimately lower 

mechanical properties. 

 

The second test conducted focused on the reduction of temperature from the twin screw 

extruder. The first experiment temperature was set at a constant 210 °C. With 15 to 20 wt% 

cotton loading, temperature reduction in increments of 5 °C started at 210 °C there was no 

visible change in the filament color. The results indicate that the burning of the cotton is 

consistent and not reliant on temperature within the selected range (Figure 33). 
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Figure 33. Images of filament with a reduction of extrusion temperature from 175 to 210 °C. 

The color does not alter throughout the temperature changes.  

 

 

 

A composite filament at 20 wt% loading of pCot was used for 3D print testing. All tensile tests 

were conducted in accordance with ASTM D-638-14. As shown in Figure 34, the dried and 

conditioned filament demonstrated a ~50% improvement in tensile tests than the those that 

were not dried or conditioned. However, the brittle nature of the PLA and cotton microfiber 

composite proved to be incapable of extrusion on a FDM printer.  

175⁰ 
C

200⁰ 
C

180⁰ 
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190⁰ 
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C
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Table 8. Results from mechanical testing completed on c2renew filaments. The results 

indicate similar strengths with 20 wt% being the strongest. This is due to the load being 

transferred from the polymer matrix to the fibers.  
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Figure 34. Tensile testing of dried filament vs. undried filament. The dried filament had 

twice the tensile strength of the non-dried filament. 

Product 

name  

Base 

polymer Supplier 

Ultimate 

Tensile 

Strength 

(kN/mm2) 

Strain at 

break 

(mm/mm) 

Young’s 

Modulus 

(kN/mm2) 

Filament 

Diamete

r (mm) 

Gloss 

index (in 

print 

direction/ 

out) (GU) 

10% 

cotton 

pellets 

4043D 

PLA + 

10% cotton 

+ 1% 

lubricant  

c2renew 0.043 (+/- 

.038) 

0.046 (+/- 

.014) 

0.116 (+/- 

.006) 

2.51 2.2/3.8 

15% 
cotton 

pellets 

4043D 
PLA + 

15% cotton 

+ 1% 

lubricant  

c2renew 0.043 (+/- 
.039) 

0.045 (+/- 
.009) 

0.118 (+/- 
.018) 

2.92 2.2/3.7 

20% 

cotton 

pellets 

4043D 

PLA + 

20% cotton 

+ 1% 

lubricant  

c2renew 0.061 (+/- 

.032) 

0.069 (+/- 

.003) 

0.121 (+/- 

.003) 

2.75 2.2/3.6 
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c2renew Material  

When processing filament in the NC State, the filament created was too brittle for tensile 

testing. The lack of strength was due to exposure to moisture and not compounding on 

professional equipment. Therefore, we sought out professional help to achieve a marketable 

filament and understand how the filament created on professional equipment differed from that 

made in a laboratory environment. NatureWorks PLA Ingeo PLA was compounded with 10, 

15, and 20 wt% pCot and formed into pellets. To facilitate the extrusion, a 1 wt% lubricant 

was added to the compounded mixture.  To examine the processability of these materials, the 

pellets were first dried at 90 °C for two hours and then were extruded through the Noztek 

extruder at 160 °C and spooled by hand. The filament was then cut into 5 inch segments and 

conditioned at 70 °F and 65 %RH for 24 hours. The results provided in Table 8 shows that the 

tensile tests were all within the same standard deviation. While the 20 wt% loaded filament 

has a higher average for the ultimate tensile strength, strain at break, and Young's modulus, 

there was not significant enough of a difference to make the conclusion that the 20 wt% pCot 

composite was a stronger filament. Figures 35-37 provide individual graphs of the tensile tests 

and associated SEM images. SEM images indicate clear fibers and air pockets where defects 

can occur. Additionally, the tensile results are all within the same standard deviation and 

therefore have around the same strength value.  
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Figure 36. Cross section SEM and tensile results from 15 wt% c2renew filament. 

Figure 35. Cross section SEM and tensile results from 10 wt% c2renew filament. 
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Figure 37. Cross section SEM and tensile results for 20 wt% c2renew filament. 

PLA is purchased from 

Husin Biomaterials 

and pCot is purchased 

from Solvaria 

Specialties 

Filament 

diameter is 

measured for 

variability  

Pellets are extruded 

through Noztek pro 

HT at 160 ºC, 170 ºC, 

and 180 ºC 

Pellets are dried 

at 90 ºC for two 

hours in an oven 

Figure 38. Schematic of the process to develop and test the diameter 

of filament. Neat PLA and c2rew pellets were used in this process. 
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The results from the filament diameter experiment as extruded through the Noztek pro HT at 

160 ºC, 170 ºC, and 180 ºC using neat PLA, 10 wt%, 15 wt%, and 20 wt% cotton filament are 

shown in Tables 9-11. The variability in the diameter was greatest for the neat PLA and had a 

0.25 mm, 1.53 mm, and 0.45 mm range for 160 ºC, 170 ºC, and 180 ºC, respectively. The 

filaments created by c2renew with the 1% lubrication retained a consistent filament diameter 

throughout the filament samples and temperature ranges. A schematic of the process is found 

in Figure 38.  

 

 

Table 9. Diameters for temperature variation with Noztek extruder at 160 ºC  and a ±0.2mm 

error. Neat PLA was compared against c2renew 10 wt%, 15 wt%, and 20 wt% pellets. This 

process outlined the variability found when developing filament with the Noztek pro HT 

extruder. The neat PLA had the largest variability, which is due to a lack of elastic additive 

and changed melting temperature. 

Neat PLA  
 

15 wt% 
 

mm from Noztek 

Orifice (±0.2mm) 

Diameter 

(mm) 

mm from 

Noztek Orifice 

(±0.2mm) 

Diameter 

(mm) 

0 2.14 0 2.26 

76.2 2.10 76.2 2.33 

152.4 2.20 152.4 2.49 

228.6 2.35 228.6 2.40 

304.8 2.27 304.8 2.46     

10 wt% 
 

20 wt% 
 

mm from Noztek 

Orifice (±0.2mm) 

Diameter 

(mm) 

mm from 

Noztek Orifice 

(±0.2mm) 

Diameter 

(mm) 

0 2.40 0 2.27 

76.2 2.39 76.2 2.50 

152.4 2.37 152.4 2.70 

228.6 2.42 228.6 2.47 

304.8 2.33 304.8 2.52 
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Table 10. Diameters for temperature variation with Noztek extruder at 170 ºC and a ±0.2 mm 

error. Neat PLA was compared against c2renew 10 wt%, 15 wt%, and 20 wt% pellets. This 

process outlined the variability found when developing filament with the Noztek pro HT 

extruder. The neat PLA had the largest variability, which is due to a lack of elastic additive 

and changed melting temperature. 

Neat PLA  
 

15 wt% 
 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter 

(mm) 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter (mm) 

0 1.74 0 2.50 

76.2 2.33 76.2 2.49 

152.4 2.86 152.4 2.41 

228.6 3.00 228.6 2.47 

304.8 1.47 304.8 2.38     

10 wt% 
 

20 wt% 
 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter 

(mm) 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter (mm) 

0 2.45 0 2.45 

76.2 2.40 76.2 2.46 

152.4 2.28 152.4 2.57 

228.6 2.54 228.6 2.49 

304.8 2.38 304.8 2.88 
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Table 11. Diameters for temperature variation with Noztek extruder at 180 ºC and a ±0.2mm 

error. Neat PLA was compared against c2renew 10 wt%, 15 wt%, and 20 wt% pellets. This 

process outlined the variability found when developing filament with the Noztek pro HT 

extruder. The neat PLA had the largest variability, which is due to a lack of elastic additive 

and changed melting temperature. 

Neat PLA  
 

15 wt% 
 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter 

(mm) 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter (mm) 

0 2.50 0 2.41 

76.2 2.29 76.2 2.43 

152.4 2.05 152.4 2.38 

228.6 2.26 228.6 2.32 

304.8 2.17 304.8 2.34     

10 wt% 
 

20 wt% 
 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter 

(mm) 

mm from Noztek 

Orifice (±0.2 mm) 

Diameter (mm) 

0 2.49 0 2.48 

76.2 2.44 76.2 2.49 

152.4 2.45 152.4 2.36 

228.6 2.37 228.6 2.40 

304.8 2.36 304.8 2.38 

 

 

3D Printing 

Sample shapes of the Cotton Incorporated logo were developed using SolidWorks software. 

All filaments developed at NC State were deemed to brittle for consistent prints in the 

Lulzbot 3D printer. However, the filament developed at c2renew was ductile enough for 3D 

printing at 210 °C and 30% fill (Figure 39 and an SEM cross section in Figure 40). 30% fill 

denotes that 30% of the structure is a solid. Figure 39 shows images from a scanning electron 

microscopy (SEM) machine. Each image shows individual cotton fibers with surrounding 

dispersed air pockets, which develop weak points in the filaments. During printing, the 

filament must be manually unspooled to limit the amount of tension on the filament. 
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Tensile tests were conducted with 3D printed dogbone shapes. Each dogbone was printed at 

200 °C and 100% fill and conditioned at 70 °F and 65% RH for 24 hours. Table 13 shows the 

results from the tensile tests. Tensile tests were completed per ASTM standard D-638-14 and 

showed that the 20 wt% cotton loaded filament had the highest average ultimate tensile 

strength. Again, the standard deviation showed that the 10 wt% loaded filaments was within 

the same range of strength as the 20 wt%. Figure 41 shows the example imaged of the 

compression samples. The compression tests completed per ASTM standard D-695 to include 

conditioning at 70 °F and 65% RH with 5 specimens for each sample. However, shape of the 

samples deviated from the standard to better show the bending process of the printed parts and 

to understand where the weak sections of 3D printed parts are located. The results, provided in 

Table 14, show that the samples with the minimal amount of cotton withstood more 

compression than the higher loaded samples. This was expected at cotton makes the samples 

more brittle. 

 

Figure 39. Cotton Incorporated logo samples created at a. 10 wt% b. 15 wt% and c. 20 wt%. 

The filament with 10 wt% cotton extruded a print with many errors, the layers were 

completely bonded together, which allowed for little holes to develop. The 15 wt% filament 

produced the best print. This has solid sides and a clear logo. 

 

a. 
b. c. 
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Figure 40. SEM images of filament with a. 10 wt% b. 15 wt% and c. 20 wt% at fracture 

point. Each fracture point shows full fibers along with air pockets where errors develop. The 

fibers were on average 20 µm in diameter. 

 

 
Figure 41. Example of test shaped used for compression testing. Each shape is 1 inch in 

length and width and 1.25 inches high. The materials of the samples starting with the top 

sample and moving in a clockwise movement are c2renew 15 wt% cotton, Colorfabb 

Bamboo, and SainSmart Woodfill.  

 

 

a. c. b. 
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Table 12. Tensile testing results for dogbone shapes from c2renew material. 

Material  Supplier 

Ultimate Tensile 

Strength 

(kN/mm2) 

Strain at break 

(mm/mm) 

Young’s 

Modulus 

(kN/mm2) 

10% loading c2renew 0.082 (+/- .046) 0.039 (+/- .003) 0.366 (+/- .016) 

15% loading c2renew  0.107 (+/- .002) 0.039 (+/- .003) 0.372 (+/- .003) 

20% loading c2renew 0.122 (+/- .007) 0.048 (+/- .003) 0.370 (+/- .018) 

 

 

 

 

 

Table 13. Results from load testing with c2renew test shapes. As expected, the compressive 

strength of the filament with the least amount of cotton (10 wt%) performed better than the 

filament with the most (20 wt%). The top and bottom plate of the printed prototype was 25 

mm x 31.75 mm 

Product 

Average Peak Load 

(lbf) 

10 wt% 623 

15 wt% 617 

20 wt% 585 
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Solvent Testing 

A key opportunity for 3D printing of cotton-based composites is the ability to dissolve the 

binding PLA from the pCot to reclaim the cotton component for repurposing and re-

compounding into the twin screw extruder. Literature on PLA indicated chloroform’s suitably 

as quick solvent in dissolving PLA. Materials for this experiment include filament containing 

only PLA, PLA with 10 wt% of cotton and PLA with 30 wt% of cotton. Control tests with neat 

polymer PLA were conducted to determine the solubility and observe complete dissolving. 

PLA did not fully dissolve from cotton fiber, as observed and measured. Further investigation 

indicated thermal treatment during processing with the twin screw extruder and Noztek 

extruder as the main cause for PLA retention. Table 15 displays the results of the solvent 

experiments. Polymer was dried at 90 ºC for two hours and then 0.5 g composite/ polymer was 

combined with 10 g chloroform. The solution was placed on a heated plate at 80 ºC and stirred 

with a glass rod every five minutes for one hour. The solution was then drained through a 110 

mesh sized silkscreen and then dried at 90 ºC for two hours.  

 

Table 14. Results from solvent testing combining PLA and chloroform to isolate cotton 

previously compounded in the filament.  

Sample Sample Shape Mass Remaining 

PLA Rod 100% 

c2renew 10% cotton Rod 25% 

30% cotton (NC State) Rod 50% 

30% cotton (NC State) Powdered 80% 
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6.4 CONCLUSION  

During this experiment, it was found that cotton could be incorporated into a PLA based 

filament at varying weight percentages and printed using FDM. PLA compounded with 10 

wt%, 15 wt%, and 20 wt% of cotton successfully printed into dogbone and compression print 

shapes. However, the filament and subsequently printed products had lower mechanical and 

compressive properties than benchmarked materials. The brittle nature of both PLA and cotton 

produced a filament with minimal elastic properties that help in the extrusion of 3D printing.   

Filament created at a professional grade has twice the mechanical Strength of that with 

compounded cotton fibers. Much of this assumption is attributed to additives incorporated into 

the filament during the compounding stage of production. Polyhydroxyalkanoate (PHA) is a 

common additive that has a low glass transition temperature and is non-crystaline. When 

compounded with PLA, the PHA creates a less brittle filament with higher toughness [56]. The 

incorporation of additives can make PLA cotton filament have higher mechanical properties 

that align with plant-based filaments currently on the market. PHA, being a 100% biobased 

and biodegradable material is an additive that will not detract from the favorable environmental 

factors of PLA.  
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7.0 SUMMARY AND CONCLUSION 

 

Finding biodegradable and sustainable resources to replace current petroleum derived 

materials can help develop a more environmentally conscious manufacturing sector. 

Traditional manufacturing incorporates subtractive techniques that use large amounts of raw 

materials and in the United States about a third of the energy expenditure. Components 

developed with subtractive techniques are often left in landfills when disposed, creating an 

environmental crisis with a surplus non-biodegradable consumer goods. Developing a more 

sustainable solution with biodegradable materials with potential for recycling materials with 

reducing energy costs can save money and cause limited environmental harm. The goal of this 

research was to explore the capabilities of 3D printing with cotton. Low density polyethylene 

(LDPE) was first considered as a viable 3D print polymer. Later research focused on 

poly(lactic) acid (PLA). PLA is a biodegradable polymer typically seen used in conjunction 

with fused deposition modeling (FDM). Made from starch-based products, PLA can be 

produced with current manufacturing techniques and degrades into carbon dioxide and water. 

The second component of this project worked with cellulose cotton fibers derived from 

recycled t-shirts, which are pulverized (pCot) to compound with PLA and create a FDM 

filament. The investigation benchmarked filaments on the market to understand typical 

reinforcing plant-based fibers, polymer weight percentages, and mechanical properties.  

 

In the first chapter, the mechanical and visual properties of the selected plant-based filaments, 

NatureWorks Ingeo Biopolymer, SainSmart woodfill, and Colorfabb woodfill and bamboo, 

were investigated. The 100% PLA Ingeo Biopolymer guided mechanical testing to understand 

the discrepancies between neat PLA and compounded filaments. PLA was the main polymer 
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and component with SainSmart's 40% woodfill, Colorfabb's 30% woodfill, and Colorfabb's 

20% bamboo filaments, however, due to propriety information the true make up of each 

filament is not known. Tensile and compression testing showed a reduction of strength of 

~20% from the neat PLA polymer to the SainSamrt woodfill. This reduction is due to changes 

in the filament composition and defects in polymer/ fiber bonding noted in SEM images. 

Colorfabb filaments had ~25% lower mechanical strengths than SainSmart filaments, likely 

due to the quality of plant-based fibers and the amount of compounded additives the filament.   

The second chapter examines compounded pellets with low density polyethylene (LDPE) and 

pulverized cotton (pCot). Developed using a twin screw extruder and followed by a Noztek 

pro HT extruder to achieve the ideal filament diameter, LDPE/ pCot filament was examined at 

various temperature ranges throughout production. Cotton thermally degrades and loses 

mechanical properties around 210 ℃, therefore production and printing with polymers must 

remain at a low temperature. An extrusion temperature of 185 ℃ through the Noztek pro HT 

created a brittle filament with a rough surface texture and small diameter. The Lulzbot TAZ 5 

3D printer extruded the LDPE/ pCot filament at 210 ℃ with limited success. Results were 

inconsistent with 3:1 weight percent ratio of LDPE to pCot. The filament cooled prematurely, 

and was unable to bind with the print bed or other cooled filament layers. The brittle nature of 

both LDPE and cotton fibers could be attributed to the weak filament and unsuccessful 

printing.  

 

The final chapter investigates pulverized cotton (pCot) compounded with poly(lactic) acid 

(PLA). PLA is a more common 3D print polymer and has ductile properties limiting breakage 

in extrusion while increasing bonding between filament layers. Cotton fibers compounded with 
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neat PLA at a 31 weight percent (wt%) proved the largest concentration percentage of cotton 

capable of extrusion. Filament compounded at NC State with 20 weight percent (wt%) of 

cotton cellulose fiber broke during extrusion and could not create a consistent print at 210 ℃.  

c2renew developed composite pellets with 10, 15, and 20 wt% of cotton, 1% lubrication and 

neat Ingeo PLA. Pellets were dried and extruded through the Noztek pro HT filament extruder, 

then printed using the Lulzbot TAZ 5 3D printer. Results from dogbone tensile prints and 

compression shapes showed higher mechanical properties than LDPE/ pCot composites, but 

substantially lower properties than benchmark materials. However, the filament was capable 

of consistent prints while being produced with only biodegradable materials.  
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8.0 RECOMMENDATION FOR FUTURE RESEARCH  

This research uses microfibers and thermoplastic polymers for developing fused deposition 

modeling filament. In printing filament, much of the lab created material broke during 

extrusion, thus being incapable of completing a professional grade print. Adding elastic 

properties to compounded plant-based fiber and polymer can better bond the two components 

while allowing for more flexibility during the extrusion process. Future research can consider 

incorporating a biodegradable additive into the development stages of production. Many 

materials currently on the market have an undisclosed quantity of additives, giving filaments 

higher mechanical properties and increasing print consistency.  

 

With the goal of increasing the strength of PLA and cotton cellulose fiber composites, literature 

shows that higher aspect ratio nanofibers can increase the tensile strength of filaments. Further 

investigations can examine the use of cotton nanofibers compounded with PLA for increasing 

mechanical properties. Furthermore, Nasim Farahbakhsh noted discrepancies between 

polymer pellets and powdered polymers regarding their strength when compounded with 

cotton cellulose nanofibers. She indicated that powdered polymers bond better with plant-

based fibers and create stronger composites. Examining and altering the filament components 

can lead to a material more competitive with plant-based filaments on the market.  

 

 

  



 

87 

REFERENCES 

[1] J. Faludi, C. Bayley, S. Bhogal, and M. Iribarne, “Comparing environmental impacts 

of additive manufacturing vs traditional machining via life-cycle assessment,” Rapid 

Prototyp. J., vol. 21, no. 1, pp. 14–33, 2015. 

[2] A. Pîrjan and D.-M. Petroşanu, “The impact of 3d printing technology on the society 

and economy,” J. Inf. Syst. Oper. Manag., vol. 7, no. 2, pp. 360–370, 2013. 

[3] S. Negi, S. Dhiman, and R. K. Sharma, “Basics, Applications and Future of additive 

manufacturing technologies: a review,” J. Manuf. Technol. Res., vol. 5, no. 1, pp. 1–

23, 2012. 

[4] R. Vidal, P. Martínez, and D. Garraín, “Life cycle assessment of composite materials 

made of recycled thermoplastics combined with rice husks and cotton linters,” Int. J. 

Life Cycle Assess., vol. 14, no. 1, pp. 73–82, 2009. 

[5] F. P. La Mantia, M. Ceraulo, M. C. Mistretta, and M. Morreale, “Effect of Hot 

Drawing on the Mechanical Properties of Biodegradable Fibers,” J. Polym. Environ., 

vol. 24, no. 1, pp. 56–63, 2016. 

[6] S. V. Joshi, L. T. Drzal, A. K. Mohanty, and S. Arora, “Are natural fiber composites 

environmentally superior to glass fiber reinforced composites?,” Compos. Part A Appl. 

Sci. Manuf., vol. 35, no. 3, pp. 371–376, 2004. 

[7] N. Guo and M. C. Leu, “Additive manufacturing: Technology, applications and 

research needs,” Front. Mech. Eng., vol. 8, no. 3, pp. 215–243, 2013. 

[8] K. V. Wong and A. Hernandez, “A Review of Additive Manufacturing,” ISRN Mech. 

Eng., vol. 2012, pp. 1–10, 2012. 

[9] M. Mavri, “Redesigning a Production Chain Based on 3D Printing Technology,” 



 

88 

Knowl. Process Manag., vol. 22, no. 3, pp. 141–147, 2015. 

[10] S. H. Huang, P. Liu, A. Mokasdar, and L. Hou, “Additive manufacturing and its 

societal impact: A literature review,” Int. J. Adv. Manuf. Technol., vol. 67, no. 5–8, pp. 

1191–1203, 2013. 

[11] T. Campbell, C. Williams, O. Ivanova, and B. Garret, “Could 3D Printing Change the 

World? Technologies, Potential, and Implications of Additive Manufacturing,” 

Technol. Potential, Implic. Addit. Manuf., p. 16, 2012. 

[12] J. L. Toupe, A. Trokourey, and D. Rodrigues, “Simultaneous Optimization of the 

Mechanical Properties of Portconsumer Natural Fiber/ Plastic Composites: Phase 

Compatibilization and Quality/ Cost Ratio,” Polym. Compos., vol. 35, no. 4, pp. 730–

746, 2013. 

[13] F. P. La Mantia and M. Morreale, “Green composites: A brief review,” Compos. Part 

A Appl. Sci. Manuf., vol. 42, no. 6, pp. 579–588, 2011. 

[14] S. G. Bajwa, D. S. Bajwa, G. Holt, T. Coffelt, F. Nakayama, P. K. Bajpai, I. Singh, 

and J. Madaan, “Properties of thermoplastic composites with cotton and guayule 

biomass residues as fiber fillers,” Ind. Crops Prod., vol. 33, no. 3, pp. 747–755, 2011. 

[15] K. G. Satyanarayana, G. G. C. Arizaga, and F. Wypych, “Biodegradable composites 

based on lignocellulosic fibers-An overview,” Prog. Polym. Sci., vol. 34, no. 9, pp. 

982–1021, 2009. 

[16]  a Ticoalu, T. Aravinthan, and F. Cardona, “A review of current development in 

natural fiber composites for structural and infrastructure applications,” South. Reg. 

Eng. Conf., no. November, pp. 1–5, 2010. 

[17] J. Holbery and D. Houston, “Natural-fibre-reinforced polymer composites in 



 

89 

automotive applications,” J. Miner. Met. Mater. Soc., vol. 58, no. 11, pp. 80–86, 2006. 

[18] S. Mishra, A. K. Mohanty, L. T. Drzal, M. Misra, and G. Hinrichsen, “A review on 

pineapple leaf fibers, sisal fibers and their biocomposites,” Macromol. Mater. Eng., 

vol. 289, no. 11, pp. 955–974, 2004. 

[19] V. Tserki, P. Matzinos, and C. Panayiotou, “Effect of compatibilization on the 

performance of biodegradable composites using cotton fiber waste as filler,” J. Appl. 

Polym. Sci., vol. 88, no. 7, pp. 1825–1835, 2003. 

[20] M. Gebler, A. J. M. Schoot Uiterkamp, and C. Visser, “A global sustainability 

perspective on 3D printing technologies,” Energy Policy, vol. 74, no. C, pp. 158–167, 

2014. 

[21] B. T. Wittbrodt, A. G. Glover, J. Laureto, G. C. Anzalone, D. Oppliger, J. L. Irwin, 

and J. M. Pearce, “Life-cycle economic analysis of distributed manufacturing with 

open-source 3-D printers,” Mechatronics, vol. 23, no. 6, pp. 713–726, 2013. 

[22] M. A. Kreiger, M. L. Mulder, A. G. Glover, and J. M. Pearce, “Life cycle analysis of 

distributed recycling of post-consumer high density polyethylene for 3-D printing 

filament,” J. Clean. Prod., vol. 70, pp. 90–96, 2014. 

[23] A. P. Mathew, K. Oksman, and M. Sain, “Mechanical properties of biodegradable 

composites from poly lactic acid (PLA) and microcrystalline cellulose (MCC),” J. 

Appl. Polym. Sci., vol. 97, no. 5, pp. 2014–2025, 2005. 

[24] M. Kreiger and J. M. Pearce, “Environmental life cycle analysis of distributed three-

dimensional printing and conventional manufacturing of polymer products,” ACS 

Sustain. Chem. Eng., vol. 1, no. 12, pp. 1511–1519, 2013. 

[25] L. Li, M. Frey, and K. J. Browning, “Biodegradability Study on Cotton and Polyester 



 

90 

Fabrics,” J. Eng. Fiber. Fabr., vol. 5, no. 4, pp. 42–53, 2010. 

[26] V. C. Li and M. Maalej, “Toughening in cement based composites. Part II: Fiber 

reinforced cementitious composites,” Cem. Concr. Compos., vol. 18, no. 4 SPEC. 

ISS., pp. 239–249, 1996. 

[27] S. A. Hinchcliffe, K. M. Hess, and W. V. Srubar, “Experimental and theoretical 

investigation of prestressed natural fiber-reinforced polylactic acid (PLA) composite 

materials,” Compos. Part B Eng., vol. 95, pp. 346–354, 2016. 

[28] B. G. Compton and J. A. Lewis, “3D-Printing of Lightweight Cellular Composites,” 

pp. 5930–5935, 2014. 

[29] A. Le Duigou, M. Castro, R. Bevan, and N. Martin, “3D printing of wood fibre 

biocomposites: From mechanical to actuation functionality,” Mater. Des., vol. 96, pp. 

106–114, 2016. 

[30] S. Y. Fu, X. Q. Feng, B. Lauke, and Y. W. Mai, “Effects of particle size, 

particle/matrix interface adhesion and particle loading on mechanical properties of 

particulate-polymer composites,” Compos. Part B Eng., vol. 39, no. 6, pp. 933–961, 

2008. 

[31] R. Tokoro, D. M. Vu, K. Okubo, T. Tanaka, T. Fujii, and T. Fujiura, “How to improve 

mechanical properties of polylactic acid with bamboo fibers,” J. Mater. Sci., vol. 43, 

no. 2, pp. 775–787, 2008. 

[32] A. A. Yussuf, I. Massoumi, and A. Hassan, “Comparison of polylactic Acid/Kenaf and 

polylactic Acid/Rise husk composites: The influence of the natural fibers on the 

mechanical, thermal and biodegradability properties,” J. Polym. Environ., vol. 18, no. 

3, pp. 422–429, 2010. 



 

91 

[33] N. Farahbakhsh, R. A. Venditti, and J. S. Jur, “Mechanical and thermal investigation 

of thermoplastic nanocomposite films fabricated using micro- and nano-sized fillers 

from recycled cotton T-shirts,” Cellulose, vol. 21, no. 4, pp. 2743–2755, 2014. 

[34] E. R. Murphy, “Neuroethics of neuromarketing,” J. Consum. Behav., vol. 12, no. 4, 

pp. 253–266, 2008. 

[35] A. A. Polyutov, A. Gal’braikh, A. V. Byvshev, R. Z. Pen, Y. Kleiner, and V. M. Irklei, 

“Cotton Cellulose: Ecological and Resource-Saving Raw Material for Production of 

Viscose Fibers. A Review,” Fiber Chem., vol. 32, no. 1, pp. 7–12, 2000. 

[36] S. Gordon and Y.-L. Hsieh, Cotton: Science and Technology, First. Cambridge, 

England; Boca Raton: Woodhead Pub. in association with the Textile Institute, 2007. 

[37] D. B. Dittenber and H. V. S. Gangarao, “Critical review of recent publications on use 

of natural composites in infrastructure,” Compos. Part A Appl. Sci. Manuf., vol. 43, 

no. 8, pp. 1419–1429, 2012. 

[38] C. Murphy and M. Collins, “Microcrystalline Cellulose Reinforced Polylactic Acid 

Biocomposite Filaments for 3D Printing,” Polym. Compos., vol. 16, no. 2, pp. 101–

113, 2016. 

[39] D. Rosenzweig, E. Carelli, T. Steffen, P. Jarzem, and L. Haglund, “3D-Printed ABS 

and PLA Scaffolds for Cartilage and Nucleus Pulposus Tissue Regeneration,” Int. J. 

Mol. Sci., vol. 16, no. 7, pp. 15118–15135, 2015. 

[40] B. D. Harris, S. Nilsson, and C. M. Poole, “A feasibility study for using ABS plastic 

and a low-cost 3D printer for patient-specific brachytherapy mould design,” Australas. 

Phys. Eng. Sci. Med., vol. 38, no. 3, pp. 399–412, 2015. 

[41] J. Horvath, Mastering 3D Printing. New York: Heinz Weinheimer, 2014. 



 

92 

[42] P. K. Bajpai, I. Singh, and J. Madaan, “Development and characterization of PLA-

based green composites: A review,” J. Thermoplast. Compos. Mater., vol. 27, no. 1, 

pp. 52–81, 2014. 

[43] M. Ho, H. Wang, J.-H. Lee, C.-K. Ho, K.-T. Lau, J. Leng, and D. Hui, “Critical 

factors on manufacturing processes of natural fibre composites,” Compos. Part B, vol. 

8, no. 8, pp. 3549–3562, 2012. 

[44] S. A. Miller, “Sustainable polymers: Opportunities for the next decade,” ACS Macro 

Lett., vol. 2, no. 6, pp. 550–554, 2013. 

[45] D. Garlotta, “A Literature Review of Poly(Lactic Acid),” J. Polym. Environ., vol. 9, 

no. 2, pp. 63–84, 2001. 

[46] T. Mukherjee and N. Kao, “PLA Based Biopolymer Reinforced with Natural Fibre: A 

Review,” J. Polym. Environ., vol. 19, no. 3, p. 714, 2011. 

[47] S. Christ, M. Schnabel, E. Vorndran, J. Groll, and U. Gbureck, “Fiber reinforcement 

during 3D printing,” Mater. Lett., vol. 139, pp. 165–168, 2015. 

[48] N. Farahbakhsh, “Cotton-based Cellulose Nanomaterials for Applications in 

Composites and Electronics,” North Carolina State University, 2015. 

[49] A. Boschetto and L. Bottini, “Accuracy prediction in fused deposition modeling,” Int. 

J. Adv. Manuf. Technol., vol. 73, no. 5–8, pp. 913–928, 2014. 

[50] G. Han, Y. Lei, Q. Wu, Y. Kojima, and S. Suzuki, “Bamboo-fiber filled high density 

polyethylene composites: Effect of coupling treatment and nanoclay,” J. Polym. 

Environ., vol. 16, no. 2, pp. 123–130, 2008. 

[51] M. Mani, K. W. Lyons, and S. K. Gupta, “Sustainability characterization for additive 

manufacturing,” J. Res. Natl. Inst. Stand. Technol., vol. 119, pp. 419–428, 2014. 



 

93 

[52] B. Bleijerveld, “Plastics that can be Recycled for 3D Printing,” Perpetual Plastic 

Project, 2014. . 

[53] “Properties and Cotton Products,” 2016. [Online]. Available: 

http://cottonaustralia.com.au/cotton-library/fact-sheets/cotton-fact-file-cotton-

properties-and-products. [Accessed: 11-Jul-2016]. 

[54] D. N.-S. Hon and K. S. V. Srinivasan, “Mechanochemical process in cotton cellulose 

fiber,” J. Appl. Polym. Sci., vol. 28, no. 1, pp. 1–10, Jan. 1983. 

[55] “Ingeo TM Biopolymer 4043D Technical Data Sheet 3D Printing Monofilament – 

General Purpose Grade.” 

[56] Z. Y. M. Andrews, A. Padwa, “Improving the physical properties and versatility of 

PLA with PHA copolymer blends,” Soc. Plast. Eng., 2015. 

 

  



 

94 

APPENDICES 



 

95 

Appendix A 

 

COTTON FILAMENT REPORT TO NC STATE / COTTON INC. 

 

11/30/2016 

 

In this project c2renew inc. was to aid North Carolina State and Cotton Inc. in the 

development of alternative uses for cotton fiber within bio-based plastics for 3D printing. 

c2renew pursued this biocomposite materials development project in two parts: 

1) Compounding 350m cotton fiber into a commercially available extrusion grade 

polylactic acid (PLA) at varying concentrations (20-30 wt%) and characterize their 

performance. 

2) Develop different cotton/PLA 3D printer filaments from the materials produced in 

Part I and characterize their performance.  

 

Materials Development Part 1 - This portion included the development of 350m cotton 

fiber reinforced PLA biocomposites for use in fused deposition modeling (FDM) 3D printing 

filament. c2renew inc. received 350m cotton fiber from Cotton Inc. Once the fibers and 

PLA resin was received, dried, etc., trial compounding of different concentrations took place. 

 

Results: 

 

We decided to use 4043D PLA for the cotton reinforced filaments with a starting melt flow 

index (MFI) of 7 as it is very commonly for use in 3D printing filament. When initially trying 

to compound, we did run into some limitations with fiber loading. Being the fibers were 

fairly lofty, it was extremely challenging to even reach 20wt% loading without the use of a 

processing aid because the fiber did not want to homogenously mix during extrusion which 

resulted in strand breakage right outside the die. 

 

After the introduction of a small amount of lubricant additive, the biocomposite strands had 

enough melt strength and surface uniformity to pelletize. However, after observing this 

behavior and knowing how critical proper melt strength and skinning is for forming a 3D 

printer filament that can be used in printers, we decided it was best to attempt fiber loadings 

of 10, 15, & 20wt%, instead of the original plan of 20, 25, & 30wt%. Pellets of each 

compound were sent to both NC State and Cotton Inc. for internal evaluation. 

 

With increased additive it is possible we could achieve pellets of 25wt%, but we are very 

doubtful that 3D printer filament could be formed from that high of loading. Ultimately this 

means we believe there are limitations for cotton fiber in this form and with traditional PLA 

when trying to produce a compound for 3D printing.  

As a summation of the compounding details, we were able to manipulate the screw 

configuration (i.e. element segments) on our machine to accept the cotton fibers into the PLA 

melt flow on a consistent basis and homogeneously mix them into the PLA while keeping all 
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temperature zones lower than 168 °C (335 °F). In addition, we kept the RPM of our extruder 

up as to limit the residence time (i.e. 25-30 s) at those maximum temperatures. Both of these 

variables were optimized to limit cotton fiber degradation, but yet provide good mixing. 

 

In addition, MFI was measured for each of the compounds according to ASTM standard 

D1238, standard test method for melt flow rates of thermoplastics by extrusion plastometer. 

A Tinius Olsen Model MP600 melt flow indexer with a 2160 g mass was used for this testing 

(Figure 1). Procedure A with a travel distance of 2.25 cm and a set temperature of 210 °C 

was used to capture the MFI. For each compound, at least three samples were measured. 

 

 
Figure 1.  Tinius Olsen Model MP600 Melt Flow Indexer. 

  

The MFI results were as follows: 

 

Compound Average MFI (g/10 min) Standard Deviation (g/10 min) 

10% Cotton 33.538 2.559 

15% Cotton 24.235 2.541 

20% Cotton 21.808 5.488 

*All compounds were measured at 210 °C w/ 2.16 kg mass applied. 

  

As to be expected, with increased cotton loading, the MFI increased. However, the values 

measured were still in range for the extrusion of 3D printer filament. With both the MFI 

values and optimized compounding melt temperatures determined, we were able to dial in the 

processing parameters for the extrusion of filament in Part 2 of the project. 

Materials Development Part 2 - This portion included the development of 350m cotton 

fiber reinforced PLA 3D printer filament at varying concentrations. The target filament 

diameter was 2.85mm in order to feed into most FDM 3D printers. 
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Results: 

 

3D printer filament utilizing the 10wt%, 15wt%, and 20wt% compounds were attempted 

using our 3D printer development partner, 3DomFuel, at their Fargo, ND processing facility. 

Unfortunately due to the brittle nature of each compound, none of the 3D printer filaments 

produced could be spooled properly as normal 3D printer filament. Therefore the filament 

was kept in larger loose bundles in order to conduct printing trials. In addition, only the 

10wt% and 15wt% cotton/PLA filament would hold their integrity prior to the puller on the 

filament production line. Therefore only those two concentrations could be used for printing 

trials and were shipped to both NC State and Cotton Inc. for their own internal evaluation. 

 

In order to evaluate the quality of the cotton/PLA as 3D printer filament, a fairly standard test 

print object was used. #3DBenchy is a 3D model of a small tugboat specifically designed for 

testing and benchmarking 3D printers. It is a small recognizable object that can be download 

for free and is therefore used quite frequently by many people in the 3D printing world. 

 

In this print trial, the 10wt% cotton reinforced PLA filament was used. The 3D printing 

parameters were fairly comparable to the settings used for standard PLA filament (Figure 2). 

After printing, specific measurements of certain dimensions of the tugboat were taken using a 

caliper and reported below. 

 

 
Figure 2.  #3DBenchy test prints using standard PLA in two different colors (blue and 

white) along with 10wt% cotton/PLA. 

 

Dimensional measurement results were as follows: 

 

  
Blue White Cotton 

Total Height (mm) 47.71 47.67 48.58 

Smokestack diameter (mm) 6.75 6.62 7.27 

Hull thickness (mm) 2.34 2.4 2.51 

Box cross section (mm) 11.48 11.52 12.14 

Roof width (mm) 19.16 19.3 19.9 

From the dimensional measurements, it is easy to see that the cotton fiber filled PLA filament 

maintained much better dimensional tolerance, i.e. less shrinkage than standard PLA. In 

addition, the 10wt% cotton/PLA filament provided very acceptable layer to layer adhesion. 

Overall the print quality was very good. 
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Overall Recommendations: 

 

From the results of this project, our biggest concern is that the use of cotton fiber in 

traditional 3D printer filament at fiber loadings of 10wt%, 15wt%, and 20wt% are too brittle 

to spool for commercial production. Therefore we need to look at couple different strategies 

moving forward to toughen the compound in order to counterbalance the influence of the 

fiber or we need to reduce the fiber content. 

 

From our experience, here are the suggested options to try next: 

 

1) Reduce the amount of fiber used in traditional PLA. If a cotton fiber loading of 3-5% was 

used, PLA traditionally used for 3D printer filament could be used without the addition of 

any other additives. However, this is a considerably lower cotton content than originally 

intended from both NC State and Cotton Inc.’s perspective. 

 

2) To keep cotton fiber loading in the 15-20wt% range, a biobased polyester or 

polyhydroxyalkanoate (PHA) polymer additive could be blended with PLA to achieve the 

toughness required. No more than 5-10wt% of the additive would be required.  However, 

these additives have only been tested by c2renew to-date in injection molding 

applications and have not been tested before in 3D printer filament. 

 

3) Again, to keep cotton fiber loading in the 15-20wt% range, another route using a different 

base resin could be explored. 3DomFuel and c2renew have been working with two new 

proprietary PLA resins that are much more flexible and have been proven to print well. 

However, the continued development and commercialization of these resins by the 

manufacturer is not known at this time. 

 

We are very much interested in continuing the development of cotton fiber 3D printer 

filament but need direction at this point on which route is of most interest to NC State and 

Cotton Inc. 

 

If an additional project is of interest, the timeline for us would be shorter than the initial 

project because of our better understanding of the materials and our current production 

schedule. 

 

In addition, not all of the funds from this project were fully expended as shown on the next 

page. Approximately $800 could be put towards additional work. 
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PROPOSED BUDGET VS. SPENT 

 

Direct Development 

Services  

Est. 

Hours 

Est. 

Cost 

Act. 

Hours 

Act. 

Expended 

Materials Development Part 1  7 $1,120 7 $1,120 

Analysis Part 1  1.5 $240 1.5 $240 

Materials Development Part 2  8 $1,280 6 $960 

Analysis Part 2  1.5 $240 1 $160 

Communication  2 $320 2 $320 

Sub Total  20 $3,200 17.5 $2,800 

      

Other Project Costs      

Materials/Supplies   $250  $250 

Equipment Usage   $800  $400 

      

Grand Total   $4,250  $3,450 
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