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 High material costs, and the use of advanced synthetic fibers required to make fiber reinforced 

composites (FRCs) is a costly necessity for those in need of orthotics and prosthetics (O&P), both 

domestically and globally.  There is a need for a more cost effective and sustainable alternative to 

synthetic fiber reinforcement of conventional FRCs.  The primary objective of this research was to 

investigate the feasibility of using sustainable fibers (such as bamboo fiber) as reinforcement for FRCs 

used in the construction of orthotics and prosthetics.  The secondary objective was to develop a robust 

process that can be utilized once its feasibility is established. 

Introduction 

 FRCs are proliferate in high performance industries, from military and aerospace applications to 

civilian construction.  These materials have superior strength-to-weight properties in comparison to 

structural metals but are expensive to produce and ecologically problematic.  The reinforcements used in 

conventional composites include glass, carbon, and aramid (kevlar) fibers, all of which require large 

amounts of energy to produce and result in significant carbon emissions.  Further, these synthetic fibers 

cannot be easily disposed of or reused at the end of their service life. 

 Orthotics and prosthetics make substantial use of a variety of fibers in their construction including 

cotton, nylon, glass, and carbon.  This results in devices which are expensive, ecologically unsustainable 

and not readily available in developing countries where these products are often essential for the well-

being, or even survival, of injured workers. 

 Lingocellulosic biofibers (plant-based) are considerably less energy intensive to produce, as 

shown in Table 1, and are readily biodegradable once the materials are no longer needed.  While natural, 

plant-based fibers are weaker than synthetic ceramic and aramid fibers, they are less dense, more 
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available world-wide, and substantially less expensive to produce.  The use of natural fiber reinforced 

composites (NFRCs) in O&P would result in lighter weight, cost effective, sustainable, and widely 

available materials for use in these critical biomedical devices. 

Table 1.  Energy Usage in the Production of Glass and Lingocellulosic Biofibers (Joshi, 
Drzal, Mohanty, & Arora, 2004). 

Glass fiber mat (MJ/kg) Flax fiber mat (MJ/kg) China reed fiber (MJ/kg) 
Raw materials 1.7 Seed production 0.05 Cultivation 2.50 

Mixture 1.0 Fertilizers 1.0 Transport plant 0.04 
Transport 1.6 Transport 0.9 Fiber extraction 0.08 
Melting 21.5 Cultivation 2.0 Fiber grinding 0.40 
Spinning 5.9 Fiber separation 2.7 Transport fiber 0.26 

Mat production 23.0 Mat production 2.9 - - 
Total 54.7 Total 9.55 Total 3.64 

  
 For this research, viscose bamboo fiber was selected for investigation due to its wide availability, 

rapid renewability, low cost of processing, and the plant's ability to thrive without the need for intensive 

industrial cultivation.  In fact, bamboo grows readily in most tropical and temperate countries that have 

adequate rainfall.  Additionally, bamboo fiber reinforced composites (BFRCs) have shown excellent 

promise in laboratory environments demonstrating 10% - 20% increase in mechanical strength and 30% - 

45% in rigidity in comparison to equivalent, unreinforced polymers (Porras & Maranon, 2012)(Okubo, 

Fujii, & Yamamoto, 2004). 

Design and Methodology 

 The process for BFRC fabrication was developed first and evaluated in order to eliminate batch-

to-batch variations in the final test specimens.  After extensive literature review, a vacuum assisted, wet 

lay-up process was developed to construct the composite samples.  Acsys acrylic epoxy resin was used as 

the matrix; plain woven, satin woven, and flat knit bamboo fiber were investigated as reinforcements.  

The BFRCs produced were compared to cotton, nylon, and carbon fiber composites which are commonly 

used in O&P.  All composites were fabricated with 4 layers of reinforcement and 142 g resin, and cured at 

560 mm. Hg, at ambient conditions. 
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 Batch-to-batch variance was determined using two, identically constructed cotton fiber reinforced 

composites (CFRCs), to ensure that a robust and reproducible process would be used for the manufacture 

of the various FRC specimens. 

 Tensile samples of the BFRCs and comparison composites were then fabricated and tested 

according to ASTM D638 to evaluate the mechanical properties (strength and elongation/deformation 

under stress).  5 samples were tested for each condition at 5 mm/min - the Type I sample configuration for 

reinforced plastics was used.  Table 2 shows the overall experimental matrix for this research. 

Table 2.  Experimental matrix for Research. 

Material Type (Variables) Data Collected (ASTM D638) 
Strength Strain-to-

Failure 
Modulus OM SEM 

Bamboo 
Composites 

Plain Weave Completed Completed Completed Completed In 
Progress 

Flat Knit In 
Progress 

In 
Progress 

In 
Progress 

In 
Progress 

In 
Progress 

Satin Weave Completed Completed Completed Completed In 
Progress 

Cotton Composites Completed Completed Completed Completed In 
Progress 

Nylon Composites Completed Completed Completed Completed In 
Progress 

Carbon Composites In 
Progress 

In 
Progress 

In 
Progress 

In 
Progress 

In 
Progress 

Neat Resin (Control) In 
Progress 

In 
Progress 

In 
Progress 

In 
Progress 

In 
Progress 

 

Results and Discussion 

 It was found that the fabrication process was robust and that there was no appreciable difference 

in strength (σuts) and rigidity (E) from batch-to-batch at the 95% confidence level.  This provided 

assurance that artifacts from the fabrication process would not influence the testing results.  The 

summarized datum for variance testing is shown in Table 3. 
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Table 3.  ASTM D638 Data Summary for Variance Testing. 

Production Batch σuts (MPa) εf (mm/mm) 
Cotton Lot 1 Average 50.46 0.0616 

Standard Deviation 4.327 4.879E-03 
Variance 18.72 2.380E-05 

Cotton Lot 2 Average 52.87 0.07380 
Standard Deviation 3.228 5.119E-03 
Variance 10.42 2.620E-05 

 

 Results of the tensile testing of all woven bamboo composites (plain and satin), cotton, and nylon 

composites are summarized in Figure 1.  The woven bamboo fiber composites (wBFRCs) was found to 

have the highest strength among the bamboo composites.  There was no appreciable difference in ductility 

or rigidity between bamboo fiber types.  wBFRCs had strength equivalent to cotton composites at the 

95% confidence level while being appreciably stiffer (+10%) and having greater elongation to failure 

(+75%). 

 
Figure 1.  ASTM D638 Tensile Testing Results as of February 11th. 

 Cotton composites failed in a brittle mode while the bamboo and nylon composites all 

demonstrated some plastic deformation before failing.  "Stress whitening" was evident along the length of 
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the gauge and is a sign of crazing - a mechanism by which small microvoids form in plastics under stress 

as a mechanism for relieving stored energy in the material. 

 Summarized data tables for the tested composites are in Tables B1 and B2 of Appendix B. 

Conclusions 

 A robust process, based on current O&P industry practices, for the manufacture of BFRCs was 

developed and shown to have good reproducibility from batch-to-batch.  BFRCs can replace the cotton 

and nylon composites that are currently used in O&P due to their equivalent (or superior) strength and 

ductility.  These data also show that BFRCs can resist impact, and will  be beneficial to the safety of 

O&P.   BFRCs have strong potential to serve as a cost effective, practical, and environmentally 

sustainable material choice in O&P.  This research contributes towards replacing currently unsustainable 

and expensive material choices for these critical biomedical devices. 

Future Work 

 Impact and fatigue testing of BFRCs is recommended for further evaluation of BFRC-based, 

orthotic and prosthetic devices.  Additionally, since surface modification of natural fibers has been shown 

to increase the strength of the resulting composites - due to increased fiber-matrix interaction (Chen, Guo, 

& Mi, 1998) - developing a practical method of achieving this modification would be instrumental in 

increasing the efficacy of BFRCs in O&P. 
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Appendix B:  Summarized Project Data 

Table B1.  ASTM D638 Data Summary for Comparison Composites. 

Material Value σuts (MPa) εf (mm/mm) E (GPa) 
Cotton Average 54.1779083 0.06779229 2.358 

Standard Deviation 2.075 0.007442 0.1560 
Variance 4.307 5.538E-05 2.439 

Nylon Average 24.20 0.164866 1.537 
Standard Deviation 12.62 0.021378 0.266 
Variance 159.2 0.000457 0.7101 

 

Table B2.  ASTM D638 Data Summary for Bamboo Fiber Reinforced Composites. 

Material Value σuts (MPa) εf (mm/mm) E (GPa) 
wBFRC Average 55.26 0.1173 2.599 

Standard Deviation 5.243 0.01744 0.1378 
Variance 21.99 0.3040E-03 15.19 

sBFRC Average 47.43 0.1147 2.560 
Standard Deviation 2.446 0.01231 0.1412 
Variance 7.478 0.1890E-3 24.92 
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