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ABSTRACT 

Composites are labor-intensive and can be expensive to 

perfect on design and testing. Additive manufacturing (AM) 

processes are preferred over conventional fabrication methods. 

Carbon fiber-reinforced polymer (CFRP) composites are used 

because they are strong and light but it’s difficult to estimate the 

mechanical properties of the AM parts. Data was collected from 

10 specimens acquired from previous research and was 

programmed to output the necessary information as well as the 

flexural modulus. For future work, all specimens will be 

programmed to output the flexural modulus and will be put 

through machine learning algorithms in python to calculate 

outputs that are predicted accurately. 

NOMENCLATURE 

AM  Additive Manufacturing 

CFRP Carbon Fiber-Reinforced Polymer 

FRP  Fiber-Reinforced Plastics 

GFRP Glass Fiber-Reinforced Plastics 

FEA Finite Element Analysis 

CCFRP Continuous Carbon Fiber-Reinforced 

Polymers 

FDM Fused Deposition Modeling 

SVM Supervised Learning Method 

 

 

1. INTRODUCTION 

The market is expected to reach over $130 billion in size by 

2024, this is due to a rapidly increasing demand in the aerospace 

industry for lightweight materials. These lightweight materials 

are composite materials, which allude to two or more constituent 

materials with different mechanical properties. Some mechanical 

properties include tensile strength, elasticity, fracture toughness, 

shear strength, flexural strength, and fatigue limit. Composites 

are often used to reduce weight because of their higher strength 

compared to traditional bulk materials such as metal matrix and 

ceramic matrix composites, reinforced concrete, and reinforced 

plastics. Composite materials are applicable in multi-disciplinary 

fields. Application of composites includes aerospace, 

architecture, automotive, energy, construction, healthcare, 

infrastructure, marine goods, and transportation [1–4]. Boeing 

uses fiber-reinforced plastics (FRP) in the structure of the 

airframe and the Boeing 787 planes. Due to glass fiber-

reinforced plastics (GFRP) having great corrosion resistance and 

high temperature resistance, they have been used in the 

fabrication of wind turbine blades. Mechanical properties such 

as malleable compressive, tensile, shear, and fracture strength of 

FRP have been studied since it is important to understand the 

design and fabrication of products [3,5]. The beam-shaped or 

plate-shaped composites, which exhibit in flexural behavior of 

FRP has not been studied yet [6,7]. Bending, a prime condition 

in the application of CFRP composites, was utilized in the 

manufacturing of the Boeing 787 wing structure and as a 

reinforcer on the B-pillar on the BMW 7-series [8]. 

Injection molding, resin transfer molding, layup, filament 

winding, and compression molding are some labor-intensive 

methods composites materials. Designing, testing, and tooling 

requirements of molds made of metallic materials is expensive. 

Additive manufacturing (AM) processes are considered to 

surpass the limits of composite methods. There are seven 

categories of AM techniques: binder jetting, directed energy 

deposition, material extrusion, material jetting, powder bed 

fusion, sheet lamination, and vat photopolymerization.  

Uniquely, without requiring molding, AM can produce 

lightweight, geometrically lightweight parts. However, since 

CFRP composites depend on design factors, it is difficult to 

estimate the mechanical properties of AM parts [10-13]. While 

finite element analysis (FEA) has been used to model the 

mechanical behavior of additively manufactured parts, it is 

difficult to obtain a high fidelity FEA model to predict the 

mechanical properties of additively manufactured continuous 

carbon fiber-reinforced polymers (CCFRP) composites. For 

example, a high fidelity FEA requires proper modeling of 

interfaces between the matrix and reinforcement materials using 

fracture mechanics-based models such as the cohesive zone 

method. However, the development of a material property 

library, including the required interfacial fracture parameters, is 

very time-consuming.  

This paper aims to develop a data driven modeling approach 

that predicts the flexural modulus of additively manufactured 
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CCFRP. The goal of this research is to exemplify the us of 

machine learning and the ability to predict the flexural modulus 

of CCFRP specimens with different design parameters. 

 

2. MATERIALS AND METHODS 

The purpose for this research project is to predict the 

flexural modulus of CCFRP composites using a data-driven 

modeling approach. This will also help understand the structure 

and importance of the CCFRP. 

2.1 Materials 

Researchers, previously, designed and fabricated 162 

CCFRP specimens using fused deposition modeling (FDM) 

while taking into account the number of fiber layers, the number 

of fiber rings, and polymer infill patterns of the specimens. The 

reinforcing material was the continuous carbon fibers, and the 

matrix material was the short carbon fiber-reinforced nylon. The 

dimensions of the CCFRP specimens were 130 mm × 15 mm × 

3.50 mm, were 28 layers each, with each layer being 0.125 mm 

thick.

 
Fig. 1  Schematic of the FDM process of CCFRP 

 

A commercial 3D printer (Markforged Mark Two, 

Watertown, MA) was used to print the specimens. The dual 

nozzle of the print head in Fig. 1 prints continuous carbon fiber 

and short carbon fiber-reinforced nylon filaments separately. The 

filaments are pulled into the extruder which feeds the material 

into the print head in the 3D printing process. Continuous carbon 

fiber is preheated to 250 °C and short carbon fiber-reinforced 

nylon filaments are pre-heated to 275 °C. 

 

 
Fig. 2 Schematic of the microstructure of a flexural test 

specimen. Outer lines represent concentric carbon fiber rings and inner 

triangles represent short carbon fiber-reinforced nylon: (a) layered 

CCFRP specimen, (b) top view of the cross section of roof layers, (c) top 

view of the cross section of carbon fiber-reinforced layers, (d) top view of 

the cross section of polymer infill layers, (e) top view of the cross section of 

carbon fiber-reinforced layers, and (f ) top view of the cross section of floor 

layers. 

 

Figure 2 displays the schematic of the microstructure of 

the specimen. The specimens contain three concentric carbon 

fiber rings and a triangular infill pattern. Figures 2(b)–2(f) show 

the top view of the cross sections of different types of layers. 

Figures 2(b) and 2(f ) show the roof and floor layers. They are 

composed of four layers of solid short carbon fiber-reinforced 

nylon and fabricated at the top and bottom sections of the 

specimen. Figures 2(c) and 2(e) show the fiber layers. They are 

composed of concentric carbon fiber rings and sparse short 

carbon fiber-reinforced nylon with infill patterns. Figure 2(d) 

shows the polymer infill layers. They are composed of sparse 

short carbon fiber-reinforced nylon with infill patterns. Figure 3 

shows the top views of the cross sections of layers with different 

polymer infill patterns. Outer lines represent concentric fiber 

rings and inner triangles represent short carbon fiber-reinforced 

nylon.  

 

 
Fig. 3 Different types of polymer infill patterns: (a) carbon fiber-

reinforced layer with a rectangular infill pattern, (b) polymer infill layer 

with a rectangular infill pattern, (c) carbon fiber-reinforced layer with a 

hexagonal infill pattern, (d) polymer infill layer with a hexagonal infill 

pattern, (e) carbon fiber-reinforced layer with a triangular infill pattern, 

and (f ) polymer infill layer with a triangular infill pattern 

 

Figures 3(a) and 3(b) show the fiber layers and polymer 

infill layers with a rectangular infill pattern. Figures 3(c) and 3(d) 

show the fiber layers and polymer infill layers with a hexagonal 

infill pattern. Figures 3(e) and 3(f) show the fiber layers and 

polymer infill layers with a triangular infill pattern.  

 

2.2 Design of Experiments 

Table 1 shows the experimental design. The experiment 

includes three design factors which are the number of fiber layers 

which has nine (9) levels, the number of fiber rings has six (6) 

levels, and the polymer infill pattern has three (3) levels. Both 



FINAL REPORT 

 1 © 2021 by ASME, for use in HYPER, UCF 

levels of the number of fiber layers and the number of fiber rings 

are determined by the geometry of the specimen. The number of 

fiber layers are even because fiber layers are distributed 

symmetrically on top and bottom of a specimen. The three levels 

of the polymer infill pattern are rectangular, hexagonal, and 

triangular. 
 
 

Table 1 Design of Experiments 

 
 

2.3 Flexural Test 

The flexural properties of the CCFRP specimens were 

determined by four-point flexural tests according to ASTM 

D6272-17 [14]. The load span, L, was the support span. The 

flexural modulus of the samples was acquired from the flexural 

stress–strain curves. 

 

3. RESULTS AND DISCUSSION 

3.1 Flexural Modulus 

To calculate the flexural stress and strain, the data reduction 

scheme was used from ASTM D6272-17. Flexural stress was 

calculated by 

 

𝜎 =  
3𝐹𝐿

4𝑏𝑑2
 

 

F is the measured force, L is the length of the support span, b is 

the sample width, and d is the sample thickness. The flexural 

strain was calculated by 

 

휀 =  
4𝑑𝛿

3𝐿2
 

 

where 𝛿 is the applied deflection. 

The stress and strain of the 10 specimens was calculated 

using the data reduction scheme shown above and was plotted 

into graphs from the load and extension. The flexural modulus 

was calculated from the data as well and was outputted below 

the graphs shown in Figures 4 – 8. 

Fig. 4 Graphs of specimen 1 and 2 

 

Fig. 5 Graphs of specimen 3 and 4 

 
 

Fig. 6 Graphs of specimen 5 and 6 

 

Fig. 7 Graphs of specimen 7 and 8 
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Fig. 8 Graphs of specimen 9 and10 

 
 

 

4. FUTURE WORK 

For future work pertaining to this research project, 162  

specimen data will be imported into Jupyter notebook. The  

graph for 162 specimens will be outputted. The flexural  

modulus will be calculated and outputted as well. Machine  

learning in python will then be implemented to take this data  

and will be split into training and testing data. They will then  

have put them through Xgboost, Randomforest, Ridge 

Regression, and Supervised Learning Method (SVM)  

algorithms and the parameters will be hyper tuned as needed to  

create an accurate prediction. The purpose of splitting up the  

data into training and testing data is so that the algorithm is  

trained through that percentage of data and tested through the  

other percentage of data and is able to calculate outputs that  

are highly predictively accurate. The use of the four different  

types of algorithms is used to compare them to each other and  

see which algorithms are more likely to accurately predict the  

outputs. For future use if there were specimens with different  

design factors, this algorithm could be used to accurately  

predict the flexural modulus. 
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