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Abstract: Continuous fiber fabrication technology, developed by Markforged and used in MarkTwo printers, 

allows using of reinforcing fibers, which improve mechanical properties of produced parts. The technology 

enables choosing of two fiber deposition strategies: isotropic fiber fill and concentric fiber fill. With the isotropic 

fiber fill, there is an option to set up various fiber angles in each layer. The article is focused on stress 

distribution analysis using FEM in a matrix and individual reinforcing fibers of specimens loaded to uniaxial 

tension. Main observed parameters are stresses in matrix and fiber and usage of the reinforcing material. 
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1 Introduction 

Additive manufacturing is a process of joining material layer upon layer with primary 

objective to create objects from a 3D model [1]. The most widespread technology of additive 

manufacturing is 3D printing. The technology is based on deposition of material. In contrast 

to conventional manufacturing technologies, it has many advantages such as low production 

costs, short manufacturing cycle time, etc. [2]. The development of 3D printing began more 

than 30 years ago. The first developed method was stereolitography. This method works on 

principle of photopolymerization. This phenomenon occurs when resin is exposed to UV light 

[3]. Recently, Fused Filament Fabrication (FFF) is the most common 3D printing method [4]. 

The thermoplastic filament is fed to the printing head, which is equipped with a nozzle. In the 

nozzle, the filament is heated to the melting temperature. The printer head moves on the path 

predefined by the G-code, and the melted material is deposited to specified locations [5, 6]. 

Subsequently, melted material solidifies and creates bonding with previous deposited layers. 

The FFF method advantages are low cost production of prototypes, customization and 

relatively rapid manufacturing of objects [2, 7]. Printing resolution depends on fiber diameter 

limitations [8]. Other disadvantages are poor surface roughness [9] and anisotropic properties 

of printed objects [5]. 

Thermoplastics are a suitable material for 3D printing because the influence of temperature 

changes in the printing process on their mechanical properties is negligible [10]. In order to 

achieve mechanical properties similar to materials such as steel and aluminium, composites 

are interesting materials for many industrial sectors [11]. The mechanical properties of 

composites are better than the mechanical properties of materials which comprise them [12]. 

Except for conventional methods, FFF and stereolithography printing methods also allow 

production of composites [2].  

MarkForged developed Continuous Fiber Fabrication (CFF) technology which is based on 

the principle of reinforcing thermoplastics with continuous fibers. It is an augmented FFF 
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method; continuous fiber is deposited using a second nozzle [13] with the objective to achieve 

better mechanical properties of the 3D printed object. This modification of printing 

technology was implemented because short fiber reinforced thermoplastic composites have 

better mechanical properties than non-reinforced thermoplastics [14] but do not achieve the 

mechanical properties of conventionally produced composites [15].  

The working principle of CFF printing method allows selecting of various fiber deposition 

methods in each layer of printed part. Therefore the assessment of the selected specimens for 

tensile testing reinforced with different fiber fill types was performed using FE program 

ADINA to observe the influence of fiber deposition to stress distribution in the specimen. The 

formation of stress concentrations in the specimens is consequence of inappropriate fiber 

deposition in the composite structure. The stress concentrations lead to premature failure of 

the specimen and affect the results of experimental measurements. 

2 Preparation and simulation of tensile test using FEM  

The appropriate shape of 3D printed specimens for tensile testing has not been defined yet. 

Therefore, the simulation of the common specimen shape types was performed with regard to 

stresses in matrix and material usage. 

 
Fig. 1 Assessed specimen shapes 

 

The first assessed specimen shape was designed according to standard ASTM D3039 [16], 

which is specified for conventionally produced reinforced composites (Fig. 1a). The second 

specimen shape known as dog-bone was defined in ASTM D638-14 (Fig. 1b) [17]. This 

standard is given for plastics. The last specimen was a modified ASTM D638-14 specimen 

shape (Fig. 1c). The modifications of geometry were proposed in study [18] and consist of 

rounding at the both ends of specimen and holes for attachment. 

The specimen geometry was created using the CAD program CATIA (CATIA V5, 

Dassault Systems, Waltham, MA) and saved as stereolitography file. Subsequently, generated 

stl file was imported to the program Eiger developed by printer manufacturer MarkForged. 

The program divided each specimen to equally thick layers. The specimens were reinforced 

with carbon fiber. 
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The specimen shape defined by standard ASTM D3039 [16] was divided into 20 layers. 

Twelve layers of them were reinforced with continuous fiber. The fiber deposition was 

isotropic with three concentric rings (Fig. 2). 

 
Fig. 2 Fiber deposition in specimen according to ASTM D3039 [16] 

 

The slicing software Eiger divided the second specimen (ASTM D638-14) into 26 layers. 

This specimen shape was reinforced with various type of fiber deposition. Firstly, the fiber fill 

type was isotropic with three concentric fiber rings (Fig. 3a). Secondly, unidirectional fiber 

deposition was applied without concentric rings (Fig. 3b). The last case was reinforcing of the 

specimen with solely three concentric rings (Fig. 3c). In each case, the specimen was 

reinforced with fiber in 18 layers. 

 
Fig. 3 Fiber deposition in specimen according to ASTM D638-14 [17]: a) isotropic deposition 

and three concentric rings, b) unidirectional fiber deposition, c) three concentric rings 

 

Finally, the shape of the last specimen was adjusted to the shape of the previous specimen.  

The specimen was reinforced with three concentric rings and two concentric rings around the 

holes in 24 layers (Fig. 4).  

 
Fig. 4 Fiber deposition in specimen according to study [18] 

 

The tensile testing of these specimens was simulated in the program ADINA. The 

simulation of continuous fiber reinforced thermoplastic composites is viable using rebar 

elements, which allows simulating of continuous fiber deposited in matrix.   

The fiber deposition was determined from the slicing software Eiger and the generation of 

models for finite element method program was performed using the program MATLAB.  
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The material properties were specified as a multilinear material model. Mechanical 

properties of matrix and carbon fiber were defined from experimental measurements. The 

more precise description of modeling and simulation is specified in another article with the 

title Influence of the shape of the test specimen produced by 3D printing on the stress 

distribution in the matrix and in long reinforcing fibers. 

3 Stress distribution analysis  

This section discusses stress distribution in specimens during the tensile test. The 

assessment was performed on outer layers of matrix and outer layers reinforced with carbon 

fiber (Figs. 5 to 9). In addition, the usage of material was considered. 

 
Fig. 5 Stress distribution in matrix and fibers of the specimen according to ASTM D3039. The 

upper figure displays effective smooth stress in matrix. The bottom figure shows axial stress 

in reinforcing fibers. 

 

 
Fig. 6 Stress distribution in matrix and fibers of specimen according to ASTM D638-14. 

Specimen is reinforced with isotropic fiber fill and three concentric rings. The upper figure 

displays effective smooth stress in matrix. The bottom figure shows axial stress in reinforcing 

fibers. 



Volume 69, No. 3, (2019) ©2019 SjF STU Bratislava 85 

 

 
Fig. 7 Stress distribution in specimen in compliance with ASTM D638-14 reinforced with 

unidirectional fiber deposition. The upper figure displays effective smooth stress in matrix. 

The bottom figure shows axial stress in reinforcing fibers. 

 

 
Fig. 8 Stress distribution in specimen in compliance with ASTM D638-14 reinforced with 

three concentric fiber rings. The upper figure displays effective smooth stress in matrix. The 

bottom figure shows axial stress in reinforcing fibers. 

 

 
Fig. 9 Stress distribution in specimen according to study [16]. The upper figure displays 

effective smooth stress in matrix. The bottom figure shows axial stress in reinforcing fibers. 

The outer layers of matrix in specimens have the maximum stresses near to attachment. 

Subsequently, this loading is transmitted from the matrix to the fiber. The fiber has 

a significant influence on specimen tensile strength.  
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The specimen according to ASTM D3039 has the maximum stresses in matrix 

approximately 16.8 MPa in gripping region. Maximum stress in fibers is 840 MPa. The 

material usage is 15.88 cm3.  

The dog-bone specimen in compliance with standard ASTM D638-14 reinforced with 

isotropic fiber fill and three concentric fibers has the maximum stress in fibers 840 MPa. The 

fiber deposition leads to occurrence of stress concentrations in the shoulder region. Therefore 

the maximal stress in matrix is 25.2 MPa. The total material usage is 8.7 cm3. 

The third assessed specimen, designed according to ASTM D638-14, was reinforced with 

unidirectional fiber deposition in 18 layers. Maximal stress values are equal to the previous 

specimen. In the ends of fibers are localized maximal shear stresses [10], which affect 

occurrence of stress concentrations in shoulder region of specimen. Total quantity of material 

needed for printing of this specimen is 8.92 cm3. 

The specimen in accordance with ASTM D638-14 reinforced with three concentric fiber 

rings has the maximum stress on outer layers of matrix 20 MPa, which is influenced by fiber 

deposition in curvature regions of specimen. Maximal stress in fibers is 400 MPa. The 

material usage was 9.12 cm3. In this case, the number of reinforcing fibers is different in 

comparison to previous specimens. The fact has a significant influence on the resultant 

strength of the specimen. Therefore, lower loading in the computational process was applied, 

which results in lower values of stress in the structure. 

The final specimen was according to standard ASTM D638-14 geometry with the proposed 

adjustments from study [18]. The maximum stress in matrix is approximately 12.6 MPa and 

occurs near the holes for gripping on both ends of specimen. Rounding of edges reduce stress 

concentrations in the shoulder regions. In this region is localized maximal stress in fiber 

approximately 218 MPa. The total material usage is 12.88 cm3. 

CONCLUSION 

The maximum stresses in matrix occur near the attachments of specimens. Except for a 

specimen with a rectangular shape, the stresses are influenced by right angles in specimen 

geometry and inappropriate placements of fiber ends. These inappropriate adjustments result 

in premature failure. In terms of production costs, dog bone specimen (ASTM 638-14) 

appears as the best choice due to low material usage and short production time. 

The design of the specimen shape and the embedding of reinforcing fibers is the subject of 

further research in the field of composite materials produced by 3D printing. 
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