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Abstract
Mechanical behaviour of 3D-printed composite parts is affected by the volume fraction, aspect ratio and type of fibre rein-
forcement. Although in the literature experimental approaches have been used to characterise the effects of the above fac-
tors on the mechanical properties of 3D printed parts, time and cost of the manufacturing process as well as the uncertainty 
associated with a large number of experimental techniques are the key issues. This study aims to address these challenges 
by developing a methodology based on a multi-scale Finite Element (FE) analysis of representative volume element (RVE) 
of 3D printed composite parts to predict the effective orthotropic properties. To account for the effects of fibre features, 
RVEs were modelled considering variables of volume fraction, aspect ratios and type of short fibres. To study the main and 
interaction effects of the above variables on the mechanical properties of 3D printed composite parts, a structured approach 
based on the Design of Experiments is used. The FE stress analysis of the RVE provides an understanding about the potential 
failure modes such as interfacial debonding between fibres and matrix, interlayer and intralayer delamination that may occur 
in load-bearing 3D printed composite parts. The FE computed mechanical properties are validated against experimental data 
through a series of mechanical testing of flexure, Iosipescu, and short beam shear which were conducted in conjunction with 
the Digital Image Correlation technique. As a result, certainty is obtained in using the proposed approach for a fast iterative 
design of 3D printed composite parts prior to industrial applications.

Keywords Finite element · Short fibre reinforced 3D printed composite materials · Representative volume element · 
Orthotropic properties · Design of experiment and digital image correlation

1 Introduction

Fibre-reinforced composites made with polymer matrix 
materials are well-known materials for load-bearing applica-
tions due to their high specific stiffness/strength, and fatigue 
properties. Fibre-reinforced polymer composites, with long 
and continuous fibres, processed by the manufacturing meth-
ods can efficiently carry the main loads, but there are many 
applications for which the requirements are less severe and 
the expensive conventional manufacturing techniques such 
as injection moulding, compression moulding and extrusion 
processes cannot justify production of composite parts with 

long fibres. Hence, in these circumstances, short fibre rein-
forced composites (SFRC) are widely used [1, 2].

Recent advances in fibre-reinforced additive manufactur-
ing (AM) technologies (e.g. selective laser sintering [3], ste-
reolithography [4], fused filament fabrication [5, 6], multi-
jet modelling [7], and laminated object manufacturing [8]), 
have made the production of lightweight composite parts 
with complex geometries popular in various industrial sec-
tors such as automotive, aerospace, military, marine, bio-
medical and electronics. Among these lightweight composite 
parts, 3D printed short fibre reinforced parts with cellular 
lattice structures are of special interest because of the advan-
tages in the flexibility of both AM and composite materials, 
as a result, parts with high stiffness properties can be pro-
duced by designing suitable microstructures. In the above 
AM techniques, short fibres such as glass or carbon which 
is of high stiffness properties are embedded into the matrix 
material (e.g., PLA, nylon, polycarbonate, vinyl ester and 
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ABS) and the composite is then treated to achieve an accept-
able bonding strength and ultimately improve the mechani-
cal behaviour of the fibre-reinforced additively manufactured 
(3D printed) parts.

Figure 1 shows a schematic view of the fused filament 
fabrication (FFF) technique. In this method, 3D printers 
use layer-by-layer deposition of semi-molten materials to 
make complex shapes according to the computer-aided 
design [9–12]. In fact, the filament is fed through the head 
which is heated to a semi-molten state and applied to the 
build platform through a nozzle in layers. In the case of 
FFF-based composite materials, the use of short, long, and 
continuous fibres will result in different mechanical proper-
ties of the final 3D printed part. Although better mechanical 
properties can be obtained by using longer fibres [13, 14], 
the use of short fibres are extensively acceptable in most 
industries [15]. Less labour intensive, integrated manufac-
turing technology, lower cost, and flexibility are among the 
main advantages of using 3D printing to produce complex 
structure.

Due to the printing orientation and the layer-by-layer 
fashion that FFF-based 3D printer machine use for manu-
facturing, 3D printed parts show anisotropic properties [2, 
16–18], meaning that the properties of additively manufac-
tured parts are different in different directions. In addition, 
apart from their individual constituent properties of reinforc-
ing fibres and polymeric matrix, the mechanical properties 
of 3D printed composite parts depend on many other fac-
tors such as 3D printing process parameters, fibre volume 

fraction, fibre orientation, fibre location, fibre aspect ratio, 
types of fibre reinforcements and cross-sectional geometry 
of fibre. As a result, many investigators have recently tried to 
explore the effect of various 3D printing parameters as well 
as the effect of the above factors on the mechanical proper-
ties of short fibre-reinforced composite materials/parts made 
by additive manufacturing techniques.

Through experimental approaches, the mechanics of 3D 
printed composite parts with short carbon fibre reinforce-
ments have been evaluated by conducting different mechani-
cal testing techniques, and the results indicate that 3D print-
ing process parameters have a significant impact on the 
mechanical properties [19]. In a different study, it has been 
shown that both macro and micro-mechanical properties 
such as tensile, flexural, compressive and micro-hardness 
properties of the 3D-printed polymer (polycarbonate) rein-
forced with short carbon fibre fabricated with fused filament 
fabrication process are significantly affected by the volume 
fraction of fibres and 3D printing speed [16]. In addition, 
a comparison between the tensile and impact properties of 
short glass fibre reinforced ABS (Acrylonitrile Butadiene 
Styrene) based polymer composites and pure ABS materials 
created via the method of FDM (fused deposition model-
ling), showed that the impact and tensile strength have been 
improved in glass fibre inclusion; while the surface rough-
ness has been reduced [20]. A case study for tensile proper-
ties of different short-carbon-fibre-reinforced polymers, each 
with different extrusion widths, showed how relationship 
between fibre orientation distribution and extrusion width 

Fig. 1  Schematic view of producing fibre reinforced additive manufacturing
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can cause variation in mechanical properties of fibre-rein-
forced polymer composites made by additive manufacturing 
methods [21]. A recent investigation on the effect of fibre 
length and bead dimensions on the mechanical properties of 
partially oriented short carbon fibre reinforced polycarbon-
ate based composites shows that the stiffness of the compos-
ite materials increases with the increase in fibre percentage 
[22]. Similar studies have been conducted to predict the 
effect of fibre orientation and fibre locations on the effective 
orthotropic mechanical properties of short fibre composites 
with repetitiveness [23]. In a very comprehensive study, the 
effect of fibre type, fibre orientations, infill density, tempera-
tures, as well as the effect of three different types of fibres 
(i.e., Carbon, Glass and Kevlar) on tensile, fatigue, and creep 
properties, and their corresponding failure mechanisms were 
investigated. It was found that main failure mechanisms for 
fibre reinforced composite components are fibre pull-out, 
fibre breakage, and delamination [24].

Although the experimental approaches have been used in 
the literature to investigate the effects of void, fibre volume 
fraction, fibre aspect ratio, types of fibre reinforcements and 
cross-sectional geometry of fibre on the mechanical prop-
erties of 3D printed composite parts [25–29], making the 
prediction of the properties of short fibre composites is more 
challenging compared to isotropic materials. To deal with 
these critical issues, a micromechanical approach based on 
homogenization technique [30] is used for investigating the 
multi-axial properties of 3D-printed composite materials/
parts. It makes a positive contribution to predict the proper-
ties of composite parts based on the physical properties of 
individual phases, arrangements of fibres in matrix materi-
als, as well as the geometry used to build the composite part.

Although the experimental techniques can be used to 
investigate the effects of fibre characteristics (i.e., volume 
fraction, aspect ratio, and type of fibres) on the mechani-
cal properties of 3D printed composite parts, huge num-
ber of experimental repeats and, therefore, high costs are 
required to avoid uncertainty and materials variability. One 
way to avoid these experimental repeats and their associ-
ated cost and time is the use of numerical methods (i.e., 
computational modelling) to predict the effect of the above 
variables on the mechanical properties, although this method 
is also limited mainly due to the increased number of ele-
ments required for meshing of the complex geometry of 
3D printed composite parts with cellular lattice structures, 
making this method computationally expensive. To address 
this, micromechanics-based analysis of a repeating unit cell 
has been developed [31–34], resulting in the derivation of 
analytical expressions as well as numerical methods for the 
structure–property relationships. FE-based homogenization 
techniques to predict the mechanical response of 3D printed 
composite structures have been investigated previously in the 
literature [35–41], and the results show that FE modelling 

of representative volume elements (RVE) is an option when 
it comes to the analysis of such parts with regular repeating 
unit cells. In the FE homogenization technique, the calcula-
tion of macro-scale mechanical properties of materials is 
based on the properties of thermoplastic materials used for 
3D printing (i.e., filament) and geometrical microstructure 
of the unit cell. In this technique, the 3D printed part is 
considered as a continuum, and a small volume element of a 
periodic unit cell known as RVE, is considered for numerical 
homogenization. Experimental characterisation via a wide 
range of standard mechanical testing techniques has been 
carried out to obtain the orthotropic elastic constants of FFF 
printed samples and the results have been compared with FE 
simulation showing good agreement between model predic-
tions and experimental data [2, 42]. In different works, a 
two-step homogenization approach was used for the analysis 
of 3D printed structures with more complex design, based on 
the estimation of homogenized stiffness properties of RVE 
and then using these properties for the subsequent mechani-
cal simulation of global elastic response [43, 44].

Although, FE based homogenization methods are widely 
employed [2, 18, 45–47] to predict the mechanical prop-
erties of the FFF-made composites, limited studies have 
been found to predict the effective orthotropic properties of 
3D-printed short fibre-reinforced composite parts using the 
multi-step homogenization method. In addition, capturing 
the combined effects of volume fraction, aspect ratio and 
type of fibre on the mechanical properties of 3D printed 
parts using methodologies developed in the present work is 
a previously unexplored research area. The main objective 
of the present study is to develop RVEs of short fibre com-
posites and estimate their effective properties through micro-
mechanical models. This is done using the homogenization 
method which is implemented in a FE code (micromechanics 
plug-in the FE software ANSYS) with periodic boundary 
conditions. Thus, the overall goal is to develop an approach 
to generate the microstructure of short fibre composite and 
predict its effective macroscopic behaviour. In the present 
study, different scenarios of RVEs have been generated to 
study the main and interactions effects of volume fraction, 
aspect ratio and type of fibres on the effective orthotropic 
properties through a structured approach based on the design 
of the experiment. The emphasis in this study is given to 
the generation of 3D RVEs rather than 2D RVEs for better 
interaction effect of surrounding fibres. For a case study, the 
FE computed mechanical properties were compared with 
the experimental results for validation. This is done by 3D 
printing of mechanical test specimens at different raster/
build orientation and then using different mechanical testing 
techniques (e.g., Three-point bending, Iosipescu and Short 
Beam Shear) coupled with Digital Image Correlation (DIC) 
method to compare the FE and DIC computed strain fields. 
The combined methodology of FEA and DoE proposed in 
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the present work, facilitates setting up the 3D printing pro-
cess parameters for a given set of fibres and matrix mate-
rials, boundary conditions and constraints to manufacture 
FFF-based 3D printed composite parts and structures with 
optimised mechanical behaviour, eventually contributing to 
cut down the number of experimental repeats and manufac-
turing costs before industrial application.

2  Methodology

2.1  Design of experiment

The main objective of this study is to investigate the effects 
of volume fraction, aspect ratios (i.e., fibre length to diam-
eter ratio) and type of fibre reinforcements on the mechani-
cal properties of 3D printed composite parts, therefore, to set 
up the Design of Experiment, these factors were selected as 
the most important variables due to their significant effects 
on the mechanical properties of final 3D printed compos-
ite parts. The effective orthotropic properties of RVE of 
FFF-based 3D printed composite parts, i.e., three Young’s 
moduli ( E1 , E2 , and E3 ) and three shear moduli ( G12 , G23 , 
and G13 ) were chosen as the response. The variable param-
eters along with their levels are shown in Table 1. It must be 
noted that, apart from the above variable parameters, other 
factors such as tensor orientation of fibres can affect the 

orthotropic properties of 3D printed composites; however, 
for the purpose of consistency, this factor was constrained 
in this study. The full factorial Design of the Experiment, 
with three factors as the main variable parameters, each with 
three replicates and at three levels (as shown in Table 1), was 
used to investigate the effects of each of the factors on the 
elastic constants. This is to screen out the most important 
from the less important effects. With the full factorial design 
of experiments, a total number of 54 runs are represented in 
the design matrix (detailed in supplementary information).

2.2  Finite element micro‑mechanical analysis 
of RVE

In this study, the FE analysis of micro-mechanical models 
of the RVE is used via homogenization technique [2, 48] 
to predict the effective orthotropic properties of cellular 
lattice structures with the layers of filaments laid up at 
0°. Figure 2 shows a flow chart for a multi-step FE mod-
elling method which is numerically applied to calculate 
the mechanical properties of RVE via computer-generated 
testing. The mechanical behaviour of the constituents, i.e. 
reinforcing fibres and matrix, and their arrangement in 
the 3D printed filaments determines the macro material 
behaviour of 3D printed parts, thus, the effective ortho-
tropic properties of a component made of 3D printed fila-
ments can be assessed by conducting a homogenisation 
procedure (i.e., starting from micro-scale and extending 
to macro-scale via meso-scale). To estimate the elastic 
properties of RVE, an FEA based two-step homogenisa-
tion is used as a micromechanics plugin in the FE soft-
ware ANSYS. The RVE of 3D printed composite consists 
of filament region with a repeated pattern. The filament 
region is broken into fibre and matrix constituents at the 
micro-scale. Thus, the stiffness properties of filament 
can be predicted from the material properties of fibre 

Table 1  Variables and levels used in the DoE (number of replicates:3)

Factors Levels

Volume fraction of fibres 
(%)

5 10 20

Aspect ratio 2 5 10
Fibre Glass Carbon

Fig. 2  Schematic of multi-scale FE analysis executed to characterise the RVE properties of 3D printed composites
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and matrix using an appropriate unit cell shown in Fig. 2 
where individual fibres are randomly distributed with a 
greater dominance in the longitudinal direction of the fila-
ment. The homogenisation of the stiffness properties of 
filament and the inclusion of its architecture, results in the 
effective properties of the RVE at the meso-scale level. 
Thus, initially FE analysis of the RVE at micro-scale level 
using the homogenisation method was conducted. The 
mechanical properties of composite constituents (i.e., glass 
fibre, carbon fibres and polyamide matrix) used in the FE 
modelling is listed in Table 2. To build the FE model of 
micro-scale RVE, short glass and carbon fibres with an 
average diameter of 5 microns and orientation tensor of 
fibres at azz=0.7 axx=ayy=0.15 were used. For each trial 
in the design matrix, micro-scale models of RVE based 
on the volume fraction, aspect ratio and fibre reinforce-
ment, were developed. To generate meshing, four-node 
tetrahedral elements were used for the micro models of the 
RVEs. The micro-model of RVE shown in Fig. 2 is then 
loaded to six different state of uniaxial and shear strains 
[2] applied individually using the periodic boundary con-
dition. This generates the effective orthotropic engineering 
constants of micro-scale model of RVE which are then 
used as the properties in the meso-scale RVE in Fig. 2. 
The meso-scale model of RVE is again loaded in accord-
ance with the above boundary conditions, resulting in 
orthotropic engineering constants that is needed for the 
macroscale model. For the computational homogenisation 
analysis of RVEs, convergence of the simulation results 
is verified, and the mesh dependency is avoided by using 
smaller elements. It must be noted that in this study, to 
reproduce the bonding between filaments and layers due 
to compression by the nozzle, instead of using the circu-
lar cross-section of filaments, they are approximated as 
a rounded rectangular cross-section with a certain small 
amount of overlap between the adjacent filaments. The 
shape of individual filaments and the overlap region from 
the 3D printed sample observed under microscope can be 
clearly seen in Fig. 3. Using a calibrated light microscope, 
the height and width of the filaments are measured as 0.2 
and 0.4  mm, respectively. These measurements were used 
to re-construct a more realistic geometry model of meso-
scale RVE for FE analysis as shown in Fig. 2.

3  Results and discussions

3.1  FE analysis of RVE

To calculate the effective orthotropic properties of RVE, FE 
stress analysis of both micro-scale and meso-scale RVE is 
conducted. Figures 4 and 5 show the stress distribution on 
the micro and meso-scales-models of RVE when loaded to 
six states of uniaxial and shear strains respectively. As it 
can be seen in Fig. 4, stress hot spots are localised around 
the reinforcing fibres in all load cases, indicating that the 
potential failure modes are interfacial de-bonding between 
fibres/matrix interface.

Stress fields on the meso-scale model of RVE in Fig. 5 
also show that by applying transverse, in-plane shear and 
inter-laminar shear load cases (i.e.,�33 , �13 and �23 ), maxi-
mum localized stresses (i.e., stress hot spots) are induced 
at the intersection of the adjacent deposited filaments in 
the overlapping regions. This is obviously because there 
is less material across the section and due to the specific 
geometric feature of the RVE. Therefore, the weakest 
area in the microstructure is the intersection of the depos-
ited filaments and it is susceptible to crack initiation and 
debonding between the deposited filaments (inter-layer 
delamination) during the mechanical loading. In addi-
tion, by applying through the thickness (out-of-plane) and 
interlaminar shear load cases (i.e., �22 , �12 and �23 ), the 
highest localized stresses are induced between intra-layer 

Table 2  Mechanical properties of composite constituents used in FE 
homogenization process

Constituents Properties

Glass fibres E = 72 GPa, � = 0.22
Carbon fibres E

1
=230 GPa, E

2

=23 GPa, �
12

=0.2, 
G

12
=15 GPa

Polyamide matrix E = 3.5 GPa, � = 0.35

Fig. 3  Light microscopic image of a cross section of raster layers of 
3D printed specimen showing the geometric size of deposited fila-
ments where w and h stands for the width and height of filament
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(a). 11  0, 22 = 33 = 12 = 23 = 13 =  0
(d). 12  0, 22 = 33 = 11 = 23 = 13 =  0

(b). 22  0, 33 = 11 = 12 = 23 = 13 = 0 (e). 13  0, 22 = 33 = 11 = 23 = 12 =  0

(c). 33  0, 11 = 22 = 12 = 23 = 13 =  0 (f). 23  0, 22 = 33 = 11 = 12 = 13 =  0

Fig. 4  Stress fields of the micro-scale model of RVE of 3D printed composite part made with SCF/PA subjected to six states of uniaxial and 
shear strains. The deformed and un-deformed shapes of micro-scale RVE are shown in dashed and solid lines, respectively
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deposited filaments. Such loading can finally cause intra-
layer delamination, leading to the failure of the 3D print 
parts. The FE-calculated effective orthotropic engineering 
constants of RVE at both micro-scale and mesoscale levels 
are shown in Table 3.

3.2  Validation of FE results

It has been proved in previous study [2] that by providing an 
accurate characterisation of the properties to be fed into the 
macro scale model, the use of the homogenization technique 

(a). 11  0, 22 = 33 = 12 = 23 = 13 =  0 (d). 12  0, 22 = 33 = 11 = 23 = 13 =  0

(b). 22  0, 33 = 11 = 12 = 23 = 13 = 0 (e). 13  0, 22 = 33 = 11 = 23 = 12 =  0

(c). 33  0, 11 = 22 = 12 = 23 = 13 =  0
(f). 23  0, 22 = 33 = 11 = 12 = 13 =  0

Fig. 5  Stress fields of the meso-scale model of RVE of 3D printed composite part made with SCF/PA subjected to six states of uniaxial and 
shear strains. The deformed and un-deformed shapes of meso-scale RVE are shown in dashed and solid lines, respectively
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is a reliable tool to predict the elastic response of 3D printed 
parts, as a result, in the present study, the results of FEA 
based homogenization are compared with the experimental 
data via mechanical testing programs of flexure and shear 
tests. This is done to show that the FE-computed mechanical 
properties of cellular lattice structures with the layers of fila-
ments laid up at 0° are in good agreement with engineering 
constants obtained through the flexural and shear tests. To 
simulate the flexural and (in-plane and inter-laminar) shear 
tests, a multi-scale FE homogenization framework is used 
(Fig. 6). Initially, a set of values for volume fraction and 
aspect ratio (15% and 10 respectively) were used to generate 
the micro-scale RVE (Fig. 6a). By conducting FE micro-
mechanical analysis on this micro-scale model of RVE, FE 
computed effective orthotropic properties are calculated, and 
then the results were used as an input for the creation of a 
meso-scale model RVE (Fig. 6b). Finally, conducting FE 
analysis on this meso-scale model of RVE results in ortho-
tropic engineering constants (shown in Table 3) that are 

needed for the macroscale model of flexural and shear test 
specimen (Fig. 6c). FE simulation of 3 PB, Iosipescu shear 
and short beam shear test, results in the strain fields which 
can then be compared with the experimental data.

3.2.1  Sample preparation and flexural, Iosipescu 
and short beam shear testing

Mechanical test specimens (i.e., Three-point bending, 
Iosipescu shear and short beam shear) were produced using 
a FFF 3D printer (Ultimaker 3), and then mechanical testing 
in conjunction with DIC system was carried out to obtain 
the full field strain maps. SCF/PA composite filaments 
(2.85 mm/750 g) was used to obtain the 3D-printed speci-
mens. The Ultimaker Cura 4.8 edition was used to generate 
the machine code for the FFF 3D printer from the 3D model 
files. The 3D printing process parameters used to produce 
the test specimens are provided in Table 4. The flexural, 
Iosipescu, and short beam shear (SBS) test specimens 

Table 3  FE computed effective 
orthotropic properties of RVE 
of SCF/PA composite at both 
micro-scale and meso-scale 
levels

Properties Micro-scale RVE Meso-scale RVE

Longitudinal elastic modulus E
1
(GPa) 11.74 10.3

Through the thickness transverse modulus E
2
 (GPa) 4.79 2.6

In-plane transverse modulus E
3
 (GPa) 4.86 2.33

Major Poisson’s ratio ( �
12

) 0.36 0.35
Minor Poisson’s ratio ( �

13
) 0.37 0.363

Minor Poisson’s ratio ( �
23

) 0.427 0.3
Inter-laminar shear modulus G

12
 (GPa) 2 1.32

Inter-laminar shear modulus G
23

 (GPa) 1.7 0.96
In-plane shear modulus G

13
 (GPa) 2.07 1.26

Fig. 6  Multi-scale FE based homogenization analysis executed to 
map the strain distribution of 3D printed specimens under 3  PB, 
Iosipescu and short beam shear tests. a micro-scale of RVE contain-

ing short glass fibres and polyamide matrix, b RVE at meso-scale 
level and c macro-scale model of test coupons
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were 3D printed with different raster and build orienta-
tions using parallel deposited filaments. The summary of 
printing patterns and orientation for different types of test 
specimens is shown in Fig. 7. To generate the experimental 
data, 3D-printed test specimens were subjected to flexural 
(i.e. three-point bending), and shear (short beam shear and 
Iosipescu) loads in conjunction with the DIC system to map 
the strain fields.

3.2.2  Macro scale FE modelling of 3D printed test sample

The macro-scale FE model characterises the design of 3 PB, 
SBS and Iosipescu test specimens using micro-mechanical 
properties of RVE with the carbon fibre volume fraction of 
15%/aspect ratio of 10 and the meso-mechanical properties 

Table 4  3D printing process parameters used to produce the mechani-
cal test coupons

Parameter Description

Extrusion temperature (°C) 250
Flow multiplier (%) 100
Deposition speed (mm/s) 60
Bed temperature (°C) 110
Nozzle diameter (mm) 0.4
Layer thickness (mm) 0.2
Strand overlap (%) 5
Material of the build platform Glass platform

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7  Schematic representation of 3D printed flexural, Iosipescu and 
SBS short carbon fibre reinforced polyamide composite test speci-
mens with the linear infill pattern printed at different raster angle and 
build orientation. 3D printed flexural test specimens with a raster 

angle of 0 ◦ , b build orientation of upright, c raster angle of 90◦ , d 3D 
printed Iosipescu shear test specimen with raster angle of 0 ◦ , e 3D 
printed SBS test specimen with raster angle of 90◦ and f 3D printed 
Iosipescu shear test specimen with the build orientation of upright
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of RVE with the layer height of 0.2 mm, layer width of 
0.4 mm and overlapping region of 5%. The FE model incor-
porates the boundary conditions with the internal lay-up of 
the RVE. In the first stage of FE modelling of the mechanical 
test specimens, a design modelling tool is used to create a 
shell model of the test specimen. The model integrates the 
geometry of test specimens according to the standard meth-
ods detailed in [2]. The Surface function is used to generate 
a thin surface then it is transferred into the ANSYS Compos-
ite Processor (ACP) where effective engineering constants of 
the RVE are defined. The FE mesh sensitivity study, bound-
ary conditions imposed on the FE model of test coupons 
and the contact type between support/loading rollers are all 
detailed in previous work [2]. Figure 8 shows that the FE and 
DIC calculated strain fields are in close agreement.

3.3  Effect of volume fraction, aspect ratio and type 
of fibre reinforcement on the effective 
orthotropic properties of micro‑scale model 
of RVE

The main objective of this study is to investigate the effects 
of fibre characteristics on the mechanical properties of 
3D-printed composite parts. Among different features 
associated with the fibres which can affect the orthotropic 
properties of FFF-based 3D printed composite parts, vol-
ume fraction, aspect ratio and type of fibre reinforcements 
are considered in this study. Therefore, initially, the main 
and interaction effects of these variables on the compo-
nents of elastic modulus of micro-scale model of RVE were 
evaluated.

DIC
DIC

DIC

DIC

DIC

DIC

FEM

FEM

FEM

FEM

FEM

FEM

(a)

(b)

(c)

(e)

(f)

Fig. 8  DIC versus FE calculated strain maps of 3D printed flexural, 
Iosipescu and SBS short carbon fibre reinforced polyamide composite 
test specimens with the linear infill pattern printed at different raster 
angle and build orientation. 3D printed flexural composite test speci-
mens with a raster angle of 0 ◦ at the load of 195 N, b build orienta-
tion of upright at the load of 26 N, c raster angle of 90◦ at the load of 

39 N, d 3D printed Iosipescu shear test specimen with raster angle of 
0 ◦ at the load of 855 N, e 3D printed SBS test specimen with raster 
angle of 90◦ at the load of 155 N and f 3D printed Iosipescu shear test 
specimen with the build orientation of upright at the load of 850 N
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Figure 9 shows the main effects of these variables on the 
elastic constituents of RVE in 3D-printed composite mate-
rials. As it can be seen from this Figure, the longitudinal 
elastic modulus is mainly affected by the volume fraction of 
fibres followed by the aspect ratio and types of fibre. In addi-
tion, it can be concluded that the volume fraction of fibres 
consistently increases all the components of elastic moduli 
of RVE in 3D-printed composite parts. Although attention 

must be paid to account for the effect of tensor orientation of 
fibres when comparing the mechanical properties, from both 
experimental and numerical approaches, similar findings in 
the literature in terms of the individual effects of volume 
fraction of short fibres, aspect ratio of fibres as well as the 
type glass or carbon fibres on the mechanical properties of 
composite parts manufactured either by advanced manufac-
turing technology of 3D printing or conventional methods 

Fig. 9  Main effects of volume fraction, aspect ratio and type of fibres 
on the effective orthotropic properties i.e., longitudinal elastic modu-
lus ( E

1
 ), through the thickness elastic modulus ( E

2
 ), transverse elas-

tic modulus ( E
3
 ), inter-laminar shear modulus ( G

12
 ), in-plane shear 

modulus ( G
13

 ), and inter-laminar shear modulus ( G
23

 ) of RVE
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Fig. 10  Interaction effects of volume fraction, aspect ratio and type of 
fibres on the effective orthotropic properties i.e. longitudinal elastic 
modulus ( E

1
 ), through the thickness elastic modulus ( E

2
 ), transverse 

elastic modulus ( E
3
 ), inter-laminar shear modulus ( G

12
 ), in-plane 

shear modulus ( G
13

 ), and inter-laminar shear modulus ( G
23

 ) of RVE
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have been reported [22, 23, 49–53], but the combined effect 
of above variables on the elastic properties of composite 
materials have not been investigated by these studies.

The Figure also shows that although the aspect ratio and 
types of fibre reinforcements affect the longitudinal modu-
lus, their effects on other components of elastic modulus are 
insignificant. Analysis of interaction effects plots in Fig. 10 
reveals that although the interaction effects between the 
variables are unlikely in almost all components of elastic 
moduli, the longitudinal elastic modulus of RVE is strongly 
affected by the interaction between volume fraction/aspect 
ratio, followed by the interaction between aspect ratio/fibre 
type and interaction between volume fraction/fibre type. Fig-
ure 10a shows that the aspect ratio significantly affects the 
longitudinal elastic modulus ( E1 ) of RVE when the volume 
fraction of fibres increases from 5 to 20%. In addition, type 
of fibre reinforcement affects the longitudinal component of 
elastic modulus when the volume fraction and aspect ratio 
increase from 5 to 20% and 2–10 respectively.

From the main and interaction plots in Figs. 9 and 10, it 
can be also concluded that, although the out-of-plane elastic 
modulus ( E2 ) and transverse elastic modulus ( E3 ) of RVE 
are affected by the volume fraction of fibres, changing the 
fibre type from glass to carbon will result in lower stiffness 
properties. This is mainly due to the orthotropic properties 
of carbon fibres compared to the isotropic properties of glass 
fibre as in the through the thickness and transverse direc-
tions, the stiffness of carbon fibres is lower than the stiffness 
of glass fibres. As a result, the negative impact of carbon 
fibres on the out-of-plane modulus and transverse modu-
lus of RVE in 3D-printed composite parts are expected. 

Analysis of the main effect of aspect ratio on E2 and E3 
shows that, although, increasing the aspect ratio from 2 to 5 
slightly improves E2 and E3 , increasing the aspect ratio from 
5 to 10 has a negative impact on E2 or even no impact on 
E3 . This shows that there is a critical point for the value of 
aspect ratio to affect the out-of-plane and transverse proper-
ties of RVE in 3D printed composite parts.

Although the justifications behind the effect of fibre vol-
ume fraction and types of fibre on the mechanical properties 
of RVE in particular longitudinal elastic modulus come from 
the high stiffness properties of fibre reinforcement materi-
als compared to the polymeric materials, the FE analysis of 
micro-scale RVE shed light on the effect of aspect ratio on 
the mechanical properties. As it can be seen from Fig. 4, 
stresses on the deformed RVE are localised in the fibre/
matrix interface. As the aspect ratio increases, the fibre/
matrix interface properties act as a resisting factor, therefore 
more forces are required to deform 3D printed materials, as a 
result, increasing the aspect ratio will result in higher values 
of elastic properties of RVE.

To screen out the most important from the less important 
effects, the standardised effects are plotted in Fig. 11.

Analysis of the effects of variables on the in-plane and 
inter-laminar shear moduli in Figs. 9 and 10 shows that, 
although, the inter-laminar shear modulus ( G12 ) and in-
plane shear modulus ( G13 ) of RVE are affected by the vol-
ume fraction of fibres followed by the aspect ratio, changing 
the fibre type from glass to carbon has almost no effect on 
the stiffness properties. This indicates that interlaminar and 
in-plane shear properties of 3D printed composite parts are 
independent to the types of fibre. In addition, it is found that 
inter-laminar shear modulus of RVE ( G23 ) is affected by the 
volume fraction of fibres followed by the type of fibre, how-
ever, the aspect ratio can only affect the inter-laminar shear 
modulus when increasing from 5 to 10.

Analysis of contour plots for stiffness properties of RVE 
when using carbon and glass fibres for 3D printed compos-
ite parts shown in Figs. 12 and 13 respectively, indicates 
that although increasing the aspect ratio and volume frac-
tion of fibres improve the longitudinal elastic modulus ( E1 ), 
in-plane shear modulus ( G13 ) and out-of-plane shear mod-
ulus ( G12 ), changing the aspect ratio has no effect on the 
transverse ( E3 ) and out-of-plane elastic modulus ( E2 ), even 
increasing the aspect ratio negatively affect the inter-lami-
nar shear modulus ( G23 ) of RVE of FFF-based 3D printed 
composite parts. The negative impact of aspect ratio on the 
inter-laminar shear modulus ( G23 ) of RVE is due to the fact 
that increasing the aspect ratio will induce more localised 
stress at the fibre/matrix interface which can be seen from 
FE analysis of micro-scale model of RVE in Fig. 4.

The regression models detailed in supplementary infor-
mation of the present paper were proposed by the analysis 
of DoE to predict the effective orthotropic properties of 

Fig. 11  Plots of the Standardized Effects. (response is the longitudi-
nal elastic modulus), confidence level for all intervals is 95%)
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the FFF-based 3D printed composite parts based on the FE 
micro-mechanical analysis of RVE. The model was devel-
oped by fitting the data in a two-factor interaction model 
with both significant and insignificant parameters as well 
as interaction between variables. The positive and nega-
tive signs in the equations show the respective positive and 
antagonistic effects of the variables.

4  Conclusion

In the present investigation, a combined methodology of 
numerical homogenization and design of experiments was 
developed to investigate the effect of variables (i.e., vol-
ume fraction, aspect ratio and type of fibre reinforcement) 
on the stiffness properties of 3D printed composite parts 

Fig. 12  Contour Plots of orthotropic engineering constants of micro-model of RVE for SCF/PA
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with cellular lattice structure. Some key conclusions are as 
follows:

• FE analysis is a useful tool to identify the localized 
stresses at the fibre/matrix interface in the micro-scale 

model of RVE and also to identify the localised stresses 
at the interfaces between the adjacent filaments/layers of 
meso-scale model of RVE. As a result, potential failure 
modes in load-bearing 3D printed composite parts can 
be predicted.

Fig. 13  Contour Plots of orthotropic engineering constants of micro-model of RVE for SGF/PA
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• Studying the main and interaction effects of variables 
(i.e., volume fraction, aspect ratio and type of fibres) 
on the response (i.e., elastic moduli) of RVE show that, 
although, there are strong interaction effects between var-
iables on the longitudinal elastic modulus ( E1 ) of RVE in 
FFF-based 3D printed composite parts, e.g. aspect ratio 
significantly affects the magnitude of longitudinal modu-
lus when the volume fraction increases and/or type of 
fibre affects the longitudinal modulus when the volume 
fraction and aspect ratio increase), all other components 
of elastic moduli are not affected strongly by the interac-
tion effects. In addition, the out-of-plane elastic modu-
lus ( E2 ) and transverse elastic modulus ( E3 ) of RVE are 
mainly affected by the volume fraction of fibres, however, 
changing the fibre type from glass to carbon will result 
in lower values for both E2 and E3 . Analysis of the main 
effect of aspect ratio on E2 and E3 shows that, although, 
increasing the aspect ratio slightly improves E2 and E3 , 
increasing the aspect ratio has a negative impact on E2 
or even no impact on E3 . Finally, analysis of the main 
effects of variables on the components of shear modulus 
indicate that, although, inter-laminar shear modulus ( G12 ) 
and in-plane shear modulus ( G13 ) of RVE are affected by 
the volume fraction of fibres followed by the aspect ratio, 
Inter-laminar shear modulus of RVE ( G23 ) is affected by 
the volume fraction of fibres followed by the type of 
fibre.

• To optimise the mechanical properties of FFF-based 3D 
printed composite parts, the maximum volume fraction 
is always suggested, however, changing the fibre type 
and/or the aspect ratio does not always lead to improved 
mechanical properties.

The combined numerical and design of experiments 
methodology developed in this study showed the ability to 
predict the elastic properties of 3D printed composite struc-
tures for different volume fraction, aspect ratio and type of 
fibre reinforcement. This results in a significant reduction in 
the number of mechanical tests which are essential to assess 
the mechanical behaviour of 3D printed composite parts; as 
a result, significant time and cost can be saved using com-
bined FE and DoE approach developed in this study. The 
approach used in this work also enables designers to conduct 
faster iterative analysis and choose optimised combination 
of the factors (i.e., volume fraction and aspect ratio) based 
on regression models to produce high-quality FFF-based 3D 
printed composite parts before time-consuming computa-
tional modelling and expensive manufacturing process.
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