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A B S T R A C T

Recently published research indicated that, in additive manufacturing fields, single fiber reinforcements often 
increased some mechanical properties of composites, but at the same time decreased other mechanical behaviors, 
leading to a limited application of single fiber filled composites in the industry. Therefore, 3D printed hybrid 
composites made from a combination of short/short fibers, short/continuous fibers, or continuous/continuous 
fibers have received significant attention from researchers, owing to the comprehensive performance improve
ments and tailored mechanical behaviors. This paper reviewed the state-of-the-art 3D printed hybrid composites 
and elaborated on their mechanical behaviors, application limitations, potential improvements and future per
spectives. The review started with a detailed discussion of different existing hybrid composite printing methods. 
Then, the mechanical performance, deformation and failure behaviors of hybrid composites were discussed. 
Finally, this review explored the limitations of printed hybrid composites and looked forward to printing hybrid 
composite with improved performance.   

1. Introduction

Fiber-reinforced polymer (FRP) composites have received much
attention from research and industry alike, such as automobile, civil 
engineering, aircraft and space, due to their lightweight, high specific 
stiffness and strength in comparison with metal as well as alloys [1,2]. 
However, forming fiber composites by traditional methods, such as in
jection molding, compression molding, filament winding, vacuum 
bagging and resin transfer molding, etc., was still a mold-dependent 
process, requiring specific tools, which were costly, inflexible, and un
suitable for small batch production. These drawbacks and limitations 
hindered the further opportunities of fiber reinforced composites for 
innovative structural applications. 

The appearance of 3D printing, also known as additive 
manufacturing (AM), brings new hope for engineering fiber composites 
to obtain components with complex geometries and high performance 
[3,4]. It can produce intricate parts with less cost and without using 
special tools [5]. 3D printing of FRP was mainly conducted by stereo
lithography (SL), laminated object manufacturing (LOM), fused 

deposition modeling (FDM) and selective laser sintering (SLS), etc. 
Among these, FDM, a technique for fabricating objects by layering 
extruded molten material using a computer-machine interface, is one of 
the most versatile and common AM approaches applied in commercial 
3D printers due to its flexibility, low cost, simple operation, low material 
waste and environmental friendliness [6–8]. However, FDM printed 
parts with pristine polymers, or short fiber reinforced polymer com
posites, present limitations to being used for structural applications due 
to their relatively poor mechanical properties [9,10]. In order to 
improve the mechanical properties of FFF printed components and to 
meet load-bearing requirements, the lightweight structure was increas
ingly being introduced into FDM processing [11–16], which drew much 
attention in industry areas. For example, the printed composites were 
widely used in sports products such as the bike rocker, in industries such 
as the mold for turbine blade production, the drone frame and vehicle 
frame as well as in aerospace engineering such as the suspension parts 
for a lunar rover (see Fig. 1). 

To further enhance the limited mechanical performance of thermo
plastic matrix, short fibers or continuous fibers as the reinforcements 
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were used to add in raw materials for FDM processes [19]. One of the 
earliest research about the design of 3D printed short fiber filled com
posites was published by Zhong et al. [20] in 2001. For continuous fiber 
reinforcements, two patents on 3D printing of CFRC began to be pub
lished in 2014 [21]. Subsequently, the increasing number of papers 
about the mechanical and thermal behaviors of printed short fibers or 
continuous fibers filled composites were investigated [7,8,22–26]. 
Although short fiber reinforced polymer (SFRP) composites offered good 
mechanical behaviors compared to unreinforced materials, continuous 
fibers still have become the better replacement for short fibers due to 
their higher stiffness and strength over short fiber [27–29]. One primary 
problem of 3D printed continuous fiber reinforced polymer (CFRP) 
composites was the relatively poor interfacial adhesion between adja
cent continuous fiber layers, which led to a low interlaminar strength 
that affected the final mechanical properties [21,30,31]. For this prob
lem, Yang et al. [32] found that the CNT could be effectively employed 
as reinforcers in polymer composites based on well-distributed nano
particles, which can provide good dispersion of CNT in the polylactic 
acid (PLA) matrix and improve interface strengthening. Besides, the 
introduction of the short fiber might bridge the printed layers and 
reinforce the weld areas, which could enhance the interfacial bonding 
between layers [33]. On the other hands, researchers found that the 
addition of a single type of short fibers or continuous fibers often 
increased some mechanical properties of composites, but at the same 
time decreased other mechanical behaviors [34–36]. For example, the 
addition of carbon fiber in printed composites enhanced the strength 
and stiffness but reduced the toughness, while Kevlar fiber showed the 
opposite properties. Thus, the balance of materials properties, required 
from composite structure applications, could not be achieved by only 
using one type of fibers. 

To overcome the drawbacks and limitations induced by single rein
forcement, a hybrid concept, by adding more than one type of fiber in 
the matrix, therefore, has started to receive attention from researchers 
for FDM process. Hybridization could reduce the weak aspects of both 
short and continuous fibers to have comprehensive performance im
provements and designable mechanical properties [37,38]. In literature, 
the designs and investigations of hybrid FRP composites in the context of 
3D printing spanned two levels: materials and structures, as shown in 
Fig. 2. 

Here, this review aimed to focus on the current studies of 3D printed 
hybrid fibers reinforced polymer composites prepared via the FDM 
technique. The mechanical performance, including tensile, flexural, 
interlaminar shear strength (ILSS) and quasi-static indentation (QSI) 
behaviors of printed hybrid composites would be discussed. In addition, 
the deformation and failure behaviors were investigated by micro- 
structural behaviors. Ultimately, this review fully explored the limita
tions of printed hybrid fibers reinforced composites and looked forward 
to printing hybrid composites with improved performance. 

2. FDM processes

In the literature, different studies were carried out using three
different hybrid kinds, including short/short fiber, short/continuous 
fiber and continuous/continuous fiber, for the manufacturing of hybrid 
FRP composites, summarized in Table 1. Unlike the raw materials for the 
printing of pure polymer plastics, the reinforced short fiber or/and 
continuous fiber filaments were composed of fiber clusters/bundles 
infused with a large amount of thermoplastic sizing agent. To effectively 
print the composites reinforced by short fiber or/and continuous fibers, 
various techniques were established, as illustrated in Fig. 3. These 

Fig. 1. Applications of the FDM-printed composites [17,18].  



methods could be generally divided into two main categories. One 
category was based on a way of using pre-impregnated (prepreg) fila
ment materials, and the second category was based on an in-situ or 
inline impregnation method using dry fiber bundles. 

The schematics of printing prepreg single/hybrid fibers filaments 
materials were shown in Fig. 3 (a) and (b). Noted that the most popular 
printer for printing prepreg thermoplastic filament materials was the 
commercial Markforged® (Markforged® Mark X7, Watertown, Massa
chusetts, USA) 3D printer. The prepreg materials supplied by the 
Markforged® also could be used in other commercial 3D printers. For 
short/short hybrid fiber reinforced composites, the prepreg filaments 
were extruded when the extrusion head was heated to the preset melting 
temperature of the materials. Then, the composites were built by the 
extruded deposition lines arranged on the printing platform layer by 
layer (see Fig. 3 (a)). For short/continuous hybrid fiber reinforced 
composites, the printer used two independent nozzle designs (see Fig. 3 
(b)). First, the left nozzle extruded the thermoplastic matrix with short 
fibers to form the layers of the printed parts; then the right nozzle 
conveyed the continuous fiber prepreg tow, and the fiber tow was 
heated and melted near the [37], nozzle opening, and was squeezed 
through the nozzle. Through the alternate operation of the left and right 
nozzles, the manufacture of the hybrid fibers reinforced parts with layers 
by layers was realized. The printed continuous/continuous hybrid fiber 
filled composites could be manufactured by pausing the machine and 
changing the types of fiber in the selected layer [38]. 

Another flexible and simple way of impregnating single/hybrid fi
bers for use in FDM was through an extrusion process to impregnate dry 

Fig. 2. Design of 3D printed hybrid fibers reinforced composites under mate
rials and structural levels. 

Table 1 
Hybrid types and materials used for FDM 3D printed hybrid composites.  

Hybrid types Reinforcing fiber Types of fiber Matrix References 

Short Continuous 

Short/short fiber Carbon/Kevlar – Prepreg tow ABS [42] 
Continuous/short fiber Carbon Carbon Prepreg tow PA [43–50] 

Carbon Carbon In-situ impregnation PLA [40,41] 
Continuous/Continuous fiber - Carbon/Glass Prepreg tow PA [51] 

- Carbon/Kevlar Prepreg tow PA [37,52,53] 
Carbon Carbon/Kevlar Prepreg tow PA [38] 
– Carbon/Glass In-situ impregnation PLA [54] 
– Carbon/Kevlar In-situ impregnation PLA [55] 

*ABS - acrylonitrile butadiene styrene; PA - polyamide; PLA - polylactic acid.

Fig. 3. Schematic representation of main FDM process for 3D printing of fiber reinforced composites [39].  



fibers with thermoplastic polymer. As shown in Fig. 3. (c) and (d), the 
thermoplastic polymer resin with/without short fiber was heated above 
its melting point in the nozzle, while the dry continuous single/hybrid 
fibers were pre-heated before entering the nozzle and then extruded 
from the print head to form a mixed melting of hybrid fibers filled 
composites. The impregnated fibers tow and the plastic were extruded 
from the nozzle together and deposited directly for the manufacturing 
process. The ribbon was finally laid on the printing platform layer by 
layer until a complete component was formed. However, due to the 
short impregnation time between dry fiber and matrix, the fiber 
impregnation for printed hybrid composites manufactured by the in-situ 
impregnation method was poorer than that of the composites prepared 
by prepreg extrusion [40,41]. 

3. Mechanical behaviors

Several factors affected the mechanical performance of hybrid FRP
composites. One of the factors was the influence of fiber nature (type 
and properties) on composite materials. Specifically, the type of 3D 
printed hybrid composites could be classified to 3 parts under materials 
level: including short/short, short/continuous and continuous/contin
uous hybrid fibers reinforced composites. In addition, volume fraction, 
fiber arrangement and stacking sequence, etc. Were other factors 
affecting composites’ final performance. Therefore, this section would 
detailedly discuss the mechanical performances of different types of 
hybrids FRP composites with different types of hybridization and 
different printing parameters. 

3.1. Short/short fibers reinforced composites 

Wang et al. [42] first designed 3D printed ABS-based hybrid short 
carbon and Kevlar fibers filled composites with different raster orien
tations (0◦/90◦ and ±45◦) as well as with different building directions 
(horizontal and side) (see Fig. 4). They further analyzed the flexural 
mechanical properties and morphological structures of the printed 
hybrid composites by using 3 points bending test, digital camera and 
scanning electron microscopy (SEM), respectively. Experimental results 

demonstrated that the reinforcement of the ABS by the short carbon and 
Kevlar fibers under optimized 3D printing conditions led to balanced 
flexural strength and ductility. In this study, they also found that the 
hybrid composites with a raster orientation of ±45◦ and side-build di
rection showed the highest energy absorption capacity (see Fig. 4 (a)), 
due to the printed contour layers and the irregular zigzag paths, which 
could delay the initiation and propagation of microcracks (see Fig. 4 (c) 
and (d)). 

3.2. Short/continuous fibers reinforced composites 

Although short hybrid fibers reinforced composites offered better 
mechanical behaviors compared to their unreinforced and single- 
reinforced counter materials, short fiber still showed limited stiffness 
and strength in engineering structural applications. Therefore, the 
combination of continuous fibers with short fibers as the hybrid re
inforcements in fiber composites became a better choice to synthetically 
enhance mechanical properties. Here, the majority of short carbon fiber 
filaments (named “onyx”, chopped carbon fiber in nylon plastic) were 
supplied by Markforged [56]. 

3.2.1. Elastic properties 
Maqsood et al. [40] reported a respective increase of 82.85% and 

7.12% in the tensile modulus of the hybrid PLA–SCF–CCF printed with 
short carbon fiber (SCF) and continuous carbon fiber (CCF)), compared 
to PLA-SCF and PLA-CCF, respectively. Similarly, Wang et al. [43] also 
mentioned the use of both short and continuous carbon fiber as re
inforcements could increase the mechanical behaviors of PA-based 
composites. They found that the introduction of hybrid CCF and SCF 
fibers increased both the tensile modulus and strength of composites 
more than those of single CCF and SCF fiber reinforcements. 

To investigate the damage modes of hybrid short/continuous fibers 
filled composites under tensile loads, researchers analyzed the failure 
mechanisms of materials by combining experimental and theoretical 
methods. Fernandes et al. [47] reported that in the printed hybrid 
composites manufactured by prepreg extrusion filament materials, the 
stresses were carried mostly by the continuous fibers, i.e., the stress in 

Fig. 4. (a) Stress-strain curves, (b) energy absorption-strain curves, (c) schematic representation of crack propagation and (d) cross-sectional graphs of printed ABS- 
based hybrid short carbon and Kevlar fibers filled composites with raster orientations and different building directions [42]. 



the continuous fiber raster orientations was the most determinant in the 
failure analysis (see Fig. 5 (a)). In addition, the presence of voids or 
defects, common in additively manufactured composites could initiate 
failure [57]. Analogously, Peng et al. [48] found that the laminated 
hybrid composites had different kinds and numbers of interfaces be
tween different printed material layers depending on the designed 
stacking sequence, which also was a key indicator of fracture behaviors. 
Specifically, as shown in Fig. 5 (b), the materials with separated 
continuous carbon fiber reinforced layers (CCFRLs) owned more S–S and 
C–S interfaces with better interfacial strength, therefore resulting in 
higher tensile properties (“C” means continuous carbon fiber and “S” 
presents short carbon fiber). Besides, Wang et al. [43] reported that the 
unimpregnated fibers were pulled out of the matrix with remarkable 
void formation, due to the limited fiber-matrix impregnation behavior of 
hybrid composites manufactured by using the in-situ impregnation 
method (see Fig. 5 (c)). 

Various researchers also investigated the flexural behaviors of prin
ted hybrid composites by using the three-point bending test. Parmig
giani et al. [45] reported that the flexural strength and stiffness of the 
materials were significantly dependent on the stacking sequences of 
CCF. As shown in Fig. 6 (a), the composites with [0◦/90◦/+45◦/-45◦] 
orientation reflected advantages in the flexural properties, owing to 
better collaboration between the differently oriented layers built to 
observe. They, therefore, adopted that the mixed orientations of the 
hybrid fibers reinforcements were recognized as a promising solution for 
the realization of balanced laminates able to be subjected to multiaxial 
stress states, thanks to compromised properties of strength and stiffness 
from hybrid composites. 

To investigate the fracture interface of the 3D printed hybrid com
posites under flexural loads, researchers analyzed the fractured modes of 
materials by using fractography. Peng et al. [50] found that the flexural 
behaviors of hybrid composites manufactured by the prepreg extrusion 
method were highly dependent on the stacking sequence of continuous 
carbon fiber reinforced layers (CCFRLs). Specifically, as shown in Fig. 6 
(a), hybrid samples with separated CCFRLs (SD) demonstrated the 
capability to delay the cracks’ propagation, resulting in higher flexural 
strength and ductility compared to the specimens with concentrated 
CCFRLs sequence (CD). On the other hand, Maqsood et al. [40] observed 
the fracture interface of specimens prepared by the in-situ impregnation 
method with an optical microscope. Optical micrographs after 

performing a flexural test presented a clear fractured region in pure PLA 
(Fig. 6 (b)-a)) and PLA-SCF (Fig. 6 (b)-c)). A fractured region in 
PLA–SCF–CCF (Fig. 6 (b)-(d)) and PLA-CCF (Fig. 6 (b)-b)) still hold the 
fibers together within the PLA matrix, resulting in hybrid composites 
with continuous fiber reinforcements could be used to support the loads 
during the bending. While for PLA–SCF–CCF specimen, when undergoes 
bending delamination occurs instead of rupture at the applied load, 
representing a poor interfacial bond between the matrix and fiber. 

3.2.2. Post-yield behaviors 
To sum up, many studies focused on the elastic properties of 3D 

printed hybrid short fiber and continuous fiber filled composites. 
However, the post-yield behaviors of composites, such as the energy 
absorption capability, were a key index for collision protection struc
tures applications of materials. Peng et al. [50] studied the energy ab
sorption capability of 3D printed PA-based composites containing both 
short carbon fibers and continuous carbon fibers under different printing 
parameters, such as raster orientations (0◦, 90◦ and 45◦), stacking se
quences (SD and CD) and loading directions (loading direction parallel 
to the thickness (H) and width (W) direction of specimens). They found 
that the introduction of ±45◦ layers into laminated composites 
increased the energy absorption capability of composites due to the 
significant shearing effect on interfaces between ±45◦ layers. And there 
were no obvious cracks in the compressive region of specimens, result
ing in high elongation at break and further ensuring high energy ab
sorption. As shown in Fig. 7, the 45-H with high energy absorption 
capability has advantages to be applied in energy absorption compo
nents requiring high energy absorption capability. Besides, 0◦-SD-H 
brought the benefits of a high energy absorption rate due to their high 
rigidity, which could be applied in energy absorption components where 
high energy absorption capability was needed within relatively small 
deformation. 

3.2.3. Interfacial behaviors 
As discussed above, for 3D printed hybrid fibers filled composites, 

both tensile and flexural properties would not only depend on the 
properties of each reinforcement fiber materials but also the interactions 
between the different printed filaments and layers induced by the 
printing parameters. The relatively weak interfacial bonding of hybrid 
composites was due to the less printing pressure during the FDM process, 

Fig. 5. Failure mechanisms of specimens (a–b) manufactured by prepreg extrusion method [47,48]; and (c) by in-situ impregnation method [43].  



which led to significant delaminations and de-bonding between depo
sition lines and layers after fracturing [29]. As a result, researchers 
investigated the contributions of interface properties of hybrid com
posites by using the interlaminar shear test. 

In Fig. 8 (a) and (b), Fernandes et al. [47] reported that the hybrid 
short carbon and continuous fibers filled composites tripled the ILSS of 
single short carbon fiber filled composites. For damage modes, shown in 
Fig. 8 (b) -a) and -b), the cracks propagated transverse to the bending 
direction and the predominant mode of failure of the composites sam
ples was interlaminar shear (delamination) which emphasizes the poor 
adhesion between fiber and matrix layers. On the other hand, the SCF +
PA samples displayed a crack propagating at the midspan of the sample 
from the bottom upwards (Fig. 8 (b) -c)). Similarly, Yavas et al. [46] 
quantitatively investigated (ILSS) of composites with two different 

combinations of continuous and short carbon fiber reinforcements by 
using short beam shear (SBS) tests. They also validated the results of the 
experiment by using numerical simulations which incorporated the 
extended finite element method (XFEM) and cohesive zone model 
(CZM). As shown in Fig. 8 (c), the ILSS exhibited a significant sensitivity 
to the stacking sequences and showed an increasing tendency with the 
number of consecutive short CFRP layers. The combined experimental 
and simulated results showed that the enhancement of fracture strength 
and toughness of the introduction of thicker short CFRP layers, which 
prevented the short CFRP layers from brittle matrix cracking at a lower 
ILSS level and leads to the enhanced plastic deformation of the short 
CFRP layers. 

3.2.4. Post-treatment method to improve interlaminar adhesive properties 
To solve the problems of relatively weak interfacial bonding between 

adjacent layers in hybrid composites, researchers used the post- 
treatment method for printed composites to improve interlaminar ad
hesive properties. Wang et al. [49] found that the enhancement of the 
mechanical properties of hybrid CFRP was mainly due to the decrease of 
the porosity by heat treatment, which enhanced the interface bonding. 
In Fig. 9 (a) and (b), it seemed that the adhesion between fiber bundles 
and impregnated matrix was improved due to less fiber debonding. And 
the crack initiation of hybrid CFRP during bending tests could be 
delayed after 100 ◦C heat treatment. 

3.3. Continuous/continuous hybrid fibers composites 

To further enhance the compromised mechanical behaviors of prin
ted composites, hybrid continuous fibers as the reinforcements attracted 
more attention. Researchers investigated the hybridization of contin
uous Kevlar, carbon and glass fibers filled composites by both experi
mental and simulated methods [58,59]. There are different approaches 
for hybridization in continuous fibers filled composites. According to the 
literature [37,51,60], a distinction was made between the following 
approaches in this review (see Fig. 10): Inter-layer hybrids, alternating 
layers of different fiber materials; Intra-layer hybrids, the regular or 
irregular mixture of fiber materials on a laminate level; Intra-yarn hy
brids, mixed fiber materials on filaments/roving level. 

3.3.1. Inter-layer hybrids 
Wang et al. [38] raised an idea for the first time to design a novel 3D 

printed continuous hybrid carbon and Kevlar fibers filled laminated 
composites with Inter-layer hybridization (layer-by-layer). Meanwhile, 
they analyzed the hybrid effect on the energy absorption capabilities of 

Fig. 6. Fractured modes of specimens (a) manufactured by prepreg extrusion method [50]; and (b) by in-situ impregnation method [40].  

Fig. 7. Energy absorption-strain curves and schematic presentation of the 
relationship between microstructure design and properties including failure 
modes for the printed specimens (grey layers are SCFRLs and black layers are 
CCFRLs) [50]. 

https://scholar.google.com/citations?user=yZarZaAAAAAJ&amp;hl=en&amp;oi=sra


the printed hybrid composites by using a hybrid effect model [61,62]. 
They reported that the printed composites containing both continuous 
carbon and Kevlar fibers simultaneously tailored rigidity and ductility, 
showing a positive hybrid effect at a relatively large deformation 
displacement (see Fig. 11 (a)). As shown in Fig. 11 (b), the deformation 
and failure mechanisms of hybrid continuous fiber reinforced 

composites highly depended on the designed position of fibers. Specif
ically, the highest indentation force could be achieved when continuous 
Kevlar fiber layers were placed at the rear side. While the highest energy 
absorption capability of the printed composites was captured when 
continuous carbon fiber layers were positioned at the rear side. 

Based on this conclusion, Wang et al. [52] further investigated the 

Fig. 8. (a) Average interlaminar shear strength (ILSS)-displacement curves and (b) failed interlaminar shear test samples for hybrid and non-hybrid composites [47]; 
(c–e) the comparations of experimental and simulated results for the composites with stacking sequence of [(CF)4, (SF)4]6S [46]. 

Fig. 9. SEM images of fracture surfaces for printed hybrid CFRP composites (a) before and (b) after 100 ◦C heat-treatment [49].  



effect of fiber layer locations and stacking sequences on printed hybrid 
composites by using the quasi-static indentation (QSI) tests, as shown in 
Fig. 11 (c). Results demonstrated that the printed composites with the 
middle fiber layer locations showed the highest force value (Fmax) and 
higher energy absorption capabilities than the printed composites with 
the fiber layers placed in other locations, which was attributed to the 
delayed cracking propagation and large delamination, respectively. 

Similar to printed hybrid short fiber and continuous fiber reinforced 
composites, the interfacial bonding between different materials layers 
were relatively poor, which led to distinct delamination, further weak
ening the mechanical properties. Based on this, Li et al. [53] evaluated 
the adhesion properties of different interfaces in printed hybrid com
posites by using a peeling test (see Fig. 12 (b)). Then they considered the 

interfacial contributions into a Volume Average Stiffness (VAS) model 
[10,23] to predict the mechanical behaviors of hybrid composites under 
various printing parameters, such as printing orientations and stacking 
sequences. The combined experimental and predicted results showed 
that the hybrid composite specimens with separated distribution se
quences showed a higher tensile modulus compared to concentrated 
distribution hybrid composites (see Fig. 12 (a) and Fig. 12 (d)), which 
were attributed to the strong interfacial bonding which delayed the 
crack’s initiation and propagation. 

To evaluate the damage behavior of 3D printed continuous hybrid 
fibers reinforced thermoplastic composites. Huang et al. [51] used a 
well-established analytical model developed by Jalavand et al. [63] to 
predict the stress-strain response and damage modes of several laminate 

Fig. 10. Schematic of three types of hybrid composite structures. (a) Inter-layer hybrids, (b) Intra-layer hybrids, (c) Intra-yarn hybrids [37].  

Fig. 11. (a) Hybrid effect and (b–c) deformation and failure mechanisms of hybrid composites [38,52].  



configurations and validated them against a series of experimental 
measurements. They divided four types of damage modes for hybrid 
composites under different ply thicknesses and different relative hybrid 
ratios, as shown in Fig. 13 (The numerals refer to the damage modes: (1) 
High strain material (HSM) failure, (2) Catastrophic delamination & 
HSM failure, (3) Low strain material (LSM) fragmentation & HSM fail
ure, and (4) LSM fragmentation, diffuse delamination & HSM.). 

3.3.2. Intra-layer hybrids 
Compared to the Inter-layer hybrid approach, the intra-layer hybrid 

approach led to improve dispersion of fibers, and better adjustability of 
mixing ratio-especially for thin, plat parts, which could increase the 
interfacial behaviors between adjacent layers. Heitkamp et al. [37] 
manufactured printed continuous hybrid fibers filled composites with 
the Intra-layer hybrids type, as shown in Fig. 14 (a) and (b). Besides, 
Luan et al. [54] fabricated a hybrid continuous carbon/glass fiber 

Fig. 12. (a) Tensile modulus and strength, (b) schematic diagram of peeling test setup, (c) peeling force-displacement curves and (d) predicted results of 3D printed 
continuous hybrid FRP composites [53]. 

Fig. 13. (a) Schematic diagram and (b) experimental results of damage mode map and (c–d) tensile results of the stress-strain curve for 3D printed hybrid carbon- 
glass composite [51]. 



reinforced thermoplastic composite that possesses self-sensing capabil
ities, and in which continuous carbon fibers were employed as sensory 
elements (see Fig. 14 (b)). They found an irreversible dramatic change in 
electrical resistance when structural damage occurred, which was a 
prospective indicator of both strain/stress self-sensing and damage 
detection. However, the number of fiber cuts required per layer and the 
duration for a fiber or tool change thus increased production time and 
increased effort for path planning. It was therefore not yet widely used in 
printed continuous hybrid fibers composite manufacturing. 

3.3.3. Intra-yarn hybrids 
An intra-yarn hybrid approach requires the use of different fiber 

materials in one roving or fiber filament. Accordingly, this approach 
does not require tool changes or additional fiber cuts but is associated 
with a loss of flexibility. Consequently, the mixing ratio for machine 
code generation cannot be set in a defined way but depends on the ratio 
of the semi-finished dry fibers used. Zia et al. [55] manufactured a novel 
printed continuous hybrid carbon and Kevlar fiber filled composites 
with intra-yarn hybrid approach. They further investigated the fracture 
pattern of hybrid composites after the drop hammer impact testing. The 

proposed hybrids have greater impact force and energy absorption 
ability than standard single-type fiber composites (see Fig. 15(a and b)). 
For non-hybrid specimens, there were nearly fractures at the end of the 
impact test, whereas hybrid specimens almost no fracture propagation 
was seen by the naked eye, and with unbroken fibers on the back sides 
(see Fig. 15 (c)). 

4. Conclusion, limitation and prospective

The hybridization of the different types of fibers in the FDM 3D
printing process could be described as one of the great achievements in 
the evolution of composites science and smart manufacturing technol
ogy. As such, the printed hybrid fibers composites with superior 
comprehensive properties had rendered a huge potential to be used in 
the future structural and functional applications of polymer composites. 
Recently, many studies conducted by the research community to reveal 
and to exploit different types of hybrid fibers to be used in polymer 
composites. Although researchers have been dedicated to the develop
ment of hybrid fibers reinforced printed polymer composites for various 
purposes, it was still in its infant stage of being realized on real products. 

Fig. 14. (a–b) Schematic representation and picture of the continuous hybrid composites during the printing processes by using intra-layer hybrids methods [37,54].  

Fig. 15. (a) Force-displacement curves, (b) energy absorption-displacement curves and (c) fracture picture of composites by using low-velocity impact test [55].  



As such, the selection of the best fabrication parameters for producing 
the printed hybrid fibers composites was found to be crucial before the 
implementation and introduction of the real applications. This paper 
therefore reviewed the research focusing on the mechanical properties 
of hybrid fibers (short/short, short/continuous and continuous/contin
uous fibers) reinforced composite materials based on FDM fabricating 
method, under different printing parameters. 

Up to now, there were two kinds of 3D printing techniques to 
manufacture the hybrid FRP composites. However, both hybrid FRP 
composites prepared by the prepreg extrusion method and in-situ 
impregnation method showed limitations as discussed following. For 
the in-situ 3D printing approach, the incomplete impregnations of fibers 
made the poor bonding behaviors between hybrid fibers and matrix. The 
bad impregnating properties were due to the (1) high viscosity of the 
molten thermoplastics, the extremely short impregnation times and a 
lack of compressive force during the printing process; (2) uneven dis
tribution of the matrix and poor impregnation could lead to the rich 
regions of hybrid fibers and polymers during layer-by-layer formation 
printing processes, which caused by the difficulty in impregnating the 
hybrid dry fiber tows. For the prepreg extrusion method, several fiber 
cuts were required per layer and the duration for fiber changing, which 
led to low-efficiency manufacturing. 

The hybrid materials selection for 3D printed FRP composites was 
few in current studies, which were mainly composed of short fiber and 
continuous fiber, including carbon fiber, Kevlar fiber and glass fiber. 
Though these hybrid fibers showed a synergistic enhancement effect 
compared to those raw or single fiber filled materials, it was still a 
limited application in the industry. Besides, most current studies focused 
on the mechanical behaviors of 3D printed hybrid FRP laminated com
posites, also resulting in a limited application in practical engineering 
situations. 

The major articles denoted that a significant issue concerning the 
printed hybrid FRP composites was the weak mechanical properties 
obtained at the interface bonding. Nevertheless, although there were 
combinations of printing parameters and post-treatment methods which 
could increase it, the final value of the bond strength was lower than that 
of the base material [49]. By using solid and immiscible materials, the 
intermolecular diffusion was reduced and the interfaces obtained were 
usually abrupt, causing physical discontinuities and reducing the me
chanical properties especially the interface was generated between 
different materials. The relatively weak interfacial bonding of printed 
hybrid FRP composites was also due to the less printing pressure during 
the FDM process, which led to certain voids of manufactured compos
ites, resulting in significant delaminations and de-bonding of materials 
after fracturing. 

Before the newly developed 3D printed hybrid fiber filled composites 
could be applied in industry, improvement needed to be achieved in the 
process, materials, properties and structures. The future challenges for 
printed hybrid FRP composites in our minds were as followed.  

• The mechanical performances of 3D printed FRP composites could be
enhanced by increasing the impregnation degree through the mul
tiple in-situ impregnations process and the pressure devices designs
at the extrusion nozzle. The concentration of solution has a high
influence on the quality of impregnation fiber tows. Increasing the
concentration of the plastic solution allowed decreasing the number
of air voids in impregnated fiber tows, resulting in a better interface
between fibers and matrix. Besides, for prepreg extrusion method, an
approach involving the combination of more than two prepreg fiber
extrusion heads could save production time and cost. In addition, the
composites could be manufactured by hybrid fibers with multi- 
matrix resin, to enhance the interface between fibers and matrix.
Because the different properties owned by the different matrix resins
may improve the diffusion and contact between materials.

• The materials selection for 3D printed FRP composites were not only
aimed to enhance the mechanical behaviors, but also needed to focus

on the functional properties, such as conductivity for self-detecting, 
hydrophobicity for fireproofing, porosity for cushioning and de
gradability for environment-friendly, etc. Specifically, the addition 
of more optical fibers to printed composite structures to monitor 
health status or to realize health self-monitoring.  

• Another future challenge for expanding the application of printed
hybrid FRP composites in our minds was manufacturing products 
with modularization, function and load-bearing. One of the greatest 
advantages of printed hybrid materials was that versatile materials 
could be simultaneously used for building a single object, which was 
ideal for the fabrication of control components consisting of different 
parts. In addition, lightweight structures could be also applied in the 
printed hybrid fiber filled composites, to meet more load-bearing 
requirements.  

• Surface modification for the prepreg fiber and matrix filaments could
probably enhance layer-to-layer adhesion as well as further increase 
interfacial strength between the fibers and matrix. Meanwhile, me
chanical interlocking characteristics were useful to strengthen the 
bonds between adjacent layers. The use of interlocks adjustments 
between dissimilar materials increased the resistance of the inter
face. As a consequence, the correct design of interface geometry that 
allowed mechanical interlocking, so that chemical forces were not 
the only ones that work, maybe became a key factor in hybrid FRP 
composites.  

• Parts manufactured with a continuous gradient between dissimilar
materials, rather than abrupt interfaces, tended to have better me
chanical performance and improved bond strength than parts man
ufactured with discrete gradients. 
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[25] M. Araya-Calvo, I. López-Gómez, N. Chamberlain-Simon, J.L. León-Salazar, 
T. Guillén-Girón, J.S. Corrales-Cordero, O. Sánchez-Brenes, Evaluation of 
compressive and flexural properties of continuous fiber fabrication additive 
manufacturing technology, Addit. Manuf. 22 (2018) 157–164, https://doi.org/ 
10.1016/j.addma.2018.05.007. 

[26] N. Li, G. Link, J. Jelonnek, 3D microwave printing temperature control of 
continuous carbon fiber reinforced composites, Compos. Sci. Technol. 187 (2020), 
107939, https://doi.org/10.1016/j.compscitech.2019.107939. 

[27] G.D. Goh, V. Dikshit, A.P. Nagalingam, G.L. Goh, S. Agarwala, S.L. Sing, J. Wei, W. 
Y. Yeong, Characterization of mechanical properties and fracture mode of 
additively manufactured carbon fiber and glass fiber reinforced thermoplastics, 
Mater. Des. 137 (2018) 79–89, https://doi.org/10.1016/j.matdes.2017.10.021. 

[28] F. Ning, W. Cong, J. Qiu, J. Wei, S. Wang, Additive manufacturing of carbon fiber 
reinforced thermoplastic composites using fused deposition modeling, Compos. B 
Eng. 80 (2015) 369–378, https://doi.org/10.1016/j.compositesb.2015.06.013. 

[29] Z. Hou, X. Tian, Z. Zheng, J. Zhang, L. Zhe, D. Li, A.V. Malakhov, A.N. Polilov, 
A constitutive model for 3D printed continuous fiber reinforced composite 
structures with variable fiber content, Compos. B Eng. 189 (2020), 107893, 
https://doi.org/10.1016/j.compositesb.2020.107893. 

[30] Q. He, H. Wang, K. Fu, L. Ye, 3D printed continuous CF/PA6 composites: effect of 
microscopic voids on mechanical performance, Compos. Sci. Technol. 191 (2020), 
108077, https://doi.org/10.1016/j.compscitech.2020.108077. 

[31] M. Heidari-Rarani, M. Rafiee-Afarani, A. Zahedi, Mechanical characterization of 
FDM 3D printing of continuous carbon fiber reinforced PLA composites, Compos. B 
Eng. 175 (2019), 107147, https://doi.org/10.1016/j.compositesb.2019.107147. 

[32] L. Yang, S. Li, X. Zhou, J. Liu, Y. Li, M. Yang, Q. Yuan, W. Zhang, Effects of carbon 
nanotube on the thermal, mechanical, and electrical properties of PLA/CNT 
printed parts in the FDM process, Synth. Met. 253 (2019) 122–130, https://doi. 
org/10.1016/j.synthmet.2019.05.008. 

[33] N.A. Nguyen, C.C. Bowland, A.K. Naskar, A general method to improve 3D-print
ability and inter-layer adhesion in lignin-based composites, Appl. Mater. Today 12 
(2018) 138–152, https://doi.org/10.1016/j.apmt.2018.03.009. 

[34] F. Van Der Klift, Y. Koga, A. Todoroki, M. Ueda, Y. Hirano, R. Matsuzaki, 3D 
printing of continuous carbon fibre reinforced thermo-plastic (CFRTP) tensile test 
specimens, Open J. Compos. Mater. 6 (1) (2016) 18–27, https://doi.org/10.4236/ 
ojcm.2016.61003. 

[35] A.N. Dickson, J.N. Barry, K.A. McDonnell, D.P. Dowling, Fabrication of continuous 
carbon, glass and Kevlar fibre reinforced polymer composites using additive 
manufacturing, Addit. Manuf. 16 (2017) 146–152, https://doi.org/10.1016/j. 
addma.2017.06.004. 

[36] H. Mei, Z. Ali, I. Ali, L. Cheng, Tailoring strength and modulus by 3D printing 
different continuous fibers and filled structures into composites, Adv. Compos. 
Hybrid Mater. 2 (2) (2019) 312–319, https://doi.org/10.1007/s42114-019-00087- 
7. 

[37] T. Heitkamp, S. Girnth, S. Kuschmitz, G. Klawitter, N. Waldt, T. Vietor, Continuous 
fiber-reinforced material extrusion with hybrid composites of carbon and aramid 
fibers, Appl. Sci. 12 (17) (2022) 8830, https://doi.org/10.3390/app12178830. 

[38] K. Wang, S. Li, Y. Wu, Y. Rao, Y. Peng, Simultaneous reinforcement of both rigidity 
and energy absorption of polyamide-based composites with hybrid continuous 
fibers by 3D printing, Compos. Struct. 267 (2021), 113854, https://doi.org/ 
10.1016/j.compstruct.2021.113854. 

[39] A. Matschinski, Integration of Continuous Fibers in Additive Manufacturing 
Processes, Virtual Symposium on AFP and AM, Technical University of Munich and 
Australian National University, Canberra, 2020. 
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[41] N. Maqsood, M. Rimašauskas, Delamination observation occurred during the 
flexural bending in additively manufactured PLA-short carbon fiber filament 
reinforced with continuous carbon fiber composite, Results, Phys. Nor. 11 (2021), 
100246, https://doi.org/10.1016/j.rineng.2021.100246. 

[42] K. Wang, S. Li, Y. Rao, Y. Wu, Y. Peng, S. Yao, H. Zhang, S. Ahzi, Flexure behaviors 
of ABS-based composites containing carbon and Kevlar fibers by material extrusion 
3D printing, Polymers 11 (11) (2019) 1878, https://doi.org/10.3390/ 
polym11111878. 

[43] F. Wang, Z. Zhang, F. Ning, G. Wang, C. Dong, A mechanistic model for tensile 
property of continuous carbon fiber reinforced plastic composites built by fused 
filament fabrication, Addit. Manuf. 32 (2020), 101102, https://doi.org/10.1016/j. 
addma.2020.101102. 

[44] T. Isobe, T. Tanaka, T. Nomura, R. Yuasa, Comparison of strength of 3D printing 
objects using short fiber and continuous long fiber, in: IOP Conference Series: 
Mater. Sci. Eng, IOP Publishing, 2018, 012042, https://doi.org/10.1088/ 
1757–899X/406/1/012042. 

[45] A. Parmiggiani, M. Prato, M. Pizzorni, Effect of the fiber orientation on the tensile 
and flexural behavior of continuous carbon fiber composites made via fused 
filament fabrication, Int. J. Adv. Manuf. Technol. 114 (7) (2021) 2085–2101, 
https://doi.org/10.1007/s00170-021-06997-5. 

[46] D. Yavas, Z. Zhang, Q. Liu, D. Wu, Interlaminar shear behavior of continuous and 
short carbon fiber reinforced polymer composites fabricated by additive 
manufacturing, Compos. B Eng. 204 (2021), 108460, https://doi.org/10.1016/j. 
compositesb.2020.108460. 

[47] R.R. Fernandes, A.Y. Tamijani, M. Al-Haik, Mechanical characterization of 
additively manufactured fiber-reinforced composites, Aero. Sci. Technol. 113 
(2021), 106653, https://doi.org/10.1016/j.ast.2021.106653. 

[48] Y. Peng, Y. Wu, K. Wang, G. Gao, S. Ahzi, Synergistic reinforcement of polyamide- 
based composites by combination of short and continuous carbon fibers via fused 
filament fabrication, Compos. Struct. 207 (2019) 232–239, https://doi.org/ 
10.1016/j.compstruct.2018.09.014. 

[49] K. Wang, H. Long, Y. Chen, M. Baniassadi, Y. Rao, Y. Peng, Heat-treatment effects 
on dimensional stability and mechanical properties of 3D printed continuous 

https://doi.org/10.1016/j.engstruct.2019.109542
https://doi.org/10.1016/j.compstruct.2017.08.088
https://doi.org/10.1016/j.compstruct.2017.08.088
https://doi.org/10.1016/j.coco.2021.100907
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.compositesb.2018.03.029
https://doi.org/10.1088/1742-6596/1213/5/052037
https://doi.org/10.1088/1742-6596/1213/5/052037
https://doi.org/10.1016/j.compstruct.2022.116313
https://doi.org/10.1016/S0266-3538(03)00119-2
https://doi.org/10.1016/S0266-3538(03)00119-2
https://doi.org/10.1016/j.compstruct.2018.03.051
https://doi.org/10.1016/j.compstruct.2018.03.051
https://doi.org/10.1016/j.istruc.2022.09.023
https://doi.org/10.3390/polym14214595
https://doi.org/10.1016/j.engstruct.2022.113907
https://doi.org/10.1016/j.compositesb.2022.110450
https://doi.org/10.1016/j.compositesb.2022.110450
https://doi.org/10.1016/j.tws.2022.110311
https://doi.org/10.1016/j.tws.2022.110311
https://doi.org/10.1016/j.tws.2021.108810
https://doi.org/10.1016/j.tws.2021.108810
https://doi.org/10.1016/j.addma.2017.07.006
https://anisoprint.com/blog/composite-3d-printing-101-benefits-technologies-applications/
https://anisoprint.com/blog/composite-3d-printing-101-benefits-technologies-applications/
https://doi.org/10.1016/j.coco.2022.101338
https://doi.org/10.1016/j.coco.2022.101338
https://doi.org/10.1016/S0921-5093(00)01810-4
https://doi.org/10.1016/S0921-5093(00)01810-4
https://doi.org/10.1016/j.compstruct.2019.111476
https://doi.org/10.1016/j.compstruct.2019.111476
https://doi.org/10.1177/0731684418807300
https://doi.org/10.1177/0731684418807300
https://doi.org/10.1016/j.compstruct.2016.07.018
https://doi.org/10.1016/j.compstruct.2016.07.018
https://doi.org/10.1108/RPJ-08-2015-0098
https://doi.org/10.1016/j.addma.2018.05.007
https://doi.org/10.1016/j.addma.2018.05.007
https://doi.org/10.1016/j.compscitech.2019.107939
https://doi.org/10.1016/j.matdes.2017.10.021
https://doi.org/10.1016/j.compositesb.2015.06.013
https://doi.org/10.1016/j.compositesb.2020.107893
https://doi.org/10.1016/j.compscitech.2020.108077
https://doi.org/10.1016/j.compositesb.2019.107147
https://doi.org/10.1016/j.synthmet.2019.05.008
https://doi.org/10.1016/j.synthmet.2019.05.008
https://doi.org/10.1016/j.apmt.2018.03.009
https://doi.org/10.4236/ojcm.2016.61003
https://doi.org/10.4236/ojcm.2016.61003
https://doi.org/10.1016/j.addma.2017.06.004
https://doi.org/10.1016/j.addma.2017.06.004
https://doi.org/10.1007/s42114-019-00087-7
https://doi.org/10.1007/s42114-019-00087-7
https://doi.org/10.3390/app12178830
https://doi.org/10.1016/j.compstruct.2021.113854
https://doi.org/10.1016/j.compstruct.2021.113854
http://refhub.elsevier.com/S2452-2139(23)00100-6/sref39
http://refhub.elsevier.com/S2452-2139(23)00100-6/sref39
http://refhub.elsevier.com/S2452-2139(23)00100-6/sref39
https://doi.org/10.1016/j.jcomc.2021.100112
https://doi.org/10.1016/j.rineng.2021.100246
https://doi.org/10.3390/polym11111878
https://doi.org/10.3390/polym11111878
https://doi.org/10.1016/j.addma.2020.101102
https://doi.org/10.1016/j.addma.2020.101102
https://doi.org/10.1088/1757&ndash;899X/406/1/012042
https://doi.org/10.1088/1757&ndash;899X/406/1/012042
https://doi.org/10.1007/s00170-021-06997-5
https://doi.org/10.1016/j.compositesb.2020.108460
https://doi.org/10.1016/j.compositesb.2020.108460
https://doi.org/10.1016/j.ast.2021.106653
https://doi.org/10.1016/j.compstruct.2018.09.014
https://doi.org/10.1016/j.compstruct.2018.09.014


carbon fiber-reinforced composites, Composer Part A Appl. Sci. Manuf. 147 (2021), 
106460, https://doi.org/10.1016/j.compositesa.2021.106460. 

[50] Y. Peng, Y. Wu, S. Li, K. Wang, S. Yao, Z. Liu, H. Garmestani, Tailorable rigidity and 
energy-absorption capability of 3D printed continuous carbon fiber reinforced 
polyamide composites, Compos. Sci. Technol. (2020), 108337, https://doi.org/ 
10.1016/j.compscitech.2020.108337. 

[51] C. Huang, M.W. Joosten, 3D printed continuous fibre-reinforced composites: 
design and characterisation of advanced pseudo-ductile hybrid laminates, 
Composer Part A Appl. Sci. Manuf. 146 (2021), 106403, https://doi.org/10.1016/ 
j.compositesa.2021.106403. 

[52] K. Wang, W. Zhu, S. Li, Y. Peng, S. Ahzi, Investigations of quasi-static indentation 
properties of 3D printed polyamide/continuous Kevlar/continuous carbon fiber 
composites, J. Appl. Polym. Sci. 139 (32) (2022), e52758, https://doi.org/ 
10.1002/app.52758. 

[53] S. Li, K. Wang, W. Zhu, Y. Peng, S. Ahzi, F. Chinesta, Investigation on the 
mechanical properties of 3D printed hybrid continuous fiber-filled composite 
considering influence of interfaces, Int. J. Adv. Manuf. Technol. (2022) 1–12, 
https://doi.org/10.1007/s00170-022-10398-7. 

[54] C. Luan, X. Yao, J. Fu, Fabrication and characterization of in situ structural health 
monitoring hybrid continuous carbon/glass fiber–reinforced thermoplastic 
composite, Int. J. Adv. Manuf. Technol. 116 (9) (2021) 3207–3215, https://doi. 
org/10.1007/s00170-021-07666-3. 

[55] A.A. Zia, X. Tian, T. Liu, J. Zhou, M.A. Ghouri, J. Yun, W. Li, M. Zhang, D. Li, A. 
V. Malakhov, Mechanical and energy absorption behaviors of 3D printed 
continuous carbon/Kevlar hybrid thread reinforced PLA composites, Compos. 
Struct. 303 (2023), 116386, https://doi.org/10.1016/j.compstruct.2022.116386. 

[56] Markforged. https://markforged.com/. 
[57] A. Shigang, F. Daining, H. Rujie, P. Yongmao, Effect of manufacturing defects on 

mechanical properties and failure features of 3D orthogonal woven C/C 
composites, Compos. B Eng. 71 (2015) 113–121, https://doi.org/10.1016/j. 
compositesb.2014.11.003. 

[58] B. He, B. Wang, Z. Wang, S. Qi, G. Tian, D. Wu, Mechanical properties of hybrid 
composites reinforced by carbon fiber and high-strength and high-modulus 
polyimide fiber, Polymer 204 (2020), 122830, https://doi.org/10.1016/j. 
polymer.2020.122830. 

[59] S.-C. Woo, T.-W. Kim, High strain-rate failure in carbon/Kevlar hybrid woven 
composites via a novel SHPB-AE coupled test, Compos. B Eng. 97 (2016) 317–328, 
https://doi.org/10.1016/j.compositesb.2016.04.084. 

[60] G. Kretsis, A review of the tensile, compressive, flexural and shear properties of 
hybrid fibre-reinforced plastics, Composites 18 (1) (1987) 13–23, https://doi.org/ 
10.1016/0010-4361(87)90003-6. 

[61] G. Marom, S. Fischer, F. Tuler, H. Wagner, Hybrid effects in composites: conditions 
for positive or negative effects versus rule-of-mixtures behaviour, J. Mater. Sci. 13 
(7) (1978) 1419–1426, https://doi.org/10.1007/BF00553194. 
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