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A B S T R A C T   

Continuous carbon fiber reinforced 3D printed parts have been widely researched due to their excellent me
chanical and thermal properties. This research presents a continuous carbon fiber reinforced 3D printed hon
eycomb structure, which is manufactured by a modified 3D printer. For comparison, the drop-weight impact test 
of the honeycomb structure with continuous fiber reinforced and non-reinforced pure matrix of polylactide (PLA) 
is printed and the results show that the continuous carbon fiber greatly improved the impact resistance of the 
honeycomb structure. The finite element model is established to simulate the impact process, which is in good 
agreement with the experimental results. Cone beam computed tomography (CT) is also used to detect the in
ternal damage of honeycomb structure during impact, it is found from the detection images that the main failure 
modes of the structure are the failure of matrix-fiber interface and the destruction between adjacent printing 
paths.   

1. Introduction 

In recent years, additive manufacturing technology has been greatly 
developed [1]. The advantages such as high design freedom, 
manufacturing resource saving, fast and complex structure forming 
contribute additive manufacturing technology to be applied in many 
fields such as aerospace, automobile, construction and medical treat
ment [2]. Fused Filament Fabrication (FFF) 3D printing technology is an 
extremely widely used additive manufacturing molding technology with 
relatively simple process which has great development and application 
potential, since FFF can manufacture functional parts with complex 
geometric shapes, which can be improved as an alternative method for 
the traditional molding process of fiber reinforced composite either 
[3–5]. The common components of fiber-reinforced 3D printed com
posites are mainly divided into two parts: continuous fibers represented 
by carbon fiber, glass fiber and Kevlar fiber, and matrix materials rep
resented by PLA, Acrylonitrile Butadiene Styrene (ABS) and polyether 
ether ketone (PEEK) [6]. 

Continuous carbon fiber reinforced thermoplastic composites are 
becoming more and more important in industrial applications as their 
excellent mechanical properties, easy machinability and recoverability 

of light weight structures [7]. In the past several years, the basic me
chanical properties of continuous carbon fiber reinforced 3D printed 
parts, such as tensile, compression and bending, have been widely 
studied. As the reinforcement phase, continuous carbon fiber has greatly 
improved the mechanical properties of the structure. In addition, in 
order to further understand the factors affecting the strength of 
continuous carbon fiber reinforced 3D printed composites, relevant re
searches on the printing process parameters [8], fiber modification 
[9–11] and fiber-matrix [12,13] impregnation have also been carried 
out. 

Low-density, porous solid structures widely exist in nature and have 
excellent physical and mechanical properties [14,15]. The low-density 
feature allows the design of lightweight and rigid structural parts, 
such as sandwich structures [16] and large portable components, re
searchers have conducted detailed studies on their structure, mechanics, 
thermals, and other properties [17–19]. The solid honeycomb structures 
are composed of solid pillars and plate structures that form the boundary 
and surface of the cell body. The shape has a complete hexagonal 
structure and disordered sponge and bone structures [20]. The charac
teristics of the honeycomb structure mainly depend on the thickness of 
the cell body wall and the arrangement method, so it is necessary to 
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carry out research on the control cell body shape and arrangement, and 
establish the quantitative relationship between the relative density with 
the thickness and length of the cell body, according to which, many 
scholars have conducted research on the mechanical and thermal 
properties of aluminum [21,22], paper [23] and resin hexagonal hon
eycomb structures. 

Previous related researches mainly focused on the tensile, compres
sion and bending properties of continuous fiber reinforced composites, 
and there is relatively few research on their impact properties [24,25]. 
Different solutions available in the literature to solve this problem have 
been reviewed, the impact resistance of different configurations of 
continuous fiber reinforced sandwich structures is related to the thick
ness and height of the core [26], and the impact resistance of the com
posite structure formed by additive manufacturing is mainly affected by 
the pattern, arrangement direction of the fiber [27] and the direction of 
the layer stacking [25]. Through experimental test results, it is found 
that under drop-weight impact load, the impact resistance and energy 
absorption capacity of carbon fiber reinforced composites are signifi
cantly improved [28]. In addition, non-destructive testing is used to 
evaluate the defects of the composites during the molding process and 
the damage after impact [29]. 

This paper proposes a lightweight continuous carbon fiber reinforced 
3D printed honeycomb structure, which is printed by a modified FFF 3D 
printer. The whole structure and printing path of the test piece is 
designed to ensure fiber continuity and quality reliability. Research on 
its drop-weight impact performance mainly includes impact resistance 
and energy absorption capacity. Comparison test results found that the 
continuous carbon fiber reinforced 3D printed honeycomb structure has 
a significant improvement in impact performance. In this paper, the 
finite element simulation model is also compared and verified with the 
test results, and the two are more consistent. In this paper, a finite 
element (FE) simulation model is also established, and good agreement 
is achieved among FE simulation results and experimental tests. 

2. Preparation of specimens 

2.1. Materials: Carbon fiber and PLA 

In the preparation process of the specimens, 1 K continuous carbon 
fiber (HTA 40, Toho Tenax Co., Ltd, Japan) is selected as the reinforcing 
phase and PLA (FlashForge, Hangzhou, Zhejiang, China) is used as the 
matrix. Continuous carbon fiber is a kind of strategic material with 
excellent mechanical properties, including good high temperature 
resistance, high wear resistance, good electrical and thermal conduc
tivity, and corrosion resistance, the carbon content of which is generally 
above 90%. As the result, continuous carbon fiber has better process
ability and engineering application value, since it has significant 

anisotropy, high strength along the fiber direction, small specific gravity 
and high specific strength [30]. The general continuous carbon fiber 
bundle used in the current researches is composed of fiber filaments with 
a diameter of 5–10 µm, and the number of fiber filaments in the fiber 
bundle ranges from 1 K to 5 K. It can be seen from Fig. 1(a), as a kind of 
Tenax series carbon fiber, HTA 40 is suitable for various processing 
techniques, which has a good impregnation rate and good processabil
ity. The surface treatment of this kind of fiber improves the adhesion 
strength between the carbon fiber and the matrix, which can protect the 
fiber. 

PLA is a new type of biodegradable material with good thermal 
stability and ductility, and can be better adapted to the FFF 
manufacturing. Moreover, PLA is widely used in a wide range of appli
cation since it has excellent mechanical and physical properties, and its 
high specific stiffness and specific strength make it suitable for the 
manufacture of lightweight structures [31–33]. It should be noted that 
PLA has a certain hygroscopicity, too much water vapor inhalation will 
reduce the mechanical strength, so it is necessary to dry the PLA filament 
before the preparation of the experimental specimens. As shown in Fig. 1 
(b), the weight of PLA coil used in this paper is 1 kg, and the diameter of 
PLA filament is 1.75 mm ± 0.02 mm. The basic mechanical parameters 
of carbon fiber and PLA are shown in Table 1: 

2.2. Preparation of specimens 

The 3D printer presented in this paper is a desktop Reprap-Kossel 3D 
printer as the prototype, combining with the characteristics of the melt 
deposition molding, the nozzle is properly modified, as shown in Fig. 2 
(a), so that the plasticized thermoplastic and continuous carbon fiber are 
extruded from the nozzle and adhered to the printing platform under the 
internal pressure of the deposition chamber. 

The basic process parameters of specimen printing are shown in  
Table 2. 

The honeycomb structure adopted in this paper is composed of 
regular hexagon, and the overall configuration of the specimens is 
shown in Fig. 3(a). Due to the process limitation of continuous fiber 
reinforced 3D printing, the thickness of inclined wall and horizontal wall 

Fig. 1. Continuous carbon fiber and PLA filament.  

Table 1 
Basic mechanical parameters of continuous carbon fiber and PLA [19].   

Tensile 
strength 

Tensile 
modulus 

Elongation at 
break 

Density 

HTA 40 4100 MPa 240 GPa  1.7% 1.78 g cm− 3 

PLA 
filament 

62.63 MPa 3.2 GPa  4.43% 1.24 g cm− 3  
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in honeycomb is different, which is distinguished by t1 and t2 in the 
figure. For continuous carbon fiber reinforced honeycomb structure, the 
cross-section of single-layer is shown in Fig. 3(c). 

The mechanical properties of continuous carbon fiber reinforced 3D 
printed composites are affected by a series of process parameters, such 
as layer height, extrusion width, printing temperature and printing 
speed. The printing layer height and extrusion width will affect the 
relative carbon content (including fiber volume fraction and fiber mass 
fraction) of the structure, and then indirectly affect the mechanical 
properties of the composites [8]. The relative density of the honeycomb 
is the main factor that impacts the mechanical properties when the cell 
topology is unchanged and the printing extrusion width and layer height 
are fixed, which is defined as the ratio of the density of the honeycomb 
structure to that of the solid from which the cell walls are made. Under 

the condition of neglecting the small corner area, the rough calculation 
method of relative density ρr is as follows [19]: 

ρr =
ρ
ρs

=
t1 + 2t2

2l sin θ + l sin 2θ
× 100% (1)  

Where, ρ and ρs denote the density of the honeycomb structure and the 
density of the solid from which the cell walls are made defined above 
respectively. The unit structures used in this paper are all regular 
hexagons, θ = 60◦, substituting it into formula (1), the following result is 
obtained: 

ρr =
2

3
̅̅̅
3

√ ⋅
t1 + 2t2

l
× 100% (2) 

According to the section parameters in Fig. 3(c), the relative carbon 

Fig. 2. Continuous carbon fiber reinforced composite printing scheme: (a) printing head imaging, (b) printing process.  

Table 2 
Printing process parameters.  

Printing height（H） Extrusion width（W） Nozzle temperature（T） Extrusion speed（V） Platform temperature（Tp） Filling density 

0.3 mm 1.5 mm 210 ℃ 100 mm min− 1 50 ℃ 100%  

Fig. 3. The parametric model of the specimens: (a) honeycomb structure, (b) the parametric model of the honeycomb unit, (c) the print path cross section.  
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fiber mass fraction and fiber volume fraction can be roughly calculated 
as: 

ωc =
Mc

Ma
=

wchcρc

(wh − wchc)ρm + wchcρc
× 100% (3)  

Where Mc and Ma are the unit mass of carbon fiber and the structure, 
respectively, ρc is the density of carbon fiber and ρm is the density of 
matrix. 

Vf =
Vc

Va
=

wchc

wh
× 100% (4)  

Where Vc and Va represent the volume of carbon fiber and the total 
volume of material respectively. 

By substituting the data into Eqs. (2–4), the relative density and 
carbon fiber mass fraction and fiber volume fraction of the continuous 
carbon fiber reinforced 3D printed honeycomb structure are 39.53%, 
21.47% and 16% respectively. 

In the process of 3D printing, as shown in Fig. 4(a), the extruded 
material is gradually cooled on the platform, while the placement of the 
fiber is dragged by the tensile force of the formed part. Therefore, there 
is a certain resistance in the pull-out of the carbon fiber, which leads to 
the fiber clinging to the side of the nozzle opposite to the printing di
rection [34]. Large area of "fiber free area" and "matrix-fiber separation 
area" will appear in the place with large molding path angle, as shown in 
Fig. 4(b-c), which will affect the mechanical properties of the structures. 
Therefore, by optimizing the printing parameters and further improving 
the parametric model of structural design, the auxiliary structure is 
designed at both ends of the specimen, as shown in Fig. 4(d). After 
printing, the mechanical post-processing is carried out to process the 
designed specimen. And in the drop-weight impact test, the auxiliary 
structure can be used for clamping so that the mechanical properties of 
the specimens are retained to the maximum. 

3. Experiment and FE simulation of drop-weight impact 

3.1. Equipment 

In order to evaluate the drop-weight impact performance of contin
uous carbon fiber reinforced 3D printed honeycomb, as shown in Fig. 5, 
a drop-weight impact system (INSTRON-CEAST 9340, Boston USA) was 
used. CEAST 9340 is a floor type system, which is widely used in a 

variety of impact tests. The energy transfer range is 0.30–405 J, the 
impact velocity range is 0.77–4.65 m s− 1, the drop height is 
0.03–1.10 m, and the drop weight is 1.00–37.5 kg. 

As shown in Fig. 5, the impactor is made of steel with ball head of 
20 mm in diameter, which can be regarded as rigid body, the sample is 
fixed on the plate by two clamping fixtures, and a circular hole with a 
diameter of 75 mm is set in the center of the fixing plate. When installing 
the experimental pieces, the center of the hole and the geometric center 
of the specimen coincide with the impact point of impactor so as to 
ensure the symmetry of the constraint, and the impactor can pass 
through the geometric center of the sample along the vertical direction. 
The weight of impactor is 3.73 kg in this research, the specimen can be 
impacted with different energy by falling freely along the guide tube in 
the impact system at different heights. Since the impactor can be 
regarded as a rigid body, the displacement of the impactor is the 
deformation at the geometric center of the specimen. 

The energy absorbed by the specimen during impact is calculated by 
the following formula: 

E = mIghI (5)  

Where mI is the mass of the impactor, g is the acceleration of gravity, and 

Fig. 4. The optimization design of the honeycomb: (a) fiber traction and placement, (b) fiber blank defect, (c) matrix fiber separation defect, (d) model sketch of 
structure optimization, (E) 3D printed optimized specimen. 

Fig. 5. Drop-weight impact system.  
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hI is the falling height of the impactor. 

3.2. Finite element simulation modeling 

In this paper, the finite element simulation model of continuous 
carbon fiber reinforced honeycomb structure is established, and the 
commercial finite element software ABAQUS is used to simulate the 
impact test and verify the experimental results. The 3D model of hon
eycomb is shown in Fig. 3(a), and its finite element model is established 
by combining its printing path, material properties and structural geo
metric parameters of matrix and continuous carbon fiber are shown in 
Table 1 and Fig. 3. While establishing the FE model, PLA is defined as 
isotropy, and its elastic and plastic parameters are calculated according 
to the previous experimental results. In order to simplify the simulation, 
continuous carbon fiber is considered as isotropy either [18], it is 
important to note that this kind of simplification only presents in the FE 
model, and there is no correlation with the subsequent experimental 
results. The impactor is a rigid body and its contact with the honeycomb 
is defined as penalty. The established FE model is shown in Fig. 6: 

3.3. Analysis 

In order to better present the impact resistance of continuous carbon 
fiber reinforced honeycomb, the experimental results of reinforced 
honeycomb and unreinforced honeycomb are compared in this section. 
In the comparative experiment, the relative density of honeycomb 
structure is both 39.53%. 

The first impact energy is 2 J when testing the honeycomb structure 
of pure matrix, and obvious cracks appear after the deformation of the 
specimen, resulting in complete failure. After adjusting the impact en
ergy for several times, when the initial energy is reduced to 1.5 J, no 
conspicuous damage emerges on the surface of the structure after the 
impact, as shown in Fig. 7(a-b), and Fig. 7(c) shows the change of impact 
force and energy with time. 

According to the previous research results of the tensile strength test 
[8], the mechanical property of continuous carbon fiber reinforced 
honeycomb structure is estimated to be 4–8 times higher than that of 
pure PLA, combined with the above experimental results, the energy 
selected for the first impact test is 10 J, and the experimental results are 
shown in Fig. 8(a). It can be seen that specimen fractured along the 
direction perpendicular to the carbon fiber and completely failed. When 
the energy is reduced to 5 J, the specimen appears microcracks along the 
direction of carbon fiber reinforcement, i.e. printing direction, and no 
carbon fiber fracture is revealed, as shown in Fig. 8(b), Fig. 8(c) shows 
the change of impact force and energy with time when the impact 

energy is 5 J. 
This paper elaborates the impact resistance when there is no obvious 

damage on the surface of the pure PLA honeycomb, and the continuous 
carbon fiber reinforced honeycomb is damaged in the matrix and the 
fiber is in good condition. As well as the specific energy absorption of the 
two structures is calculated according to the experimental results to 
better evaluate the energy absorption capacity of the structure. The 
specific energy absorption ES can be calculated as: 

ES =
E
ms

(6)  

Where E is the energy absorbed by the honeycomb and ms is the mass of 
the structure. 

The results under pre-defined failure conditions are shown in Fig. 9, 
the calculated impact forces of two different materials are 512 N and 
1353 N, and the specific energy absorption is 173 J kg− 1 and 537 J kg− 1 

respectively. 
Fig. 10 presents the FE analysis and experimental results, and com

pares the force and energy absorption of continuous carbon fiber rein
forced honeycomb structure from the penetrator under impact. 
According to the trend of the curve, the experiment and simulation of 
that two analysis objects show good consistency, which confirms the 
applicability of the FE model established in this section. 

3.4. Damage assessment 

According to the experimental results, the bearing capacity of 
continuous fiber reinforced honeycomb under drop-weight impact has a 
certain gap with the expected value and the FE simulation results. In 
order to better evaluate the impact resistance of the structure, the in
dustrial cone beam CT nondestructive testing is used to detect the in
ternal damage of honeycomb caused by impact, the detection 
parameters of industrial cone beam CT are as follows [35]: DSD(Dis
tance between source and detector)= 1222 mm, DSO(Distance between 
source and origin)= 872 mm, scanning angle and the number of circular 
projections are 360◦ and 720 respectively, the diameter of the source is 
0.4 mm, voltage and current of the source are 100 kV and 1.2 mA 
respectively. 

The detection image is shown in Fig. 11, obvious internal stratifi
cation phenomenon appears in the structure after impact, as shown in 
Fig. 11(b). According to the number of CT scanning image layers, the 
layered part occurs in the upper of the structure, that is, the impact will 
change the interlaminar state of the specimen, which will cause sepa
ration between the printing layers and the failure of fiber-matrix inter
face. Fig. 11 (c) shows the failure of the matrix while the crack is almost 

Fig. 6. FE model.  
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parallel to the fiber direction, and spreads in all slices, which causes the 
crack to penetrate the whole part. It can be concluded that the bonding 
strength between adjacent printing paths is an important factor 
restricting the mechanical properties of the structure, and it is also a 
manifestation of the poor impregnation of the matrix-fiber. 

4. conclusion 

The continuous carbon fiber reinforced 3D printed honeycomb is 
presented in this research, printing process of the honeycomb is 
designed and drop-weight impact are carried out. A new Finite Element 
analysis method of the complex structure is proposed, as well as the cone 
beam CT is used for nondestructive testing to analyze the failure modes 
of the specimen. The main conclusions are as follows: 

1. Combined with the printing path of continuous carbon fiber rein
forced honeycomb, the Finite Element simulation model of the 
structure is established, and the simulation results are in good 
agreement with the experimental results.  

2. The failure modes of continuous carbon fiber reinforced honeycomb 
specimens under drop-weight impact can be divided into fiber frac
ture perpendicular to the direction of carbon fiber, matrix crack 
along the printing direction, and collapse of the interface with 

Fig. 7. The impact test results of pure PLA honeycomb: (a) impact energy is 2 J, (b) impact energy is 1.5 J, (c) energy (absorbed by the specimen from the penetrator) 
-time curve and force-time curve (1.5 J). 

Fig. 8. The impact test results of continuous carbon fiber reinforced honeycomb: (a) impact energy is 10 J, (b) impact energy is 5 J, (c) energy (absorbed by the 
specimen from the penetrator)-time curve and force-time curve (5 J). 

Fig. 9. Comparison of impact force and specific energy absorption of honey
comb with different materials. 
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impactor. With the increase of impact energy, the bearing mode 
changes from matrix deformation to longitudinal tensile of carbon 
fiber.  

3. According to the experimental results, the impact force and absorbed 
energy of continuous carbon fiber reinforced honeycomb is about 
3–4 times that of pure PLA. In particular, it should be noted that the 
matrix crack is considered as failure in the tests, instead of the 
breaking of carbon fiber, while the impact resistance of the structure 
is higher under these circumstances.  

4. From the scanning results of cone beam CT, it is easy to know that the 
main failure modes of the specimen are interlaminar splitting and 
matrix-fiber interface failure. The impregnation of the matrix-fiber in 

continuous carbon fiber reinforced 3D printed honeycomb is an 
important factor affecting its mechanical properties. 

Furthermore, in order to establish a refined FE model to better 
restore the experimental process, the stress perpendicular to the fiber 
direction, normal and shear stress between the CF and PLA layers, 
interfacial strength between fiber and matrix are planned to 
investigated. 
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